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Analyse de l'écologie des jeunes stades de grande alose (Alosa alosa, Clupeidae) Préférences écologiques, sensibilité aux pressions environnementales et restauration des populations Résumé La grande alose Alosa alosa est une espèce de poisson migratrice anadrome dont les populations ont fortement décliné au cours des dernières décennies. Les principales causes avancées pour expliquer ce déclin sont la surpêche, la dégradation et la perte d'habitats, les ruptures de connectivité sur les voies de migration et le changement climatique. En particulier, les premiers stades de vie d'A. alosa sont soumis à de nombreuses pressions (recherche de proies, risque de prédation, ruptures de connectivité physiques et chimiques, adaptation physiologique liée à l'osmorégulation...) qui conditionnent le succès de leur phase continentale et de leur migration vers l'aval. Cependant, cette phase critique est très peu documentée. En raison des difficultés liées à l'identification et à la capture de grandes aloses dans le milieu naturel, des expérimentations ex-situ ont été réalisées. Des grandes aloses ont été élevées pendant leurs trois premiers mois de vie dans des conditions seminaturelles (rivières artificielles) proposant différents habitats. Les préférences d'habitat et le comportement des juvéniles d'alose ont été analysés sur la base d'observations directes et de suivi vidéo. De nouvelles informations ont également pu être acquises sur leur alimentation et leurs mouvements en eau douce. Une autre expérimentation a été réalisée dans l'optique d'évaluer la tolérance de ces organismes aux stress combinés de température et d'hypoxie, en se basant sur des indicateurs comportementaux. Ces travaux apportent de nouvelles connaissances sur l'écologie des jeunes stades de l'espèce et permettent de discuter de son statut, en particulier dans le bassin versant Gironde-Garonne-Dordogne où aucun signe clair de remontée des effectifs n'a été détecté pour la population locale malgré un moratoire sur la pêche adopté en 2008. Ces informations pourront être utilisées pour améliorer les pratiques de gestion et anticiper les tendances des populations de grande alose dans le contexte actuel de changement global.

Introduction 1. Le comportement anadrome

Les espèces de poissons migrateurs amphihalins, ou diadromes, se définissent comme des espèces intégrant dans leur cycle de vie une phase marine et une phase en eau douce. Parmi eux, on distingue les espèces anadromes, qui naissent en rivière et passent la plus grande partie de leur cycle de vie en mer, aux stades juvéniles et adultes [START_REF] Myers | Usage of anadromous, catadromous and allied terms for migratory fishes[END_REF]Mc Dowall, 1999). Ce cycle de vie implique une migration des géniteurs vers le milieu continental, ceux-ci remontant les cours d'eau pour se reproduire, et une migration d'avalaison au cours de laquelle les jeunes stades quittent le milieu dulçaquicole et entrent en mer. On estime entre 110 (Mc Dowall, 1988 ;[START_REF] Nelson | Fishes of the world, 3rd edition[END_REF] et 175 [START_REF] Riede | Global register of migratory species-from global to regional scales[END_REF]) le nombre d'espèces anadromes, et il existe une grande variabilité en termes d'histoires de vie parmi ces espèces, notamment pour ce qui concerne les cinétiques des différentes étapes de leur cycle, les distances parcourues durant leurs migrations, ou encore les paramètres impliqués dans le déclenchement ou la régulation de ces migrations (e.g. Acolas & Lambert, 2016 et références incluses). A titre d'exemple, la distance de migration des espèces anadromes peut n'être que de quelques kilomètres pour les éperlans Osmerus sp. et Hypomesus sp., ou représenter plusieurs milliers de kilomètres pour certains saumons du Pacifique [START_REF] Royce | Models of oceanic migrations of pacific salmon and comments on guidance mechanisms[END_REF]). La durée de la phase de vie en milieu continental est également variable : elle peut se limiter à quelques jours pour le bar rayé Morone saxalitis (e.g. [START_REF] Dunning | Effect of Striped Bass Larvae Transported from the Hudson River on Juvenile Abundance in Western Long Island Sound[END_REF], ou à l'inverse s'étendre sur plusieurs années comme pour la lamproie marine Petromyzon marinus (e.g. [START_REF] Quintella | Distribution, larval stage duration and growth of the sea lamprey ammocoetes, Petromyzon marinus L., in a highly modified river basin[END_REF]. Le nombre de cycles réalisés par les poissons anadromes peut également varier : certaines espèces, dites sémelpares, ne réalisent qu'une seule migration de reproduction, avant de mourir d'épuisement; à l'inverse, les espèces itéropares réalisent plusieurs reproductions au cours de leur vie. De par ce comportement incluant l'utilisation d'environnements très différents, et cette variabilité d'histoires de vie entre espèces (voire au sein d'une même espèce), les poissons migrateurs anadromes font l'objet d'une forte curiosité scientifique. L'intérêt pour nombre de ces espèces est également économique, car leur exploitation profite souvent de la concentration saisonnière et spatiale des géniteurs dans les estuaires et les fleuves au moment de leur migration [START_REF] Trouvery | Biologie et écologie d'Acipenser sturio, étude de la pêcherie[END_REF][START_REF] Castelnaud | La pêche de migrateurs en Gironde. Analyse historique du XVIII ième siècle à nos jours[END_REF].

Depuis la fin du XXème siècle, il est admis que bon nombre d'espèces de poissons migrateurs amphihalins connaissent un fort déclin [START_REF] Jonsson | Extinction considerations for diadromous fishes[END_REF]Mc Dowall, 1988[START_REF] Mcdowall | Different kinds of diadromy: Different kinds of conservation problems[END_REF][START_REF] Mcdowall | Making the best of two worlds: diadromy in the evolution, ecology, and conservation of aquatic organisms[END_REF][START_REF] Limburg | Dramatic Declines in North Atlantic Diadromous Fishes[END_REF][START_REF] Hasselman | Alosine restoration in the 21st Century: Challenging the status quo[END_REF], notamment induit par la surexploitation des populations et l'érection d'obstacle à la migration. En parallèle, la dégradation ou la perte d'habitats privilégiés pour la reproduction ou pour le développement des jeunes stades avant avalaison sont souvent avancées comme une des pressions historiques majeures subies par les populations anadromes (Mc Dowall, 1988[START_REF] Mcdowall | Different kinds of diadromy: Different kinds of conservation problems[END_REF][START_REF] Mcdowall | Making the best of two worlds: diadromy in the evolution, ecology, and conservation of aquatic organisms[END_REF][START_REF] Limburg | Dramatic Declines in North Atlantic Diadromous Fishes[END_REF]. Ceci peut notamment se traduire par l'extraction de granulats en rivière (de [START_REF] De Groot | The former allis and twaite shad fisheries of the lower Rhine, The Netherlands[END_REF][START_REF] De Groot | A review of the past and present status of anadromous fish species in the Netherlands: is restocking the Rhine feasible?[END_REF], par la chenalisation des axes fluviaux (e.g. Holmes et al., 2018), ou par une modification des débits souvent en lien avec les implantations hydroélectriques (e.g. [START_REF] Liebig | Impact of hydropeaking on the abundance of juvenile brown trout in a Pyrenean stream[END_REF][START_REF] Arevalo | An innovative bivariate approach to detect joint temporal trends in environmental conditions: Application to large French rivers and diadromous fish[END_REF]. La qualité de ces habitats peut aussi être impactée par le changement climatique (Agence de l'Eau Adour-Garonne, 2013), ou l'agriculture (extraction d'eau). Les migrations, quant à elles, qu'il s'agisse de celles des adultes reproducteurs ou de celles des juvéniles, sont directement impactées par l'implantation de barrages et autres obstacles sur les cours d'eau de leurs aires de répartition (e.g. [START_REF] Acolas | Upstream migration and reproductive patterns of a population of allis shad in a small river (L'Aulne, Brittany, France)[END_REF][START_REF] Stratoudakis | Exploited anadromous fish in Portugal: Suggested direction for conservation and management[END_REF]. Ces ruptures de connectivité peuvent empêcher l'accès à des sites de frai privilégiés, empêcher ou retarder la migration d'une partie des poissons, ou induire une mortalité directe au passage des individus, notamment lors de l'avalaison des juvéniles. D'autres pressions de nature anthropique sont à considérer, telles que les rejets de polluants et contaminants en rivière (Johnson et al. 2013), ou l'introduction d'espèces non-natives et de parasites [START_REF] Jonsson | Extinction considerations for diadromous fishes[END_REF] références incluses ; [START_REF] Vignon | Fish introduction and parasites in marine ecosystems: A need for information[END_REF]. Enfin, le changement climatique, et notamment l'augmentation générale des températures, est susceptible d'affecter le fonctionnement de nombreuses populations anadromes [START_REF] Quinn | Environmental changes affecting the migratory timing of American shad and sockeye salmon[END_REF]Lassalle et al., 2009a).

Ces problématiques font des espèces anadromes de bons indicateurs de la qualité des cours d'eau et de la connectivité des axes fluviaux, et elles ont motivé la mise en oeuvre de nombreuses actions de conservation bénéficiant à un cortège d'espèces (notion d'espèces parapluies, e.g. [START_REF] Itakura | Anguillid eels as a surrogate species for conservation of freshwater biodiversity in Japan[END_REF]. Cependant, la gestion et la restauration des populations anadromes est souvent complexe étant donné que les pressions sont multiples et ont souvent des effets synergiques.

2.

La grande alose Alosa alosa

Ecologie générale

Les aloses appartiennent à l'ordre des Clupéiformes et à la famille des Clupéidés. Le genre Alosa (Link, 1790) comprend 23 espèces (Integrated Taxonomic Information System, 2004) présentes sur les façades Atlantique européenne et Nord-américaine, ainsi qu'en Méditerranée, en Mer Noire, en Mer d'Azov et en Mer Caspienne (Baglinière, 2000 et références incluses). La grande alose Alosa alosa (Linné, 1758) est l'une des deux seules espèces du genre présente sur la façade Atlantique européenne, avec l'alose feinte A. fallax (Lacépède, 1803). Les deux espèces ont une morphologie similaire et peuvent parfois être confondues, notamment aux stades juvéniles ; cependant à l'âge adulte, A. alosa est de plus grande taille et peut atteindre 70 cm pour 4 kg [START_REF] Taverny | Régime Alimentaire De La Grande Alose Alosa Alosa (Linné, 1766) Et De L'Alose Feinte Alosa Fallax (Lacépède, 1803) Dans Le Golfe De Gascogne[END_REF]. Il est communément admis que la grande alose et l'alose feinte ont une écologie similaire. Dans certains bassins versants, les deux espèces peuvent être observées en sympatrie et même s'hybrider [START_REF] Quignard | Alosa fallax rhodanensis (Roule, 1924)[END_REF][START_REF] Alexandrino | Estudo de populacões de sável (Alosa alosa L.) e savelha (Alosa fallax, Lacépède). Análise da diferenciação interspecífica, subestruturacção e hibridacção[END_REF][START_REF] Taillebois | Variable outcomes of hybridization between declining Alosa alosa and Alosa fallax[END_REF], les hybrides ayant des caractéristiques morphologiques intermédiaires [START_REF] Sabatié | ): exploitation et taxonomie des populations atlantiques, bioécologie des aloses de l'Oued Sebou[END_REF][START_REF] Baglinière | Le genre Alosa sp[END_REF].

La grande alose est strictement anadrome, bien que certaines populations bloquées dans des systèmes lacustres aient développé un comportement de résidence en eau douce [START_REF] Eiras | Some aspects on the biology of a landlocked population of anadromous shad Alosa alosa L. Publicações do[END_REF][START_REF] Collares-Pereira | Observations on the ecology of a landlocked population of allis shad in Aguieira Reservoir, Portugal[END_REF][START_REF] Correia | Feeding habitats and condition of two landlocked populations of allis shad (Alosa alosa) in Portugal[END_REF]. Il est admis que les mâles passent entre 3 et 6 ans en mer, contre 3 à 8 ans pour les femelles [START_REF] Mennesson-Boisneau | Caractéristiques des adultes[END_REF][START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF], et que la maturité sexuelle est majoritairement atteinte entre 4 et 6 ans (Mennesson- Boisneau et al., 2000). L'espèce est considérée comme sémelpare, bien qu'une petite proportion d'individus semble réaliser plusieurs cycles [START_REF] Mennesson-Boisneau | Caractéristiques des adultes[END_REF]. La remontée des adultes dans les cours d'eau se fait de Décembre à Août selon un gradient latitudinal Sud -Nord [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Lassalle | Latitudinal variations in age and size at maturity among allis shad Alosa alosa populations[END_REF] ; en France, la migration de reproduction est généralement observée de Mars à Juillet. Elle semble influencée par la température et ne serait pas initiée en-deçà de 11°C [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Acolas | Upstream migration and reproductive patterns of a population of allis shad in a small river (L'Aulne, Brittany, France)[END_REF], avec un optimum supposé de 14.5-23 °C en Garonne et Dordogne (Paumier et al., 2019a). La grande alose peut se reproduire sur des sites distants de plusieurs centaines de kilomètres de l'embouchure des estuaires (plus de 500 km sur la Loire ; [START_REF] Boisneau | Description d'une frayère et comportement de reproduction de la Grande Alose (Alosa alosa L.) dans le cours supérieur de la Loire[END_REF] ; cependant dans certains systèmes, l'implantation de barrages réduit cette distance à 200 -300 km (en Garonne et Dordogne ; [START_REF] Cassou-Leins | La reproduction[END_REF], voire à moins de 100 km (en Adour ; [START_REF] Prouzet | Caractérisation biologique et variation des captures de la grande alose (Alosa alosa) par unité d'effort sur le fleuve Adour (Pyrénées Atlantiques, France)[END_REF]. La reproduction est nocturne et se traduit par un comportement particulier, appelé « bull », au cours duquel les géniteurs nagent rapidement et de manière circulaire à la surface, produisant un courant entraînant les oeufs fécondés vers le fond. Ce comportement produit un son caractéristique classiquement utilisé comme estimateur des nombres d'actes reproducteurs lors d'études de suivi basées sur des séquences d'écoute nocturnes (e.g. [START_REF] Boisneau | Description d'une frayère et comportement de reproduction de la Grande Alose (Alosa alosa L.) dans le cours supérieur de la Loire[END_REF]Paumier et al. 2019a).

Le développement embryonnaire de la grande alose se fait alors sur le substrat, avec une durée d'incubation de 4-8 jours [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF]. Les larves mesurent 7 à 12 mm à l'éclosion et adoptent rapidement un comportement pélagique (Véron et al., 2003a). La prise de nourriture exogène apparaît généralement à l'âge de 6 jours sur des proies zooplanctoniques. La métamorphose apparaît à une taille d'environ 20 mm : les juvéniles (ou alosons), présentent alors des caractéristiques morphologiques comparables à celles des adultes [START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF]. Ils seraient alors fortement grégaires durant leur phase de croissance et de développement en rivière ; la migration d'avalaison serait initiée après quelques mois, les alosons gagnant le milieu marin en formant des bancs [START_REF] Baglinière | Le genre Alosa sp[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF].

Statut de conservation

Historiquement, l'aire de répartition de la grande alose s'étendait du Maroc [START_REF] Sabatié | ): exploitation et taxonomie des populations atlantiques, bioécologie des aloses de l'Oued Sebou[END_REF] aux côtes norvégiennes et islandaises [START_REF] Lelek | Les poissons d'eau douce menacés en Europe[END_REF], incluant des cours d'eau des îles britanniques, d'Allemagne, de Hollande, de France, d'Espagne et du Portugal [START_REF] Baglinière | Le genre Alosa sp[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF]. Cette aire de répartition apparaît aujourd'hui limitée à certains cours d'eau français (la Loire, le système Gironde -Garonne -Dordogne, l'Adour et certains petits fleuves normands et bretons) et portugais (le Minho et le Lima) [START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF]. La grande alose avait récemment disparu du système rhénan, mais des indicateurs récents suggèrent les prémices de la restauration d'une population suite à plusieurs opérations de réintroduction [START_REF] Scharbert | Management Plan to the LIFE project "The re-introduction of the Allis shad (Alosa alosa) to the Rhine system[END_REF][START_REF] Hundt | First evidence of natural reproduction of the Allis shad Alosa alosa in the River Rhine following re-introduction measures[END_REF].

Le déclin des populations de grande alose semble principalement lié à la surpêche, à l'implantation de barrages et à la dégradation et la perte d'habitats [START_REF] De Groot | A review of the past and present status of anadromous fish species in the Netherlands: is restocking the Rhine feasible?[END_REF][START_REF] Baglinière | Le genre Alosa sp[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Béguer | Distribution and richness of diadromous fish assemblages in Western Europe: Large-scale explanatory factors[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. Le changement climatique, et notamment la hausse des températures, pourrait encore réduire l'aire de répartition de l'espèce d'ici 2100 (Lassalle et al., 2009) ce qui engendrerait un déplacement progressif des populations actuelles vers le Nord [START_REF] Lassalle | Latitudinal variations in age and size at maturity among allis shad Alosa alosa populations[END_REF](Lassalle et al., , 2009 ; ;[START_REF] Rougier | The GR3D model, a tool to explore the Global Repositioning Dynamics of Diadromous fish Distribution[END_REF][START_REF] Rougier | The combined use of correlative and mechanistic species distribution models benefits low conservation status species[END_REF]. La grande alose est aujourd'hui incluse dans l'Annexe III de la Convention de Berne (Ministère des Affaires Etrangères, 1990) Le statut de l'espèce dans le système Gironde -Garonne -Dordogne (GGD) est fortement préoccupant. Jusque dans les années 1990, le système GGD était considéré comme celui abritant les plus grandes populations de grande alose [START_REF] Vandembulcke | Dynamique de population de la grande alose (Alosa alosa, L. 1758) dans le bassin versant Gironde-Garonne -Dordogne (France): analyse et prévision par modélisation[END_REF][START_REF] Baglinière | Le genre Alosa sp[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF] ; certaines estimations portaient alors les effectifs des populations au million d'individus [START_REF] Castelnaud | Analyse De La Tendance De L'Abondance De L'Alose Alosa Alosa En Gironde À Partir De L'Estimation D'Indicateurs Halieutiques Sur La Période 1977-1998[END_REF]Chanseau et al., 2005). Depuis lors, les effectifs ont chuté drastiquement et un moratoire a été adopté en 2008, interdisant les activités de pêche sur l'espèce. Cependant, en dépit de cette interdiction, aucun signe clair de remontée des effectifs n'a été détecté à ce jour. Sur les dix dernières années, les effectifs de géniteurs identifiés en montaison en Garonne et en Dordogne étaient généralement inférieurs à 2000 par an sur chacun des deux axes (MIGADO, 2019).

Ce constat a motivé la mise en oeuvre de lâchers expérimentaux conduits par l'association MIGADO (Association Migrateurs Garonne Dordogne) sur trois années de 2017 à 2019 (Clavé & Lemaréchal, 2017 ;Bouyssonnie et al., 2017). Par ailleurs, le déclin de l'espèce, aussi bien dans le système GGD que dans d'autres bassins versants, reste mal expliqué : de récents travaux de recherche ont été initiés pour tenter d'identifier les causes de ce déclin et proposer des pistes de travail pour favoriser la restauration des populations de grande alose.

3.

Contexte de l'étude et objectifs ⑨ Qualité des frayères, impacts des polluants sur les stades embryonnaires de la grande alose (INRAE EABX-thèse de M. Blaya).

⑩

Préférences écologiques et tolérance aux pressions environnementales des stades juvéniles : c'est l'objectif de mon travail de thèse.

Cadre théorique de la thèse et état de l'art

Mon travail s'articule notamment autour de l'hypothèse formulée par [START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF], évoquant les effets combinés d'un défaut de recrutement et d'un effet Allee pour les populations en Gironde -Garonne -Dordogne. A partir d'estimations d'effectifs basés sur des captures de terrain, ces auteurs ont identifié une diminution plus prononcée des effectifs de juvéniles que des effectifs de géniteurs effectifs ou potentiels. Parmi les hypothèses émises pour expliquer ce défaut de recrutement des conditions environnementales défavorables dans l'estuaire, entraînant de forts taux de mortalité au cours de la migration des juvéniles sont suspectées. Par ailleurs, un effet Allee permettrait d'expliquer la stagnation des effectifs de populations alors que l'exploitation de l'espèce est toujours interdite dans le bassin versant. L'effet Allee [START_REF] Allee | Co-Operation Among Animals[END_REF] se traduit par une corrélation positive entre la taille ou la densité d'une population et la fitness des individus au sein de la population. En écologie des pêches, il correspond à une diminution de la productivité d'une population en lien avec la diminution des stocks. Dans le cas de la grande alose, [START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF] suggèrent que la raréfaction des populations pourrait induire une pression de « mate limitation » [START_REF] Gascoigne | Dangerously few liaisons: a review of mate-finding Allee effects[END_REF], i.e. les reproducteurs sont trop rares pour se rencontrer facilement, ou une diminution du phénomène d'entraînement au moment de la reproduction (permis par les « bulls »), ou encore une diminution de la fitness des juvéniles par l'altération de leur comportement.

En comparaison des informations disponibles sur les stades adultes, notamment en lien avec le processus de reproduction (e.g. [START_REF] Boisneau | Description d'une frayère et comportement de reproduction de la Grande Alose (Alosa alosa L.) dans le cours supérieur de la Loire[END_REF][START_REF] Prouzet | Caractérisation biologique et variation des captures de la grande alose (Alosa alosa) par unité d'effort sur le fleuve Adour (Pyrénées Atlantiques, France)[END_REF][START_REF] Acolas | An assessment of the upstream migration and reproductive behaviour of allis shad (Alosa alosa L.) using acoustic tracking[END_REF][START_REF] Acolas | Upstream migration and reproductive patterns of a population of allis shad in a small river (L'Aulne, Brittany, France)[END_REF][START_REF] Lambert | Allis shad adopts an efficient spawning tactic to optimise offspring survival[END_REF]Paumier et al., 2019a, b), la biologie et l'écologie des jeunes stades de grande alose restent peu documentés [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Lochet | Retrospective approach to investigating the early life history of a diadromous fish: Allis shad Alosa alosa (L.) in the Gironde-Garonne-Dordogne watershed[END_REF], notamment en raison des grandes difficultés liées à la capture d'individus dans le milieu naturel et à leur maintenance en captivité [START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF].

Néanmoins, quelques travaux de recherche en laboratoire ont apporté des informations sur l'écologie et le comportement des jeunes stades de grande alose antérieurs à un mois. La tolérance des embryons et des larves à la température a été décrite par Jatteau et al. (2017) ; une survie supérieure à 80% a été détectée, jusqu'à 14 jours après éclosion, dans une gamme de tolérance comprise entre 14.6 et 26.7°C. Les larves de grande alose montreraient, dès leurs premiers jours après éclosion et jusqu'à 31 jours, un phototropisme positif (Véron et al., 2003a ;Jatteau & Bardonnet, 2008) et utiliseraient d'abord la zone surface avant d'utiliser une grande partie de la colonne d'eau à partir de 23 jours (Véron et al., 2003a).

Le régime alimentaire des juvéniles semble relativement bien décrit (e.g. [START_REF] Dautrey | Recherches sur la migration des aloses et des truites de mer en Garonne (site de Golfech)[END_REF][START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF] ; il serait principalement composé de larves d'insectes et de crustacés zooplanctoniques pour les alosons de 20 à 50 mm [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF] et se diversifierait au cours de l'ontogénie pour intégrer des proies de plus grandes tailles [START_REF] Sabatié | ): exploitation et taxonomie des populations atlantiques, bioécologie des aloses de l'Oued Sebou[END_REF][START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF]. La plupart des auteurs ont mis en avant un caractère opportuniste et euryphage de la grande alose en eau douce, mais malgré tout, ces analyses n'étaient pas accompagnées d'une description de l'environnement trophique auquel les alosons pouvaient avoir accès. Ainsi, ces considérations restent à confirmer.

Quelques études basées sur des captures de larves et juvéniles en milieu naturel ont permis aux auteurs de formuler des hypothèses sur leur utilisation de l'habitat et leur comportement en rivière [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF]Véron et al., 2003b ;[START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. Les larves et post-larves utiliseraient préférentiellement des habitats proches des berges jusqu'à une taille d'environ 20 mm, avant de coloniser progressivement le chenal principal des cours d'eau en vue d'initier leur migration [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF]Véron et al., 2003b). Les juvéniles utiliseraient alors des couches d'eau plus profondes [START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. Cependant, la plupart de ces études ont été réalisées sur des sites très localisés, souvent en capturant les alosons de nuit, et peuvent ne pas être représentatives du comportement et des préférences d'habitat de l'espèce en rivière. Par ailleurs, les hypothèses formulées sur l'initiation de la migration des alosons ont souvent été formulées par défaut, les auteurs ne trouvant plus d'individus sur les sites de capture.

L'âge et les cinétiques de migration des alosons ont été étudiés grâce aux apports de la microchimie des otolithes : d'après [START_REF] Lochet | Estuarine phase during seaward migration for allis shad Alosa alosa and twaite shad Alosa fallax future spawners[END_REF], les juvéniles de grande alose pourraient entrer dans l'estuaire salé de la Gironde à partir de 58 jours et jusqu'à l'âge de 123 jours (âge médian : 88 jours).

Ces résultats ont également suggéré une phase estuarienne beaucoup plus courte (de 4 à 36 jours, médiane : 11 jours) par rapport aux hypothèses issues d'anciennes campagnes d'échantillonnages de terrain (e.g. [START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF]. Ces résultats sont en accord avec le développement des capacités osmorégulatrices des alosons, qui sont généralement capables de supporter des salinités supérieures à 20 g L-1 à ces âges [START_REF] Leguen | Development of hypoosmoregulatory ability in allis shad Alosa alosa[END_REF], contrairement aux larves plus jeunes (Bardonnet & Jatteau, 2008). Néanmoins, cette estimation de la cinétique de migration était basée sur l'analyse d'otolithes prélevés sur des adultes en montaison, i.e. achevant leur cycle de vie : il est donc possible que cet échantillonnage ne soit constitué que par des individus ayant adopté une tactique gagnante, et qu'il ne soit pas représentatif de l'ensemble des tactiques exprimées au sein des populations. Le succès de la migration estuarienne pourrait aussi fortement varier entre les années en relation avec les conditions environnementales, notamment dans l'estuaire de la Gironde où des épisodes extrêmes, combinant hautes températures et faibles quantités d'oxygène, peuvent survenir en été.

Jatteau & Fraty (2012) ont réalisé une étude préliminaire sur la tolérance de quelques alosons de 3 mois à ces pressions combinées, et leurs résultats suggèrent une mortalité à 21% de saturation en oxygène 2 à 3 fois plus importante à 25°C qu'à 20°C. Or, la tolérance des stades plus jeunes aux stress oxy-thermiques n'a jamais été étudiée.

Ainsi, de nombreuses zones d'ombre subsistent quant à l'écologie et au comportement des jeunes stades de grande alose en rivière ou à leur migration vers la mer. Pour les espèces anadromes, ces stades de développement sont souvent considérés comme critiques en raison de leur fragilité [START_REF] Bailey | Predation on Eggs and Larvae of Marine Fishes and the Recruitment Problem[END_REF][START_REF] Limburg | Flexible modes of anadromy in Baltic sea trout: Making the most of marginal spawning streams[END_REF] : leur petite taille les expose à un fort risque de prédation (e.g. [START_REF] Roby | Quantifying the effect of predators on endangered species using a bioenergetics approach: Caspian terns and juvenile salmonids in the Columbia River estuary[END_REF], leurs capacités de nage limitées les soumettent à un risque de dérive passive pouvant les épuiser ou les transporter vers des habitats aux conditions défavorables (e.g. [START_REF] Lechner | Patterns and processes in the drift of early developmental stages of fish in rivers: a review[END_REF].

De plus, leur capacité de nage et la petite taille de leur bouche limitent le nombre d'espèces pouvant leur servir de proie. Ces pressions spécifiques aux larves, post-larves et juvéniles s'ajoutent aux pressions de pollution, de dégradation d'habitats, ou de ruptures de connectivité également subies par les stades adultes, et peuvent grandement conditionner à la fois la phase de développement en eau douce et la migration d'avalaison. En conséquence, il est important d'identifier l'utilisation de l'habitat, le comportement, et la tolérance aux pressions environnementales de ces stades de vie, pour mieux comprendre le fonctionnement des populations anadromes et proposer les pratiques de gestion les plus adaptées à l'espèce considérée.

Objectifs

L'objectif global de la thèse est d'apporter de nouvelles connaissances relatives à l'écologie des jeunes stades de grande alose, en vue de favoriser la gestion de l'espèce en milieu continental. Il s'agit notamment d'apporter de nouvelles informations sur (i) leur tolérance vis-à-vis de certaines pressions environnementales rencontrées en eau douce au cours de leur migration vers l 'aval, et (ii) leurs préférences écologiques et leur comportement durant leur phase de vie continentale. Les thématiques étudiées dans le cadre de la thèse sont représentées en Figure 2. Le premier chapitre de ce manuscrit expose les résultats d'une expérimentation dédiée à l'étude de la tolérance des jeunes stades de grande alose aux stress de température et d'hypoxie. L'objectif était ici d'évaluer l'effet de ces pressions environnementales sur le succès de la phase de vie en rivière et de la migration des juvéniles dans l'estuaire doux (i.e. partie non saline du fleuve soumise à l'influence des marées). L'accent est mis sur les risques liés à la traversée des bas des fleuves du système GGD, dans lequel les alosons peuvent potentiellement rencontrer des conditions extrêmes [START_REF] Etcheber | Monitoring water quality in estuarine environments: Lessons from the MAGEST monitoring program in the Gironde fluvial-estuarine system[END_REF][START_REF] Lanoux | Factors contributing to hypoxia in a highly turbid, macrotidal estuary (the Gironde, France)[END_REF]. Il s'agit d'un article publié dans le Journal of Fish Biology, intitulé « Tolerance of young allis shad Alosa alosa (Clupeidae) to oxy-thermic stress ».

Le Chapitre 2 est consacré à l'étude des préférences et de l'utilisation de l'habitat par les alosons en rivière. Ce travail a été réalisé en vue d'apporter de nouvelles informations sur l'écologie des jeunes stades en rivière après 1 mois de croissance, phase de l'ontogenèse particulièrement peu renseignée. Chapter 1

Tolerance of young allis shad Alosa alosa (Clupeidae) to oxy-thermic stress

Published paper : Baumann, L., Vega, J., Philip, J., Polese, F., Vétillard, F., Pierre, M., Le Barh, R., Jatteau, P., Bardonnet, A., & Acolas, M. L. (2020). Tolerance of young allis shad Alosa alosa (Clupeidae) to oxy-thermic stress. Journal of Fish Biology, 1-20.

Avant-propos

Dans certains bassins versants comme le système Gironde -Garonne -Dordogne (GGD), des épisodes d'hypoxie sévère peuvent survenir en été, en conséquence d'une baisse des débits fluviaux et d'une hausse de température. Dans le système GGD en particulier, le bouchon vaseux, ou Maximum Turbidity Zone (TMZ), amplifie ce phénomène [START_REF] Etcheber | Monitoring water quality in estuarine environments: Lessons from the MAGEST monitoring program in the Gironde fluvial-estuarine system[END_REF][START_REF] Lanoux | Factors contributing to hypoxia in a highly turbid, macrotidal estuary (the Gironde, France)[END_REF].

Or, ces épisodes surviennent généralement à une période où les alosons occupent les parties basses des fleuves, ou réalisent leur migration estuarienne. Ils pourraient donc avoir un impact important sur les populations locales de grande alose, si les juvéniles ne sont pas suffisamment tolérants à de telles pressions.

Ce chapitre décrit les résultats d'une expérimentation réalisée en 2019, ayant pour objectif de décrire la tolérance des jeunes stades de grande alose aux stress combinés de température et Tolerance of young allis shad Alosa alosa (Clupeidae) to oxy-thermic stress Baumann, L., Vega, J., Philip, J., Polese, F., Vétillard, F., Pierre, M., Le Barh, R., Jatteau, P., Bardonnet, A., Acolas, M. L.

Abstract

The ecology of the young stages of allis shad Alosa alosa is poorly documented, although they can be exposed to many pressures during their freshwater phase and their downstream migration. When passing through systems such as the Gironde-Garonne-Dordogne watershed (GGD, SW France), they can be subjected to high temperatures and low levels of oxygen (hypoxia). The aim of this work is to assess the tolerance of young Alosa alosa at four ages (circa 10, 30, 60 and 85 days old) by challenging them to different temperatures (18, 22, 26 and 28°C) together with decreasing oxygen saturation levels (from 100% to 30%). Survival of the 10-day-old individuals was not influenced by oxy-thermic conditions, but high stress levels were detected and perhaps this age class was too fragile regarding the constraint of the experimental design. Survival at 30 and at 60 days old was negatively influenced by the highest temperatures tested alone (from 26°C and from 28°C, respectively) but no effect was detected at 85 days old up to 28°C. A combined effect of temperature and oxygen level was highlighted, with heat accelerating survival decrease when associated with oxygen level depletion: essentially, survival was critical (<50%) at 30 days old at temperature ≥22°C together with 30% O 2 ; at 60 days old, at temperature =28°C with 30% O 2 ; at 85 days old, at temperature ≥26°C with ≤40% O 2 . Tolerance to oxy-thermic pressures appeared to be greater among the migratory ages (60 and 85 days old) than among the 30-day-old group.

Based on environmental data recorded in the GGD system and on our experimental results, an exploratory analysis allowed a discussion of the possible impact of past oxy-thermic conditions on the local population dynamics between 2005 and 2018. The oxy-thermic conditions that may affect Alosa alosa at ages when they migrate downstream (60 and 85 days old), were not frequently recorded in this period, except in cases of extreme episodes of heat together with hypoxia that occurred in some years, in summertime in the turbidity maximum zone of the Gironde estuary (particularly in the year 2006). Interestingly, oxy-Introduction

Low levels of dissolved oxygen, called hypoxia, are common in marine and freshwater ecosystems [START_REF] Díaz | The hypoxic environment[END_REF]. In many cases, hypoxia is directly induced or increased by human activities such as sewage or industrial discharges and land runoff, causing nutrient or organic enrichment [START_REF] Díaz | Introduction to environmental and economic consequences of hypoxia[END_REF]. It can also be driven by climate change, especially by warming [START_REF] Díaz | Introduction to environmental and economic consequences of hypoxia[END_REF][START_REF] Vaquer-Sunyer | Temperature effects on oxygen thresholds for hypoxia in marine benthic organisms[END_REF]. Both hypoxia and temperature are often considered to have synergetic effects on fishes, because increasing temperatures reduce oxygen solubility in water, while the respiratory activity and metabolic rates of fish increase [START_REF] Mcbryan | Responses to temperature and hypoxia as interacting stressors in fish: Implications for adaptation to environmental change[END_REF][START_REF] Pörtner | Oxygen and capacity limited thermal tolerance[END_REF]. The tolerance and responses of fishes to hypoxia and high temperatures are well documented, and are highly variable among species (see [START_REF] Jonz | Sensing and surviving hypoxia in vertebrates[END_REF][START_REF] Richards | Hypoxia. Fish physiology[END_REF] for a review), with a direct impact on mortality that can occasionally occur under wild conditions.

Therefore, hypoxia and high temperatures can have important implications for fish population dynamics, even if the impact of each factor can hardly be disentangled in the wild because of the negative physico-chemical relationship between oxygen availability and temperature.

Allis shad Alosa alosa (Linnaeus, 1758) is an anadromous species whose populations have undergone an important decline throughout recent decades [START_REF] Limburg | Dramatic Declines in North Atlantic Diadromous Fishes[END_REF]. It is assumed nowadays that the distribution area of the species has dwindled [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF] and that it may be shifting northward [START_REF] Rougier | The GR3D model, a tool to explore the Global Repositioning Dynamics of Diadromous fish Distribution[END_REF][START_REF] Rougier | The combined use of correlative and mechanistic species distribution models benefits low conservation status species[END_REF]. The decline of the species remains poorly explained and is likely a consequence of interacting phenomena including overfishing, habitat loss and degradation, dam implantation [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] De Groot | A review of the past and present status of anadromous fish species in the Netherlands: is restocking the Rhine feasible?[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF] and climate change (Lassalle et al., 2009a); pollution may also have a negative influence on the species' status [START_REF] Spromberg | Modeling the effects of chronic toxicity on fish populations: The influence of life-history strategies[END_REF]. Allis shad is protected across Europe (Habitat Directive, Annexes II and V; the been detected yet [START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF][START_REF] Rougier | The GR3D model, a tool to explore the Global Repositioning Dynamics of Diadromous fish Distribution[END_REF]. By estimating the abundances of spawners and juveniles across time, [START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF] suggested that the collapse of allis shad in the GGD system may be due to a demographic Allee effect, inducing a deficiency in the recruitment process. Those authors could not exclude that some environmental changes (raise in temperature, more frequent hypoxic events and increased predation risk) might also have synergetic, negative effects on allis shad recruitment.

Because of their low catchability and high sensitivity to stress, allis shad young-of-the-year biology and recruitment are poorly documented compared to other migratory fish [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Lochet | Retrospective approach to investigating the early life history of a diadromous fish: Allis shad Alosa alosa (L.) in the Gironde-Garonne-Dordogne watershed[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF]. However, allis shad larvae and juveniles may be subjected to many pressures during the freshwater phase, such as unsuitable temperatures (Jatteau et al., 2017), but also floods, predation, fasting or pollutants, just like other young-of-the-year fishes (e.g. [START_REF] Jensen | The functional relationship between peak spring floods and survival and growth of juvenile Atlantic Salmon (Salmo salar) and Brown Trout (Salmo trutta)[END_REF][START_REF] Johnson | Persistent organic pollutants in outmigrant juvenile chinook salmon from the Lower Columbia Estuary, USA[END_REF][START_REF] Roby | Quantifying the effect of predators on endangered species using a bioenergetics approach: Caspian terns and juvenile salmonids in the Columbia River estuary[END_REF]. When migrating seaward, juveniles are exposed to salinity changes (Bardonnet & Jatteau, 2008;[START_REF] Leguen | Development of hypoosmoregulatory ability in allis shad Alosa alosa[END_REF], and they may suffer high temperatures and low levels of oxygen, especially when passing through highly turbid estuaries (e.g. [START_REF] Lanoux | Factors contributing to hypoxia in a highly turbid, macrotidal estuary (the Gironde, France)[END_REF][START_REF] Marchand | The Influence of Seasonal Salinity and Turbidity Maximum[END_REF][START_REF] Sauriau | Effects of the excessive organic enrichment of the Loire Estuary on the downstream migratory patterns of the amphihaline grey mullet Liza ramada (Pisces: Mugilidae). Changes in Fluxes in Estuaries : Implications From Science To Management[END_REF]. The GGD system is a good example of a highly turbid system, with a well-developed turbidity maximum zone in its estuary, characterized by high concentrations of suspended sediments [START_REF] Sottolichio | Observations of suspended sediment dynamics in a highly turbid macrotidal estuary, derived from continuous monitoring[END_REF]. In this watershed, high temperatures along with low river flows frequently induce episodes of low levels of dissolved oxygen saturation in summertime [START_REF] Lanoux | Factors contributing to hypoxia in a highly turbid, macrotidal estuary (the Gironde, France)[END_REF]; during severe hypoxia episodes, oxygen saturation can drop below 30% for several days, and even reach values lower than 20% in the downstream Garonne, near the city of Bordeaux (SW France) [START_REF] Etcheber | Monitoring water quality in estuarine environments: Lessons from the MAGEST monitoring program in the Gironde fluvial-estuarine system[END_REF].

As far as we know, only one preliminary study has reported values for juvenile allis shad tolerance towards stressful conditions of temperature and oxygen (study report, [START_REF] Jatteau | Etude de la tolérance à l'hypoxie des juvéniles de grande alose (Alosa alosa)[END_REF]. These authors challenged allis shad individuals to a decrease in oxygen level, from 70% to 20%, at 20°C and at 25°C; their results suggested that tolerance to hypoxia was lower at 25°C, as stress behavioural indicators were detected at a higher oxygen saturation range (41 to 52%) compared to 20°C (22 to 37%); mortality rates at 21% oxygen saturation were 2.6 times higher at 25°C than at 20°C. However, this study only involved a few 3month-old individuals and allis shad may be exposed to low levels of oxygen at earlier ages, especially in some basins where dam implantation forces adults to spawn further downstream [START_REF] Cassou-Leins | La reproduction[END_REF]. Our experiment focuses on younger ages and on a larger set of fish in order to provide explanatory elements in the measurement of their vulnerability to those physico-chemical factors in a freshwater environment, in the GGD system or in comparable watersheds.

The aim of this study is to assess the tolerance of young allis shad to hypoxia under a range of temperatures encountered in the wild, from post-larval to migratory stages. A laboratory experiment was thus designed in order to challenge four ages of allis shad (circa 10, 30, 60 and 85 days post-hatching) to contrasted oxy-thermic conditions. Direct observations allowed us to describe the effects of oxygen and temperature conditions on young allis shad behaviour. Survival probabilities as well as post-stress recovery were then assessed. Finally, a retrospective analysis confronted the allis shad critical oxy-thermic values obtained during the experiment with environmental data, in order to infer their possible role in the allis shad population decrease in the GGD system.

Methods

Ethical statement

The care and use of animals for this experimentation complied with animal welfare laws, Due to the particular questionings related to allis shad, a replacement by another species would not have been informative. Thanks to analysis at the individual level, the number of young allis shads used in this work was reduced to the minimal values required for meaningful statistical analysis. The experiment protocol potentially induced relatively high levels of stress in fish but this was minimized by adapted refinement measures (detailed in the protocol below) applied during rearing and handling. Care was taken to allow individuals to recover from stress and thus avoid mortalities as much as possible. Post-experiment euthanasia was performed on non-sentient individuals (after anaesthesia) for the need of additional analyses. The study was designed to bring useful information for the purposes of species conservation.

Biological material

Alosa alosa larvae were obtained from MIGADO (Association for the restoration and the management of migratory fishes in Garonne -Dordogne), which artificially reproduces genitors captured in the wild according to the protocol from [START_REF] Scharbert | Management Plan to the LIFE project "The re-introduction of the Allis shad (Alosa alosa) to the Rhine system[END_REF]. In 2019, 60 spawners originating from a single capture at the fish pass of the Golfech dam (Garonne River, SW France: 44°06'05.3"N, 0°50'26.0"E) were transported to MIGADO fish-farm facilities after hormonal injection. Males (n=24) and females (n=36) were mixed in a large tank at a temperature of 20 ± 1.5°C. A first event of spawning occurred during the second night following their arrival (on 29 th May 2019). Contrary to many fish species, gametes are not collected by belly massage because shads are too sensitive to stress; spawning events are "spontaneous". Following this first hormonally induced event, one or two additional natural spawning events usually occur within the next 1-4 weeks. We were able to gather eggs from a second event that occurred on 9 th June 2019. From those two events held one week apart, two batches of approximately 10 000 individuals were conditioned in oxygenfilled plastic bags (according to the protocol from [START_REF] Scharbert | Management Plan to the LIFE project "The re-introduction of the Allis shad (Alosa alosa) to the Rhine system[END_REF] and transported in two hours to the INRAE facilities (Saint-Seurin sur l'Isle, France: 45°01'04.0"N, 0°00'56.9"E).

The first batch (Batch 1) was transported on 10 th June 2019 at 7 to 8 days post-hatching The remaining fishes (around 9 000) from each batch were transferred for rearing into two 100 m3 artificial rivers (one batch per river) offering riverine-type conditions. Water was provided by a flow-through system of filtered water (mesh: 500 µm) from the Isle River at a flow rate ranging from 14.0 to 18.6 l min-1. Water quality was continuously monitored using two oxygen-temperature probes, one conductivity probe and one turbidity probe per basin (respectively, WTW FDO 700IQ SW, WTW TetraCon 700IQ SW and WTW VisioTurb 700IQ SW; WTW, Weilheim, Germany). When necessary, some borehole water (9 to 12 l min-1)

was added equally into both artificial rivers in order to prevent temperatures from exceeding 26°C and dissolved oxygen saturation from decreasing below 70%. Conditions in the artificial rivers were comparable between batch 1 (21.12 average ± 1.98°C SD, 105.84 ± 15.94% O 2 , 0.05 ± 0.03 µS m-1 and 8.12 ± 14.14 FNU) and batch 2 (21.72 average ± 1.69°C SD, 109.59 ± 18.60% O 2 , 0.04 ± 0.02 µS m-1 and 2.20 ± 4.64 FNU) during their respective rearing periods. Water current velocity and depth in the artificial rivers ranged from 0 to 40 cm s-1 and from 0 to 100 cm, respectively. The bottom of the artificial rivers was covered with mixed substrates (50% 0-4 mm sand and 50% 8-16 mm gravel). The fish fed on natural riverine zooplankton and on additional, cultivated zooplankton. Zooplankton culture was carried out in two additional 100 m3 basins, fed by Isle river water seeded with marine guano; the zooplankton was captured by filtering ca. 20 m3 of water for 7 hours using a 100 µm mesh sieve, and it was transferred every day into each allis shad rearing basin. The prey taxa mostly present in the rearing basins were cladocerans, copepods, chironomid larvae and ostracods; these taxa are classically consumed by young allis shads [START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. When needed for the experiment, fish were re-captured from the artificial rivers using an adapted trap that prevents air exposure during the catching process. A more detailed description of the rearing basins and the trap is available in Appendices 1 and 2.

Challenges sessions

The experiment consisted in 4 challenge sessions dedicated to 4 allis shad age classes.

Within a challenge session, three temperatures were tested; each allis shad batch was tested twice at each temperature (but each fish was only tested once). The challenge sessions and corresponding fish ages tested are presented in Table 1. To better match the range of temperatures classically encountered in the wild by allis shads, the 1 st and 2 nd challenge sessions (10-do and 30-do age classes) were performed at 18, 22 and 26°C while the 3 rd and 4 th challenge sessions (60-do and 85-do age classes) included temperatures of 22, 26 and 28°C. Batches 1 and 2 were tested one week apart in order to test fish at similar ages. Hence, 96 fishes per batch (i.e. 32 fish per temperature condition) were tested within the same period (4 days). All challenges involved all 672 fish (n=96 per challenge session and per batch). For the first challenge session, batch 1 was excluded from the analysis because of technical problems. To simplify reading, the age classes of the challenge sessions n°1, 2, 3 and 4 (i.e. in days post-hatching: ca. 10, 30, 60 and 85 DPH) are named 10-do, 30-do, 60-do and 85-do below.

Table 1: Challenge sessions, corresponding Alosa alosa ages, and tested temperatures.

Before each challenge, the fish were gently brought from their rearing water temperature to the challenge temperature, by ± 1°C per hour, using an aquarium heating/chilling system (Teco, Ravenna, Italy). For the 10-do individuals, temperature change was done in a 37 l tank, similar to their rearing tank. Older ages (30-do, 60-do and 85-do) were captured in the artificial rivers and acclimated in a 236 l circular tank with low water current velocity adapted to their age class (5 to 10 cm s-1 for 30-do; 10 to 15 cm s-1 for 60-and 85-do). The fish could rest in the centre area of the tank where water current velocity was less than 5 cm s-1. Water oxygen saturation was kept optimal for all age classes (100 ± 5%) by using air induction. The duration of the temperature change varied from 1 to 8 hours. Thirty minutes after the challenge temperature was reached, and similarly for all ages, fish were gently transferred into individual challenge tanks using a cup to prevent emersion.

Individual, circular challenge tanks were built with transparent Plexiglas (Evonik, Darmstadt, Germany). Three tank sizes were designed: 0.8 l, 10 cm in diameter (d.) (used for 10-do); 3.1 l, 20 cm d. (30-do); 21.2 l, 30 cm d. (60-do and 85-do); 16 tanks of each size were built. Each challenge tank was covered with a transparent Plexiglas lid to limit diffusion of atmospheric air into the water. The fish were visually isolated from the experimenters and from the other tanks by opaque tarps with removable windows allowing observations. The experimental room was lit by adjustable LEDs providing soft and homogeneous luminosity.

For each challenge, 16 tanks were connected to four 200 l mixing tanks (Figure in Appendix 3). Two treatments were managed simultaneously in each half of the system (i.e. 8 challenge tanks connected to 2 mixing tanks): (i) a "Hypoxia" treatment, which consisted of a decrease in oxygen saturation by 10% steps, from 100% to 30% (the 30% level limit was chosen to simulate hypoxic events often observed in the GGD system); (ii) a "Normoxia" treatment, for which oxygen saturation was maintained constant at 100% (see Figure 1). The temperature was maintained constant during all challenges and for both treatments.

The temperature was regulated in the mixing tanks by using both thermistors (Eden 425 300W; Eden, Hörstel, Germany) and chillers (Teco, Ravenna, Italy); the dissolved oxygen saturation level was controlled by injecting O 2 (to increase saturation) or N 2 (to lower saturation) from gas cylinders into the mixing tanks, using pilot operated solenoid valves (Bürkert, Ingelfingen, Germany). The solenoid valves and thermistors were driven by a parameter control and recorder unit (SOFREL S550; Lacroix, Vern sur Seiche, France).

Tuning tests were done prior to the challenge sessions by programming the oxygen level in the mixing tanks in order to obtain the desired values in the challenge tanks across time (Figure 1), at each temperature and for each tank size. Both temperature and oxygen level were monitored during the tuning tests using adapted probes and sensors in the mixing tanks (WTW, FDO 700IQ SW and Hach Lange, LDO sc; Hach, Loveland, Colorado, USA) and in the challenge tanks (WTW, Multi 3430). However, during the challenges, parameters were only monitored in the mixing tanks so as not to interfere with the observations; the reliability of the design was then verified by comparing the values recorded in the mixing tanks during the challenges with those recorded during the corresponding tuning tests. The experimental design was sufficiently repeatable to validate all challenge replicates: temperatures were ± 0.3 °C from the expected values, and oxygen levels recorded during the challenges were ± 2.0% from those recorded during the tuning tests.

All challenged fish (i.e. 16 individuals per challenge) were kept 15 minutes in the challenge tanks before the observations started. Two operators were each observing one fish per minute; each operator monitored 4 "Normoxia" and 4 "Hypoxia" tanks twice per challenge step (i.e. at 100, 90, 80, 70, 60, 50, 40 and 30% O 2 for the "Hypoxia" treatment, and at the same time for the "Normoxia" treatment). The fish were observed in a pre-defined order for each operator so that for every minute of observation, one "Hypoxia" tank and one "Normoxia" tank were observed simultaneously. Within each challenge, all 16 fish were thus individually observed during two sequences of 1 minute long at each of the 8 challenge steps, corresponding to 16 observations per fish (Figure 1). In total, 10,752 observations were carried out across the whole experiment. Seven distinct behaviours were identified and noted during observations; they are described in Table 2. Although incidental, fish death was identified by a complete cessation of opercula activity.

Figure 1: Dissolved oxygen saturation induced in the experimental design for each oxytreatment, "Hypoxia" (dashed line) and "Normoxia" (solid line). For the "Hypoxia" treatment, 10% decreases were 10 min long, constant oxygen saturation steps were 16 min long. Grey stripes represent the periods when behavioural observations were made. Oxygen saturation was rapidly restored to 100% at the end of the challenge, i.e. after a last step at 30% oxygen saturation or earlier if pain signs were observed in order to avoid mortality.

Table 2: Behaviours identified and noted during the oxy-thermic challenges.

Survival index definition

All observed behaviours were classified into two categories: (i) behaviours indicating light stress (LS) (incline under the water surface, incline in open water, burst and "head shaking") and (ii) behaviour indicating heavy stress (HS) (spiral swimming, swim stop and bottom contact). We assumed this distinction considering that HS behaviours would lead to fish mortality in the wild (by lowering flight response and increasing exposure to predation risk), while LS behaviours would not prevent fish from recovering or escaping. When HS was observed for an individual, oxygen saturation was rapidly restored (in 5 to 10 minutes to 100%) to avoid mortality.

For each fish, a binary survival index was inferred from its observed behaviours. The survival index was positive ("yes") if no stress behaviours or only LS behaviours were observed; if HS behaviours were observed or if mortality occurred, the survival index was negative ("no") for the fish until the end of the challenge. In some cases (6 individuals, 0.1% of the observations), HS behaviours were observed before any oxygen decrease (first step, 100%

O 2 ): we attributed these expressions of HS behaviours to an artefact due to the stress of fish transfer from the acclimation tank to the challenge tank. Therefore, these behaviours were neglected at the first step and the experiment was pursued; those fish did not reach HS at higher rates than other individuals in the following challenge steps. For technical reasons, some observations were missing during the experiments (n=69, 0.6% of observations including for batch 1 at 10-do). In those cases the survival index was assumed to be positive since only positive values were encountered before and after the missing observations.

Recovery

After each challenge, and once 100% oxygen saturation was restored in all "Hypoxia" treatment tanks, all surviving fish were transferred from their challenge tanks into individual aquaria (volume, 10-and 30-do: 3.6 l; 60-and 85-do: 6 l) for a 2-hour recovery period in riverine water, under optimal oxygen saturation and at the challenge temperature. After this recovery period, mortality was assessed, and live fish were anesthetised in water with 25-50 mg l-1 benzocaine (10%) and then euthanized by benzocaine (10%) overdose (250 mg l-1); all fish were finally measured for total length (TL) to the nearest 0.01 mm with a calliper.

Statistical analysis

All statistical analyses were performed using the R 3.5.1. software (R Core Team, 2019); pvalues <0.05 were considered significant.

Size effects: given that the fish used for the challenges were randomly selected when transferred into the challenge tanks, possible differences in sizes could have occur within a same age class between batches and between oxygen treatments ("Hypoxia" vs.

"Normoxia"). The differences in fish size (total length, TL) were assessed by using Mann-Whitney U tests after rejecting parametric assumptions. Fish sizes (TL) were also compared within each age class according to the challenge temperatures using a Kruskal-Wallis analysis of variance followed by a post-hoc Dunn test with a Bonferroni correction.

Tolerance to oxy-thermic stress: using the binary survival index inferred for each fish based on behavioural observations, allis shad survival functions were calculated and plotted across time (i.e. across behavioural observations) using the Kaplan-Meier estimator [START_REF] Kaplan | Nonparametric estimation from incomplete samples[END_REF].

To examine the relationship of the survival distribution to covariates, traditional Cox proportional hazard models were first adjusted [START_REF] Cox | Regression Models and Life-Tables[END_REF]: the Cox model includes a Wald test of comparison between modalities; the effect of factors and the global score for the model are calculated using an ANOVA. The proportional hazards assumption was then checked using the [START_REF] Grambsch | Proportional hazards tests and diagnostics based on weighted residuals[END_REF] test. In cases where this assumption was not satisfied, the use of a more flexible semi-parametric model, named Cox-Aalen [START_REF] Scheike | An additive-multiplicative Cox-Aalen regression model[END_REF][START_REF] Fahrig | Effects of Habitat Fragmentation on Biodiversity[END_REF], is recommended (see [START_REF] Başar | Aalen's additive, cox proportional hazards and the cox-aalen model: Application to kidney transplant data[END_REF] for more details about the implications of the different models).

While the Cox model introduces a multiplicative effect on the covariates, the Aalen model (1989) introduces each covariate effect in an additive manner depending on time. The Aalen method includes a supremum test that informs on the significance of the factor, and a Kolmogorov-Smirnov test (KS) that informs on the variation of an effect across time. In some cases, a covariate effect can be detected as time-variant by the KS test (p<0.05), although it is non-significant across the whole duration of the experiment (supremum test, p>0.05) because mortality risks associated with the considered categories vary the same way; we chose not to take into account variations across time in this particular case. In this work, we only present the analysis made by using the Cox-Aalen model to ensure comparison between all results and to ease the reading. The Cox models performed when the proportional hazards assumption was satisfied are available in Appendix 5.

This process was applied to describe the effect of the oxy-treatment ("Hypoxia" vs.

"Normoxia"), the batch, the temperature, the observer and the challenge tank on the survival index for each age class. All effects were estimated as relative risks between categories with 95% CI and corresponding p-values.

Recovery success: after the challenges, the surviving fish were split into two categories: the ones that overcame the challenge without exhibiting heavy stress (no stress or LS) (N O ) and the ones that displayed heavy stress (HS) during the challenge (N S ). to mid-July in the GGD system [START_REF] Lambert | Allis shad adopts an efficient spawning tactic to optimise offspring survival[END_REF]. Therefore, we assumed from these two studies that allis shad 30-do individuals may be present in freshwater in the Garonne and the Dordogne Rivers from mid-May to mid-August, whereas the 60-do and 85-do individuals can be considered as being at the ages when downstream migration is initiated, so they may enter the Gironde estuary from mid-June to mid-October.

We proposed to illustrate threshold values for both temperature and oxygen saturation, corresponding to the levels beyond which allis shad survival probability was less than 50% according to the challenge results. Threshold values for the 30-do age class were then compared with environmental data (hourly averages of temperature and dissolved oxygen saturation) recorded from mid-May to mid-August in the cities of Libourne (Dordogne River, 44°54'55.0"N 0°15'00.5"W; data collected on years 2005 to 2018) and Portets (Garonne River, 44°42'11.9"N 0°25'33.5"W; data collected on years 2005 to 2011), corresponding to the most upstream recording stations where 30-do could occur. Threshold values for the 60do and 85-do age classes were reported on similar data recorded from mid-June to mid-October near the city of Bordeaux (downstream Garonne River, 44°53'28.8"N 0°32'09.2"W; data collected on years 2005 to 2018), corresponding to the downstream part of the River they should cross to reach the saline estuary.

Some environmental data were missing because of technical problems; the years with ≥50% missing values were not included in our analysis. The proportion of hours corresponding to compromising conditions for survival (<50%) was calculated over the amount of available data, for each year and each age class, during the periods defined above in order to discuss the influence of temperature and dissolved oxygen on past allis shad juvenile survival in the GGD system. All environmental data were provided by the Marel Gironde Estuary consortium (MAGEST).

Results

Size effects

The sizes of all the fish used in the experiment are presented in Table 3 according to their age, their batch, and also according to the treatment (oxygen saturation) and the temperature they underwent during the challenges. Ratios between the average fish sizes and the challenge tank sizes were relatively consistent during the experiment, with 10.6% at 10-do, 10.0% at 30-do, 10.3% at 60-do and 14.4% at 85-do.

Differences in sizes between batches (in terms of rank) were significant at all ages (Mann-Whitney U test results, p<0.001) (Figure 1 in Appendix 4). Despite a quite similar age, batch 2 was a shorter average size than batch 1 (ca. -20%) for the 10-do, 30-do and 60-do age classes, but the opposite was true for the 85-do age class (+8.11%).

Individuals were similar in size between the treatments ("Hypoxia" vs. "Normoxia") at 60-do (Mann-Whitney U test, p>0.05); however, fish associated with the hypoxic treatment were significantly shorter than those undergoing the normoxic treatment at 10-do (p=0.001), while the opposite relationship was observed at 30-do (p=0.021) and 85-do (p<0.001) (Figure 2 in Appendix 4). In each age class, the differences in average fish sizes between treatments were always less than 4.5% TL.

Table 3: Mean total length (TL) in mm and standard deviation (SD) of Alosa alosa used in the experiment, according to their age, their batch of origin and according to the oxy-treatment and the temperature they received in the challenges.

Fish size showed significant differences in each age class between some of the tested In each age class, the differences in average fish sizes between temperatures ranged from 3.4 to 5.39% TL.

Although statistically significant (in terms of rank), we assumed that the differences in fish sizes between treatments and between temperatures could be neglected, as average fish sizes always differed by less than 6%. The effect of the batch was tested in the following analysis since size differences were not negligible (8.11 up to 20.60%).

Tolerance to oxy-thermic stress

Survival functions were estimated from the individual survival index across the challenge observations within each age class and each batch, for each condition (treatment and temperature, Figure 2).

(Figure 2) These results show a rapid and large decrease in the survival function of the 10-do age class, regardless of the oxy-treatments or the temperature: in all challenge conditions, survival probability was <75% from the 1 st observation, and <50% between the 2 nd and the 5 th observations. It reached 0% before the end of the challenges (between the 7 th and the 13 th observations) in all conditions except in "Normoxia" at 22°C (12.5% survival probability at the endpoint) (Figure 2a).

For the 30-do age class, both batches had quite similar survival functions at 18°C (around 75% by the end of the challenges). But at the end of the challenges (30% O 2 ), the survival probabilities of batch 1 in "Hypoxia" were 12.5% at 22°C and 0% at 26°C; for batch 2, survival probabilities dropped to 50% at 22°C and 18.75% at 26°C (Figure 2b).

For the 60-do age class, the survival probabilities of batch 1 were always ≥75% in all conditions except in "Hypoxia" at 28°C; in this case, survival probability was <50% from the 15 th observation (30% O 2 ), and 12.5% at the end of the challenges. For batch 2 survival probability dropped below 50% in "Normoxia" from the 9 th observation at the highest temperature tested (28°C). In "Hypoxia" at 26°C, survival probability dropped from 81.25% at 40% O 2 to 18.75% at the end of the challenges (16 th observation, 30% O 2 ); at 28°C, survival probability was <50% from the 13 th observation (40% O 2 ) (Figure 2c).

For the older age class tested (85-do), survival probabilities in "Normoxia" were always ≥75%

for both batches at all temperatures tested (except for batch 2 at 22°C at the 16 th observation when it decreased to 68.75%). In "Hypoxia", batch 1 survival probabilities were <50% from the 15 th observation (30%) at 26°C (18.75% at the endpoint) and at 28°C (12.5% at the endpoint), and batch 2 was affected by low levels of oxygen at all temperatures: at 22°C, probability was <50% from the 15 th observation (30% O 2 ) (18.75% at the endpoint); at 26°C and 28°C, survival probabilities were <50% earlier in the challenges (13 th observation, 40% O 2 ) and 0% at the endpoint (Figure 2d).

In all conditions and for all ages, the observer had no significant effect on survival (Cox model,p>0.05). A significant effect of the challenge tank was detected within the 30-do age class in the "Normoxia" treatment at 22°C and 26°C, due to better survival in one challenge tank; we chose to ignore this effect, considering it was randomly induced by fish interindividual variability for survival.

The proportional risk between the two oxy-treatments and between the temperatures was only verified within the 10-do age class (GT, p>0.05; Table 4; Table 1 in Appendix 5). These covariates had no significant effect on 10-do survival (Wald test, p>0.05; Table 4).

Additional analysis was performed within each oxy-treatment (Table 5; Table 2 in Appendix 5) and within each age for each temperature (Table 6; Table 3 in Appendix 5). 6; Table 3 in Appendix 5).

Regarding the "Normoxia" treatment ( Within the "Hypoxia" treatment (Table 5), the influence of temperature on the survival of the 30-do individuals was significant at lower temperatures than in "Normoxia" (from 22°C vs. 26°C) (Wald tests, 22°C: p=0.020, 26°C: p<0.001). For the 60-do and the 85-do, survival was negatively influenced by temperature 28°C (Supremum tests, 60-do: p<0.001; 85-do: p=0.008; see Table 5).

Similarly, the effect of oxy-treatment alone on survival was stronger at higher temperatures: within the 30-do age class, survival in "Hypoxia" was significantly lower than in "Normoxia" from 22°C (Supremum tests, 22°C: p<0.001; 26°C: p=0.024; see Table 6), and this effect was enhanced at the end of the challenges (from 30% O 2 ; see KS tests in Essentially, these results suggest a combined effect of temperature and levels of oxygen, because survival was negatively influenced at lower temperatures in "Hypoxia" than in "Normoxia", and because mortality at warm temperatures was accelerated when oxygen levels were the lowest. Tolerance to warm temperatures seems to be greater for the 60-do and 85-do than for the 30-do individuals.

Recovery success

Among all the challenged fish (n=672), 352 individuals were tested for recovery. Some fish could not be involved in the recovery experiment because of technical constraints (n=240) or because they incidentally died during the challenges (n=80). The recovery successes of the fish that overcame the challenges (N O ) and of the fish that displayed heavy stress during the challenges (N S ) are presented for each age class and for each experimental condition (oxytreatment and temperature, Figure 3).

Among the fish tested for recovery, the proportion of individuals that previously displayed heavy stress during the challenges was highly variable between age classes in all oxy-thermic conditions; furthermore, recovery successes were usually higher for the youngest fish.

For the 10-do age class, although most individuals exhibited heavy stress during the challenges, all fish survived during the recovery process, regardless of the temperature or the oxy-treatment (Figure 3a). For the 30-do age class, all fish recovered except 4 fish challenged in "Normoxia" at 22°C that had previously exhibited heavy stress (Figure 3b). For the 60-do age class, recovery could not be tested at 28°C because of technical constraints;

survival during the recovery process at 22°C and 26°C was relatively high (≥75%) (Figure 3c).

For the 85-do age class, recovery success was variable among oxy-thermic conditions, from 50% to 100% without an obvious tendency (Figure 3d). 

Comparison with environmental data

From the previous survival analysis (Figure 2), we considered that allis shad survival at the 30-do age is likely to be below 50% for batch 1 when temperature ≥22°C is combined with O 2 saturation ≤70%, and when temperature ≥26°C; for batch 2, when temperature ≥26°C is combined with O 2 saturation ≤30%. These thresholds were reported on the temperature and dissolved oxygen saturation data gathered in Libourne (Dordogne River) and Portets (Garonne River) (data obtained from the MAGEST consortium). The proportions of hours with available data on the period from mid-May to mid-August when the survival probabilities of both batches of the 30-do age class were likely to be below 50% are presented for each year in Libourne and Portets in Figure 4. In the Libourne station, the proportion of hours that could be considered as critical varied according to years, from 0.0% in 2007 to 47.6% in year 2006 for batch 1 (Figure 4a); it averaged 13.4 ± 17.5% of hours when considering all 11 years. Critical conditions, as defined by our experiment, were never met for batch 2 in Libourne. In the Portets station, <50% survival thresholds were attained in all the 5 years considered for batch 1, with a proportion of hours with critical conditions varying from 10.8% in 2010 to 58.0% in 2006 (24.9 ± 19.1% of hours when considering all 5 years); for batch 2, critical oxy-thermic conditions were never met except in 2006, during 1.0% of the hours with available data on the time period considered (4 days on July) (Figure 4b).

In the same way, thresholds of temperature and oxygen saturation inducing <50% survival probabilities for the 60-do age class were considered for batch 1 for temperature ≥28°C combined with O 2 saturation ≤30%, and for batch 2 for temperature ≥26°C combined with O 2 saturation ≤30% and for temperature ≥28°C. These thresholds were applied to the hourly average of temperatures and dissolved oxygen saturations recorded at the downstream Garonne station (Bordeaux). The <50% survival probabilities thresholds were only exceeded 

Discussion

Experimental design

Considering the high sensitivity of the species to manipulation, this is the first study to perform such challenge tests at several ontogeny phases on Alosa alosa. Despite the fact that our study focuses on only one cohort, we used individuals originating from a large number of genitors from the local population. Thanks to behavioural observation on those individuals, we can put forward some clear patterns for the responses of young allis shads (from ca. 30 to ca. 85 days old post-hatching) to oxy-thermic pressures: (i) 30-day-old juveniles seem more affected by warm temperature than 60-and 85-day-old individuals, (ii) decreasing levels of oxygen saturation affect swimming behaviour and survival at all ages, (iii) temperature increase and low oxygen saturation have synergetic effects at all ages, significantly lowering survival probabilities when they are combined.

One difficulty when assessing stress levels in animals is to deal with possible bias caused by handling. Allis shad rearing and handling are particularly tricky because of the sensitivity of the species; for instance, capturing wild larvae and juveniles is hard [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF], and classical aquaculture rearing practices (rearing tank, dry food) are known to be poorly adapted. Handling duration and disturbance may also influence oxygen requirement and tolerance to hypoxia, as was highlighted for young American shad Alosa sapidissima [START_REF] Chittenden | Effects of handling on oxygen requirements of American shad (Alosa sapidissima)[END_REF]. In our work, the rearing method in large artificial rivers allowed us to use fish that developed in riverine-type conditions up to 3 months old, in good shape. We tried to reduce stress noise due to manipulation to its lowest levels by keeping all individuals immersed during all transfers, and by adapting the tank sizes and the water current velocities to the fish swimming abilities throughout their development. However, as it is a gregarious species at its first stages of life [START_REF] Baglinière | Le genre Alosa sp[END_REF], isolation might have involved additional stress for the fish once they were placed alone in the challenge tanks.

Despite those precautions, the youngest individuals (10-do) showed a rapid deterioration of the indices used to evaluate their behavioural stress response under all tested conditions.

Such low survival probabilities were not expected for the normoxic treatment, since Jatteau et al. ( 2017) identified survival rates greater than 80% for allis shad from hatching to 14 days old between 16.6 and 24.8°C; however, this result was obtained with limited manipulation of the fish. In our study the transport of the larvae may have impacted their early survival. The temperature and the oxygen level did not significantly influence 10-do survival in our experiment, but this age was probably too fragile considering the present study design.

Hence, stress during the temperature change before the challenge and isolation in the challenge tank could have masked the potential effect of the stressful oxy-thermic conditions. For the older ages (from 30-do to 85-do), survival probabilities in normoxic conditions at the coldest temperatures remained between 65% and 95% during the experiment, suggesting that manipulation of the fish and the experimental design did not heavily affect our observations. This work was based on the comparison of allis shad survival probabilities according to different conditions of temperature and oxygen level. These survival probabilities were deduced from behavioural observations and thus directly depended on the distinction we made between the behaviours indicating heavy stress and those indicating light stress. We considered that stress response was light when the fish only expressed behaviours that were not related to a reduction in their swimming ability, and thus did not jeopardize their survival. Conversely, heavy stress was defined once a spiral swim, a swim stop or a bottom contact was observed because these behaviours can be seen as a proxy of a loss of equilibrium. The loss of equilibrium is a consequence of metabolic disturbances and prevents fish from escaping unfavourable conditions (Beitinger et al., 2000). This criterion has been applied in many studies dedicated to hypoxia and thermal tolerance of fishes (e.g. [START_REF] Delage | Hypoxia tolerance of European sturgeon (Acipenser sturio L., 1758) young stages at two temperatures[END_REF][START_REF] Gilmore | Prolonged exposure to low oxygen improves hypoxia tolerance in a freshwater fish[END_REF]Healy & Shulte, 2012), including 3-month-old allis shad [START_REF] Jatteau | Etude de la tolérance à l'hypoxie des juvéniles de grande alose (Alosa alosa)[END_REF]. Therefore, heavy stress, as defined here, appears to be a good proxy of the survival probability of young allis shad.

Tolerance to oxy-thermic stress

It is important to keep in mind that this experiment was carried out using two allis shad batches reared one week apart. At the end of their 3-month rearing period in the artificial rivers, estimates of global survival rates of both batches were quite similar (10.3% for batch 1; 7.5% for batch 2). However, the time lag between batch 1 and batch 2 caused a difference in terms of degree-days during the challenges (up to 50 degree-days) because environmental parameters in the artificial rivers were slightly different from one week to the next. Although the batch had an effect on survival probabilities during the experiment in most oxy-thermic conditions, the best performances were not achieved by the same batch across the experiment: this suggests that age difference between batches had a low effect, if any.

In many fish species, thermal tolerance can be influenced by previous temperature acclimation (Beitinger & Bennet, 2000;[START_REF] Majhi | Thermal Tolerance, Oxygen Consumption and Stress Response in Danio dangila and Brachydanio rerio (Hamilton, 1822) Acclimated to Four Temperatures[END_REF]. In our work, some differences in water temperatures were recorded between the rearing artificial rivers of the two batches when the fish were at the same age: in the first days of rearing (from 13 to 19 days old), those differences reached 5.0°C, while during the rest of the rearing period, only minor differences (1.6 ± 1.3°C) were recorded (see Figure 1 in Appendix 8). Thus, slight differences in recent acclimation for temperature could have occurred between batches prior to their respective challenge sessions and could have induced differences in survival, especially for the 30-do individuals. Concerning the other environmental parameters, the two batches were exposed to similar, non-stressful conditions of oxygen saturation and turbidity (see and3 in Appendix 8). The differences in performances between batches may also be a consequence of their genetic background, given that the identity of the spawners that participate to each batch was unknown; those genetic aspects may also have led to the observed differences in fish size between batches.

Figures 2
In normoxic conditions, the results suggest that as they get older, allis shad juveniles become more tolerant to high temperatures. However, we cannot rule out the possibility that previous thermal acclimation had caused differences in thermal tolerance between age classes, since the rearing temperatures were higher when the allis shads reached the 30-do age than when they reached 60-do and 85-do ages (23.6 ± 0.84°C, 20.9 ± 0.70°C and 21.3 ± 0.38°C, respectively; see Figure 1 in Appendix 8). However, the thermal tolerance gradient observed in our study may also be driven by physiological changes during ontogeny. A comparable gradient of thermal tolerance has been suggested in salmonid species, for which upper critical temperatures for survival were higher for parr than for alevins (Elliott & Elliott, 2010 and references therein). This phenomenon could have benefits for allis shad by providing a better resistance to temperature increases when they migrate in summer. It could also be a consequence of selection mechanisms during ontogeny, leading the most resistant fish to survive until the migration process is initiated.

A negative effect of low oxygen levels on survival was also detected for the 30-, 60-and 85do age classes: behaviours related to heavy stress (i.e. spiral swimming, swim stop or bottom contact) in hypoxic conditions were mostly observed during the two last steps of the challenges (corresponding to 40% and 30% oxygen saturation levels), which induced sharp drops in fish survival probabilities. In addition, our results suggest a clear combined effect of oxygen saturation level together with temperature on behavioural stress response and then on survival of the 30-do, 60-do and 85-do individuals. Indeed, survival probabilities within the "Hypoxia" treatment were significantly lower than in "Normoxia" only at the highest temperatures tested (30-do: 22°C and 26°C; 60-do and 85-do: 26°C and 28°C), whereas no difference in survival was detected between the two oxy-treatments at the coldest temperatures (30-do: 18°C; 60-do and 85-do: 22°C). Moreover, when the oxy-treatment did have a significant effect on fish survival, it appeared that the downgrading of the behavioural stress response was faster when the temperature was the highest and oxygen levels were the lowest. Synergetic effects of hypoxia and high temperatures on fish survival have been described for many species; these effects occur because increasing temperatures reduce oxygen solubility in water, while the respiratory activity and metabolic rates of fish increase [START_REF] Mcbryan | Responses to temperature and hypoxia as interacting stressors in fish: Implications for adaptation to environmental change[END_REF][START_REF] Pörtner | Oxygen and capacity limited thermal tolerance[END_REF]. Our results confirm this phenomenon in juvenile allis shad. This is globally consistent with the work of [START_REF] Jatteau | Etude de la tolérance à l'hypoxie des juvéniles de grande alose (Alosa alosa)[END_REF], who showed that 3-month-old allis shad were less tolerant to hypoxia at 25°C than at 20°C; the ranges of oxygen levels they proposed as critical for allis shad survival (22 to 37% O 2 at 20°C, 41 to 52% O 2 at 25°C) are comparable to the ones obtained in the present study for the 85do age class (30% O 2 at 22°C and 40% O 2 at 26°C for batch 2). In addition, similar trends have been highlighted on young twaite shad Alosa fallax in their natural environment: late larval stages would avoid high temperatures (>21.5°C) in the Elbe River [START_REF] Gerkens | Habitat use of age -0 twaite shad (Alosa fallax Lacépède, 1803) in the tidal freshwater region of the Elbe River, Germany[END_REF]). In the same River, [START_REF] Möller | Avoidance of oxygen-poor zones by fish in the Elbe River[END_REF] also reported that juvenile Alosa fallax are likely to avoid areas with <4.0 mg l-1 oxygen concentration; considering the temperature and salinity occurring during their sampling campaign, this would correspond to approximately 44% oxygen saturation.

Despite a relatively high inter-individual variability between the challenged fish, the 60-do and the 85-do age classes seemed more tolerant to stressful oxy-thermic conditions than the 30-do age class. Interestingly, 60-or 85-do individuals can be regarded as ages when downstream migration is initiated: in the Gironde-Garonne-Dordogne (GGD) watershed, allis shads are likely at that age to enter the saline estuary (from 58 to 123 days old, median age: 88 days old) or even to have reached the sea (from 63 to 150 days old, median age: 99 days old) [START_REF] Lochet | Estuarine phase during seaward migration for allis shad Alosa alosa and twaite shad Alosa fallax future spawners[END_REF]. Thus, our results suggest that downstream migration of allis shad would occur when its tolerance to oxy-thermic stress is the greatest. As well as for thermal tolerance, this age-dependant tolerance to oxy-thermic stress may be a consequence of underlying physiological processes related with ontogeny, as has been discussed for allis shad osmoregulation (Bardonnet & Jatteau, 2008;[START_REF] Leguen | Development of hypoosmoregulatory ability in allis shad Alosa alosa[END_REF]. However, we cannot rule out the possibility that selection mechanisms occurred at younger ages, leading the most resilient individuals to survive to older ages.

Recovery success

Post-stress recovery success was assessed only for few individuals and with variable numbers of fish among the oxy-thermic conditions, but it generally revealed high recovery success. Within the 10-do age class, the proportion of individuals that exhibited heavy stress during the challenges was high, but no mortality was observed during the recovery process;

this underlines that although allis shad at this age may be too fragile for our experimental design, survivors display a high recovery from oxy-thermic stress when conditions become favourable again. The 30-do age class can be seen as highly resilient, since mortality during the recovery process was low. Recorded mortality during post-stress recovery for the 60-do and 85-do individuals was not expected, since they were the most tolerant to challenge conditions, but it only concerned 10.2% and 17.7% individuals within these age classes, respectively. For those individuals, a physiological trade-off could occur, allowing them to better tolerate oxy-thermic pressures but meanwhile inducing a greater impact on their current health. In addition, 60-do and 85-do individuals may have been more stressed than younger ones by the transfers and the recovery aquariums, in relation to their better swimming capabilities. The lower recovery success at 85-do compared to 60-do could have been caused by this phenomenon, but also by the design of the recovery process: given that the volume of recovery aquariums was the same (6 l) for both the 60-and 85-do age classes, it could have been stressful for the oldest individuals as they were larger (43.1 ± 7.1 mm vs.

30.9 ± 5.6 mm, respectively).

These results may indicate that young allis shads are likely to recover rapidly after stress related to temperature or low oxygen levels. However, the challenges may have induced a selection prior to recovery: since incidental mortality occurred during the challenges, the individuals tested for recovery may therefore be the most resistant. The fish exposed to hypoxia, high temperatures or both during the challenges did not exhibit clear delay effects related to oxy-thermic stress during the two hour recovery period. Although such delay effects could appear after a longer time in fishes [START_REF] Pollock | The effects of hypoxia on fishes: From ecological relevance to physiological effects[END_REF][START_REF] Welker | Effect of sublethal hypoxia on the immune response and susceptibility of channel catfish, Ictalurus punctatus, to enteric septicemia[END_REF] (which was not possible to investigate in the present experiment owing to the high fragility of the species), this suggests that the behavioural stress responses observed during the challenges are pertinent for describing the potential impact of such pressures on the survival of young allis shads.

Comparison with environmental data

Based on the survival probabilities obtained from the oxy-thermic challenges, an exploratory analysis was done to illustrate how often oxy-thermic conditions leading to more than 50% mortality in our experiment (taking in account the variability between batches) were recorded in the GGD watershed.

Considering our analysis, it is important to keep in mind that the young allis shad involved in the oxy-thermic challenges did not have the opportunity to escape unfavourable conditions, whereas they could actively seek more suitable habitats in the wild. However, the water flows in the Gironde estuary remain relatively high in summertime, and its turbidity maximum zone (TMZ) induces high concentrations of suspended sediments over large areas [START_REF] Sottolichio | Observations of suspended sediment dynamics in a highly turbid macrotidal estuary, derived from continuous monitoring[END_REF]: therefore, flight from stressful conditions would be compromised and mortality risk would increase for allis shad juveniles when migrating through such estuaries.

For the 30-do age class, in relation to the difference in survival during the challenges, the proportion of time when survival would have been <50% in Libourne (Dordogne River) and in Portets (Garonne River) differs between the two batches. Despite some missing environmental data, it is clear that batch 1 tolerance thresholds were frequently attained in both Rivers: individuals of about 30 days old may therefore be subjected to high pressures in this watershed, although this can be highly variable between individuals issued from different spawning events periods. Such variability could influence young allis shad migration success among the years, and thus population recruitment, in relation to oxy-thermic conditions. Unfortunately, literature is scarce on the early life stages of allis shad, especially on their downstream migration kinetics. Since these stations are located 80 to 100 kilometres downstream from the known spawning sites in the GGD system (see Clavé & Lemaréchal, 2017), it is not yet clear whether 30-day-old allis shad are present in these areas; water flow in these basins would also be an important factor to consider.

Nevertheless, oxy-thermic conditions are likely to become more severe in many aquatic environments according to climate change predictions, especially because of a general rise in temperature (Diaz & Rosenberg, 2011), so the actual habitat of 30-day-old allis shad could become less suitable in the future.

Oxy-thermic conditions likely to induce <50% survival probability for the 60-do age class in Bordeaux (downstream Garonne River) were only encountered in the year 2006, within a period from 14 July to 26 July. Similarly, for the 85-do age class, conditions inducing <50% survival probabilities occurred quite rarely during the studied period, and most of these critical events were also encountered in July 2006. The summer of 2006 is well known as one of the most critical in terms of recent hypoxic events in the GGD system (see [START_REF] Etcheber | Monitoring water quality in estuarine environments: Lessons from the MAGEST monitoring program in the Gironde fluvial-estuarine system[END_REF][START_REF] Lanoux | Factors contributing to hypoxia in a highly turbid, macrotidal estuary (the Gironde, France)[END_REF]. Thus, at ages when young allis shads potentially initiated their downstream migration in the GGD watershed, adverse local conditions of temperature and oxygen saturation might only occur during extreme hypoxic events and heat waves.

However, such extreme episodes are globally expected to be more severe and more frequent in the future, in estuaries [START_REF] Díaz | Introduction to environmental and economic consequences of hypoxia[END_REF] as well as in smaller systems [START_REF] Limburg | Flexible modes of anadromy in Baltic sea trout: Making the most of marginal spawning streams[END_REF]. [START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF] discussed the allis shad population dynamics in the GGD system from the 1990s until the implementation of the allis shad fishery moratorium in the watershed in 2008. These authors hypothesised that the local allis shad population could have collapsed because of a deficiency in the recruitment process, possibly related to environmental changes, along with a demographic Allee effect; this would also hamper the recovery of the population under the moratorium. We suggest here that environmental oxy-thermic conditions may only have a moderate impact on the survival of migrating juveniles (from about 60-day-old), except in cases of extreme heat waves together with strong hypoxic events, as occurred during the summer of 2006. However, the lower tolerance of premigrating allis shad (ca. 30-day-old) to these pressures suggests that they could be more frequently impacted by oxy-thermic conditions. Thus, this particular stage of life could play a decisive role in the species' recruitment process, and thus on the subsistence of the GGD watershed population.

For allis shad, the assessment of tolerance to environmental pressures at young stages of life is an important prerequisite to discussing population dynamics and to addressing conservation purposes. We bring new insights into tolerance among young allis shad to contrasted conditions of temperature and oxygen saturation levels: essentially, high temperatures can affect their survival even when oxygen saturation is optimal, and both parameters act together since high temperatures combined with hypoxia accelerate the degradation of their survival likelihood. Nevertheless, this experiment did not allow for an assessment of the tolerance of the 10-day-old individuals to oxy-thermic stress, nor for an accurate description of the impact of natural oxy-thermic conditions on 30-day-old individuals. Further research would therefore be helpful, notably by providing information on the habitat and behaviour of allis shad at these ages.

Our study highlights that the local population needs to be supported, notably through adapted management of water flows in order to regulate temperature fluctuations.

Although such stressful oxy-thermic conditions are relatively rare in the GGD watershed nowadays, climate change predictions indicate a general rise in water temperature of between +1.4°C and +3°C in France in the upcoming decades [START_REF] Chauveau | Quels impacts des changements climatiques sur les eaux de surface en France à l'horizon 2070 ?[END_REF] and a reduction in flows in systems such as the GGD watershed (up to 50% reduction by the year 2050; Adour-Garonne Water Agency, 2013). Consequently, hypoxic events will tend to increase in the future in terms of frequency, severity and duration in the GGD watershed [START_REF] Lajaunie-Salla | Future intensification of summer hypoxia in the tidal Garonne River (SW France) simulated by a coupled hydro sedimentary-biogeochemical model[END_REF], as also expected in many areas worldwide [START_REF] Díaz | Introduction to environmental and economic consequences of hypoxia[END_REF]. Migratory species in general can undergo more frequent exposure to environmental pressures, since they use several habitats to complete their life cycle; environmental threats can also induce connectivity loss between habitats [START_REF] Runge | Conserving mobile species[END_REF]. This involves particular threats and issues for many anadromous fish (Lassalle et al., 2009b;[START_REF] Limburg | Flexible modes of anadromy in Baltic sea trout: Making the most of marginal spawning streams[END_REF], and allis shad could be more drastically impacted in the future by environmental conditions in the GGD watershed or in similar systems, during their freshwater phase and downstream migration, if no adaptive mechanisms emerge from these populations and if no adequate management of water resources comes into effect.

Appendix 4: Appendix 8:

Hourly average of temperature (in °C) in the rearing artificial rivers for batch 1 (black) and batch 2 (grey) according to allis shad age (in days); vertical lines represent the first and last days of fish capture for each challenge session and each batch. Because of technical constraints, the last values could not be recorded automatically; the last 7 values related to each batch were recorded manually.

Photos

Photo 1: Experimental design and challenge tanks (left: small tanks used for 10-do fish; right: large tanks used for 85-do fish).

Photo 2: Three-month-old allis shad swimming in school in the circular tank used for temperature increase / decrease previously to the oxy-thermic challenges. Chapter 2

New insights on the freshwater habitat use and behaviour of young allis shad Alosa alosa (Clupeidae)

Article in preparation: Baumann, L., Philip, J., Le Barh, R., Polese, F., Vega, J., Pierre, M., Le Coarer, Y., Bouyssonnie, W., Jatteau, P., Bardonnet, A., & Acolas, M. L. New insights on the freshwater habitat use and behaviour of young allis shad Alosa alosa (Clupeidae). Submission planned to Ecology of Freshwater Fish.

Avant-propos

L'étude décrite dans le chapitre précédent suggère que les conditions oxy-thermiques du système Gironde -Garonne -Dordogne pourraient avoir un fort impact sur les populations locales de grande alose, en particulier si les plus jeunes stades (environ 1 mois) sont présents dans les parties basses des fleuves. Les stades « migrants » (2-3 mois) seraient plus tolérants à ces pressions, à moins d'épisodes extrêmes de chaleur et d'hypoxie, comme observé en Juillet 2006 à l'entrée de l'estuaire.

Or, le changement climatique est susceptible de rendre ces épisodes plus sévères, plus longs, et plus fréquents.

Dans certains bassins versants, l'implantation de barrages empêche la montaison des géniteurs et les contraint à se reproduire sur des sites plus à l'aval [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF]. Ces frayères forcées réduisent la distance de migration des alosons et les privent potentiellement de leurs habitats préférentiels. Ainsi, la disponibilité d'habitats favorables au développement des alosons apparaît comme un paramètre primordial du fonctionnement des populations.

Cependant, l'utilisation de l'habitat par les alosons en eau douce est très peu documentée. Certaines études, basées sur des captures en milieu naturel, ont avancé l'hypothèse que les jeunes aloses utiliseraient préférentiellement des habitats profonds et à courant faible, près des berges, avant de coloniser le chenal principal des rivières et d'initier leur migration vers l'aval [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF]Véron et al., 2003b). Or ces études étaient très localisées, et ces hypothèses n'ont jamais été vérifiées en conditions expérimentales.

Ce chapitre décrit une expérimentation menée dans le cadre de ma thèse pour pallier ce manque d'informations. Cette étude a été menée dans les structures utilisées pour l'élevage des alosons, qui imitaient les conditions du milieu naturel, et qui étaient enrichies d'habitats artificiels offrant une diversité de vitesses de courant et de hauteurs d'eau. Des observations directes ont été réalisées afin de décrire l'utilisation de l'habitat par les alosons entre 1 mois et 3 mois, et leur comportement.

New insights on the freshwater habitat use and behaviour of young allis shad Alosa alosa

(Clupeidae)
Baumann, L., Philip, J., Le Barh, R., Polese, F., Vega, J., Pierre, M., Le Coarer, Y., Bouyssonnie, W., Jatteau, P., Bardonnet, A., & Acolas, M. L.

Abstract

The allis shad Alosa alosa is an anadromous fish species that suffered important decline during last decades. The degradation or the loss of freshwater habitats used by larvae and juveniles is often proposed as a possible threat for populations of the species. Nevertheless, the young stages of A. alosa are hard to sample in the wild and hard to rear in captivity.

Consequently, their habitat use and behaviour before they migrate to the sea remain poorly documented. The aim of this work is to bring novel information on those aspects. We designed an ex-situ experiment on juvenile A. alosa, rearing them in river-like basins offering different habitat types. Based on direct visual observations, we assessed the habitat use and the behaviour of one-to three-month-old fish (size range: 15-60 mm). Young allis shad significantly preferred the habitats characterised by a heterogeneous water flow (i.e. multidirections flow creating highly heterogeneous water velocity in small areas); they also seemed to progressively increase their ability to deal with faster-flowing habitats (>0.2 m-1) as they grew up (>40 mm size). Conversely, they generally avoided the habitats offering the lowest current velocities (below 0.06 m s-1), especially the shallowest ones, at all ages.

Young allis shad mainly used the surface and intermediate compartments of the water column, but progressively increased the use of lower parts along ontogeny. They mostly exhibited a positive rheotaxis in fast-flowing habitats, whereas they were frequently changing orientation in the slower-flowing ones. Those tendencies in allis shad habitat selectivity and behaviour seemed influenced by their foraging behaviour and their swimming capacities. This work should be helpful in identifying habitats of interest for 1-3 months allis shad juveniles in the wild to improve management practices for the conservation of the local populations.

Key words: Allis shad, Juvenile, Freshwater, Water flow, Ivlev electivity index, Rheotaxis

Introduction

The ecological niche of a species can be defined as an "n-dimensional hypervolume" in the environmental space where the species can maintain a viable population across time without emigrate [START_REF] Grinnell | The Niche-Relationships of the California Thrasher[END_REF][START_REF] Hutchinson | Concluding remarks[END_REF][START_REF] Leibold | The Niche Concept Revisited : Mechanistic Models and Community Context[END_REF][START_REF] Pearson | Distribution Modeling for Conservation Educators and Practitioners[END_REF][START_REF] Sillero | What does ecological modelling model? A proposed classification of ecological niche models based on their underlying methods[END_REF]. The actual distribution of a species in the environment (i.e. its occupied niche) is then constrained by biotic interactions (feeding, competition, predation, symbiosis and parasitism) and by geographical and historical factors [START_REF] Pearson | Distribution Modeling for Conservation Educators and Practitioners[END_REF]. At a local scale, individuals from a population are likely to adjust their distribution by selecting habitats that optimize their fitness [START_REF] Fretwell | On territorial behavior and other factors influencing habitat distribution in birds. I. Theoretical Development[END_REF][START_REF] Kramer | Habitat selection : patterns of social distribution from behavioural decisions[END_REF][START_REF] Orians | Micro and macro in ecological theory[END_REF]. Habitat selection can be species specific [START_REF] Armstrong | Habitat requirements of Atlantic salmon and brown trout in rivers and streams[END_REF][START_REF] Fretwell | On territorial behavior and other factors influencing habitat distribution in birds. I. Theoretical Development[END_REF] and can vary across ontogeny, seasonal and diel changes [START_REF] Heggenes | Spatial niche variability for young Atlantic salmon (Salmo salar) and brown trout (S. trutta) in heterogeneous streams[END_REF][START_REF] Heggenes | Flexible Summer Habitat Selection by Wild, Allopatric Brown Trout in Lotic Environments[END_REF][START_REF] Levêque | L'habitat : être au bon endroit au bon moment[END_REF][START_REF] Orians | Spatial and Temporal Scales in Habitat Selection[END_REF][START_REF] Southwood | Habitat, the Templet for Ecological Strategies[END_REF].

When studying habitat selection, migratory species are interesting models because they need several habitats to complete their life cycle [START_REF] Mcdowall | Diadromy in Fishes : migrations between freshwater and marine environments[END_REF][START_REF] Runge | Conserving mobile species[END_REF]. For migratory fishes, the availability of suitable environments throughout their life cycle and the connectivity between those environments are key factors to the long-term viability of their populations [START_REF] Ovidio | The impact of small physical obstacles on upstream movements of six species of fish: Synthesis of a 5-year telemetry study in the River Meuse basin[END_REF][START_REF] Fahrig | Effects of Habitat Fragmentation on Biodiversity[END_REF][START_REF] Rolls | Consequences of connectivity alteration on riverine fish assemblages: Potential opportunities to overcome constraints in applying conventional monitoring designs[END_REF]. It is therefore essential to identify the habitat requirements of such organisms at different ages in order to propose appropriate management practices [START_REF] Nykänen | Seasonal changes in the habitat use and movements of adult European grayling in a large subarctic river[END_REF][START_REF] Mouton | Fish habitat modelling as a tool for river management[END_REF][START_REF] Chalifour | Habitat use by juvenile salmon, other migratory fish, and resident fish species underscores the importance of estuarine habitat mosaics[END_REF].

Anadromous fishes lay their eggs in rivers and streams, where larvae and juveniles develop before migrating downstream to grow at sea [START_REF] Mcdowall | Diadromy in Fishes : migrations between freshwater and marine environments[END_REF][START_REF] Mcdowall | Making the best of two worlds: diadromy in the evolution, ecology, and conservation of aquatic organisms[END_REF]. Because of their smaller size and lower swimming abilities, fish early stages of life are highly vulnerable to predation and water flow (e.g. [START_REF] Collis | Colonial Waterbird Predation on Juvenile Salmonids Tagged with Passive Integrated Transponders in the Columbia River Estuary: Vulnerability of Different Salmonid Species, Stocks, and Rearing Types[END_REF][START_REF] Gadomski | Laboratory Studies on the Vulnerability of Young White Sturgeon to Predation[END_REF][START_REF] Dunning | Effect of Striped Bass Larvae Transported from the Hudson River on Juvenile Abundance in Western Long Island Sound[END_REF]; their foraging activity can also be challenging as their energy reserves are limited (e.g. [START_REF] Willette | Foraging behaviour of juvenile pink salmon (Oncorhynchus gorbuscha) and size-dependent predation risk[END_REF][START_REF] Nunn | The foraging ecology of larval and juvenile fishes[END_REF]. Therefore, habitat requirements of larvae and juvenile can be highly restrictive. In anadromous species, this period can be even more critical as their migration process implies important shifts in habitat selection, sometimes as early as during their first months of life [START_REF] Heggenes | Downstream migration and critical water velocities in stream channels for fry of four salmonid species[END_REF][START_REF] Sackville | Water balance trumps ion balance for early marine survival of juvenile pink salmon (Oncorhynchus gorbuscha)[END_REF].

As an example, changes in habitat use across ontogeny during their freshwater early phase have been highlighted in salmonids: for Atlantic salmon Salmo salar and brown trout Salmo trutta, it is assumed that newly emerged fish prefer shallower and slower flowing areas than older juvenile [START_REF] Armstrong | Habitat requirements of Atlantic salmon and brown trout in rivers and streams[END_REF][START_REF] Riley | Seasonal variation in habitat use by salmon, Salmo salar, trout, Salmo trutta and grayling, Thymallus thymallus, in a chalk stream[END_REF]. Similar habitat shift has been identified in juvenile grayling Thymallus thymallus, along with a progressive colonisation of the main channel, moving away from the riverbanks [START_REF] Bardonnet | Microhabitats and diel downstream migration of young grayling (Thymallus thymallm L.)[END_REF][START_REF] Sagnes | Shifts in morphometrics and their relation to hydrodynamic potential and habitat use during grayling ontogenesis[END_REF][START_REF] Sempeski | Habitat selection by grayling -II. Preliminary results on larval and juvenile daytime habitats[END_REF].

The allis shad, like many other anadromous species, suffered important decline throughout last decades (Lassalle et al., 2009;[START_REF] Limburg | Dramatic Declines in North Atlantic Diadromous Fishes[END_REF][START_REF] Mcdowall | Different kinds of diadromy: Different kinds of conservation problems[END_REF][START_REF] Mcdowall | Making the best of two worlds: diadromy in the evolution, ecology, and conservation of aquatic organisms[END_REF][START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF]. It is assumed that the freshwater distribution of allis shad has restricted to a few number of streams in France (Gironde-Garonne-Dordogne system, Adour, Loire and Rhine Rivers, and small streams in Brittany) and in Portugal (Minho and Lima Rivers) [START_REF] Acolas | Upstream migration and reproductive patterns of a population of allis shad in a small river (L'Aulne, Brittany, France)[END_REF][START_REF] Hundt | First evidence of natural reproduction of the Allis shad Alosa alosa in the River Rhine following re-introduction measures[END_REF][START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF]. Climate change, especially temperature rising, could have negative effects on Alosa alosa populations in many watersheds of its present geographical distribution (Lassalle et al., 2009). Mostly, the loss or the degradation of freshwater habitats are often proposed as probable causes of the decline of the species, along with dam implantation, overfishing and pollution [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] De Groot | A review of the past and present status of anadromous fish species in the Netherlands: is restocking the Rhine feasible?[END_REF][START_REF] Limburg | Dramatic Declines in North Atlantic Diadromous Fishes[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. Indeed, allis shad can spawn further than 500 kilometres upstream from estuary mouths (e.g. in the Loire and Allier Rivers: [START_REF] Boisneau | Description d'une frayère et comportement de reproduction de la Grande Alose (Alosa alosa L.) dans le cours supérieur de la Loire[END_REF], but this distance can be significantly reduced in more anthropised systems (e.g. in the Garonne and Dordogne Rivers: [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF] in the Adour River: [START_REF] Prouzet | Caractérisation biologique et variation des captures de la grande alose (Alosa alosa) par unité d'effort sur le fleuve Adour (Pyrénées Atlantiques, France)[END_REF]. Thus, this may force the species to spawn, hatch, and develop in less suitable riverine habitats.

Despite quite numerous studies dedicated to the biology of allis shad, the habitat use of juvenile in freshwater remains poorly documented, notably because of the difficulties in catching, handling or rearing the species [START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF]. Most of research works dedicated to young allis shad focused on ages ≤1 month old (e.g. : Jatteau et al., 2017;Jatteau & Bardonnet, 2008;[START_REF] Stoll | Post-release stranding rates of stocked allis shad (Alosa alosa) larvae exposed to surface wave action[END_REF][START_REF] Stöll | ont montré que les post-larves de grande alose (8-20 jours[END_REF] or on downstream migration patterns through information reconstructed thanks to otolith analysis [START_REF] Lochet | Retrospective approach to investigating the early life history of a diadromous fish: Allis shad Alosa alosa (L.) in the Gironde-Garonne-Dordogne watershed[END_REF][START_REF] Lochet | Estuarine phase during seaward migration for allis shad Alosa alosa and twaite shad Alosa fallax future spawners[END_REF][START_REF] Tomás | Discrimination of the natal origin of young-ofthe-year Allis shad (Alosa alosa) in the Garonne-Dordogne basin (south-west France) using otolith chemistry[END_REF]. Only few studies, based on field captures with nets, brought hypotheses on the general characteristics of the habitat use of young A. alosa. [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF] suggested that juvenile would occupy areas close to the river banks only from 20 mm of size, before migrating transversally towards the main channel to initiate their downstream migration. This work involved a very small number of individuals, but similar observations were made by Véron et al. (2003b). For older juveniles (size 70-120 mm), [START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF] put forward a preference for deep habitats with quite low water velocity (0.2 to 0.3 m s-1) in the River Minho (Portugal). However, in those two last studies, allis shad catches were only made at night. To date, and to our knowledge, no study has been carried out to describe precisely the habitat use of juvenile allis shad during their freshwater phase.

Cassou

In comparison, relatively more information is available on the freshwater habitat use of juvenile of other species of the genus Alosa. In young American shad Alosa sapidissima, Nack et al. ( 2015) put forward a shift in habitat selection at the time of metamorphosis from larvae into juveniles (around 15 mm TL): larvae would shelter in backwaters and side channels, while juveniles would seek for higher water current velocities. After their metamorphosis, young A. sapidissima are usually considered as generalist for the habitat in freshwater. Accordingly, [START_REF] Ross | Habitat Use and Feeding Ecology of Riverine Juvenile American Shad[END_REF] found no relationship between the fish abundance and the considered physical habitat variables (temperature, dissolved oxygen, river depth, current velocity, turbidity, and subaquatic vegetation) for >35 mm pre-migratory juveniles. They suggested that habitat selection at this stage of life would not represent a bottleneck for the species in reasonably healthy ecosystems.

For the twaite shad Alosa fallax, which can be sympatric with A. alosa (Clavé & Lemaréchal, 2017;[START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF], some studies underpinned the importance of low water velocity and relatively deep areas for young stages, which could allow them to chase prey despite their low swimming capacities at those ages. [START_REF] Aprahamian | Aspects of the biology of the twaite shad, Alosa fallax fallax (Lacépède)[END_REF] put forward a preference of 20-30 mm individuals for deep pools close to the banks in the river Wye (UK). Later on, juveniles may diversify their habitat use and colonise faster flowing habitats while initiating their migration [START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF]. However in those previous studies, precise habitat characteristics (water depth, current velocities) were not described. According to [START_REF] Gerkens | Habitat use of age -0 twaite shad (Alosa fallax Lacépède, 1803) in the tidal freshwater region of the Elbe River, Germany[END_REF], 7-30 mm individuals would select maximal available depth (5-10 m) and great distance to the shoreline (up to 240 m) in the tidal freshwater part of the River Elbe (Germany).

The aim of the present work was to better describe the habitat preferenda of allis shad Alosa alosa in freshwater for 1-to 3-month-old fish (sizes approximately ranging from 15 to 60 mm) and to assess if and how it may vary across their ontogenetic development. For that purpose, and owing to the huge difficulties in observing or catching allis shad in the wild at these ages, we conducted an ex-situ experiment. Larvae were obtained thanks to artificial reproduction and juvenile were reared in riverine-type conditions (artificial rivers), offering different habitat types. Thanks to direct visual observations in those structures, we aimed to describe (i) the habitat selectivity (preference or avoidance) of young allis shad for the different offered habitats during their ontogeny, (ii) the relative contribution of the environmental variables on this selectivity, and (iii) to enlighten their habitat use by means of concomitant behavioural observations.

Methods

Rearing structures

Two 100 m 3 ring raceways, each consisting in two 18 m long channels, one narrow (1 m width) and one large (2.5 m width) connected by their upstream and downstream ends (4 m width, 3.5 m long) located at the INRAE experimentation station (Saint-Seurin sur l'Isle, France: 45°01'04.0"N, 0°00'56.9"E) were enriched in order to design two similar artificial rivers, and so to rear young allis shads in riverine-type conditions (see Figure 1a). The concrete bottom of each raceway was entirely covered by a 5 cm thick layer of substrate.

The substrate consisted in a homogeneous mix of 50% sand (0-4 mm) and 50% gravel (8-16 mm). Previously, two structures were built in each artificial river to create a riffle in the narrow channel and a moderately steep sloped bank in the large one (see Figure 1a); those two structures are presented in details in Appendix 1. They were composed by a frame and a floor of untreated wood (maritime pine); natural woody fencing was fixed on the floor of the structures to block the substrate and to prevent the allis shad larvae from passing through.

Water was diverted from the Isle River to supply the two artificial rivers at a flow rate ranging from 14.0 to 18.6 l min-1. The water was filtered by 500 µm mesh size nets to avoid other fish to enter the rearing systems, while natural zooplankton of lower size could enter and eventually serve as food for allis shad. When necessary, drilled water was added into the artificial rivers (9.0 to 12.0 l min-1) to avoid unfavourable temperature and low oxygen saturation levels (respectively, above 26°C and below 70%). In both artificial rivers, a propeller (Hydro Wizard® ECM75; Pantarhei, Wedemark, Germany) was set to 30% of its power during the first week and then to 50% (corresponding to ca. 0.40 m s-1 current velocity near the propeller mouth) allowed to create a continuous flow. Water quality in each artificial river was continuously monitored (records every 15 min) during the whole rearing period by probes: two for oxygen-temperature (one upstream and one downstream),

one for conductivity and one for turbidity (respectively, WTW FDO 700IQ SW, WTW TetraCon 700IQ SW and WTW VisioTurb 700IQ SW; WTW, Weilheim, Germany). Each day between 8:00 and 9:00 a.m., additional measures of temperature were made manually to prevent any problem related with automatic records; luminosity was measured manually with a luxmeter (Chauvin Arnoux luxmeter DA815; Chauvin Arnoux Metrix, France) at three points on the central wall of each artificial river (upstream, middle and downstream); water height was checked at a fix point every day and adjusted when necessary.

To provide sufficient food for the reared juvenile, additional zooplankton was produced in two other 100 m 3 basins that were also fed by the Isle River water. They were first seeded with marine guano 8 weeks before the experiment (on April 2019; 5 g m-3) and then each week (0.45 g m-3). Samples of zooplankton were collected daily in the morning following night trapping thanks to lit nets placed in those basins that filtered ca. 20 m 3 of water for 7 hours through a 100 µm sieve. Samples from the two basins were then mixed and poured in equal proportions in the water at two points of each artificial river (longitudinal ends of each river in the axis of the propeller; see Figure 1a). The cultivated zooplankton was representative of the natural communities present in the Isle River at that time of the year and was mainly composed by cladocerans, copepods (adults and nauplii), diptera larvae and ostracods. Those taxa are known to be usually consumed by young allis shad [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. 

Characterisation of the available habitats

Each artificial river was virtually divided into 22 observation units (Figure 1b). The bank length of the observation units was 2.5 m, with a water area of 2.5 m² (unit 1 to 7, 10, and 20), 3.75 m² (units 8 and 22) or 6.25 m² (units 11 to 19), except for the units 9 and 21

(dimensions 1 x 1.5 m; water area 1.35 m²). The limits of each observation unit were indicated by paint marks on the banks and on the central wall of the rivers to help the observer to mark off the units.

The observation units of both rivers R1 and R2 were described for all the variables presented in Table 1. Measures of channel width and slope were made manually; the water flow type was qualitatively described from visual observations. Water column height and current velocity were measured using a two-dimensional Acoustic Doppler Velocimeter (ADV®) (FlowTracker2; Sontek, San Diego, CA) on 99 verticals in R1 and 96 verticals in R2 (see Appendix 2 for the exact location of verticals in both rivers). The Froude number was automatically calculated for each unit according to the formula Fr = v / √gL c (with v: the current velocity, in m s -1 ; g: the gravity acceleration, 9.81 m s -2 ; L c : the length of the measured portion, in meters). Each vertical was precisely located thanks to a tachometer and at 3 points (at 20, 40 and 80% of the water column height), the current velocity was measured horizontally in two dimensions (along the major axis of the water flow and along its perpendicular). This data also allowed to calculate the hydraulic signatures of each observation unit (using the "HydroSignature" software; Le [START_REF] Coarer | Hydraulic signatures for ecological modelling at different scales[END_REF], after decomposing the artificial rivers into triangular irregular networks (TIN). Hydraulic signatures consist in the percentages of the considered area represented on a velocity-depth plane (see [START_REF] Coarer | HydroSignature software for hydraulic quantification[END_REF] for details). The hydraulic signatures of the observation units were compared by calculating coefficients of similarities, ranging from 0 (units have perfectly identical hydraulic signatures) to 100 (signatures are totally different). Water area and water volume were calculated for each unit using previous measured variables.

Some observation units (n°9, 10, 20 and 21) included the inlet and outlet water systems as well as the propeller; they were considered in the description of the observation units as "highly artificialised habitats" (Table 1). Despite our precautions at the inlet, some larvae from other fish species entered and grew in the rearing structures (roach Rutilus rutilus; pumpkinseed Lepomis gibbosus); they were in very few numbers and of small size and did not compromise allis shad rearing. Their presence was also noted during the observations.

Intruders were captured during the experiment (in early August 2019) in the trap dedicated to allis shad samplings.

Finally, the description of the habitat was complemented during the allis shad rearing period by quantitatively estimating the subaquatic vegetation (filamentous green algae) cover at each observation (in percentage of the unit surface). Once a week, to limit the proliferation of the subaquatic vegetation, part of it was gently removed manually with a rake. were not released back in the artificial rivers. All captured individuals were measured for TL to the nearest 0.01 mm with a calliper after euthanasia (anaesthesia made by balneation in 25-50 mg l-1 benzocaine 10% followed by a lethal concentration in 250 mg l-1).

Observations

Both artificial rivers were surrounded by camouflage nets so as to hide the observer from the fish without reducing visibility. Direct observations were made from the banks by one observer and recorded on audio tracks. Every session of observation consisted in 22 observation sequences corresponding to the 22 observation units, always run from unit 1 to unit 22; observation duration was 4 minutes for the large units (11 to 19) and 2 minutes for the small ones (1 to 10 and 20 to 22). The observation sessions started either in the late morning (from 10:14h to 11:50h) or in the afternoon (from 13:14h to 16:50h), and usually lasted 2 hours. Twelve and ten sessions were realised in the river R1 (batch 1) and river R2

(batch 2) respectively, from 9 July to 29 August 2019. The age of the fish at each observation sessions are listed in Table 2, as well as the age classes used for the analysis. For the purpose of this experiment, we excluded from the analysis the fish that only cross the observation units without stopping, as it does not stand for habitat use but for movement behaviour. Fish were considered for habitat use analysis when they were present in an observation unit during at least 50% of the observation duration time (however, this proportion was usually ≥80%). The total number of "resident" fish per unit was retained during each observation and then used to assess habitat preferences. The fish behaviour was also described, by noting for each individual its position in the water column, its rheotaxis and its distance from the banks. The observer also looked for prospective inter-individual relationships. The attempts of allis shad to feed at the water surface were counted (accuracy for food intakes in the water column, on the walls or on the substrate was not good enough to be quantitatively taken into account). All the variables considered during the observations are presented in Table 3.

Table 3: Description of the behavioural variables and their modalities used to describe the habitat selection of young allis shad during the observation sessions.

Statistical analysis

All statistical analyses were performed using the R 3.5.1. software (R Core Team, 2019); pvalues <0.05 were considered significant.

Number of fish observed: the total number of allis shad that selected a habitat was calculated, for each observation session in each artificial river, by summing the numbers of individuals observed in the 22 observation units.

Fish sizes: after rejecting parametric assumptions, the sizes of young allis shad (TL) were compared for each river between periods (ca. 30, 60 and 85 days old) using Kruskal-Wallis in Table 1 were included as categorical variables for this analysis. A Hierarchical Clustering on Principal Components (HCPC) based on the Ward's algorithm was run on the FAMD coordinates to aggregate the 44 observation units into groups which were considered as habitat types. The FAMD and the HCPC were performed using the "FactoMineR" R package [START_REF] Lê | FactoMineR: An R Package for Multivariate Analysis[END_REF]. The correlations between the continuous variables describing the habitat were checked by Pearson's correlation coefficients; the significance of correlations was assessed by Pearson correlation tests (using the "Hmisc" R package: [START_REF] Harrell | Hmisc: Harrell Miscellaneous. R package version 4[END_REF].

Allis shad selectivity for habitat: an Ivlev's electivity index [START_REF] Ivlev | Experimental ecology of the feeding of fishes[END_REF] was calculated for each unit at each observation session, according to the formula: E = (r i -p i ) / (r i + p i ), with r i = the proportion of fish abundance in the habitat type i and p i = the availability of the habitat type i, to assess the preference or the avoidance of fish. When E=-1, the habitat considered is totally avoided; when E=0, there is no selective use of the habitat; when E=1, the habitat is exclusively used [START_REF] Storch | Patterns and strategies of winter habitat selection in alpine capercaillie[END_REF][START_REF] Mazzoni | Microhabitat use by Phalloceros harpagos Lucinda (Cyprinodontiformes: Poeciliidae) from a coastal stream from Southeast Brazil[END_REF]. This index is classically used for diet analysis, but it has been successfully used for habitat selectivity analysis in different taxa (e.g. Le [START_REF] Le Pichon | Summer habitat use and movements of late juvenile European flounder (Platichthys flesus) in tidal freshwaters: Results from an acoustic telemetry study[END_REF]Anastacio et al., 2015;[START_REF] Acolas | Spring habitat use by stocked one year old European sturgeon Acipenser sturio in the freshwater-oligohaline area of the Gironde estuary[END_REF]. In our study, we considered that habitat preference was relevant when the value of E was ≥ 0.1; habitat avoidance was considered relevant for E ≤ -0.1. Values of Ivlev index were also calculated for each habitat type at each observation session as the average of the index values of the corresponding observation units.

Another statistical analysis was made to assess the influence of environmental variables on the habitat selectivity of young allis shad in the artificial rivers. We made the assumption that the following variables could be relevant for allis shad habitat selection: the water flow type, the maximal water column height, the maximal current velocity, the slope, and the amount of subaquatic vegetation cover. The values of Ivlev's index calculated for the observation units were modelled by linear mixed-effects models (LMER): a starting LMER involved the five environmental variables mentioned above, plus the interaction between those five variables and the age class of allis shad. The artificial rivers (R1 or R2) were also considered as fixed effects. The nested effect of the observation unit within each artificial river was added to this model (written as: 1 | River / Observation unit). From this starting LMER, a backward stepwise selection based on the Restricted Maximum Likelihood (REML) criterion was performed to identify the model that better describe the effect of those variables on the habitat selectivity of allis shad. An Anova was performed on the best LMER selected to assess the significance of effects. The starting LMER was tested using the "lme4" R package [START_REF] Bates | Fitting Linear Mixed-Effects Models Using lme4[END_REF]; the LMER selection was made using the "lmerTest" R package [START_REF] Kuznetsova | lmerTest Package: Tests in Linear Mixed Effects Models[END_REF].

Habitat use and behaviour: for the variables "position in the water column" and "distance from the banks", individuals might have expressed several modalities during a single observation set (see Table 3). In such cases, fish were distinguished by creating new modalities; as an example, 3 new modalities were possible from the 3 defined modalities of position in the water column (Surface and Intermediate, Intermediate and Bottom, and All compartments). The proportions of young allis shad that expressed the different modalities of those behavioural variables were calculated for each observation unit and at each observation session.

Feeding behaviour at the water surface was analysed by calculating the mean number of attempts for food intake per individual for each observation unit and at each observation session. For each river, the number of attempts were compared between age classes, and between channel widths (large, narrow, or connecting ends) for each age class, using a Kruskal-Wallis analysis of variance followed by a post-hoc Dunn test with a Bonferroni correction, after rejecting parametric assumptions.

Results

Number of fish observed

The total number of allis shad that selected a habitat was usually more important in R1 than in R2 during the rearing period, and that become especially true from the second observation session (see Figure 2). This total number progressively decreased in R2 from n=236 to n=50, whereas, even if it tended to decrease, it was much more variable in R1 and ranged between n=149 and n=326. 

Fish sizes

Young allis shads were significantly different in size between the three capture events (Kruskal-Wallis tests, df=2, p<0.001; post-hoc Dunn tests, p<0.001) (Figure 3). In addition, fish from R1 were significantly longer than fish from R2 at the first and second capture event (ca. 30 days old: Welch two sample t test, p<0.001; ca. 60 days old: Mann-Whitney U test, p<0.001). On the contrary, fish were significantly shorter in batch 1 on the third capture event (ca. 85 days old: Mann-Whitney U test, p<0.001).

Characterisation of the available habitats

All values measured for the variables used for characterising the habitat are presented for the 22 observation units of each artificial river in Appendix 3.

The results of the FAMD performed on the data characterising the observation units are presented in Appendix 4. All FAMD axes were used to perform a Ward's clustering dendrogram: this classification aggregated the 44 observation units into eight clusters which can be considered as eight habitat types (see Figure 4a). The locations of the habitat types were identical between the two artificial rivers R1 and R2 (see Figure 4b). The artificial riffle, where water height was low and current velocity was the fastest, was distinguished from all other observation units (unit 2; habitat type A). The surrounding up and down slopes with turbulent current were discriminated (units 1 and 3; habitat type B), as well as the downstream part of the narrow channel, where water flow was linear with slower current velocity (units 4 to 7; habitat type C). The areas including the water inlet and outlet, offering potential artificial shelters and slow current velocity were classified together (units 9, 10, 20 and 21; habitat type D). The artificial sloped bank, where current velocity was low and water column height was highly variable constituted another habitat (units 14 to 16;

habitat type E). The areas where water current was heterogeneous and flowing in different directions (creating back-eddies) were distinguished as habitat type F (units 19 and 22). The units 17 and 18 where characterized by slow current and moderated water height and classified as habitat type G. Finally, the remaining units (8, 11, 12 and 13), where the water column height was rather important and the current velocity was moderate, were distinguished as habitat H.

This classification was consistent with the differences in hydraulic signatures identified between the 22 observation units within each artificial river (see Table 1 in Appendix 5). The observation units that were classified together had comparable hydraulic signatures, except within the habitat type D where the signatures of the units 9 and 10 differed from those of the units 20 and 21. This can be explained by a substantial difference in water height (≤0.66 m for the units 20 and 21 vs. ≥0.92 m for the units 9 and 10), although water current velocities were similar (see Appendix 3).

Some differences in hydraulic signatures were detected between analogous observation units of the two artificial rivers, suggesting that R1 and R2 were not identical (see Table 2 in Appendix 5). In particular, the two artificial riffles (unit 2, habitat type A) were different (coefficient of similarity = 55.3); this was due to a slightly lower water height and a higher current velocity in that habitat in R1 (mean height: 0.18 m, maximal current velocity: 0.41 m s-1) compared to R2 (0.22 m and 0.32 m s-1, respectively) (see Appendix 3). Otherwise, the hydraulic signatures between R1 and R2 for the pairs of analogous units were either highly similar (for the units 3, 6, 9 to 16, 18 and 21: coefficient of similarity <25) or not dissimilar (coefficient of similarity between 25 and 50).

Allis shad selectivity for habitat

The values of Ivlev's electivity index are presented at each observation session, for each habitat type and each river in Table 4. The details of Ivlev values are available for each observation unit in Appendix 6. -0,39 -0,51 -0,42 -0,64 -0,15 -0,50 -0,17 -0,15 -0,73 -0,10 -0,20 -0,08 Habitat type B 0,33 -0,53 -0,19 -0,30 -0,15 -1,00 -1,00 -0,15 -0,68 -0,67 -0,17 -0,54 Habitat type C -0,03 -0,39 -0,43 -0,21 -0,21 -0,44 -0,65 -0,38 -0,26 -0,52 -0,09 -0,02 Habitat type D 0,06 -0,51 0,20 -0,30 -0,31 0,12 -0,11 -0,05 -0,50 -0,13 -0,06 0,04 Habitat type E -0,21 -0,15 -0,27 -0,05 -0,02 -0,31 -0,04 -0,08 -0,12 -0,12 -0,34 -0,37 Habitat type F 0,28 0,41 0,35 0,06 0,08 0,33 0,37 0,17 -0,08 -0,03 0,11 -0,10 Habitat type G -0,38 -0,08 0,07 0,10 0,11 -0,15 -0,12 0,08 -0,10 -0,12 -0,11 -0,05 Habitat type H -0,07 -0,03 -0,08 -0,04 -0,16 0,12 -0,06 0,09 0,29 0,13 0,08 0,15 -0,38 -0,45 -0,47 -0,54 -0,33 0,03 0,08 0,18 -0,27 0,56 Habitat type B -0,15 -0,09 -0,73 0,05 0,27 0,17 -0,27 0,18 0,33 0,33 Habitat type C 0,25 0,19 0,14 0,09 0,23 0,12 -0,18 -0,26 0,23 -0,20 Habitat type D -0,12 0,05 0,04 0,12 -0,40 -0,26 -0,21 -0,45 -0,37 -0,26 Habitat type E -0,33 -0,56 -0,53 -0,43 -0,39 -0,12 -0,33 -0,24 -0,88 -0,30 Habitat type F 0,23 0,24 0,43 0,41 0,27 0,35 0,35 0,23 0,42 0,23 Habitat type G -0,17 -0,10 -0,13 -0,57 -0,03 -0,51 -0,24 -0,29 -0,50 -0,78 Habitat type H -0,01 -0,16 -0,12 -0,19 -0,10 -0,18 -0,17 0,04 -0,54 -0,23 In the other habitats of the narrow channel (B and C), the allis shad selectivity was different between the two rivers: fish in R1 generally avoided those two habitat types (they were even absent from the habitat B at 52-53 and 64-65 days old), whereas fish in R2 preferred them quite often (Table 4). Those results were slightly variable among the corresponding observation units, especially in R2 within the units 3 and 7 (see Appendix 6).

R2
When considering the whole habitat type D (highly artificialised habitats), it was generally avoided by allis shad in the two rivers, except on a few observation sessions (Table 4).

However, fish selectivity was not consistent among the observation units of that habitat type: for the two rivers, the unit 9 was always preferred except in rare cases, whereas the unit 21 (including the propeller) was strongly avoided; the selectivity of units 10 and 20 varied among ages (see Appendix 6).

In the habitat type E (the artificial sloped bank), the values of Ivlev's index were negative at all ages for allis shad in both rivers, avoidance being even stronger in R2 (E≤-0.12; Table 4).

This result was consistent among the observation units of that habitat except in the unit 16 of R1 where selectivity was variable (see Appendix 6).

The habitat F, characterised by heterogeneous water flow and back-eddies, was generally preferred by allis shad in R1 (7 observation sessions over 12) and only avoided once, at the last observation session (80-81 days old). Allis shad from R2 also significantly preferred this habitat type, and this held true at all ages (E≥0.23) (see Table 4). When looking in details for the observation units included in that habitat type, in both rivers unit 22 was often more selected by fish than unit 19 (see Appendix 6).

For the habitat type G (units 17 and 18-"upstream" large channel), the selectivity of allis shad in R1 often stood for non-selection or avoidance, although it varied among observation sessions. Conversely, it was always avoided by allis shad in R2, except at the 6 th session (52-53 days old) when it was non-selected (see Table 4).

Finally, the habitat type H (units 8, 11, 12, 13 -connecting bend, "upstream" large channel)

was preferred on 4 observation sessions among 12 in R1 (at 52-53, 71-72, 72-73 and 81-82 days old) and was avoided only once (at 50-51 days old). In R2, it was always avoided or neither avoided or selected (at 36-37 and 71-72 days old; see Table 4). Results were not consistent among the observation units included in that habitat type: the unit 11, and especially the unit 8, were more often preferred than the units 12 and 13 (see Appendix 6).

The values of Ivlev's index were then modelled according to the variables hypothesized as the most relevant to characterise allis shad habitat preferenda (Formula 1). The best LMER selected on REML criterion involved the variables presented in Formula 2. REML criterion was 494 for the starting model vs. 365.8 for the best model selected.

Formula 1 (starting LMER) The Anova performed on the best model selected (Formula 2) highlighted a significant effect of the water flow type (Wald Chi-squared test, Chisq=13.4066, df=2, p=0.0012) and the maximal water column height (Wald Chi-squared test, Chisq=6.6063, df=1, p=0.0102).

Ivlev
When regarding the correlations between environmental variables (Figure 5 and Appendix 7), the maximal water column height appeared as negatively correlated to the maximal current velocity (Pearson correlation test, r=-0.53, p<0.001). The maximal current velocity was also the last variable that was removed from the LMER during the stepwise selection (no difference detected between the best model selected and the one including the maximal current velocity; p=0.07). Therefore, we chose not to neglect the effect of maximal current velocity on fish habitat selectivity. We used the results from LMER analysis and Ivlev's electivity index to propose a sketch of allis shad preferenda according to 3 selected habitat variables, namely the water type flow, the water column height and the water current velocity; the influence of the age of fish was added, since the descriptive analysis of habitat selectivity suggests that allis shad would use faster currents as they grow up (Table 5). Essentially, allis shad would prefer habitats with heterogeneous water flow, the highest available water column height (ranging from 0.86 to 0.99 m), relatively important current velocities (habitats generally offering an area with >0.10 m s-1 water current). Through ontogeny, allis shad selectivity would increase for the habitats with faster (>0.20 m s-1) or turbulent current (i.e. artificial riffle and surrounding slopes).

Table 5: Attempt to summarise the habitat preferenda of young allis shad among the offered habitat types. Trends for selectivity are based on the environmental variables characterizing each habitat type that had a significant influence according to Ivlev's selectivity index (water flow type, water column height and current velocity). Based on the descriptive analyse per habitat type, the influence of ontogeny was also included since results suggested an increase of allis shad swimming capacities, allowing them to use faster current as they grew up. Some distinctions were made within the habitat type D and H based on the descriptive analysis of the Ivlev's index because the observation units taken into account were different. Green cases and + symbol stand for an expected preference; red cases and -symbol stand for an avoidance; white cases stand for a non-selective use; ↗ symbol stand for an expected increase through ontogeny.

Habitat use and behaviour

Position in the water column -Figure 6a: the general use of the water column was rather similar in the two rivers. Fish that exclusively used the surface or the bottom of the water column were very few at all ages (≤1.59% and ≤10.1% of individuals, respectively).

Conversely, a change through ontogeny was detected for the other modalities: for the six first observation sessions (from 36 to 54 days old), most individuals exclusively used the Rheotaxis -Figures 6b, 6c, 6d: Fish exhibiting only negative rheotaxis (fish oriented with the current) were extremely scarce in both rivers at all ages, anywhere in the artificial river (≤11.9% of individuals). In the narrow channel (Figure 6b), fish mostly expressed positive rheotaxis, or alternated between positive and negative rheotaxies (usually >70%). The amount of fish that frequently changed orientation (all directions) was variable among ages (from 0.0 to 43% of individuals); this behaviour was only observed in the observation units 4 to 7, where mean current velocity was lower (≤10 m s-1). In the large channel and in the connecting bends (Figures 6c and6d), most fish swam in all directions (from 33 to 100% of individuals). This result was consistent among the observation units included in those parts of the river, except in units 19 and 22 (habitat F), where negative and positive-negative rheotaxis were more frequent (units 8 to 18, 20 and 21, results not shown).

The "resident" fish analysed in this work were not swimming in coordination with others.

Nevertheless, important aggregation sometimes occurred in the habitat F or in the downstream part of the narrow channel for individuals in positive rheotaxis.

Distance from the banks: In both rivers and at all ages, a large majority of fish (>60%) used a large transversal area, swimming both far (>20 cm from the banks) and near the banks (≤20 cm). The proportion of individuals that swam only close to the banks ranged between 3 and 14%; fish that exclusively swam far from the banks (more than 20 cm) were more numerous (19 to 34%), even if results were highly variable between observation units, but without any obvious tendency.

Attempts for food intake at the water surface: much more attempts per individual were observed in R1 than in R2 at all ages (R1: 0.14 in average ± 0.12 SD; R2: 0.02 ± 0.01). In both rivers, no significant differences were detected among allis shad age classes. When regarding the differences according to channel widths, significantly more attempts per individual were made in the large channel than in the narrow channel, or in the connecting bends in R1. That hold true at all age classes (Kruskal-Wallis test, df=2, p≤0.0142; post-hoc Dunn tests, p<0.01), except for the age class 71-75 days old when no difference was detected. No significant difference in the number of water surface feeding attempts per individual was detected according to channel widths in R2.

Although impossible to quantify, other behaviours related to food intake were identified: young allis shads were observed feeding on pelagic preys in the water column, and also on the concrete walls of the rearing structures or on the substrate (notably in the vegetation), but in a lesser extent. Some scarce, agonistic behaviour were also noticed: fish swam rapidly in the direction of a smaller or unhealthy individual, which ran off.

Discussion

Experimental design

To our knowledge, this study is the first experimentation dedicated to the habitat selectivity of young allis shad. All observations were made by only one person, reducing the bias linked to the observer on data collection. In addition, a preliminary test validated the use of camouflage nets to hide the observer from fish, as no flight behaviour was detected.

However, observations were impossible at night, and could neither be made with efficiency at dawn or dusk when brightness level was low. Therefore, our results only report for the daylight use of habitat. We assume that a satisfying accuracy in counting the individuals and describing their behaviour was reached. The period of allis shad ontogeny investigated in this work was quite large (36 to 82 days old). Data on younger fish would have been of

interest, but in such large structures, small and transparent animals cannot be visually sampled with a good accuracy. Besides, juveniles are supposed to be migrating through saline estuaries after 2-3 months of freshwater growing [START_REF] Lochet | Estuarine phase during seaward migration for allis shad Alosa alosa and twaite shad Alosa fallax future spawners[END_REF], so our time frame was wide enough to discuss the freshwater habitat use of allis shad through ontogeny after the larval stage.

The two allis shad batches used in this experiment were born one week apart and originated from the same pool of genitors, stemming from a single capture event (see Baumann et al., 2020 for additional details; Chapter 1). However, they cannot be considered as true replicates because the identity of the spawners involved in the production of each batch was unknown. We cannot exclude that the quality of the gametes could have been different

between the two reproduction events and that genetic differences may have occurred between the two allis shad batches. In addition, they were observed one week apart and so

were not submitted to environmental variations at the same age, but those variations were quite limited during our study.

Despite our precaution in designing and building the structures used to enrich the artificial rivers (artificial riffle and artificial sloped bank), some differences were detected in terms of hydraulic signatures between observation units of the two rivers. Those differences were hardly avoidable, given that the woody structures were hand-made and that slight movements of the substrate throughout the experiment may also have involved differences between rivers in terms of water heights, accelerating or slowing down the water current in some habitats. Nevertheless, the habitat types discriminated by the clustering analysis were similarly assigned in R1 and R2. This suggests that the differences between the artificial rivers were reasonably low and allowed to compare the habitat use of the two allis shad batches.

Obviously, the habitat mosaic offered to allis shad in our experiment is not at the same scale than a large river such as the Garonne or the Dordogne Rivers, where channel width, water height and current velocity are much more important. It has to be kept in mind that the preferences analysed here stand for a restricted variety of habitats and cannot be directly transferable to the location of allis shad juvenile in a natural freshwater environment.

Nevertheless, this experiment allows proposing clues on the selective nature of the species at those ages for the habitat, and may help to better understand some of its environmental requirements when developing in freshwater.

Habitat selectivity of young allis shad

Our analysis suggests that one-to three-month-old allis shad should not be considered as generalist for the habitat use as it was observed in A. sapidissima [START_REF] Ross | Habitat Use and Feeding Ecology of Riverine Juvenile American Shad[END_REF]. Indeed, a clear preference was observed for heterogeneous water flows (i.e. water flowing in different directions, with variable current velocity and back-eddies). This preference was observed all through their ontogeny, and especially for the unit 22, which corresponds to the unit in front of the propeller. It may be explained by an advantageous ratio between energy costs for swimming and food catchability: fish would be able to maintain themselves in the current for catching drifting preys, and they could also quickly reach a calmer microhabitat to rest. Moreover, as this habitat was located close to the water inlet of the artificial rivers and the propeller, the availability of pelagic zooplankton might have been greater here in comparison to other habitats located more downstream in the structures. The back-eddies may also prevent part of the zooplankton from drifting away from this habitat.

To a lesser extent, allis shad also seemed to select habitats according to both water height and current velocity.

First, allis shad generally avoided the shallow habitats available in the rivers; in particular, the artificial steep sloped bank (units 14 to 16), which included an area of <0.15 m depth, was strongly avoided all along the rearing period. By contrast, the deepest habitats available (outlet connecting bend and water outlet habitats, units 8 to 11: >0.90 m height in average) were often preferred by allis shad, especially the units 8 and 9. However, the marked preference for the unit 8 might also be related to a slight heterogeneity in water flow:

indeed, as the water leaves the narrow channel and enters the connecting bend, some backeddies were created, probably emphasising fish foraging efficiency. Moreover, we cannot exclude that preys were more numerous there, because it corresponds to one of the two points of zooplankton release (see Figure 1a).

Second, allis shad selectivity was influenced by water velocity. Fish usually avoided the water inlet part of the artificial rivers (units 20 and 21) and the whole large channel (units 12 to 18), where current velocities were very low (average current velocity <0.06 m s-1). They also avoided very fast currents (top of the riffle, unit 2). Through allis shad ontogeny, it could have been expected that their selectivity would change in favour of faster-flowing habitats, in relation with their increase of size and therefore of their swimming capacities: this would have induced an increasing preference for the habitats of the narrow channel (habitat types A, B and C; units 1 to 7) through the experiment. This was observed, but only in R2. We do not have obvious hypothesis to explain such discrepancy. But at three months old, juveniles in R2 were much bigger in size (mean TL = 44 mm, with some individuals reaching 60 mm) than juveniles in R1, thus we can suppose that fish should at least reach a certain size to manage the water velocity in the narrow channel.

In particular, the selectivity of allis shad for the artificial riffle (habitat type A, unit 2) highly differed among the ages analysed: in both rivers, this habitat was avoided during the first observation sessions. We can put forward that the current velocities encountered in this particular habitat were too important for the youngest allis shads: they might hardly maintain themselves for a long time here for foraging because of insufficient swimming capacities and thus excessive energy costs. In addition, no shelter or calmer microhabitat was available for fish to rest. Later in ontogeny, the artificial riffle was significantly more used by allis shad, or at least not avoided (-0.1 < E < 0.1), but at earlier ages in R2 than in R1

(from 65-66 days old vs. from 72-73 days old, respectively), and a significant preference was only observed in R2 at 81-82 days old. Besides, the artificial riffle was shallower and fasterflowing in R1 than in R2 (mean water height: 0.18 m in R1 vs. 0.22 m in R2; mean current velocity: 0.28 m s-1 in R1 vs. 0.19 m s-1 in R2). Interestingly, the artificial riffle was not used in R1 before fish reached 3 months old (average fish size: 38 mm TL), while riffle use started at 2 month-old for fishes in R2 (average fish size: 26 mm TL). Thus, the calcultated ratio between average fish size and mean current velocity was quite similar in the two artificial rivers (in R1: 7.37 body length (BL) s -1 ; in R2: 7.30 BL s -1 ). This value could be a pertinent indicator of the swimming capacities of young allis shads in terms of habitat use.

Behaviour of young allis shad

The analysis of the behaviour of allis shad that selected a habitat suggests a trend for an increasing use of the lower parts of the water column as fish get older, especially from approximately two months old. The general distribution of fish over the water column was similar between all habitat types, no matter the water height or the current velocity (data not shown). The increased use of the bottom compartment may be related to the hypothetic tendency of allis shad to seek for deepest microhabitats; in the wild, it would be consistent with a migration towards the main channel of rivers, as hypothesised in shad species [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF]. However, our experimental structures did not offer very deep habitats (1 m height at the most), and much higher depths would have considerably reduced the accuracy of our observations. Nevertheless, young allis shads rarely used the bottom compartment in an exclusive manner, no matter their age: they often alternated between the bottom and the intermediate parts of the water column, and this tendency increased through ontogeny. In the meantime, an exclusive use of the intermediate compartment became much less frequent as fish get older. Such changes may be linked to a diversification of juvenile diet through ontogeny, as it has been put forward by some authors [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Sabatié | ): exploitation et taxonomie des populations atlantiques, bioécologie des aloses de l'Oued Sebou[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF]. Attempts for feeding on the substrate, on the subaquatic vegetation, or on the concrete walls were occasionally observed, but they could not be quantified.

Allis shad feeding behaviour may also have originated the difference in fish rheotaxis observed between the faster-flowing habitats (narrow channel: habitat types A, B and C, and heterogeneous flow area: habitat type F) and the slower-flowing ones (large channel and connecting bends). Individuals maintaining themselves against the current (positive rheotaxis) were almost only observed in the faster-flowing habitats, especially in the narrow channel. In opposition, most fish were frequently changing their orientation according to the main flow ("all directions" modality) in the slower-flowing habitats. We hypothesise that those uses of water flow were related to different foraging tactics: allis shad would preferentially maintain themselves against the current without exploring (what can be compared to a "sit and wait" tactic) for feeding in the narrow channel and in the heterogeneous flow area, because drifting zooplankton was more numerous, whereas they would have to actively explore to feed on less mobile preys in the other habitats of the artificial rivers. This apparent plasticity in foraging tactics would possibly have led authors to assume that allis shad would be rather generalist for the habitat in freshwater.

Our observations confirm that allis shad also fed on aerial preys; attacks on floating preys were observed as early as 36 days old, and were still observed at the end of the rearing period (82-day-old fish). Attempts for food intakes at the surface were observed in greater proportions in the habitats where the current velocity was low, probably because this favoured prey catchability and attempt's success. However, it was still rarely observed in comparison with the number of fish present, especially during the first observations: thus, this feeding strategy might not be predominant in allis shad behaviour. When regarding the average number of attempts per individual observed, it was higher in R1 than in R2 among all ages (0.14 in average vs. 0.02, respectively).

Implications and conclusions

As already underlined, little information is available on the ecology of young allis shad, mainly because of the difficulties in handling and rearing the species. So literature is especially scarce for the developmental stages of allis shad studied in this work (i.e. from post-metamorphosis (ca. 15-20 mm of size) to ages when individuals are supposed to initiate their downstream migration (ca. 60 mm of size)). As a consequence, our results are not easy to compare. In addition, when catching wild individuals, it is hard to assess if the fish were really using the habitat investigated, or if they were only passing through (especially at ages when shads could start to migrate downstream). The structures used in the present experiment did not offer a mosaic of habitats as diverse as what could be encountered in the wild, but the method allowed to identify preferences and avoidances of fish for the different offered habitats, which suggests an active selection of habitat for the ages observed, that probably also occurs in the wild.

It is assumed that young allis shads would preferentially use habitats located close to the banks during their first months of life [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF]Véron et al., 2003b). In our experiment, the artificial rivers might have been too narrow (2.5 m width at the most) to precisely assess this preference, but young allis shads did not seem to preferentially colonize the microhabitats close to the banks. In addition they clearly avoided the sloped bank offered in the large channel. Interestingly, Véron et al. (2003b) captured more larvae and juveniles (7-36 mm TL) in habitats with non-linear water flow (turbulences) and current velocities ranging from 0.11 to 0.25 m s-1 in a small river in Brittany (France); this supports the strong preference observed in our experiment for the habitat with heterogeneous flow (current velocities were also similar). In addition, the observed avoidance of the artificial steep sloped bank and the preference for some of the deepest habitats available in our structures seem consistent with findings made on young twaite shad A. fallax, which may preferentially select deep pools at sizes 21.6-32.8 mm in the River Wye, UK [START_REF] Aprahamian | Aspects of the biology of the twaite shad, Alosa fallax fallax (Lacépède)[END_REF], although the precise depth was not mentioned in this study. Since no information is available on the habitat use of allis shad juvenile in field sampling at size over 40 mm, the fact that they were no more catchable led the authors to hypothesise that they might have migrate transversally towards the main channel and thus use deeper and faster-flowing habitats [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF]Véron et al., 2003b). This would be consistent with the apparent increasing preference of allis shad in R2 for the faster current velocities available in our structures through ontogeny, since they significantly used the artificial riffle (maximal velocity 0.3 m s-1) from three months old, when they reached on average 44 mm TL.

The present work brings new information on the habitat use and behaviour of young allis shad Alosa alosa in freshwater. Results suggest that allis shad juveniles would not be generalist in their habitat use. One-to three-month-old allis shad would seek for habitats with heterogeneous water flow with relatively important current velocities, and on the contrary, they would avoid habitats with very slow and linear current velocities, especially the shallower ones. It can also be put forward that diversity in rivers, in terms of flow pattern and current velocities, would favour the juvenile fraction of the population.

Individuals maintained themselves against the current in faster-flowing habitats much more often than in slower-flowing ones. In addition, they tended to increase their use of the lower parts of the water column throughout ontogeny. All those trends in allis shad habitat selectivity and behaviour could be shaped by their feeding behaviour tactics, in relation with their swimming capacities and with food availability. It is widely assumed that the availability of food, influenced by prey quantity and competition, can be a great component of habitat selection in many fish species [START_REF] Rice | Understanding fish habitat ecology to achieve conservation[END_REF]. Therefore, we suggest that those aspects should be considered in field survey practices dedicated to allis shad in freshwater. Table 2: Coefficients of similarities of the hydraulic signatures calculated between the artificial rivers R1 and R2 for each pair of analogous observation units. Coefficient of similarity ranges between 0 and 100. When coefficient = 0, the observation units are perfectly identical in terms of hydraulic signatures; when coefficient = 100, the observation units are fully different in terms of hydraulic signatures. For easier reading, highly similar units are coloured in dark grey (coefficient ranging between 0 and 25), similar units in medium grey (25 to 50), dissimilar units in light grey (50 to 75) and highly different units in white (75 to 100). Les jeunes stades de grande alose se nourrissent majoritairement de zooplancton ; leur régime alimentaire est relativement bien décrit dans la littérature. La plupart des auteurs ont avancé l'hypothèse selon laquelle les alosons seraient euryphages, et qu'ils exhiberaient un comportement opportuniste pour les ressources trophiques [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. Cependant, ces hypothèses ont été formulées à partir de contenus stomacaux d'alosons capturés dans la nature, sans décrire les proies disponibles dans le milieu.

Dans le cadre de ma thèse, les alosons élevés dans les rivières artificielles bénéficiaient d'un environnement trophique proche de celui du milieu naturel. En 2018 et en 2019, des individus âgés de 1 et 2 mois ont été capturés afin de décrire leur régime alimentaire ; en parallèle, des échantillons d'eau ont été prélevés dans le but de décrire les communautés de proies nectoniques disponibles dans les structures. De cette manière, la sélectivité alimentaire des alosons a pu être analysée, ainsi que son évolution au cours de l'ontogenèse.

Are young allis shad Alosa alosa (Clupeidae) really euryphagous? An assessment of juvenile diet and prey selectivity in riverine-type conditions Baumann, L., Aries, A., Vedrenne, J., Philip, J., Moreira, S., Bouyssonnie, W., Bardonnet, A., & Acolas, M. L.

Abstract

Allis shad Alosa alosa hatch and develop in freshwater before migrating towards the sea during their first months of life. To date, the ecology of the early stages of life of this anadromous species remains poorly documented. Nevertheless, some research works investigated the diet of allis shad juvenile in freshwater thanks to field sampling of wild individuals. Authors put forward that allis shad mainly feed on zooplankton during their first stages of life, being opportunistic and euryphagous. Their diet would then diversify through ontogeny in relation with their growth and mouth aperture. However, those assumptions have never been verified according to prey availability in the environment. In this work, we reared young allis shad during their three first months of life in semi-natural conditions, in a trophic environment representative of a natural river. We described the communities of potential preys available for allis shad juvenile in the rearing structures and compared this data with stomach contents of fish captured at one and two months old to describe their diet and prey selectivity. Our results suggest that young allis shad should not be considered as opportunistic for feeding, since clear selectivity was observed at both ages. One-monthold allis shad highly selected cladocerans, perhaps in relation to their catchability and in relation with the limited swimming abilities of fish. Two-month old fish seemed to shift on other prey taxa (dipteran larvae, ostracods and/or copepods), exhibiting a slightly more diverse diet, but clearly avoiding cladocerans. Greater fish density and competition may entice two-month-old allis shad to feed on other prey taxa, including benthic organisms.

Thus, we hypothesise that allis shad feeding may be challenging at early ages if prey availability is low, in relation with fish density.

Key words: Allis shad, Stomach content, Ivlev electivity index, Ontogenic shift, Juvenile, Freshwater

Introduction

Information on the diet of a species is important to understand its ecology, since it can influence its habitat use and selection, its behaviour, as well as migration or reproduction tactics [START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF][START_REF] García | Dinámica poblacional y microquímica de los otolitos de las poblaciones de saboga, Alosa fallax (Lacépède, 1803), de los Ríos Ulla y Mino[END_REF]. For early stages of fishes, feeding represents a challenge because their energy reserves and swimming capacities are limited; this would be intensified if the fish diet is highly selective. Prey selection in fish larvae and juvenile mainly depends on the size, the palatability and the ease of capture of the prey [START_REF] Deudero | Prey selectivity in planktivorous juvenile fishes associated with floating objects in the western Mediterranean[END_REF]. As a consequence, the availability of preys, in relation with fish size and selectivity, can strongly influence recruitment in fish populations [START_REF] Crowder | Understanding recruitment of Lake Michigan fishes: the importance of size-based interactions between fish and zooplankton[END_REF][START_REF] Miller | Larval size and recruitment mechanisms in fishes: toward a conceptual framework[END_REF].

The allis shad Alosa alosa is an anadromous fish species that hatch and first develop in freshwater during larval and juvenile stages, before migrating towards the sea [START_REF] Myers | Usage of anadromous, catadromous and allied terms for migratory fishes[END_REF][START_REF] Mcdowall | Diadromy in Fishes : migrations between freshwater and marine environments[END_REF][START_REF] Mcdowall | Making the best of two worlds: diadromy in the evolution, ecology, and conservation of aquatic organisms[END_REF]Baglinière & Elie, 2000). Like many other anadromous species [START_REF] Limburg | Dramatic Declines in North Atlantic Diadromous Fishes[END_REF][START_REF] Mcdowall | Making the best of two worlds: diadromy in the evolution, ecology, and conservation of aquatic organisms[END_REF], allis shad has undergone important decline during the last decades, but the causes are not clearly identified [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF][START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF]. In particular, the early stages of life of the species are poorly documented in comparison to the adult phase [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Lochet | Retrospective approach to investigating the early life history of a diadromous fish: Allis shad Alosa alosa (L.) in the Gironde-Garonne-Dordogne watershed[END_REF]; extensive knowledge on the ecology of allis shad larvae and juvenile in freshwater may thus improve the understanding of population dynamics and recruitment, and favour adapted management practices.

The diet of allis shad juvenile in freshwater has been investigated in some research works mainly by net sampling [START_REF] Dautrey | Recherches sur la migration des aloses et des truites de mer en Garonne (site de Golfech)[END_REF][START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. Authors generally agree in describing young allis shad diet as composed by insect larvae and zooplanktonic crustaceans. In the Garonne River (SW France), [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF] put forward that allis shad juvenile (20-50 mm of size) would mainly feed on cladocerans, copepods and dipteran larvae. Through ontogeny and growth, allis shad diet would diversify and include other taxa such as ephemeropterans, hymenopterans or trichopterans [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Sabatié | ): exploitation et taxonomie des populations atlantiques, bioécologie des aloses de l'Oued Sebou[END_REF][START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF]. Similar results were advanced for juvenile twaite shad A. fallax (e.g. [START_REF] Aprahamian | The diet of juvenile and adult twaite shad Alosa fallax fallax (lacépède) from the rivers Severn and Wye (Britain)[END_REF][START_REF] Sabatié | ): exploitation et taxonomie des populations atlantiques, bioécologie des aloses de l'Oued Sebou[END_REF][START_REF] Oesmann | Feeding of juvenile twaite shad (Alosa Fallax Lacépède, 1803) in the Elbe Estuary[END_REF][START_REF] Nunn | The diets and parasites of larval and 0+ juvenile twaite shad in the lower reaches and estuaries of the rivers Wye, Usk and Towy, UK[END_REF], which can be sympatric to A. alosa [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF]. Consequently, it is generally assumed that young allis shad would be opportunistic for preys and euryphagous [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]; thus, their diet would highly depend on their direct trophic environment. However, although field studies found relatively consistent results in the description of young allis shad diet, the potential prey taxa available for fish in their environment at the moment of their capture were not assessed. Thus, the allis shad selectivity for prey remains uncertain.

In this work, we propose an ex-situ experiment that allows a characterisation of the trophic environment of young allis shad to bring new insights on their diet and prey selectivity. Allis shad from two cohorts (2018 and 2019) were reared during their first months of life in riverine-type conditions, offering natural river water and zooplankton. The diet of one-and two-month-old allis shad, as well as the potential preys available in the water column were assessed to test the opportunistic character of allis shad juvenile for food and its evolution through ontogeny. 2 000 allis shad larvae (10 days old post-hatching (DPH)) were released in the artificial river R1, on the 11 th June. In 2019, ca. 10 000 larvae were released in R1 (7 DPH) on the 10 th June, and 10 000 others in R2 (6 DPH) on the 17 th June.

Methods

One

Close to R1 and R2, two other concrete basins of similar dimensions were used for zooplankton production in 2018 and 2019 in order to offer additional food to the reared allis shad. The water supply also came from the Isle River, without being filtered; supply was made by overflowing over woody obstacle, in order to limit the presence of wild fish in the structures. To enhance zooplankton production, those basins were first seeded with marine guano in April (5 g m-3) and a complement was then added every week (0.45 g m-3) during allis shad rearing. Cultivated zooplankton was sampled each night by filtrating ca. 20 m3 of water during 7 hours (from 23:00 to 06:00h) using a lit net of 100 µm mesh. To concentrate the zooplankton in the area of water filtration, a light trap positioned above the water surface was used. It was collected every morning, mixed between the two zooplankton production basins, and equally distributed in the artificial river on two points (one near the water inlet and one near the outlet; see in Figure 1).

To describe the zooplanktonic prey communities available for allis shad in the artificial river, water samples were collected every week in June and July 2018 and 2019 at 12:00h. Samples were made by filtrating the upper 50 cm of the water column (i.e. at least 30 cm above the benthos, generally) using a sieve of 100 µm mesh and 20 cm diameter, corresponding to a filtrated volume of 15.7 l. The benthos was not sampled as young allis shad were not supposed to extensively feed on preys from this compartment. At each date and in each river, samples were made twice at four points (see in Figure 1); zooplankton from those four samples were concentrated and mixed in 75 ml water with 4% Lugol in plastic bottles. All bottles were conserved at 4°C before analysis. Zooplanktonic preys were counted and identified (at the range of the class or the order) using a microscope (Olympus SZX-12; Spach Optics, NY, USA) at magnification x12.5, and a Bogorov counting chamber (Hydro-Bios;

Altenholz, Germany).

To describe the prey consumption of young allis shad in the artificial river, individuals were captured using a trap (see Chapter 1 for a detailed description of the trap). In 2018, allis shad were captured at approximately one month old (31 DPH) and two months old (59 and 63 DPH) at 09:00h. In 2019, captures were made in R1 at 28 DPH (at 09:00h and 17:00h) and 58 DPH (at 09:00h and 15:00h), and in R2 at 27 DPH (at 09:00h and 17:00h). All captured fish were immediately anesthetised (balneation in 25-50 mg l-1 benzocaine 10%) and euthanised (benzocaine 10% overdose, 250 mg l-1); they were measured for total length (TL) at the nearest 0.01 mm using a calliper, and weighted at the nearest 0.01g (Cubis®; Sartorius, Göttingen, Germany). They were rapidly conserved in ethanol 75% before dissection of their stomach (gastric and pyloric regions); intestine content was not analysed due to the high degradation of prey. Stomach contents were analysed following the same method as for water samples.

All statistical analysis were made using R 3.6.1. software (R Core Team, 2019); p-values <0.05 were considered significant. Differences in allis shad biometrics (TL and fresh weight) were assessed between years, between ages (one month old vs. two months old) and between rivers in 2019 (R1 vs. R2), using Mann-Whitney tests or Kruskal-Wallis analysis of variance (followed by a post-hoc Dunn test with a Bonferronni correction), after rejecting parametric assumptions. The relationships between TL and fresh weight were described for each fish group (2018, R1; 2019, R1 and R2), using linear regressions. To estimate the general condition of allis shad during rearing, average Fulton's index [START_REF] Fulton | The Sovereignty of the Sea[END_REF] was calculated for each group, as K = 100 x weight (in g) / TL 3 (in cm). Some individuals had their stomach empty when captured: the occurrence of empty stomachs allowed to calculate a vacuity rate for each group, corresponding to the ratio (in percentages) between the number of individuals with an empty stomach and the total number of individuals sampled. For the non-empty stomachs, the numbers of preys identified were compared between years, rivers and ages, using Kruskal-Wallis analysis of variance followed by post-hoc Dunn tests with Bonferroni correction.

The trophic environment experienced by allis shad juvenile when caught was assessed by water samples. In 2019, water sampling was carried out on the same dates than allis shad captures, while in 2018, it was carried out a few days before fish capture, i.e. 3 days before

for the capture of one-month old fish, and 3 and 7 days before the captures of two-month old fish (first capture was poorly efficient and a second capture was thus made 4 days after).

The relative abundance (N%) of each taxon in the water samples was calculated as N% = n i / n t x 100 (with n i = the number of prey of the taxon i in the sample, n t = the total number of preys in the sample). Similarly, N% was calculated for allis shad samples in order to describe the proportion of stomach content represented by each prey. Besides, the occurrence (O) of each prey taxa was calculated in the different fish groups as the amount of allis shad that consumed the considered prey (in %). Finally, different indices were tested in order to assess the selectivity of allis shad for the different prey taxa available in the artificial river. The Ivlev's index E [START_REF] Ivlev | Experimental ecology of the feeding of fishes[END_REF] was chosen because it allowed the calculation of an electivity index for each prey taxa, without any influence from taxa that were absent either from the stomach contents or from the water samples. The Ivlev's index was calculated for each sample, as E = (r i -p i ) / (r i + p i ), with r i = the abundance of the taxon i in the stomach content, p i = the abundance of the taxon i in the artificial river. Ivlev's index ranges between E = -1 (total avoidance of the prey) and E = 1 (exclusive preference for the prey); E = 0 means stand for a non-selective consumption of the considered prey taxa.

Results

The conditions of temperature and oxygen saturation experienced by allis shad juvenile were similar between years on the whole rearing periods (temperature, 2018: 21.62 When regarding allis shad stomach contents in R1, some empty stomachs were found at one-month old of age, especially in 2019 (2018: n=3, vacuity rate =12.0%; 2019, in R1, at 09:00h: n=11, 73.3%; at 17:00h: n=6, 40.0%). In R2 in 2019, most stomachs were empty (09:00h and 17:00h: n=11 at each hour, 73.3%), and the few non-empty individuals (n=8) contained only 1 or 2 prey items each; this fish group was thus excluded from the following analysis. No empty stomachs were found in two-month old individuals. The numbers of preys identified in allis shad stomachs are presented in Figure 3. In 2018 and 2019, significantly more preys were found in allis shad at two-month old than at one-month old; at both ages, fish significantly contained more preys in 2018 than in 2019 (post-hoc Dunn tests after Kruskal-Wallis test, p<0.001).

The composition of the zooplanktonic communities identified in the water samples was relatively variable through the seasons. In R1, sampled preys were more diverse and much more abundant in 2019 than in 2018. When comparing the two rivers used in 2019, prey items were more abundant in R1 than in R2 (see in Appendix 2). Nevertheless, the predominant taxon encountered was always cladocerans, generally followed by copepods (adults and nauplii), dipterans (adults and larvae) and ostracods, in variable proportions.

Table 1: Biometrics (TL and fresh weight) and Fulton's K condition index (mean ± SD) of allis shad captured in the rearing artificial river at one and two months old in 2018 and 2019, with the corresponding number of individuals captured. The prey compositions of allis shad stomach contents and corresponding water samples are presented in Table 2. When allis shad were one-month old, cladocerans were largely predominant compared to other identified taxa, both in the water samples (N=66.7% in 2018, N=47.6% in 2019) and in fish stomach contents (N=73.4% in 2018, N=86.1% in 2019).

Cladocerans were identified in almost all individuals (O>95% of individuals) in both years.

The two other taxa most consumed by one-month old allis shad were dipteran larvae and adult copepods in both years, whereas those taxa were scarce in the water samples in 2019 (N=2.9% and 7.6%, respectively) and absent in 2018. Conversely, copepod nauplii and diverse exuviae were identified in substantial abundances in water samples, whereas they were never consumed by fish at this age. No benthic preys were observed in stomach contents at this age.

Table 2: Number (N) and relative abundance (%N) of preys identified in the water samples, occurrence (O in %) and average relative abundance of preys in allis shad stomach contents according to the age of fish (one-month old or two-month old) and the year (2018 or 2019). Results are indicated for all prey taxa sampled, either in water or in fish. Values >33% are marked in bold. Numbers of allis shad sampled are indicated for each group (non-empty stomachs only, river R1 only).

At two months old, almost all sampled fish contained cladocerans (O>96.8%), but they were less frequent than at one month old (N=46.4-49.8%). Still, this taxon was predominant in both fish and water samples in 2018 and 2019. Dipteran larvae were present in substantial proportions in fish (N=17.8-18.4%), along with ostracods (16.3-22.9%), whereas adult copepods were less represented in allis shad diet in comparison to one-month old individuals.

Qualitatively, the diet of allis shad was rather similar between one and two months old in 2018, with only one additional taxon consumed by older fish (trichopterans larvae). On the contrary, it was more diverse at two months old than at one month old in 2019, with some few fish notably consuming coleopterans, rotifers, amphipods, or benthic preys (isopods and gastropods).

Table 3: Average values of Ivlev's selectivity index (E) calculated for each prey taxon in allis shad captured at one-month old or two-month old in the river R1, in 2018 and 2019. Sometimes prey taxa were absent from the water sample, but observed in fish: those cases are marked with a * symbol. Ivlev's E indicates an exclusive preference when = 1, a nonselective consumption when = 0, and a total avoidance of prey when = -1. Significant preferences are shown in green cases, significant avoidances in red cases.

The calculated values of allis shad prey selectivity are shown in Table 3. According to Ivlev's index, cladocerans were not particularly selected by one-month old fish in 2018 (E=-0.004, i.e. consumed according to their abundance in the environment) but they were selected in 2019 (E=0.27); all other taxa were avoided. At two-month old, in 2018, allis shad preferred adult copepods, dipteran larvae and ostracods, and they avoided cladocerans as well as the other taxa sampled; in 2019, dipteran larvae were preferred, ostracods were not particularly selected (but consumed according to their abundance in the environment, E=0.04);

cladocerans were also avoided, as well as adult copepods and the other taxa sampled.

Discussion

For the two years of this experiment, the rearing method was identical and the environmental conditions in the artificial rivers were very similar. Most frequent zooplanktonic taxa were similar, suggesting that the trophic environment offered to allis shad was consistent, at least in terms of community composition. However, substantial differences appeared in the quantities of the potential prey communities sampled between 2018 and 2019 in R1, and between rivers in 2019 (see Appendix 2), so we cannot exclude a difference in the production dynamics of the zooplankton. We could not control it, since it might be linked to slight variations of parameters such as luminosity, subaquatic vegetation cover, or competition between zooplanktonic taxa. Moreover, fish density could have also played a role in the regulation of those dynamics.

In 2019, two artificial rivers (R1 and R2) were used to rear two batches of allis shad originating from a single cohort; data from R2 was not analysed in details because most sampled individuals had empty stomachs at one-month old (73.3%), and the other fish only contained one or two preys each. In this river, prey quantity appeared to be almost two times lower than in R1 especially during the first weeks of rearing, whilst initial fish densities were similar (see Appendix 2). Therefore, young allis shad in R2 may have suffered limiting conditions in terms of prey availability. Fish size was also lower in R2 than in R1 at one and two months old. It can be hypothesised that reduced food availability involved higher mortality rates at the beginning of the study, resulting in lower density and lower growth in R2.

Allis shad with empty stomachs were only found at one month old in both years, and especially in 2019. It can be thought that fish at this age are less efficient in foraging in comparison to two-month old individuals; in addition, it might have been more difficult for allis shad to catch preys in 2019 than in 2018 in R1, because of a higher fish density that might have caused a higher trophic competition in the artificial river in this year. Indeed, allis shad density in 2019 was five times higher than in 2018 at the time of their release in R1 (ca. 20 vs. 100 m-3). Besides, in 2019, the higher vacuity rates (and the much lower numbers of consumed preys) of the fish sampled in R2 compared with those from R1 may have been caused by the apparent lowest quantity of available preys in this river (see Appendix 2), together with a lowest condition of fish (see Table 1). Interestingly in R1, more fish with empty stomachs were captured in the morning (09:00h, 73.3%) than in the afternoon (17:00h, 40.0%) in 2019. This suggests that the feeding activity of young allis shad may vary through diel rhythm, being higher during the afternoon. However, this difference was observed on the basis of few individuals and could be due to sampling hazard.

Difference in fish density among years in R1 did not seem to influence allis shad diet composition, since in both cohorts the diet composition was rather similar in terms of occurrence and abundance for the predominant prey taxa encountered (see Table 2).

Globally, the diet of one-month old allis shad was mostly composed by cladocerans in our structures (mainly Bosmina, Scapholeberis, Eurycercus and Camptocercus genera). Allis shad selectivity for cladocerans was positive, or neutral, at that age. Since this taxon was highly dominant in the pelagic environment in the rivers, the selectivity of allis shad for that prey was difficult to point out based on electivity index at this age. However, it might have occurred since all other prey taxa identified in water samples were avoided by fish. We failed at showing that a selection may have occurred among the cladoceran genera, because preys were sometimes highly degraded in fish stomachs, preventing identification at such level.

Therefore, the diet of one-month old allis shad would also depend on their swimming capacities: the consumed cladocerans may represent easy-catchable organisms, whereas some copepods, as an example, are able to exhibit fast flight response [START_REF] Lenz | Reaction times and force production during escape behavior of a calanoid copepod, Undinula vulgaris[END_REF][START_REF] Svetlichny | Swim and fly: Escape strategy in neustonic and planktonic copepods[END_REF], so it might have been harder for allis shad to catch them at this age.

For two-month-old fish, cladocerans were still the dominant taxon sampled in water, but their average abundance in fish stomach contents significantly decreased, allis shad avoiding them (see Tables 2 and3). In opposition, dipteran larvae (mainly Chironomidae) and ostracods were selectively consumed, whereas their abundance in water samples was not particularly higher. Allis shad diet seemed slightly more diverse at that age than at onemonth old, especially in 2019, when some individuals included hydrachnidians, coleopterans, rotifers, and also some benthic taxa (trichopteran larvae, isopods, amphipods (mainly Gammaridae) and gastropods) in their diet. Unfortunately, we cannot assess if those benthic preys were consumed on the substrate, or if they sometimes used the water column and were caught at that time. As already underlined, fish density was much higher in 2019 than in 2018 in the artificial river R1: this could have induced greater competition and may have enticed some individuals of R1 to feed on less preferred preys, or on different habitat (such as the benthos). It has to be kept in mind that our sampling method was limited to the water column, since allis shad was hypothesised to feed on pelagic preys; we did not sample the benthic compartment, or preys available in subaquatic vegetation in the artificial rivers used for fish rearing. Therefore, we cannot assess if fish could easily get access to those particular taxa in the rivers, but we did saw them picking up on the substratum, the river walls or even the vegetation, even if we cannot affirm that it was a feeding behaviour.

It is widely assumed that prey consumption by fish is highly size-dependant (e.g. [START_REF] Mayer | The relationship between prey selectivity and growth and survival in a larval fish[END_REF][START_REF] Deudero | Prey selectivity in planktivorous juvenile fishes associated with floating objects in the western Mediterranean[END_REF]. In our experiment, the sizes of preys were only succinctly described: those identified in stomachs of one-month old allis shad generally ranged between 160µm and 2000µm in length; longer preys were very scarce (3000-4000µm), and their diameter never exceeded 950µm. Two-month-old fish consumed preys ranging between 200µm and 7000µm length (diameter <1400µm) (data not shown).

However, although the biggest preys identified in stomach contents were consumed by twomonth-old fish, some large individuals contained only small preys, but in high numbers. In addition, some classically smaller taxa were mostly found in two-month-old fish (e.g. ostracods, rotifers or hydrachnidians). Thus, the evolution of allis shad diet through ontogeny would not be only related to prey size. Rather, it would be influenced by the increase of swimming capacities through ontogeny, allowing fish to feed on more mobile prey taxa. Moreover, the increase in fish energy demands would lead largest juvenile to feed on more energetic preys such as adult Copepoda, which are enriched in unsaturated fatty acids, essential for growth (van der Meeren et al., 2008 and references therein).

Our results are relatively consistent with those obtained from field studies dedicated to the diet of juvenile allis shad in the wild, in terms of prey taxa identified in stomach contents [START_REF] Dautrey | Recherches sur la migration des aloses et des truites de mer en Garonne (site de Golfech)[END_REF][START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Sabatié | ): exploitation et taxonomie des populations atlantiques, bioécologie des aloses de l'Oued Sebou[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. There are also comparable with observations made on the twaite shad A. fallax (e.g. [START_REF] Aprahamian | The diet of juvenile and adult twaite shad Alosa fallax fallax (lacépède) from the rivers Severn and Wye (Britain)[END_REF][START_REF] Oesmann | Feeding of juvenile twaite shad (Alosa Fallax Lacépède, 1803) in the Elbe Estuary[END_REF][START_REF] Nunn | The diets and parasites of larval and 0+ juvenile twaite shad in the lower reaches and estuaries of the rivers Wye, Usk and Towy, UK[END_REF]. However, the opportunism of juvenile allis shad for food was not confirmed by the present experiment.

It appeared that very young allis shads may only have a fairly limited variety of accessible prey, and would exhibit a restricted diet, mainly composed by cladocerans. Older fish are able to feed on more diverse preys, but would need other preys, possibly not available in the pelagic compartment, to maintain their energetic condition. We also showed that allis shad feeding may be influenced by prey availability in relation with fish density: a substantial part of the youngest fish analysed in our work were fasting, especially in more limiting conditions;

when getting older, their diet would diversify more when competition is higher. This apparent plasticity of two-month-old allis shad suggests that the availability of preys in freshwater would not represent a bottleneck for the species at that age, at least not as much as for the younger stages. Further analyses would be of interest in order to verify those assumptions, notably by assessing allis shad selectivity at earlier ages, and in a controlled trophic environment. The diel variation of allis shad feeding would also deserve to be investigated, as prey selectivity could be influenced by diel variations in the behaviour of some zooplanktonic taxa.

Jacobs, P. Chèvre and F. Bouin for technical support, and all the staff of the INRAE experimentation station for their contribution to routine maintenance.

Photos

Photo 1: Capture of young allis shad in an artificial river. The trap is set at the exit of the narrow channel; fish just entered the transparent box.

Photo 2: Clockwise, from top left: example of stomach content of one-month-old allis shad; cladoceran; copepod (adult); copepod (nauplius); dipteran larvae (chironomids); ostracod. Scales are indicated by black rectangles.

Introduction

Anadromous fish species reproduce in freshwater, where larvae and juveniles develop before migrating towards the sea [START_REF] Myers | Usage of anadromous, catadromous and allied terms for migratory fishes[END_REF][START_REF] Mcdowall | Diadromy in Fishes : migrations between freshwater and marine environments[END_REF][START_REF] Mcdowall | Making the best of two worlds: diadromy in the evolution, ecology, and conservation of aquatic organisms[END_REF]. For many of those species, the freshwater phase and particularly the downstream migration are regarded as critical periods because of a greater fragility of the larval and juvenile stages, exposing them to many potential threats [START_REF] Bailey | Predation on Eggs and Larvae of Marine Fishes and the Recruitment Problem[END_REF][START_REF] Limburg | Flexible modes of anadromy in Baltic sea trout: Making the most of marginal spawning streams[END_REF]. Their smaller size can strongly increase their predation risk; in some anadromous populations, it was highlighted that predation could have significant effect on juvenile recruitment (e.g. [START_REF] Collis | Colonial Waterbird Predation on Juvenile Salmonids Tagged with Passive Integrated Transponders in the Columbia River Estuary: Vulnerability of Different Salmonid Species, Stocks, and Rearing Types[END_REF][START_REF] Roby | Quantifying the effect of predators on endangered species using a bioenergetics approach: Caspian terns and juvenile salmonids in the Columbia River estuary[END_REF] on avian predation). Because of their limited swimming capacities, high water discharge may induce passive drift, and thus transport larvae or juvenile to unsuitable habitats, inducing higher energy costs, or exposing them to higher predation (e.g. [START_REF] Jensen | The functional relationship between peak spring floods and survival and growth of juvenile Atlantic Salmon (Salmo salar) and Brown Trout (Salmo trutta)[END_REF][START_REF] Lechner | Patterns and processes in the drift of early developmental stages of fish in rivers: a review[END_REF]. Moreover, pollutants can highly alter their condition in some systems (e.g. [START_REF] Johnson | Persistent organic pollutants in outmigrant juvenile chinook salmon from the Lower Columbia Estuary, USA[END_REF], and connectivity breaks on riverine paths may delay the downstream migration, or block individuals in unsuitable habitats (de [START_REF] De Groot | The former allis and twaite shad fisheries of the lower Rhine, The Netherlands[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Rolls | Multiple factors determine the effect of anthropogenic barriers to connectivity on riverine fish[END_REF]. Hence, extensive knowledge on the habitat use and the behaviour of anadromous juvenile can help in evaluating the effect of those potential threats, and thus, in adapting management practices along their migration paths. Identifying the triggers and the kinetics of juvenile downstream migration can also improve the understanding of the functioning of populations and their recruitment process.

The allis shad Alosa alosa has undergone very important decline during the last decades; it is assumed that its distribution area has restricted [START_REF] Baglinière | Le genre Alosa sp[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF][START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF] and that populations may be shifting northward [START_REF] Rougier | The GR3D model, a tool to explore the Global Repositioning Dynamics of Diadromous fish Distribution[END_REF][START_REF] Rougier | The combined use of correlative and mechanistic species distribution models benefits low conservation status species[END_REF]. The species is currently classified as "least concern" worldwide by the International Union for Conservation of Nature (IUCN) Red List of Threatened Species; recently, its status has been reviewed to "critically endangered" in France (2019). The main causes proposed to explain the decline of allis shad are the degradation and the loss of freshwater habitats, along with overfishing, and dam implantation [START_REF] De Groot | A review of the past and present status of anadromous fish species in the Netherlands: is restocking the Rhine feasible?[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]; climate change could also have negative effects on the actual allis shad populations (Lassalle et al., 2009). As an example, the Gironde-Garonne-Dordogne (GGD) watershed (SW France) was supposed to host the greatest population of allis shad at the end of the 20 th century [START_REF] Baglinière | Le genre Alosa sp[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF], before its concerning status led to the adoption of a fishery moratorium in 2008. But no significant signs of population recovery have been detected yet. [START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF] put forward the hypothesis that the local populations of allis shad could be subject to an Allee effect, combined with a deficiency in the recruitment process.

The ecology of the young stages of allis shad remains poorly documented [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Tomás | Discrimination of the natal origin of young-ofthe-year Allis shad (Alosa alosa) in the Garonne-Dordogne basin (south-west France) using otolith chemistry[END_REF][START_REF] Lochet | Retrospective approach to investigating the early life history of a diadromous fish: Allis shad Alosa alosa (L.) in the Gironde-Garonne-Dordogne watershed[END_REF], mainly because larvae and juveniles are particularly difficult to catch in the wild, or to handle and rear [START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF]. Laboratory works brought some insights on the behaviour of early stages of allis shad:

individuals would exhibit positive phototropism from hatching and until 31 days old (Véron et al., 2003a;Jatteau & Bardonnet, 2008); also, they would mainly use the surface compartment of the water column early after hatching, before occupying the whole water column until they reached 23 days old (Véron et al., 2003a). To our knowledge, no behavioural study has been conducted on allis shad juvenile older than one month old.

Based on field sampling, some authors hypothesised that allis shad juveniles would colonize habitats close to the banks in freshwater, before performing transversal movements towards the main channel of streams to initiate their migration, from 20 mm of size [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF]Véron et al., 2003b). However, this scenario is based on patchy information that might have been biased by hazardous sampling, and did not inform on juvenile behaviour or movements.

In comparison, the behaviour of juvenile of other shad species is relatively more documented. As examples, juvenile alewife A. pseudoharengus and blueback herring A.

aestivalis (27-50 mm of size) are supposed to exhibit diel vertical migration, using the upper parts of the water column during the night, in relation with their feeding behaviour [START_REF] Jessop | Diel variation in density, length composition, and feeding activity of juvenile alewife, Alosa pseudoharengus Wilson, and blueback herring, A. aestivalis Mitchill, at near-surface depths in a hydroelectric dam impoundment[END_REF]. Young American shad A. sapidissima would exhibit positive phototropism between 2 and 3 weeks of age [START_REF] Limburg | Ecological constraints on growth and migration of American shad (Alosa sapidissima Wilson) in the Hudson River estuary[END_REF][START_REF] Howey | Intensive Culture of Juvenile American Shad[END_REF]; later in their ontogeny (65 mm of size), they would show greater feeding activity near dawn [START_REF] Grabe | Feeding chronology and habits of Alosa spp. (Clupeidae) juveniles from the lower Hudson River estuary, New York[END_REF]. At the size of migration (110 mm), they would be more active during the day, forming schools of 25 to 55 individuals, whereas they would rest at night, being isolated or in reduced schools (2-5 individuals; [START_REF] Katz | Circadian rhythms in juvenile american shad, Alosa sapidissima[END_REF].

Similarly, some information is available on the kinetics of juvenile migration in the American shad A. sapidissima: by analysing the otolith microchemistry of wild juvenile captured in the Hudson River (USA), author assessed that they would enter seawater as early as 41 to 65 days old [START_REF] Limburg | Otolith strontium trac subyearling American shad Alosa sapidissima[END_REF]. For allis shad, a retrospective study based on otolith microchemistry put forward that allis shad could enter the Gironde saline estuary between 58 and 123 days old (median age: 88 days old), and enter the sea between 63 to 150 days old (median age: 99 days old) [START_REF] Lochet | Estuarine phase during seaward migration for allis shad Alosa alosa and twaite shad Alosa fallax future spawners[END_REF]. However, this work has been made on returning spawners, i.e. individuals that successfully realised their entire life cycle; they may not be representative of the timing and the tactics globally adopted by allis shad juvenile.

Field sampling campaigns allowed catching juveniles of highly variable size in the downstream tidal parts of the Garonne and Dordogne Rivers, near the entry of the Gironde estuary (30-70 mm of size) (Jatteau et al., study reports, 2014(Jatteau et al., study reports, , 2015(Jatteau et al., study reports, , 2016(Jatteau et al., study reports, , 2017)); at the same time, juveniles of comparable sizes (40-95 mm) were captured much upstream in those Rivers, near to the supposed constrained spawning sites (Clavé & Lemaréchal, 2017).

This suggests that migration initiation and duration could be highly variable among years, and/or among individuals of a same population. Nevertheless, the parameters that would trigger allis shad migration are clearly unknown.

To date, and to our knowledge, ex-situ experiments were never successfully performed on allis shad juvenile after one month old because of the difficulties in rearing them; but such approach represents a beacon of hope to bring novel information on young allis shad ecology and improve management practices favouring their conservation. The aim of this work was to analyse the behaviour and the movements of young allis shad during their freshwater stay. In our experiment, we successfully reared allis shad in enriched basins that mimic natural environment. Thanks to direct visual observations and video-tracking, we described their behaviour in those structures between in one-to three-month-old fish, with a particular emphasis on their rheotaxis, their schooling behaviour and their use of the water column, according to both their ontogeny and the diel rhythm. We discuss in this paper the influence of fish density, growth rate and condition on allis shad activity, and the possible implications of those parameters in the initiation of allis shad downstream migration process.

Methods

Rearing structures

Our rearing structures consisted in two artificial rivers (R1 and R2) described in details in Chapter 2. The artificial rivers were concrete basins (25 m length, 4 m width) composed by a narrow and a large channel (1 m and 2.5 m width, respectively), separated by a central concrete wall, and connected by two bends (3.5 x 4 m), (see Figure 1). This configuration allowed an annular circulation of flow through the whole system. The water height varied between 0.6 m (inlet) and 1.0 m (outlet), following a longitudinal slope. Hand-made artificial habitats enriched both structures: an artificial riffle in the upstream part of the narrow channel (i.e. a reduction of water height to ca. 0.2 m, surrounded by 20% up and down slopes) and a moderately steep slope bank in the large channel (i.e. a very shallow area of 0.06-0.15 m water height and 1 x 2.5 m dimensions, surrounded by 40% down slopes). Those artificial habitats and the concrete bottom of R1 and R2 were covered by a 5 cm thick layer of a homogeneously mixed substrate (50% sand 0-4 mm -50% gravel 8-16 mm). The water supply came from the nearby River Isle (Dordogne tributary, SW France) (water flow: 14.0-18.6 l min-1) and was filtered at the inlet using 500 µm nets; drilled water was added to the system to prevent water temperature to exceed 26°C (water flow: 9.0-12.0 l min-1).

Propellers (Hydro Wizard® ECM75; Pantarhei, Wedemark, Germany) were installed near the water inlet, in front of the narrow channel, to initiate the circular current through the whole river. The current velocity was higher in the upstream bend and in the narrow channel (max 0.41 m s-1 on the riffle) than in the downstream bend and the large channel (max 0.10 m s-1). Water quality was continuously monitored (every 15 min) in the rivers using two probes for oxygen-temperature (at each end of the basins), plus one for conductivity and one for turbidity (in the downstream bend) (respectively, WTW FDO 700IQ SW, WTW TetraCon 700IQ SW and WTW VisioTurb 700IQ SW; WTW, Weilheim, Germany). Conditions were comparable between R1 (mean ± SD, Temperature: 21.12 ± 1.98°C, Oxygen: 105.84 ± 15.94 %O2, Conductivity: 0.05 ± 0.03 μSm-1 and Turbidity: 8.12 ± 14.14 Formazin Nephelometric Units (FNU)) and R2 (21.72 ± 1.69°C,109.59 ± 18.60% O2, 0.04 ± 0.02 μSm-1 and 2.20 ± 4.64 FNU) all along the rearing period. Each day between 08:00 and 09:00h, additional measures of temperature were made manually to prevent any problem related with automatic records; luminosity was measured manually using a luxmeter (Chauvin Arnoux luxmeter DA815; Chauvin Arnoux Metrix, France) at three points on the central wall of each basin (two end points and a middle point); water height was checked at a fix point and adjusted when necessary. Mean daily temperature is presented in Figure 2. Allis shad fed on natural zooplankton present in the water pumped from the Isle River, and on additional zooplankton produced in two basins of same dimensions as the artificial rivers.

The basins used for zooplankton production were also supplied by water coming from the River Isle and enriched with marine guano. Zooplankton was harvested each night by filtrating ca. 20 m3 of water during 7 hours using a lit net of 100 µm mesh. It was collected every morning and equally distributed between R1 and R2. In order to analyse the taxonomic composition and the relative abundance of the potential preys, samples of zooplankton were collected every week in June and July in the production basins and in the rivers R1 and R2. The cultivated zooplankton was mainly composed of cladocerans, copepods (adults and nauplii), dipteran larvae and ostracods. Those taxa are known to be usually consumed by young allis shad [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. The 

Biological material

Allis shad larvae were obtained from artificial reproductions managed by MIGADO (Association for the Restoration and Management of Migratory Fishes in Garonne -Dordogne). Two batches of larvae of ca. 10 000 individuals each were used in this experiment, originating from two distinct spawning events of a same pool of genitors.

Direct visual observations

Previously to allis shad rearing, camouflage nets were set up around the artificial rivers to hide the observer without reducing visibility. R1 and R2 were virtually divided into 22 observation units of 2.5 m long, covering the whole area available for fish. The units 1 to 7 covered the narrow channel, the units 8 to 11 covered the downstream bend, the units 12 to 18 covered the large channel and the units 19 to 22 covered the upstream bend (see Figure 1). The time of observation in the units was adapted to their area: it was 4 min in the units 11 to 19 (area 6.25 m²), otherwise it was 2 min (units 1 to 10 and units 20 to 22; area 1.35-3.75 m²). Every session of visual observations consisted in an observation sequence in each of the 22 units; a complete session usually lasted from 1h30 to 2h. All observations took place either during late morning (start before 12:30h) or during the afternoon (start from 13:00h). Twelve and ten sessions were made in R1 and R2, respectively; the dates of the observation sessions and the corresponding ages of allis shad are indicated in Figure 2c.

Note that juveniles in R1 were about one week older than in R2 on same date, so the observation sessions were postponed by one week between rivers, allowing the observation of fish at similar ages.

All observations were made by the same observer and recorded on audio tracks. In each observation unit, fish were counted and their behaviour was described: the variables used to describe allis shad behaviour are listed in Table 1 with their modalities. All those items were based on visual estimates by the observer; we assume that they were noted with a satisfying accuracy. In this experiment, we focused on the behaviour of "mobile" individuals, i.e. those that actively swam across an observation unit without stopping. By opposition, the "resident" fish, i.e. those that occupied the unit during a significant time (estimated at 30 s at least) during an observation, were only used here to estimate the total number of individuals present in the rivers, but were excluded from this behavioural analysis.

The rheotaxis of "mobile" individuals was noted as negative or positive according to the main direction of the current; the fish that alternated between positive and negative rheotaxies were discriminated; those that frequently changed orientation were noted as individuals moving in "all directions" (see Table 1). The position of allis shad in the water column was described by three modalities: fish could use the bottom part (i.e. the lower 10 cm of the column), the surface part (i.e. the upper 10 cm) or the intermediate part (i.e.

between bottom and surface). Fish aggregation was also described, by distinguishing the isolated individuals from the ones that were moving in schools. Schooling behaviour was defined in our work as two or more individuals swimming in the same direction at 5 body lengths (BL) or less from each other. We distinguished "dense" schools from "loose" schools according to the distance between individuals (distance <2 BL vs. between 2 and 5 BL, respectively). The inter-individual distances considered in our work are greater than the ones used by many authors to define schools (within one body length: see Pavlov & Kasumyan, 2000 for a review; see Ross et al., 1992 on A. sapidissima). However, they seemed appropriate in our experiment, since movement coordination was obvious in young allis shad separated by this range of distance. We focused on moving schools, as defined by Radakov (1972;reviewed in Pavlov & Kasumyan, 2000).

In some cases, individuals exhibited several modalities of rheotaxis, position in the water column, or aggregation during one single observation sequence. Those individuals were distinguished from others by creating new modalities (e.g.: "surface and intermediate" water column position).

Table 1: Behavioural variables and their modalities described during the observation sessions (BL: Body Length).

Video tracking

An infra-red camera (Basler acA640-90gm; Basler, Ahrensburg, Germany) was installed against the central concrete wall, in the middle of the water column, in each river (R1 and R2) at the end of the narrow channel (see in Figure 1). The cameras were oriented transversally to the channel in order to sample fish passages. Camera set off was automatized, and video recording was planned for 2 min every 30 min, all along a 24h cycle, The first 30 seconds of each video were analysed manually using video reading software conceived for fish passes (Hizkia Informatics, Bayonne, France). The "mobile" allis shad that crossed the video field were counted; their individual and social behaviour were described according to the same variables as the ones used for the direct visual observations (see Table 1).

Statistical analysis

Fish sizes and survival rate: Relative Standard Deviation (RSD) was calculated for the size of 10-days-old, one-, two-and three-month-old fish, as RSD = SD / mean x 100. After rejecting parametric assumptions, allis shad TL was compared between ages (ca. 10, 30, 60 and 85 DPH) using Kruskal-Wallis analyses of variance followed by post-hoc Dunn tests with Bonferroni corrections. Fish lengths were compared between R1 and R2 at each age, using a

Student t test at ca. 10 and 30 DPH and Mann-Whitney U tests at ca. 60 and 85 DPH. Based on this biometric data, absolute growth rates were calculated in the two rivers between each consecutive sampled ages (in mm day-1), as the average difference in size (mean TL (t 1 )

-mean TL (t 2 )) divided by the number of days separating the two periods t 1 and t 2 . To estimate the general condition of allis shad during rearing, Fulton's index [START_REF] Fulton | The Sovereignty of the Sea[END_REF] was also calculated for individuals from one month old in the two rivers at each age, as K = 100 x weight (in g) / TL 3 (in cm).

Estimates of the number of individuals: the total number of "resident" individuals in the rivers was estimated at each date as the sum of the counts made in the 22 observation units since we assumed that they were not moving during a single observation event. "Mobile" individuals were obviously counted several times during a single observation session. For that reason, we calculated a number of fish observed per minute in each observation unit, and we use the average to limit the overestimation. This number was used for all the analysis. But to allow the comparison between the number of "resident" and "mobile" fish during the experiment, we also estimated the total number of "mobile" fish for each observation session as following. On the basis of video pre-analysis, we estimated the average ground swimming speed of "mobile" allis shad when crossing the video field in the direction of the water current without stopping. Speed was calculated as the ratio between the average duration of those passages and the average distance covered by allis shad on the video field. Thanks to this estimation, we put forward that the time necessary for "mobile" allis shad to make a complete tour of the artificial river (by the shortest way, distance=37m) was 2 min 40 s. Therefore, the total number of "mobile" individuals in the rivers was estimated by multiplying the average number of fish per minute for the 22 observation units by 2.66 (2 min 40 s, converted in numeric). The estimated total number of allis shad present in the rivers at each date was then calculated by summing the estimates of "resident" and "mobile" fish.

On the following analysis we will only focus on "mobile" individuals, and will express results

according to the number of individuals counted per minute in order to make counts comparable whatever the observation duration (2 or 4 min) (except for the qualitative analysis of schooling behaviour, where the raw numbers of fish observed could be used).

This calculation was also made according to the different modalities of fish rheotaxis (negative, positive, alternation between positive and negative, and fish orienting in all directions).

The influence of the weather on allis shad counts was assessed using a Mann-Whitney U test after rejecting parametric assumptions, the sessions with sunny weather were compared to those with cloudy weather (rainy weather occurred only once and was not included in the statistical analysis).

Rheotaxis: the average proportion of individuals observed in each modality of rheotaxis in R1

or R2 corresponded to the mean between the 22 percentages of each observation units for each session. Those average proportions were used to describe the occurrences of the different modalities in each river through allis shad ontogeny.

Schooling behaviour: the average proportions of individuals observed in the different modalities of aggregation (isolated, in "dense" schools, or in "loose" schools) were calculated for each river at each age. Schooling behaviour was described by this method for each modality of rheotaxis. The numbers of schools and the ranges of values for school size were described according to allis shad age, with a focus on schools observed in negative rheotaxis, which were more numerous in comparison to other rheotaxies.

Position in the water column: the average proportions of allis shad observed in the different parts of the water column were calculated at each age in each river, by distinguishing the individuals that exhibited several modalities during the observation time. On this analysis, we focused on individuals in negative rheotaxis, which were the most numerous.

Video tracking: due to the few numbers of exploitable videos, statistical analyses would not be pertinent. Video-tracking data was analysed similarly to direct observations, but in a descriptive way: the numbers of individuals, their aggregation and their use of the water column according to allis shad ontogeny were used for comparisons with the direct observations, when relevant. The data acquired along a 24h cycle was used to identify changes in allis shad behaviour according to the diel rhythm.

Results

Fish sizes

Young allis shads were significantly different in size between the four periods considered (ca. Heterogeneity in size was similar between fish of the two rivers except at 60 DPH when RSD was two times higher in R2 than in R1 (21.43 vs. 10.19%).

When regarding allis shad condition, values of Fulton's index were significantly higher in R2

than in R1 at 85 DPH: 0.83 ± 0.11 vs. 0.74 ± 0.13, p<0.001), whereas fish condition was significantly greater in R1 than in R2 at 30 DPH (0.49 ± 0.08 vs. 0.40 ± 0.07, p<0.001) and 60 DPH (0.66 ± 0.08 vs. 0.64 ± 0.12, p=0.006).

Estimates of allis shad numbers

Estimated numbers of allis shad present in the rivers are presented in Table 2, along with the estimated number of individuals captured in the rivers at the end of the experiment in early September (on 5 th September 2019; n=200). The estimated survival rate of 2.0% was similar between the two rivers, but usually 2 to 3 times less individuals were observed in R2 than in R1 at every session, except at the first session when numbers were rather similar between rivers. This difference was mainly due to the "mobile" individuals that were from 10 to 50 times less in R2 than in R1 during the first seven sessions. Moreover, the estimates were highly variable between two consecutive observation sessions.

In R1, "mobile" fish were particularly numerous between 45 and 64 DPH (148.8 to 365.5 individuals on average), whereas it suddenly decreased from 66 DPH (from 161.2 to 17.6) and remained low until the end of observations (<22). Counts of "resident" fish were less variable, ranging between 149 and 326 individuals. In comparison, observation of "mobile" individuals were scarce in R2 and estimates fluctuated, being higher on the 3 rd , 6 th , 8 th and 10 th sessions (>10, but less than 30) than on the other sessions (≤5). The counts of "resident" individuals globally decreased through ontogeny (from 236 to 50). Table 2: Estimates of the number of fish counted during observation sessions and captured at the end of the experiment. Fish counts were split into two categories: "mobile" and "resident". Numbers of "mobile" individuals (mean ± SD) were estimated from the numbers of fish crossing a section per minute on the whole 22 observation units; estimated numbers of "resident" individuals correspond to the sum of fish that spent more than 50 % of the time of observation in each unit. The total numbers of allis shad were estimated by summing the "resident" and "mobile"; minimal and maximal estimates were calculated by adding or subtracting "mobile" SD. The results obtained by video tracking in R1 were consistent with direct observations (see 

Schooling behaviour

The average proportions of isolated fish and fish in "dense" and "loose" schools are presented in Figure 6 according to their rheotaxis. A clear tendency was highlighted in R1

with almost all fish exhibiting a negative and/or a positive rheotaxis (>91.0%) being aggregated in schools during the first observation sessions (until 52 DPH, or until 64 DPH for negative rheotaxis), and mostly in "dense" schools (generally >70%). After those ages, when fish passages became scarcer, an increase in the proportion of isolated individuals was obvious. For the individuals orienting in all directions, fish were usually observed in few numbers and analysis may not be relevant; nevertheless, the proportion of "loose" schools was important at 50 and 52 DPH (>85%). In R2, the aggregation of allis shad varied among sessions and for all rheotaxies, but fish were globally more isolated than in R1. For the most frequent rheotaxis (negative rheotaxis), the sessions when individuals were mostly aggregated in "dense" schools (44, 53, 66 and 74 DPH: ≥64% of individuals) corresponded to the sessions when fish passages were more frequent. For positive rheotaxis, only two sessions gathered around twenty fish: at 44 DPH, fish were mainly in "dense" schools (88.0%); at 74 DPH, fish were mainly in "loose" schools (50.0%), and in a lesser extent in dense schools (27.5%). Other modalities gathered too few individuals to be analysed. Similarly to direct observations, the analysis of video data was limited to "mobile" individuals that exhibited a negative rheotaxis because other rheotaxies were very scarce. At 45, 54 and 65 DPH, a great proportion of individuals moved in schools (>86%); a decrease in the proportions of individuals in "dense" schools was observed with ontogeny (from 66 to 38%), When regarding the individuals in negative rheotaxis (Figure 11a), most fish seen during daylight were in schools (61.1 to 93.2% of individuals). Among the schools, proportions of "dense" and "loose" schools were fairly balanced, except during the afternoon when most schools were dense (72.1% vs. 21.1% of individuals).

Utilisation of the water column is presented in Figure 11b: more than 88% of individuals in negative rheotaxis used the surface of the water column, except in the afternoon and at night where the proportion of fish swimming in the intermediate part of the water column concerned more than one fourth. However, results at night are controversial because the bottom was then difficult to sample (even with the infra-red light) and the number of fish seen was quite low (n=15). 

Discussion

Observation method

Juvenile allis shad are particularly difficult to observe and to catch in the wild [START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF] and the species is also hard to maintain in captivity because of its great sensitivity. In our work, we successfully reared two batches of young allis shad during three months, allowing the description of their movements and their behaviour. The quality of water in the artificial rivers, as well as the available preys and the physicochemical conditions were close to a natural riverine environment. Therefore, we assume that this experimental design was relevant to discuss the ecology of young allis shad in the wild,

although it has to keep in mind that the rearing structures obviously offered a much lower diversity of habitats in comparison with a natural river. In addition, freshwater environment was constant (especially flow), which also contrasts with the natural environmental changes, and with the changes expected while moving downstream. Nevertheless, the ontogeny period remains relevant, since allis shad may enter estuaries after three months of development in freshwater [START_REF] Lochet | Estuarine phase during seaward migration for allis shad Alosa alosa and twaite shad Alosa fallax future spawners[END_REF]. In addition, we have to keep in mind that the estuarine entrance might happen even later in watersheds where spawning sites are located much further upstream (e.g. more than 500 km in the Loire River, France; [START_REF] Boisneau | Description d'une frayère et comportement de reproduction de la Grande Alose (Alosa alosa L.) dans le cours supérieur de la Loire[END_REF].

Direct observations were made rather close to the fish, but from behind camouflage nets, and no flight response has been detected. Similarly, during some observations or during video acquisition, noise occurred around the artificial rivers (because of maintenance works or truck passages), but no shift in allis shad behaviour has been detected. Therefore, we assume that allis shad reared in our experiment encountered relatively low stress; accordingly, fish growth was consistent with juvenile captured in the wild at supposedly similar ages (Aprahamian et al., 2003 and references therein).

Unfortunately, relatively few data were acquired by video tracking in our structures. Despite the use of infra-red light, the lower part of the water column was hardly visible during night time. Due to technical constraints, videos were only usable in one of the two artificial rivers, and no analysis could be made with accuracy before allis shad reached one month old, mainly because individuals were too small and could be confused with small debris or particles. Nevertheless, video sampling covered a rather wide period of allis shad ontogeny and allowed for the analysis of a nycthemeral period. It is noteworthy that the size of schools could not be assessed accurately because the video field did not cover the whole width of the channel. Apart from this point, results from video-tracking were comparable to the ones obtained by direct observations and generally strengthened them.

Fish condition and numbers

The allis shad batches reared in R1 and R2 originated from one single cohort, but the identity of the spawners involved in their production was unknown. At release, allis shad in R2 were shorter in size and one-day younger than fish in R1; this difference in size between the two batches hold true until two months old, but it was reversed for the three-month-old capture event. Similarly, according to Fulton's index calculations, allis shad in R1 were in slightly greater condition than those in R2 at one and two months old, but in weaker condition at three months old. This result has to be considered with caution, since growth assessment was realized on a sub-sample, and the method of capture may have induced selection among individuals. Nevertheless, this result matched with a quite large (and unexpected) difference in prey availability between R1 and R2 at the beginning of the experiment.

Indeed, the amount of preys was lower in R2 when compared to R1, and the difference was huge at the beginning of the period (see Figure 2b). This might have lowered early growth and induced early mortalities.

Indeed, more individuals were counted in R1 than in R2 at all ages (especially between 44 and 64 DPH) whereas the quantities of allis shad larvae released at the beginning of the experiment were similar (approximately 10 000), and so were the numbers of juveniles captured at the very end of the rearing period (approximately 200). One cannot disprove that more fish were seen in R1 because of a slightly better visibility during observations, since luminosity was a little higher compared to R2. However, the conditions for direct observation were largely satisfying in both rivers and we assume that this would not have induced such differences in counting accuracy, especially concerning the "mobile" fish that were easier to see than "resident" ones. It is difficult to explain the difference in R1 and R2 fish number, by another factor than differential mortality. It is highly probable that high mortality rates occurred in R2 during the early rearing, before observations began, since "mobile" fish were 10 times fewer than in R1 from the first session. In R1, a mortality event possibly occurred later, when the number of "mobile" fish dropped down (between the 7 th and 8 th sessions).

Those assumptions are hard to confirm, since the real number of fish present in the rivers during observation sessions cannot be assessed for sure. In any case, such mortality events would not have been caused by variations in physico-chemical conditions, since they were similar between rivers and were not likely to be stressful for the species, no matter the date.

In R2, and as already emphasized this might have been induced by starvation during the first weeks of rearing in relation with the lack of food. In R1, rearing conditions might have become limiting for allis shad after two months because they become too numerous and too large to handle competition for food, overwhelming the carrying capacity of the rearing river-like basin. This could have originated both the loss of a part of the batch, and the decrease in fish growth rate and condition on their third month of rearing (see Figure 3).

Allis shad behaviour in freshwater

The video-tracking analysis performed on data recorded between 53 and 55 DPH through a diel cycle clearly showed that allis shad activity was mainly diurnal: fish passages were relatively scarce during dawn or dusk, whereas they were much more frequent during day time, with a maximum during the afternoon; schooling behaviour exhibited the same tendency (see Figures 10 and11). During the night, individuals appeared much less active and always isolated. This emphasises the importance of vision in allis shad foraging and social behaviour. It has to be kept in mind that video-tracking was made at only one point in R1, so we cannot exclude that juvenile exhibited other behaviour in other habitats during the night. Nevertheless, this is consistent with the assumptions of [START_REF] Baglinière | Le genre Alosa sp[END_REF] on allis shad diel rhythm, and rather comparable to what has been observed in other shad species such as A. sapidissima [START_REF] Katz | Circadian rhythms in juvenile american shad, Alosa sapidissima[END_REF][START_REF] Grabe | Feeding chronology and habits of Alosa spp. (Clupeidae) juveniles from the lower Hudson River estuary, New York[END_REF].

During direct observations, "mobile" fish were mostly observed crossing the observation units in negative rheotaxis by using the intermediate compartment of the water column (which represents the greatest part of the water column), sometimes along with the surface, and very rarely seen close to the bottom (see Figure 8). This could have something to deal with their feeding behaviour, juvenile allis shad mostly feeding on pelagic preys (see Chapter

3). When focusing on the direct observations made in the observation unit where the camera was located, results corresponded to this general trend, but they differed from video-tracking analysis, which highlighted a more frequent use of the surface compartment (see Figure 9). Obviously, the visual field of the camera offered a transversal view (instead of an aerial one for direct observations) and made video-tracking method much more accurate to describe fish water column use. Another difference between the two observation methods concerned the higher number of fish using several water column categories in the direct observations than in video-tracking. Again, such difference was partly related to the lower accuracy while observing fish directly from above, but above all, the limit between each category of water column depth was clearly materialised by virtual horizontal lines during video tracking data set counting. Then, it is probable that allis shad used mainly the surface of the water column while swimming with the current.

The estimates of the number of individuals present in the artificial rivers were sometimes wrong, since they may increase between two close consecutive sessions. We may hypothesize that mobility behaviour was not as stable as expected during an observation session, leading to errors. This might have been especially misleading when counts involved schools. Hence, the number of fish may have been underestimated, or on the contrary overestimated depending on the proportion of mobile fish, and also depending on the way they moved within the observation units during an observation session (since we attributed to each fish a unique time to make a complete tour of the river). Despite these approximates, we are quite confident on the broad trends.

Patterns differed between R1 and R2. In R1, on the three first sessions (36 to 43 DPH), "resident" fish were much more numerous than "mobile" ones; from 45 DPH and until 64 DPH, this relation was balanced and numbers were more comparable; from 66 DPH, "mobile" fish became much scarcer, whereas the numbers of "resident" individuals remained in the same range of values (see Table 2). This highly suggests that allis shad in this river may have exhibited a peak in movement between 45 and 64 DPH, with a non-negligible part of individuals shifting from a "resident" to a "mobile" status.

The period of increased activity identified in R1 was related with more frequent fish passages in negative rheotaxis (see Figure 4); those individuals were mostly moving in schools, and schools were of much more bigger size than during earlier observations, sometimes including 200 fish (see Table 3). Although less frequent, schools of similar sizes were also observed in positive rheotaxis, leading to hypothesise that those fish groups may sometimes change their direction/orientation. Those results were confirmed by videotracking, since "mobile" fish in negative rheotaxis were much more numerous at 45, 54 and 65 DPH than at older ages (see Figure 5), and almost all fish moved in schools at this period (see Figure 7). From 66 DPH in the direct observations, and from 71 DPH in video-tracking, the decrease of allis shad mobility corresponded with a slightly higher diversity in rheotaxies, together with a sudden rarefaction of schools and a reduction of school size.

In R2, such variation in allis shad activity was not observed: numbers of "resident" fish progressively decreased through the rearing period, but they were always much more numerous than "mobile" fish, which numbers varied among ages. Globally, negative rheotaxis was less exhibited in R2 than in R1, and schools were less numerous and smaller.

Nevertheless, some increases of the numbers of "mobile" fish were observed (at 44, 53, 66 and 74 DPH; see Figure 4); they were related to passages of schools of higher sizes, mostly in negative rheotaxis (see Table 3 and Figure 6 on the corresponding sessions). This could suggest a tendency of some individuals from R2 to become more active and to move in schools. But it always concerned a much lower proportion of fish than in R1.

The trends differences between R1 and R2 in the level of allis shad activity cannot be explained by variations in water temperature, oxygen saturation or turbidity, because different results have been obtained during consecutive sessions made in very similar conditions for the same river. Moreover, fish from the two rivers were one week apart, so if environmental parameters had a heavy influence on allis shad behaviour, similar tendencies would have been observed in the two rivers, but at different ages.

As already underlined, allis shad in R1 were bigger and in better condition than in R2 until two months old, and they probably were 2 to 4 times more numerous. Thus, their energy demands would have been higher than in R2 between one and two months old because of their higher size and growth rate. Moreover, foraging would have been more challenging than in R2 because of higher inter-individual competition. We suggest that those conditions may have induced the peak of allis shad activity in R1 between 45 and 65 DPH observed in both direct observations and video-tracking data: highly mobile individuals were possibly attempting to colonize other, more suitable habitats to feed. The sudden fall in their activity from 66 DPH was surprising, and may not reasonably be related only to a drastic mortality event. It can be hypothesised that their attempts for leaving the structures made them spend too much energy, and that they could not maintain such levels of activity on a very long period. Perhaps some of those highly mobile fish have died because of starvation and/or exhaustion, but overall, they probably had to reduce the frequency and intensity of their movements to handle limiting trophic conditions. The decrease in growth rate identified in R1 during the third month of rearing also supports this reasoning. In R2, zooplanktonic preys were less numerous than in R1, but after two months, fish grew very fast, probably because they were less numerous; therefore, they would have been less encouraged to seek for other feeding habitats, although some scarce fish groups possibly did.

Hypotheses on allis shad migration

During this experiment, reared allis shad did not have the opportunity to leave the artificial rivers, so we cannot assess if the movements they realised, when particularly intense, corresponded to a seeking for another habitat. Nevertheless, the significant shift in allis shad activity discussed in R1 (between 45 and 64 DPH) may correspond to an attempt for downstream migration. According to the little information available in literature, allis shad juvenile may enter the Gironde estuary at two to four months old (between 58 and 123 days old, median age: 88 days old; [START_REF] Lochet | Estuarine phase during seaward migration for allis shad Alosa alosa and twaite shad Alosa fallax future spawners[END_REF], thus their migration could easily be initiated from 45 DPH. Allis shad juvenile migration is assumed to occur in schools during the day [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF], and our results suggest both a diurnal activity and an increase of schooling during this peak of activity.

If so, downstream migration would have been initiated only in R1. The observed pattern suggests that allis shad migration would thus not be as sliced as observed in other anadromous species such as salmonids [START_REF] Larocque | Survival and migration patterns of naturally and hatchery-reared Atlantic salmon (Salmo salar) smolts in a Lake Ontario tributary using acoustic telemetry[END_REF]), but possibly "smooth", alternating between movement and resting phases. The mechanisms driving the initiation of juvenile migration in allis shad are poorly understood, although [START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF] put forward that it could be modulated by water temperature and river discharge, along with fish size and adaptability to marine conditions. As discussed previously, the peak in allis shad activity identified in R1, as well as the low activity observed in R2, were not linked to environmental condition since they were stable during the experiment. In salmonids, it is assumed that downstream migration would correspond to movements to more favourable habitats in terms of feeding [START_REF] Gross | Evolution of diadromy in fishes[END_REF][START_REF] Jonsson | Partial migration: niche shift versus sexual maturation in fishes[END_REF], and that growth could be a parameter triggering migration decision [START_REF] Acolas | The role of body size versus growth on the decision to migrate: A case study with Salmo trutta[END_REF]. Such factors might also be proposed as liable for allis shad juvenile migration. This assumption is obviously highly hypothetic, but growth, as it was higher at early stages in R1, and in later stages in R2, could be a relevant candidate.

Implications and conclusions

Our observations realised on juvenile allis shad reared in riverine-type conditions confirm the general behavioural aspects advanced in literature for the species at those ages. Despite an important variability in allis shad levels of mobility and schooling, some hypotheses on potential parameters that could trigger, or favour, juvenile downstream migration can be proposed (e.g. growth and fish density, see above). It has to be kept in mind that in most watersheds, because of dam implantation, allis shad spawn on sites located further downstream than in the past [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF], and those sites can be unsuitable for juvenile, notably because of higher water flows, which increase their dispersion or downstream transport. Moreover, authors hypothesised the existence of an Allee effect on allis shad populations of the Gironde-Garonne-Dordogne watershed [START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF].

Considering our observations, those pressures could have particularly negative effects on juveniles, since a rarefaction of individuals may alter their behaviour, notably by reducing their capacity in forming schools; consequently, their predation risk would be increased, and the downstream migration process could be strongly altered. Concernant le design expérimental des « challenges » oxythermiques (Chapitre 1), celui-ci était bien adapté pour les stades 1 à 3 mois mais pas pour les individus de 10 jours. La tolérance de ces stades aux stress oxy-thermiques n'a donc pas été décrite dans ce travail. Toutefois, la problématique oxythermique est peut-être moins préoccupante pour de si jeunes stades étant donné que les conditions hypoxiques sont plus rares en amont des systèmes, près des sites de frai où ils sont supposés se développer. Par ailleurs, leur gamme de tolérance thermique est relativement large (Jatteau et al., 2017), et les adultes pourraient adapter leur fenêtre temporelle de reproduction en conséquence [START_REF] Lambert | Allis shad adopts an efficient spawning tactic to optimise offspring survival[END_REF]. premiers jours d'élevage en R2, au moment de la première prise de nourriture exogène, qui apparaît généralement à ces âges [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF].

A partir des observations réalisées dans les rivières artificielles, il est clair que l'activité des alosons est majoritairement diurne. Ce constat suggère l'importance de la vision pour les juvéniles de cette espèce, aussi bien pour se nourrir que pour réaliser des mouvements en banc. Il est donc fort probable que l'utilisation de l'habitat par les alosons dans le milieu naturel soit variable au cours d'un cycle nycthéméral, alternant entre une phase active d'alimentation et/ou de déplacement le jour, et une phase de repos la nuit. Ainsi, la plupart des études réalisées dans le passé dans le but de décrire les préférences d'habitat des alosons ou leur régime alimentaire, faites à partir de captures de nuit (e.g. [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Taverny | Contribution à la connaissance de la dynamique des populations d'aloses (Alosa alosa et alosa fallax) dans le système fluvio-estuarien de la Gironde: pêche, biologie et écologie-Etude particulière de la dévalaison et de l'impact des activités humaines[END_REF]Véron et al., 2003b ;[START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF], L'étude de la sélectivité alimentaire des alosons (Chapitre 3) va à l'encontre des conclusions formulées par certains auteurs, selon lesquels la grande alose aurait un comportement opportuniste pour les ressources trophiques [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Mota | A preliminary characterisation of the habitat use and feeding of Allis shad (Alosa alosa) juveniles in the Minho River tidal freshwater wetlands[END_REF]. En effet, les stades les plus jeunes (15-25 mm, 1 mois) semblent avoir des capacités alimentaires réduites, en lien à la fois avec la petite taille de leur bouche et leurs capacités de nage limitées, ce qui les obligerait à se nourrir de petites proies peu mobiles telles que certains cladocères. En grandissant (25-35 mm, 2 mois), les juvéniles acquièrent des capacités alimentaires plus importantes et intégreraient à leur régime alimentaire des proies de taille plus importante, ou plus intéressantes d'un point de vue énergétique. Par ailleurs, les alosons ne peuvent raisonnablement pas être qualifiés de généralistes pour l'habitat, contrairement à ce qui a pu être observé sur l'alose américaine A. sapidissima [START_REF] Ross | Habitat Use and Feeding Ecology of Riverine Juvenile American Shad[END_REF][START_REF] Nack | Assessing the quality of four inshore habitats used by post yolk-sac Alosa sapidissima (Wilson 1811) in the Hudson River: A prelude to restoration[END_REF]. Certaines préférences d'habitat ont été clairement identifiées dans les rivières artificielles, et ces préférences semblaient fortement influencées à la fois par la quantité de proies disponibles dans l'habitat, et par les contraintes énergétiques associées à leur capture, en lien avec la vitesse du courant (Chapitre 2).

renseigneraient
La répartition de post-larves et de juvéniles de poissons dans un milieu peut être fortement influencée par leur régime alimentaire, l'accessibilité des proies, et la compétition intra-spécifique pour les ressources trophiques [START_REF] Fortier | Optimal foraging and density-dependant competition in marine fish larvae[END_REF][START_REF] Nunn | The foraging ecology of larval and juvenile fishes[END_REF]. La théorie d' « optimal foraging » pourrait ainsi s'appliquer aux jeunes stades de grande alose. D'après nos résultats, la sélection de l'habitat par les alosons en rivière pourrait être influencée par leur environnement trophique direct (ce qui avait déjà été proposé par [START_REF] Cassou-Leins | Réserve naturelle de la frayère d'alose d'Agen, campagne 1988 étude d l'alevin d'alose Alosa alosa L, répartition, croissance, régime alimentaire[END_REF]. De plus, il est probable et al., 1988 ;Véron et al., 2003b).

Il est communément admis que la migration des alosons se fait en bancs [START_REF] Baglinière | Le genre Alosa sp[END_REF][START_REF] Baglinière | The allis shad Alosa alosa: Biology, ecology, range, and status of populations[END_REF][START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF], bien que ces affirmations ne semblent pas avoir été vérifiées via une expérimentation dédiée. Toutefois, elles concordent avec la soudaine et forte augmentation du nombre et de la taille des bancs pendant le pic d'activité observé en R1. Lors des déplacements des alosons vers l'aval et/ou vers le chenal principal des cours d'eau, l'agrégation en bancs serait donc exprimée de manière préférentielle. L'hypothèse principale pour expliquer ce comportement est la diminution du risque de prédation, comme observé chez de nombreuses espèces [START_REF] Pavlov | Patterns and mechanisms of schooling behaviour in fish: A review[END_REF][START_REF] Grobis | Avoidance or escape? Discriminating between two hypotheses for the function of schooling in three spine sticklebacks[END_REF]. 

Perspectives et conclusions

La grande alose se reproduit classiquement plus en amont des bassins versants que l'alose feinte A.

fallax [START_REF] Taverny | De l'oeuf à l'adulte en mer[END_REF][START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF] ; néanmoins dans certains systèmes, des ruptures de connectivité peuvent forcer les géniteurs de grande alose à frayer plus en aval des sites préférentiels, et les deux espèces pourraient être en sympatrie aux stades larvaires et juvéniles. Si les deux espèces, bien que peu étudiées aux stades juvéniles, semblent avoir des caractéristiques écologiques proches [START_REF] Aprahamian | Alosa alosa and Alosa fallax spp. Literature Review and Bibliography[END_REF] Des pratiques de repeuplement comme celles réalisées sur le Rhin [START_REF] Scharbert | Management Plan to the LIFE project "The re-introduction of the Allis shad (Alosa alosa) to the Rhine system[END_REF][START_REF] Hundt | First evidence of natural reproduction of the Allis shad Alosa alosa in the River Rhine following re-introduction measures[END_REF] peuvent être envisagées pour soutenir les populations ; cependant, ces pratiques de dernier recours présentent également des inconvénients, notamment parce qu'elles imposent une extraction de géniteurs du milieu naturel. Aussi, il est primordial d'évaluer en amont les avantages et les inconvénients associés au repeuplement dans le système considéré [START_REF] Hasselman | Alosine restoration in the 21st Century: Challenging the status quo[END_REF]Bailey & Zydlewski, 2013). Dans le bassin GGD, une analyse critique des résultats des lâchers expérimentaux (Clavé & Lemaréchal, 2017 ;Bouyssonnie et al., 2017) permettra d'avoir des éléments de prises de décisions pour les gestionnaires. Toutefois, cette pratique pourrait s'avérer peu efficace si le goulot d'étranglement dans la population ne se situe pas au niveau de la phase de la reproduction, ou du moins avant le stade larvaire, et si les conditions environnementales ne sont pas favorables à l'espèce tout au long de sa route migratoire. Ainsi, les préconisations de gestion des cours d'eau évoquées précédemment semblent prioritaires.

  et dans les Annexes II et IV de la Directive Habitats de l'Union Européenne. Jusqu'alors classée « Least Concern » (LC, ou préoccupation mineure) dans la Liste Rouge des Espèces Menacées de l'Union Internationale pour la Conservation de la Nature (UICN), son statut a été revu en « critically endangered » (CE, ou en danger critique d'extinction) en France en 2019 (UICN, Comité français, 2019).

3. 1 .

 1 Les projets Shad'Eau et Fauna Les projets Shad'Eau (Programme partenarial de recherche sur les populations d'aloses du grand Sud-Ouest) et Fauna (Fondements et analyses de l'adaptation de l'alose et des usages récréatifs pour sa conservation en Aquitaine) ont été initiés en 2016 grâce aux financements de l'Agence de l'Eau Adour-Garonne, de la Région Nouvelle-Aquitaine et d'INRAE (bourses de thèse). Ils se sont réalisés sous la coordination de Françoise Daverat (INRAE -UR EABX) avec la contribution de plusieurs partenaires scientifiques (INRAE -UR EABX (Ecosystèmes Aquatiques et Changements Globaux) et ETBX (Environnement -Territoires -Infrastructures), INRAE -UMR ECOBIOP (Ecologie Comportementale et Biologie des Populations de Poissons), UMR 5254 IPREM (Institut des Sciences Analytiques et de Physico-Chimie pour l'Environnement et les Matériaux)) et des organismes impliqués dans la gestion des espèces migratrices (notamment MIGADO, la Cellule migrateurs Charente -Seudre, le SMEAG (Syndicat Mixte d'Etudes et d'Aménagement de la Garonne)). Les projets se sont achevés fin 2020, mais certains travaux sont encore en cours. L'organisation comprenait deux phases : une phase 1 ayant pour objectif de décrire l'effet du changement climatique sur le comportement des adultes à la reproduction et les échanges des populations entre bassins versants, et une phase 2 destinée à apporter des informations sur les causes potentielles du déclin des populations de grande alose. Les travaux réalisés se sont déroulés à différentes échelles biologiques (de la génétique à la dynamique de population) en veillant à cibler des études sur l'ensemble du cycle de vie de l'espèce (voir Figure 1).

Figure 1 :

 1 Figure 1 : Cycle de vie anadrome de la grande alose (d'après Baglinière et al., 2003) ; les numéros 1 à 9 situent les différentes thématiques abordées dans le cadre du projet Shad'Eau -Fauna.

Figure 2 :

 2 Figure 2 : Schéma indiquant le contexte du travail de thèse sur les juvéniles de grande alose, avec les principales pressions identifiées le long du bassin versant (haut). En dessous de la flèche symbolisant le milieu de vie sont indiquées les points ou étapes clés du cycle de vie que ces pressions sont susceptibles d'impacter. Enfin, les approches développées dans le cadre de la thèse pour éclairer ces points sont inscrites dans les boîtes (rectangles blancs) avec les chapitres correspondants.

  Photo 1) ; ces rivières artificielles (appelées R1 et R2) étaient alimentés en eau provenant de la rivière Isle ainsi que par de l'eau de forage, permettant à la fois un apport en proies zooplanctoniques naturelles et une température tamponnée lorsque cela était nécessaire (maintien de la température en dessous de 25°C). Un apport supplémentaire de proies était réalisé chaque jour durant l'élevage, par transfert de zooplancton produit dans deux autres bassins adjacents. Un échantillonnage quantitatif et qualitatif du zooplancton présent dans chaque rivière artificielle a été réalisé chaque semaine. Dans chacun des deux bassins R1 et R2, deux habitats artificiels (un radier et une berge en pente), construits à l'aide de structures en bois, permettaient de créer une hétérogénéité d'habitat (modifications des pentes). L'intégralité des bassins d'expérimentation (y compris les habitats artificiels) a été recouverte par un mélange homogène de substrats (sable et graviers). Enfin, un courant circulaire a été créé pendant toute la durée de l'expérimentation grâce à une turbine, générant elle-aussi une hétérogénéité d'habitat en termes de vitesse de courant. Les structures d'expérimentation et la production de zooplancton sont décrites en détail dans le Chapitre 2 du manuscrit.

Figure 1 :

 1 Figure 1 : a) Frise chronologique représentant le calendrier des expérimentations réalisées au cours de l'année 2019 sur deux lots de juvéniles de grande alose (élevés dans les bassins R1 et R2, en noir et gris, respectivement). Les flèches représentent les sessions d'observations comportementales réalisées dans les bassins d'élevage ; les rectangles représentent les périodes pendant lesquelles des alosons ont été capturés et transférés vers le design expérimental dédié à l'étude de leur tolérance aux stress oxy-thermiques ; les étoiles représentent des captures ponctuelles d'alosons en vue d'analyser leur contenu stomacal ; b) Organisation des différentes expérimentations réalisées à partir des alosons élevés dans les rivières artificielles.

  d'hypoxie. Une expérimentation préliminaire a été menée en 2018 afin d'identifier les « points limites » adaptés aux considérations éthiques pour ce travail. Des alosons élevés à la station d'expérimentation INRAE ont été soumis à des « challenges » individuels, en comparant deux traitements : un premier où la saturation en oxygène était optimale (100%) et constante, et un second consistant en une descente de la saturation en oxygène par paliers de 10%, de 100% à 30%.Ces deux conditions ont été testées à différentes températures, représentatives de la gamme de températures que les alosons peuvent rencontrer dans le milieu naturel aux âges considérés (10, 30, 60 et 85 jours environ). En mettant en regard les résultats des expérimentations avec lesdonnées environnementales fournies par le réseau MAGEST (Marel Gironde Estuary consortium), une analyse rétrospective a pu être menée pour évaluer l'impact des conditions oxy-thermiques mesurées dans le système GGD ces dernières années sur les juvéniles de grande alose.

  Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR Convention), Annex V ; Berne Convention, Annex III). It is currently classified as "least concern" by the International Union for Conservation of Nature (IUCN) Red List of Threatened Species worldwide, and as "critically endangered" in France since 2019. In the Gironde-Garonne-Dordogne (GGD) watershed (South West (SW) France), population decline led to the adoption of a fishery moratorium in 2008, but locally no signs of recovery have

  guidelines and policy conventions of the French national committee for ethical considerations on experiments with animals (Comité National de Reflexion Ethique sur l'Expérimentation Animale) under the authority of the Ministry of Higher Education and Research. Our project was approved under the following number: approval n°APAFIS#19240-2019021115027923 v3. Experiments were performed at the INRAE experimentation station in Saint-Seurin sur l'Isle (authorisation of the structure for experiments on animals A33-478-001).

  temperatures (Kruskal-Wallis tests, df=2, p<0.001; post-hoc Dunn tests, 10-do: 18°C-22°C, 18°C-26°C, 22°C-26°C, p<0.001; 30-do: 18°C-26°C, 22°C-26°C, p<0.001; 60-do: 22°C-26°C, p=0.003, 26°C-28°C, p<0.001; 85-do: 22°C-26°C, 26°C-28°C, p<0.001) (see Figure 3 in Appendix 4).

Figure 2 :

 2 Figure 2: Kaplan-Meier estimators showing the survival functions of Alosa alosa for each age class (a: 10-do, b: 30-do, c: 60-do, d: 85-do), for each batch and each oxy-thermic condition (oxy-treatment and temperature) across challenge observations. Corresponding oxygen saturation levels of the "Hypoxia" treatment are presented below the X axis.

Figure 3 :

 3 Figure 3: Recovery successes (Y axis) of the fish that overcame the challenges until the end (NO) and the fish that displayed heavy stress during the challenges (NS). Results are presented for the 10-do (a), 30-do (b), 60-do (c) and 85-do (d) age classes, for each oxytreatment and temperature (X axis). Corresponding numbers of individuals tested for recovery are presented for each category on top of the bars. For the 60-do age class, none individual was tested for recovery at 28°C.

  in 2006, for 203 hours (8.1% of the hours with available data from mid-June to mid-October 2006) for batch 2, and for 23 hours (1.0%) for batch 1. For both batches, those critical episodes occurred between 14 July and 26 July. The results of the year 2006 for the 60-do age class are presented for both batches in Figure 5a.

Figure 4 :

 4 Figure 4: Hourly average temperature and oxygen saturation calculated from mid-May to mid-August, between 2005 and 2018 in Libourne (Dordogne River) (a) and between 2005 and 2011 in Portets (Garonne River) (b) (data obtained from the MAGEST consortium). Some years are not presented because the amount of missing data on the period was >50%. Dark grey points represent the hours when values are likely to induce <50% survival probability for the batch 1 of the 30-do age class; black points represent the hours when both batches are concerned. Time proportions (%) with critical oxy-thermic conditions are presented for each year considered, for batch 1 (in dark grey) and for batch 1 and batch 2 (in black).

Figure 5 :

 5 Figure 5: Hourly Average of temperature and oxygen saturation calculated in 2006, from mid-June to mid-October in Bordeaux (downstream Garonne River) (data obtained from the MAGEST consortium). Dark grey points represent hours when values are likely to induce <50% survival probability for the batch 2; black points represent hours when both batches are concerned. Time proportions (%) with critical oxythermic conditions are presented for the period considered, for batch 2 (in dark grey) and for batch 1 and batch 2 (in black). Results are presented for the 60-do age class (a) and for the 85-do age class (b).

Figure 1 :

 1 Figure 1: Size distribution of allis shad involved in the oxy-thermic challenges according to their batch of origin (batch 1 or batch 2) for the 10-do, 30-do, 60-do and 85-do age classes. Boxplots represent median values (horizontal lines), mean values (white dots), minimal, first quartile, third quartile and maximal values; external black dots represent outliers. Significant differences (Mann-Whitney U tests) between modalities are represented on top of boxes (*: p<0.05; **: p<0.01; ***: p<0.001).

Figure 2 :

 2 Figure 2: Size distribution of allis shad according to the treatment underwent during the oxythermic challenges ("hypoxia" or "normoxia") for the 10-do, 30-do, 60-do and 85-do age classes. Boxplots represent median values (horizontal lines), mean values (white dots), minimal, first quartile, third quartile and maximal values; external black dots represent outliers. Significant differences (Mann-Whitney U tests) between modalities are represented on top of boxes (*: p<0.05; **: p<0.01; ***: p<0.001).

Figure 3 :

 3 Figure 3: Size distribution of allis shad according to the temperature underwent during the oxy-thermic challenges (18, 22, 26 or 28°C) for the 10-do, 30-do, 60-do and 85-do age classes. Boxplots represent median values (horizontal lines), mean values (white dots), minimal, first quartile, third quartile and maximal values; external black dots represent outliers. Significant differences (Mann-Whitney U tests) between modalities are represented on top of boxes (*: p<0.05; **: p<0.01; ***: p<0.001).

Figure 2 :Figure 1 :

 21 Figure 2: Forest plot showing the results of survival analysis (Cox model) for the 60-do age class within the "Normoxia" treatment: hazard ratios (HR) related with challenges temperatures and batch. Numbers of individuals are indicated for each category. Hazard ratios are indicated for each category with 95% confidence intervals, and plotted (black squares, X axis) with standard errors; <1 HR values indicate a lower mortality risk, >1 HR values indicate a higher mortality risk. Wald tests p-values are represented on right of bars (26°C vs. 22°C; 28°C vs. 22°C; batch 2 vs. batch 1) (*: p<0.05; **: p<0.01; ***: p<0.001).

Figure 2 :

 2 Figure 2: Estimated cumulative regression function (inner curve) with 95% pointwise confidence interval (outer curves) across challenges observations, based on Aalen's additive model results for the 30-do age class at temperature 26°C. The considered function is significantly different from the reference function when its confidence interval does not include the reference value (ordinate 0) or when infinite values are obtained. Figure shows the additive effect of the oxy-treatment on survival across observations: mortality risk was significantly increased from the 15 th observation (30% oxygen saturation).

Figure 3 :

 3 Figure 3: Estimated cumulative regression function (inner curve) with 95% pointwise confidence interval (outer curves) across challenges observations, based on Aalen's additive model results for the 60-do age class at temperature 28°C. The considered function is significantly different from the reference function when its confidence interval does not include the reference value (ordinate 0) or when infinite values are obtained. Figure shows the additive effect of the oxy-treatment on survival across observations: mortality risk was significantly increased from the 15 th observation (30% oxygen saturation).

Figure 4 :

 4 Figure 4: Estimated cumulative regression function (inner curve) with 95% pointwise confidence interval (outer curves) across challenges observations, based on Aalen's additive model results for the 85-do age class at temperature 26°C. The considered function is significantly different from the reference function when its confidence interval does not include the reference value (ordinate 0) or when infinite values are obtained. Figure shows the additive effect of the oxy-treatment on survival across observations: mortality risk was significantly increased from the 13 th observation (40% oxygen saturation).

Figure 5 :

 5 Figure 5: Estimated cumulative regression function (inner curve) with 95% pointwise confidence interval (outer curves) across challenges observations, based on Aalen's additive model results for the 85-do age class at temperature 28°C. The considered function is significantly different from the reference function when its confidence interval does not include the reference value (ordinate 0) or when infinite values are obtained. Figure shows the additive effect of the oxy-treatment on survival across observations: mortality risk was significantly increased from the 13 th observation (40% oxygen saturation).

Photo 3 :

 3 Photo 3: Two-month-(up, 30 mm TL) and three-month-old (down, 45 mm TL) allis shad photographed during biometric measures.

Figure 1 :

 1 Figure 1: Design of the artificial rivers used for Alosa alosa rearing : dimensions are indicated in metres (a) and the 22 observation units are displayed (b). Dark grey rectangles represent concrete walls used to generate a circular water current in the system; dark grey arrows represent the water inlets (left) and outlets (right); black box represents the propeller used to generate water current; black arrows indicate the direction of the water current; black crosses represent the two points of zooplankton release. The bottom of white areas was flat, unlike the light grey areas bottom; A: artificial riffle preceded and followed by c. 20 % slopes; B: artificial sloped bank, starting from an almost emerging part (0.06 m water height) against the central wall to a deep area (0.70 m water height) against the external wall.

Table 1 :

 1 Variables used to describe the habitat offered by the two artificial rivers R1 and R2. The type of data (discrete vs. continuous) as well as the respective modalities and/or the range of values for each variable among the different observation units are indicated. When values were slightly different between the two rivers, they are given for each river *R1 and *R2.3.3. Biological materialAll young allis shad used in this work were obtained from assisted reproductions of a same batch of 60 wild genitors; reproductions were monitored by the association MIGADO in Bruch fish farm (south west France: 44°13'03.21"N, 0°23'56.30"E), according to the protocol from[START_REF] Scharbert | Management Plan to the LIFE project "The re-introduction of the Allis shad (Alosa alosa) to the Rhine system[END_REF]. A first batch of allis shad larvae (ca. 10 000 individuals of 7 to 8 days post-hatching) was transported to the INRAE facilities at Saint-Seurin sur l'Isle (South West France: 45°01'04.0"N, 0°00'56.9"E) and transferred into one artificial river (R1) on 10 June 2019. A second batch (ca. 10 000 individuals, 6 to 7 days post-hatching) was transferred into the nearby artificial river (R2) one week apart, on 17 June 2019. Additional details are available in Baumann et al. (2020) (Chapter 1).Some larvae were not released in the artificial rivers and were reared in 37 L aquaria, in filtered water from the Isle River, with a photoperiod of 16h light (L) : 8h dark (D) at a temperature of 20 ± 0.5°C. They were fed ad libitum with Artemia franciscana (430 μm; Zebrafish Management Ltd, Winchester, Hampshire, UK). They were measured for total length (TL) under a binocular at the nearest 0.01 mm at 8-11 DPH for the batch released in R1 (n=48); and at 7-11 DPH for the batch released in R2 (n=94); those measures were used as a proxy of the initial size. During the experiment, a total of 797 juvenile shads were captured using a trap in both artificial rivers R1 (batch 1, n=401) and R2 (batch 2, n=396).Capture events occurred at approximately one, two and three months old in each river(in R1: 28-32, 56-60 and 84-88 days old; in R2: 27-31, 55-59 and 83-87 days old). Those fish were captured for the needs of other experiments (seeBaumann et al., 2020; Chapter 1) and

  analysis of variance followed by post-hoc Dunn tests with a Bonferroni correction. Fish sizes were compared between batches (batch 1 and batch 2, respectively reared in artificial rivers R1 and R2) at each period using a Student t test (for the first period, ca. 30 days old) or Mann-Whitney U tests (for the second and third periods).Characterisation of the available habitats: a Factor Analysis of Mixed Data (FAMD) was performed to synthesize the habitat characteristics of the 44 observation units of the two artificial rivers R1 and R2 (22 observation units per artificial river). All the variables presented

Figure 2 :

 2 Figure 2: Total number of allis shad that selected a habitat during the observation sessions in each artificial river (black: river R1; grey: river R2). Corresponding age classes are indicated below the x-axis.

Figure 3 :

 3 Figure 3: Total length TL (in mm) of young allis shad according to their age (dark grey: R1; light grey: R2). Individuals from the first measure period were reared in tanks; those from the other periods were captured in the artificial rivers. Numbers of fish captured at each session are indicated at the top of the plot for each batch. Boxplots represent median values (horizontal lines), mean values (white dots), minimal, first quartile, third quartile and maximal values; external black dots represent outliers. Significant differences between batches are represented on top of boxes (Student t tests or Mann-Whitney U tests; *: p<0.05; **: p<0.01; ***: p<0.001).

Figure 4 :

 4 Figure 4: a) Dendrogram of the Hierarchical Clustering on Principal Components (HCPC), based on the Factor Analysis of Mixed Data (FAMD) coordinates of the observation units of both artificial rivers R1 and R2. Eight clusters (named from A to H), considered as habitat types are distinguished by coloured rectangles; leaves are named by the corresponding artificial river and observation unit. b) Schema of the layout of the eight habitat types obtained by the HCPC in the artificial rivers (identical between R1 and R2).

  index (E) ~ Artificial river + Water flow type * Age class + Maximal current velocity * Age class + Maximal water column height * Age class + Slope * Age class + Subaquatic vegetation cover * Age class + (1 | Artificial river / Observation unit) Formula 2 (best LMER selected) Ivlev index (E) ~ Water flow type + Maximal water column height + (1 | Artificial river / Observation unit)

Figure 5 :

 5 Figure 5: Plot of Pearson's correlations calculated between the continuous variables used to describe the habitat at the scale of the observation unit. Colours of circles correspond to the value of the correlation coefficient (white: r=0; blue: positive correlation, r=1; red: negative correlation, r=-1).

  the water column (up to 57% in R1; up to 66% in R2). For the six last observation sessions (from 64 to 82 days old), a large amount of individuals simultaneously used the bottom and the intermediate part (up to 69% in R1; up to 60% in R2). The proportions of the other modalities were minor and varied among ages. No substantial differences were observed between the observation units for the use of the water column (except on the artificial riffle because the water height was very low, data not shown).

Figure 6 :

 6 Figure 6: Mean proportions of young allis shad (in %) observed in the different modalities of a) position in the water column, b) rheotaxis in the narrow channel, c) rheotaxis in the large channel, d) rheotaxis in the connecting bends. Results are presented for each batch (batch 1 in river R1, batch 2 in river R2). The corresponding numbers of individuals observed are indicated above the bars for each batch at each observation session.

Photos Photo 1 :

 1 Photos

Photo 3 :

 3 Photo 3: Propeller used to generate a circular water current in the artificial rivers and part of the water inlet.

  (in 2018) and two (in 2019) concrete basins (25 m length, 4 m width, ca. 100 m3 volume) located at the INRAE experimentation station (Saint-Seurin sur l'Isle, SW France) were used for allis shad rearing. These basins were enriched with substrate (sand and gravel) and two hand-made artificial habitats (one riffle and one steep slope bank) to create several habitat types imitating a river (see Figure1; see Chapter 2 for details). Water supply came from the nearby Isle River (Dordogne tributary; flow: 14.0-18.6 L min-1). Riverine water was filtrated at the inlet using nets of 500µm mesh to prevent other fish species to enter the structures. Drilled water was added to the system (flow: 9.0-12.0 l min-1) to prevent the rearing temperature to exceed 26°C. Water quality was continuously monitored in the artificial rivers (every 15 min) using two probes for oxygen-temperature (one close to the water inlet and one close to the outlet), one for conductivity and one for turbidity (respectively, WTW FDO 700IQ SW, WTW TetraCon 700IQ SW and WTW VisioTurb 700IQ SW; WTW, Weilheim, Germany). The conditions of temperature and oxygen saturation are presented in details in Appendix 1. Turbidity was only monitored in 2019 and it was mostly <10 Formazin Nephelometric Units (FNU) in both rivers during the rearing period.

Figure 1 :

 1 Figure 1: Schema of the artificial rivers (R1 and R2) used for allis shad rearing. Dark grey rectangles represent concrete walls; light grey rectangles represent the location of the artificial habitats (riffle in the narrow channel; steep slope bank in the large channel); white and light grey areas were available for fish; grey arrows represent the water inlet (on the left) and outlet (on the right); black rectangle represents the propeller used to create a circular current; black arrows represent the main direction of the water current; black crosses represent the two points of release of cultivated zooplankton; white stars represent the four points of water sampling.

Figure 2 :

 2 Figure 2: Fresh weight (in g) according to the Total Length (TL, in mm) of allis shad individuals captured in the rearing artificial river R1 in 2018 (up) and in the rivers R1 and R2 in 2019 (down). Grey dots represent one-month-old individuals; black dots represent twomonth-old individuals; red lines represent linear regressions calculated for each year, with corresponding R² values.

Figure 3 :

 3 Figure 3: Numbers of consumed preys counted in the stomachs of allis shad (non-empty stomachs only) captured in the artificial river R1 in 2018 and 2019 according to their age (dark grey: one month old; light grey: two months old). Numbers of fish captured are indicated at the top of the plot for each group. Boxplots represent median values (horizontal lines), minimal, first quartile, third quartile and maximal values; external black dots represent outliers. Significant differences between batches are represented on top of boxes (post-hoc Dunn test after Kruskal-Wallis analysis of variance; *: p<0.05; **: p<0.01; ***: p<0.001).

Figure 1 :

 1 Figure 1: Schema of the artificial rivers (R1 and R2) used for allis shad rearing. Dark grey rectangles represent concrete walls; light grey rectangles represent the location of the artificial habitats (riffle in the narrow channel; steep slope bank in the large channel); white and light grey areas were available for fish; grey arrows represent the water inlet (on the left) and outlet (on the right); black rectangle represents the propeller used to create a circular current; black arrows represent the main direction of the water current; light grey triangle represents the video field covered by the camera in the narrow channel.

  numbers of preys sampled in R1 and R2 are presented in Figure2b. Their taxonomic composition is presented in details in Chapter 3.

Figure 2

 2 Figure 2: a) Daily average temperature (in °C), b) numbers of zooplanktonic preys and c) timeline representing the age of allis shad (in days post-hatching) according to the date, as well as the sessions of direct observations (arrows from 1 to 12; note the missing sessions 4 and 11 in R2) and the capture events (rectangles C1, C2, C3) in R1 (black) and R2 (grey).

  from 29 th July to 30 th August 2019. Infra-red spots were fixed 20 cm above the water surface to allow video acquisition during night time. Due to technical constraints related to camera start off and image quality, videos in R2 were not usable, but 39 videos of good quality were used in R1. A first set of videos consisted of 15 videos recorded on 5 dates (3 videos per date) between 10:30 and 12:30h (AM); they were used to describe the movements and the behaviour of allis shad according to their ontogeny(at 45, 54, 65, 71 and 86 DPH). A second set consisted of 27 videos (including 3 videos from the first set) recorded among three days (26 th , 27 th and 28 th July 2019) and almost covering an entire 24h cycle (except the time frame between 03:30h and 07:00h). They were used to describe the movements and behaviour of 53 and 55 DPH allis shad according to the diel rhythm.

Figure 3 :

 3 Figure 3: Total length TL (in mm) of young allis shad according to their age (dark grey: R1; light grey: R2). Individuals from the first measure period were reared in tanks; those from the other periods were captured in the artificial rivers. Numbers of fish captured at each session are indicated at the top of the plot for each batch, as well as the Relative Standard Deviations (RSD) of the measures. Boxplots represent median values (horizontal lines), mean values (white dots), minimal, first quartile, third quartile and maximal values; external black dots represent outliers. Significant differences between batches are represented on top of boxes (Student t tests or Mann-Whitney U tests; *: p<0.05; **: p<0.01; ***: p<0.001).

Figure 5 )

 5 Figure5), since the total number of "mobile" allis shad observed was much more important when individuals were 45, 54 and 65 DPH (from 52 to 139 individuals per video) than at older ages (71 and 86 DPH, ≤5 individuals per video). This difference was mostly related to a decrease in the number of individuals that crossed the video field exhibiting negative rheotaxis, whereas positive rheotaxis and alternating positive and negative rheotaxies were scarce at all dates (≤10 individuals per video), and individuals orienting in all directions were never observed.

Figure 4 :

 4 Figure 4: Total numbers of « mobile » individuals per minute counted in the rivers R1 (black line) and R2 (grey line) according to their age; barplots represent the mean proportions (in %) of « mobile » individuals observed in the different modalities of rheotaxies. Session numbers, schedules (AM: late morning, PM: afternoon) and weather conditions are indicated below the bars. In R2, two sessions were made at same age (53 days old); the afternoon session is distinguished from the morning session by a * symbol.

Figure 5 :

 5 Figure 5: Total numbers of « mobile » individuals counted by video tracking (each point = 30 s tracking) in the river R1 in the different modalities of rheotaxis, according to their age.

Figure 6 :

 6 Figure 6: Mean proportions of young allis shad (in %) observed in the different modalities of aggregation according to their rheotaxis. Results are presented for each river (R1 and R2). The corresponding numbers of individuals observed per minute are indicated above the bars for each river at each observation session. The corresponding ages of allis shad are indicated below the x-axis.

Figure 8 :

 8 Figure 8: Mean proportions of young allis shad in negative rheotaxis (in %) observed in the different modalities of position in the water column. Results are presented for each river (R1 and R2). The corresponding numbers of individuals observed per minute are indicated above the bars for each river at each observation session. The corresponding ages of allis shad are indicated below the x-axis.

Figure 9 :

 9 Figure 9: Mean proportions of young allis shad observed by video tracking in R1 in negative rheotaxis (in %) in the different modalities of position in the water column. The corresponding numbers of individuals observed are indicated above the bars at each age.

Figure 10 :

 10 Figure 10: Numbers of « mobile » individuals per minute counted by video tracking in the river R1 in the different modalities of rheotaxis, according to time on a 24h cycle (allis shad age: 53-55 DPH).

Figure 11 :

 11 Figure 11: Mean proportions of young allis shad in negative rheotaxis (in %) observed by video tracking in R1 in the different modalities of a) aggregation and b) position in the water column, according to the diel period. The corresponding numbers of individuals observed are indicated above the bars.

Figure 2 :

 2 Figure 2: Mean proportions of young allis shad in positive rheotaxis (in %) observed in the different modalities of "position in the water column". Results are presented for each river (R1 and R2). The corresponding numbers of individuals observed per minute are indicated above the bars for each river at each observation session. The corresponding ages of allis shad are indicated below the x-axis.

Figure 3 :

 3 Figure 3: Mean proportions of young allis shad swimming in all directions (in %) observed in the different modalities of "position in the water column". Results are presented for each river (R1 and R2). The corresponding numbers of individuals observed per minute are indicated above the bars for each river at each observation session. The corresponding ages of allis shad are indicated below the x-axis.

  l'utilisation de l'habitat en eau douce et le comportement des jeunes stades de grande alose L'analyse de l'utilisation de l'habitat en eau douce, effectuée dans un environnement semi-naturel (rivières artificielles) suggère que les juvéniles de grande alose sélectionneraient activement certains types d'habitat. Une préférence claire a été identifiée tout au long de la période ontogénique étudiée (1-3 mois) pour un habitat offrant un courant hétérogène (i.e. courants en directions opposées et vitesses de courant variables). Par ailleurs, les variables hauteur d'eau et vitesse de courant ont été identifiées comme déterminantes. Les alosons utiliseraient préférentiellement les hauteurs d'eau proposées les plus importantes (≥0.9 m) et éviteraient les habitats les moins profonds (<0.2 m).Aucun effet de l'âge sur cette sélection n'a pu être mis en évidence, probablement parce que la situation expérimentale n'offraient pas de hauteurs d'eau supérieures à 1 m. Cependant, une évolution ontogénétique quant aux préférences pour les vitesses de courant offertes a été identifiée : les courants les plus rapides (0.3-0.4 m s-1) ne seraient sélectionnés qu'à partir d'une certaine taille (environ 45 mm), qui n'a pas été atteinte dans nos conditions avant l'âge de 3 mois. Un comportement majoritairement pélagique a également été mis en évidence, les alosons n'utilisant que très peu le compartiment proche du substrat.Dans nos conditions expérimentales, cette sélectivité pour l'habitat et cette utilisation de la colonne d'eau s'expliquerait pour partie par le comportement alimentaire des alosons (sur des proies pélagiques et des proies dérivant en surface). Deux tactiques de « foraging » ont été identifiées dans ce travail par l'analyse de la rhéotaxie, à savoir une recherche active de proies dans les habitats les plus calmes, pendant laquelle les alosons explorent le milieu dans toutes les directions, et une tactique que l'on peut qualifier de « sit and wait », où les poissons se maintiennent à contre-courant et guettent l'arrivée de proies pélagiques ou dérivant en surface dans les habitats à courants plus rapides, ou à courant qualifié d'hétérogène. de grande alose sont-ils vraiment euryphages ? Description de leur régime alimentaire et de leur sélectivité de proies dans des conditions semi-naturelles La description du régime alimentaire des alosons capturés dans les rivières artificielles en 2018 et 2019 suggère que l'espèce adopterait une sélectivité alimentaire plus forte que ce que laissait supposer la plupart des travaux réalisés par le passé. Les proies composant le bol alimentaire caractérisées dans ce travail confirment les résultats de la littérature. Pour les juvéniles âgés d'1 mois les contenus stomacaux étaient composés en grande majorité de petites proies, principalement de cladocères. Pour cette classe d'âge, un taux de vacuité non négligeable (jusqu'à 73%) a été obtenu, notamment en matinée, ce qui pose l'hypothèse d'une alimentation plus accrue en milieu -ou finde journée. Pour la rivière R2, ce taux de vacuité était très important et a été mis en lien avec un déficit de proies au début de l'expérimentation. Cela pourrait indiquer une incapacité des jeunes aloses à se reporter sur d'autres proies que les cladocères au tout début de leur ontogenèse (possiblement en lien avec la petite taille de leur bouche). A 2 mois, le régime alimentaire semble se diversifier mais reste majoritairement constitué par des proies pélagiques ; un « shift » a toutefois été identifié par rapport au stade 1 mois et la sélectivité des proies est confirmée, les cladocères étant évités à la faveur des larves de diptères et des copépodes ou des ostracodes, selon l'année. A 2 mois, la diversité des proies consommées était légèrement supérieure en 2019 qu'en 2018, possiblement en lien avec une différence de densité de poissons dans les structures expérimentales. En effet en 2019, cinq fois plus d'alosons avaient été déversés dans la rivière artificielle, et la compétition au sein de la structure aurait pu pousser une fraction de poissons à se nourrir sur des proies moins présentes (mais aussi plus riches en termes d'apport énergétique), et/ou présentes dans des habitats moins accessibles. et du comportement des jeunes stades de grande alose en eau douce L'étude comportementale des alosons « mobiles » dans les rivières artificielles a montré une forte dominance des déplacements en rhéotaxie négative (dans le sens du courant) et une utilisation préférentielle des parties hautes de la colonne d'eau, la zone fond étant rarement utilisée lors des déplacements, et ce pendant la majeure partie de la période étudiée. Une différence importante a été observée entre les deux rivières : dans la première (R1), un pic d'activité a eu lieu pour les juvéniles de 45 à 64 jours, pic pendant lequel les alosons se déplaçaient vers l'aval de manière encore plus prononcée, très majoritairement en bancs (généralement de quelques dizaines d'individus et jusqu'à 200 poissons par banc). Dans la seconde (R2), un tel pic d'activité ne s'est pas produit, bien que quelques augmentations ponctuelles de l'activité des juvéniles aient été identifiées à certains âges (i.e. 44, 53, 66 et 74 jours). L'analyse de données vidéo a permis de confirmer les observations directes réalisées en R1, notamment l'augmentation de l'activité à la même période dans l'ontogénèse. Elle a également mis en lumière une activité essentiellement diurne des alosons à 53-55 jours, avec un maximum d'individus « mobiles » observés dans l'après-midi, des passages moins fréquents autour de l'aube et du crépuscule, et très rares la nuit. L'agrégation des individus en bancs semblait suivre la même tendance, et les quelques individus observés la nuit étaient isolés. Cette différence importante entre les deux rivières artificielles pour l'activité des alosons reste difficile à expliquer ; toutefois, la quantité de nourriture disponible et la densité de poissons présents pourraient toutes deux avoir joué un rôle. Les alosons en R1 ont été estimés être jusqu'à 3 fois plus nombreux qu'en R2 et leur taille était plus importante en moyenne jusqu'à l'âge de 2 mois. Ceci pourrait avoir engendré une compétition trophique accrue, voire un dépassement des capacités d'accueil de R1 sur le plan trophique, et motivé l'expression d'un comportement de recherche d'habitats plus favorables. Ce pic d'activité, la rhéotaxie négative et la fenêtre ontogénique correspondante permet aussi d'avancer l'hypothèse d'un comportement d'initiation de la migration d'avalaison. Les hypothèses sur l'initiation de ce comportement seront développées ci-après en intégrant l'ensemble des résultats des différents chapitres (Paragraphe 5.2.2.). Les expérimentations menées en 2019 dans le cadre de cette thèse se sont basées sur des individus de deux lots issus d'un même groupe d'une soixantaine de géniteurs, ayant réalisé deux événements de reproduction distincts à 8 jours d'intervalle. La participation respective des géniteurs à ces deux événements étant inconnue, ces deux lots, bien que probablement très comparables, ne peuvent pas être considérés comme de vrais réplicas. Cependant le pool de géniteurs était important, assurant un brassage génétique difficile à atteindre dans des conditions expérimentales stricto sensu, et il provenait de la population locale d'intérêt. Aussi, les résultats obtenus à partir des juvéniles issus de ce pool de géniteurs permettent d'apporter de solides bases exploratoires pour discuter du statut des populations et de l'écologie de l'espèce aux stades juvéniles pour le système GDG, et sans doute au-delà.Les rivières artificielles offraient une diversité d'habitats moindre par rapport au milieu naturel en termes de hauteurs d'eau, de vitesses de courant, ou encore de ressources trophiques (Chapitres 2, 3 et 4). Les tendances observées pour la sélectivité des alosons (pour l'habitat ou pour les proies disponibles) ne doivent donc pas être considérés comme des outils de prédiction de la répartition des alosons dans les cours d'eau. En revanche, ces résultats apportent des éléments pouvant permettre de rendre plus efficaces les campagnes de terrain destinées à l'échantillonnage d'alosons, et d'évaluer la pertinence de certaines pratiques de gestion.

  ensemble des expérimentations, des différences ont été observées entre les résultats obtenus pour les deux lots de juvéniles élevés en R1 en R2. Des hypothèses ont été avancées dans les différents chapitres de ce manuscrit pour tenter d'expliquer leur origine. La confrontation de ces résultats permet d'ouvrir une discussion sur certains facteurs pouvant conditionner le succès du développement des alosons en rivière et de leur migration d'avalaison. Au moment du déversement des larves dans les rivières artificielles, le lot 2 (R2) avait un jour de moins et avait peut-être souffert de manière plus conséquente de son transport. Par ailleurs, la quantité de proies zooplanctoniques s'est avérée nettement moins importante en R2 qu'en R1 pendant les premières semaines suivant l'arrivée des larves dans les bassins. Etant donné que les échantillons prélevés ne pouvaient être analysés sur le moment, cette différence de quantité de proies potentielles n'a été détectée que quelques semaines après et n'a pas pu être compensée par des apports de zooplancton produit artificiellement. Ces deux éléments inhérents à l'élevage des alosons en R2 sont probablement à l'origine de leur croissance moindre par rapport à ceux de R1 durant les deux premiers mois. Si des réserves peuvent être émises quant à la méthode d'estimation du nombre d'alosons, les différences (nombres d'individus observés, taille des individus capturés et quantité de proies échantillonnées) concordent pour conclure que la densité de poissons présents en R2 était bien inférieure qu'en R1, en tout cas jusqu'à l'âge de deux mois. Ainsi, les résultats supportent l'hypothèse d'une mortalité induite par des ressources trophiques limitantes durant les

  plutôt les habitats de repos. Ces auteurs avançaient une préférence des jeunes stades pour les habitats à courant faible, près des berges, mais ces hypothèses ne sont probablement pas valables durant la journée. Il est en effet possible que les alosons réalisent des migrations transversales et utilisent le chenal principal des rivières durant le jour pour se nourrir. Cette alternance jour -nuit pour l'activité des alosons pourrait également persister durant leur migration d'avalaison : les juvéniles en migration alterneraient entre une phase diurne de déplacement actif, en bancs, vers l'aval des systèmes, et une phase nocturne de repos. La migration d'avalaison de la grande alose serait alors fragmentée par ces variations d'activité ce qui jouerait sur le timing pour atteindre l'estuaire salé.

  que la densité de poissons ait un effet sur la sélectivité pour l'habitat et la sélectivité alimentaire des alosons, comme le suggèrent les différences observées pour ces aspects entre les rivières R1 et R2. A partir d'un certain niveau de compétition pour les ressources trophiques, les alosons diversifieraient leur régime alimentaire en y intégrant des proies benthiques (Chapitre 3) ou des proies aériennes (Chapitre 2) en plus grande quantité. Des déplacements plus nombreux pourraient également être observés, entraînant, s'ils se font majoritairement dans le sens du courant, une avalaison de type saltatoire, peut-être non négligeable. Ainsi, en R1, une forte compétition trophique pourrait être en partie à l'origine de la forte augmentation de la fréquence de mouvements observés entre 45 et 64 jours : ce pic d'activité pourrait correspondre à des tentatives de recherche d'habitats plus favorables en termes d'alimentation. Comme discuté au Chapitre 4, il est tentant de faire une analogie entre les déplacements d'individus observés en R1 pendant le pic d'activité et l'initiation d'un comportement de migration d'avalaison. Il est tout à fait possible que la période 45-64 jours ait correspondu en R1 à une fenêtre ontogénétique très favorable à l'avalaison : une forte croissance, associée à une forte densité auraient permis, par facilitation sociale[START_REF] Cambuí | Density induced transition in a school of fish[END_REF], la formation de bancs de grande taille en stricte rhéotaxie négative, tels que nous avons pu l'observer. A l'inverse, en R2, un pic d'avalaison n'a pas été observé, peut-être parce que la densité était trop faible pour former de grands bancs, et/ou parce que la croissance en tant qu'élément déclencheur est restée faible durant la fenêtre ontogénétique (e.g.[START_REF] Morgan | Life-history strategies and protein metabolism in overwintering juvenile Atlantic salmon: Growth is enhanced in early migrants through lower protein turnover[END_REF][START_REF] Morinville | Early juvenile bioenergetic differences between anadromous and resident brook trout (Salvelinus fontinalis)[END_REF][START_REF] Acolas | The role of body size versus growth on the decision to migrate: A case study with Salmo trutta[END_REF]. La croissance des alosons peut en effet avoir une influence, car elle détermine leurs besoins alimentaires. De plus, la migration d'avalaison implique généralement un déplacement vers des habitats à courant plus rapide qui nécessite une augmentation des performances de nage; elle pourrait donc être initiée quand les alosons atteignent une certaine taille. Ceci concorde avec l'hypothèse selon laquelle les alosons coloniseraient progressivement le chenal principal des cours d'eau, à partir d'une taille de 40 mm (Cassou-Leins

  [START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF] évoquait, pour les populations de grande alose présentes dans le système Gironde -Garonne -Dordogne (GGD), l'existence d'un effet Allee[START_REF] Allee | Co-Operation Among Animals[END_REF], pouvant notamment altérer le comportement des juvéniles. Cette hypothèse n'est pas à exclure : on peut penser qu'une faible densité d'alosons présents sur un site dans le milieu naturel diminuerait leur capacité à évoluer en bancs, ce qui augmenterait fortement l'efficacité de la prédation.[START_REF] Rougier | Collapse of allis shad, Alosa alosa, in the Gironde system (southwest France): Environmental change, fishing mortality, or Allee effect?[END_REF] suggéraient également que des modifications des communautés de poissons présentes dans le système GGD pouvaient avoir augmenté ce risque pour la grande alose, aussi bien dans les rivières avec la prolifération du silure Silurus glanis, qu'en estuaire avec la présence accrue du maigre Argyrosomus regius. Enfin, ces auteurs suggéraient qu'un impact des variations de conditions environnementales dans l'estuaire de la Gironde n'était pas à exclure sur les populations « migrantes ». Les résultats obtenus par les « challenges » oxy-thermiques (Chapitre 1) suggèrent une certaine tolérance des stades « migrants », ce qui modulerait cette hypothèse, mais les plus jeunes stades de développement pourraient être fortement impactés par de telles pressions. En effet, si des frayères sont forcées et proches du bouchon vaseux, ou si les conditions oxy-thermiques plus en amont se dégradent en lien avec le réchauffement climatique et la pression sur la ressource en eau (moins de débit dans les rivières), les conditions pourraient devenir catastrophiques pour les stades précoces.2.3.Proposition de scénarios sur la phase de vie en eau douce des juvéniles Au vu de l'ensemble des résultats obtenus, différents scénarios peuvent être imaginés pour mettre en scène la phase de développement en rivière et la migration d'avalaison des juvéniles de grande alose. Ces scénarios sont proposés ci-dessous et incluent les hypothèses formulées précédemment. Le scénario « idéal » : les adultes reproducteurs réalisent leur migration vers l'amont en grand nombre, sans rencontrer d'obstacles infranchissables. En conséquence, le site de frai est choisi et offre des conditions favorables à l'incubation des embryons. A l'éclosion, ceux-ci bénéficient d'une densité importante, leur permettant de rapidement se regrouper, réduisant l'impact de la prédation. L'habitat offert est diversifié, les larves peuvent éviter les vitesses de courant trop importantes ; les alosons peuvent facilement utiliser un habitat favorable à leur alimentation sur proies zooplanctoniques ou flottant en surface (Chapitre 3), tel qu'un habitat à courant hétérogène (Chapitre 2) ; leur agrégation en bancs est favorisée par la densité d'individus présents (Chapitre 4). La croissance est homogène et facilite également la formation de bancs, et les alosons initient leur migration d'avalaison à partir d'une certaine taille ou d'un certain taux de croissance si les ressources trophiques deviennent moins avantageuses (Chapitre 4). La migration se fait de jour dans le chenal principal, en alternant avec des phases de repos la nuit dans des zones calmes, près des berges. L'entrée dans les parties basses des fleuves se fait à l'automne, quand les conditions oxy-thermiques sont peu stressantes et induisent des taux de mortalité faibles (Chapitre 1). Le scénario « intermédiaire » : les adultes réalisent une migration ralentie ou limitée à cause de certains obstacles tels que des seuils ; les individus se dispersent et certains se reproduisent sur des sites forcés, relativement en aval des systèmes fluviaux. Les conditions de développement des larves et juvéniles sont moins favorables en raison de la difficulté à accéder à des habitats à courant calme (Chapitre 2). Au fur et à mesure du développement, les juvéniles sont plus dispersés, ce qui freine la formation de bancs (Chapitre 4) et augmente l'impact de la prédation. La croissance est hétérogène et la dévalaison se fait par vagues (Chapitre 4), les alosons entrent majoritairement dans l'estuaire à la fin de l'été, au moment où les conditions peuvent induire un taux de mortalité modéré (Chapitre 1). Le scénario « catastrophe » : la migration de reproduction des adultes est arrêtée dans la partie aval des cours d'eau par un barrage infranchissable : la frayère est forcée. Les conditions d'incubation, d'éclosion et de croissance des alosons sont défavorables en raison de forts courants (>0.3 m s-1) et de l'absence d'habitats refuges (Chapitre 2). La formation de bancs est difficile du fait des faibles densités résultant des mortalités et de la forte dispersion dans un milieu très vaste. La dérive passive est importante, augmentant encore la dispersion des individus et l'effet de la prédation. Les alosons sont rapidement déportés vers des habitats défavorables en termes de conditions oxy-thermiques. L'arrivée en estuaire concerne pour partie des âges très jeunes, et donc plus sensibles à la prédation et aux stress oxy-thermiques (Chapitre 1). De forts taux de mortalité apparaissent durant la migration estuarienne : le recrutement est fortement altéré.

  , les populations d'alose feinte semblent subir un déclin moins important que celles de grande alose. Cette différence de statut est mal expliquée à ce jour, et une étude comparative de l'écologie des jeunes stades des deux espèces pourrait apporter des éléments de réponse à ces questions. Il est possible, par exemple, que les juvéniles d'alose feinte soient plus opportunistes en termes d'habitat utilisé ou de proies consommées, et donc plus résilients au regard des variations de conditions environnementales dans le système GGD. Par ailleurs, l'alose feinte entrerait en estuaire et en mer plus tôt que la grande alose au cours de l'ontogenèse[START_REF] Lochet | Estuarine phase during seaward migration for allis shad Alosa alosa and twaite shad Alosa fallax future spawners[END_REF] ; elle pourrait donc être plus tolérante aux stress oxy-thermiques, ce qui favoriserait le succès de sa migration d'avalaison. Ces analyses comparatives représentaient l'objectif initial de ce travail. Une reproduction artificielle d'aloses feintes a pu être réalisée avec succès en Juin 2018 à la station d'expérimentation de Saint-Seurin sur l'Isle, à partir de géniteurs capturés en Dordogne, sous la coordination de Philippe Jatteau (INRAE). Environ 2000 larves d'aloses feintes ont été produites et élevées dans une rivière artificielle fortement impacter les populations de grande alose dans le système GGD si une gestion adaptée des débits n'est pas mise en oeuvre.En Gironde ou dans d'autres systèmes à conditions oxy-thermiques fortement variables, le moment de l'entrée des alosons dans l'estuaire pourrait grandement influencer le recrutement des populations. Il semble alors primordial de limiter le transport passif des plus jeunes stades de grande alose, les plus fragiles à ces pressions, vers l'aval des systèmes, non seulement en adaptant la gestion des débits (e.g. en limitant les pratiques d'éclusées ou « hydropeaking »), mais aussi en favorisant la diversité des habitats disponibles en rivière. L'absence de zones « refuge », avec l'artificialisation des berges, pourrait en effet induire une plus grande dispersion des alosons, et donc perturber leur comportement d'agrégation en bancs et augmenter leur risque de prédation. Cette absence d'habitats préférentiels pourrait également limiter leur accès aux ressources trophiques. L'effet Allee, qui impacte peut-être déjà les populations du système GGD, pourrait perdurer, voire être amplifié, et fortement menacer la persistance de l'espèce dans le bassin versant.
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Table 4 :

 4 Results of Cox-Aalen models assessing the effects of temperature, oxy-treatment and batch on survival index across time, for each age class (10-do, 30-do, 60-do and 85-do). Coef ± SE: coefficient and standard error associated with the tested modality. Wald p-value: Wald test between modalities; GT test p-value: Grambsch & Therneau test -H 0 : hazards are proportional; Supremum test p-value: supremum test between modalities; KS test p-value: Kolmogorov-Smirnov test -H 0 : effect is invariant over time.

Table 5 :

 5 Results of Cox-Aalen models assessing the effects of temperature and batch on survival index across time, for each age class (10-do, 30-do, 60-do and 85-do) and each oxytreatment ("Hypoxia" and "Normoxia"). Coef ± SE: coefficient and standard error associated with the tested modality. Wald p-value: Wald test between modalities; GT test p-value:

	Grambsch & Therneau test -H 0 : hazards are proportional; Supremum test p-value:
	supremum test between modalities; KS test p-value: Kolmogorov-Smirnov test -H 0 : effect is
	invariant over time.

Table 6 :

 6 Results of Cox-Aalen models assessing the effects of oxy-treatment and batch for the 30-do, 60-do and 85-do age class within each tested temperature. Coef ± SE: coefficient and standard error associated with the tested modality. Wald p-value: Wald test between modalities; GT test p-value: Grambsch & Therneau test -H 0 : hazards are proportional; Supremum test p-value: supremum test between modalities; KS test p-value: Kolmogorov-Smirnov test -H 0 : effect is invariant over time.

	This analysis confirms that allis shad survival during the oxy-thermic challenges can be batch-
	dependent. The batch effect was highlighted in "Normoxia" only for the 30-do age class
	(Wald test, p<0.001), but in "Hypoxia", the batch effect was detected for the 30-do
	(Supremum test, p<0.001), 60-do (Wald test, p=0.001) and the 85-do age classes (Wald test,
	p<0.001) (Table 5; Table 2 in Appendix 5). Regarding the challenge temperatures, the batch
	had a significant influence on survival from 22°C for the 30-do (22°C: Supremum test,
	p<0.001; 26°C: Wald test, p<0.001), from 26°C for the 60-do (26°C: Wald test, p=0.033; 28°C:
	Supremum test, p<0.001), and at all temperatures tested for the 85-do individuals (22°C:
	Wald test, p=0.004; 26°C: Wald test, p=0.005; 28°C: Supremum test, p<0.001) (Table

Table 5 ;

 5 Table 2 in Appendix 5), it appeared that

	temperature alone had a significant effect on allis shad survival: for the 30-do, survival at the
	highest temperature tested (26°C) was significantly lower compared to survival at 18°C
	(Wald test, p=0.004; see Table 5; Table 2 in Appendix 5; Figure 1 in Appendix 6); for the 60-
	do age class, survival was affected by the highest temperature (28°C) (Wald test, p=0.013;
	see Table 5; Table 2 in Appendix 5; Figure 2 in Appendix 6); however, for the 85-do age class,
	no effect of temperature was detected (Wald tests, p>0.05; see Table 5; Table 2 in Appendix
	5).

Table 6

 6 

	and Figures 1-2

  For the 85-do age class, <50% survival probabilities were met for batch 1 at temperature ≥26°C together with an oxygen saturation ≤30%. For batch 2, thresholds were temperature ≥22°C combined with O 2 saturation ≤30%, and temperature ≥26°C combined with O 2 saturation ≤40%. Those thresholds were applied to the dataset recorded in Bordeaux; they were exceeded within 4 years out of the 12 years studied. Critical thresholds were attained during 1.1% of the considered period in 2005, 12.6% in 2006, 0.04% in 2009 and 0.1% in 2017 for batch 2, and during 4.9% of the period in 2006 for batch 1 (from 14 July to 21 July).Results for the 85-do age class are presented for the most critical year (2006) in Figure5b.

Table 2 :

 2 Results of Cox models assessing the effects of temperature and batch on survival for the 30-do, 60-do and 85-do age classes, within the "Normoxia" treatment. Coef ± SE:

coefficient and standard error associated with the tested modality. Wald p-value: Wald test between modalities; GT test p-value: Grambsch & Therneau test -H 0 : hazards are proportional.

Table 3 :

 3 Results

of Cox models assessing the effects of oxy-treatment ("Hypoxia" vs. "Normoxia") and batch for the 60-do age class at 22°C and 26°C, and for the 85-do age class at 22°C. Coef ± SE: coefficient and standard error associated with the tested modality. Wald p-value: Wald test between modalities; GT test p-value: Grambsch & Therneau test -H 0 : hazards are proportional.

Table 2 :

 2 Observation sessions schedule; age in days, age in degree-days and according limits in age classes for the two allis shad batches (batch 1 in river R1, batch 2 in river R2). The age in degree-days of batch 2 at the 12th observation session (marked with *) was calculated according to daily temperatures instead of automatic records because of a technical constraint.

Table 4 :

 4 Values of Ivlev electivity index (E) calculated for each habitat type in each river (batch 1 in river R1, batch 2 in river R2) according to the observation session. Allis shad age class and the age in days post-hatching are indicated. For easier reading, preferences are highlighted in light green (when 0.10 < E < 0.50) or in dark green (when E > 0.50); avoidances are highlighted in light red (when -0.50 < E < -0.10) or in dark green (when E < -0.50). White cases stand for non-selective habitat use.

	The artificial riffle (unit 2, habitat type A) was always avoided by fish in R1 until the 10 th
	observation (72-73 days old), and always avoided by fish in R2 until the 7 th observation (65-
	66 days old). Then this habitat tended to be selected in R2, at the 9 th and 12 th observations

sessions (72-73 and 81-82 days old, respectively) (Table

4

).

  The biometrics of sampled allis shad are presented in Table1. On both years, sampled

	± 1.35°C S.D.; 2019, in R1: 21.12 ± 1.98°C, in R2: 21.80 ± 1.57°C; oxygen saturation, 2018:
	104.99 ± 17.41%; 2019, in R1: 105.84 ± 15.94%; in R2: 108.96 ± 18.16) (see Appendix 1).
	individuals from R1 were significantly different for both TL and weight between months
	(one-month old vs. two-month old, Mann-Whitney U tests, p<0.001). At one-month old, allis
	shad reared in R1 were slightly heavier in 2018 than in 2019, but they were similar for size
	(Kruskal-Wallis tests, p<0.001; post-hoc Dunn test, df=2, TL: p>0.05; weight: p=0.0086),
	whereas allis shad reared in R2 in 2019 were much smaller (post-hoc Dunn test, df=2, TL:
	p<0.001; weight: p<0.001). At two-month old, allis shad reared in R1 were significantly
	bigger in 2018 than in 2019 (Mann-Whitney U tests, TL: p<0.001; weight: p<0.001). On both
	years, a significant relationship was found between TL and weight among the individuals
	sampled in R1 (linear regression, 2018: y=44.01x -21.15, R²=0.9720, p<0.001; 2019: y=59.99x
	-20.85, R²=0.9479, p<0.001), and in R2 in 2019 (y=191.91x -14.91, R²=0.8024, p<0.001) (see
	Figure 2).
	average

Table 3 :

 3 Numbers of schools and numbers of individuals per school observed swimming in all directions in R1 and R2, according to the age of young allis shad.
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fréquence, de durée et de sévérité[START_REF] Lajaunie-Salla | Future intensification of summer hypoxia in the tidal Garonne River (SW France) simulated by a coupled hydro sedimentary-biogeochemical model[END_REF]. L'analyse de la tolérance des juvéniles de grande alose aux stress de température et d'hypoxie permet d'évaluer concrètement l'importance de ces paramètres environnementaux pour le succès de leur migration estuarienne, notamment dans l'estuaire de la Gironde, mais aussi pour le succès de leur phase de développement en rivière, étant donnée la plus forte sensibilité des stades les plus jeunes. Ainsi, le changement climatique pourrait
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Présentation du design expérimental

Supplementary material Appendix 1: Schema of one of the two artificial rivers used for Alosa alosa rearing. Dimensions are indicated in metres; grey area represents the area available for fish; white rectangles represent concrete walls used to generate a circular water current in the system; black box represents the propeller used to generate water current; white arrows represent the water inlets (left) and outlets (right); black arrows indicate the direction of the water current. Depth in the artificial rivers was gradual, from 0.6m (left) to 1m (right).

Appendix 2: Schema of the device used for Alosa alosa capture in the rearing artificial rivers. Fish were gently pushed towards (a) the funnel-shaped plastic structure, which gathered and directed them into (b) the trap made of transparent Plexiglas. Both structures fit together at the * symbol; 400 µm mesh net was used to let the water flows throughout the trap. Once fish entered the trap, removable doors were closed and the trap was used to transfer the fish from the artificial river into the acclimation tank (realisation: R. Le Barh).

Appendix 3:

Experimental design used for the oxy-thermic challenges. 1: 200 l buffer tank, 2: challenge tank, 3: supply circuit, 4: feedback circuit, 5: pump, 6: chiller, 7: thermistor, 8: oxygen / temperature probe, 9: control and recorder unit, 10: electrovalve, 11: oxygen (0 2 ) and nitrogen (N 2 ) diffusors. Dark grey stands for the "Hypoxia" treatment, light grey and dotted lines stand for the "Normoxia" treatment. Challenge tanks used for the "Hypoxia" treatment were also connected to the "Normoxia" supply circuit in order to restore 100% oxygen saturation at the end of the challenges.

Appendix 5:

Table 1: Results of Cox models assessing the effects of temperature, oxy-treatment and batch on survival index across time, for each age class (10-do, 30-do, 60-do and 85-do) Appendix 2:

Location of the vertical points chosen to measure water height and current velocities in the artificial rivers; a) river R1; b) river R2. Verticals are numbered according to the order of the measures taken. Artificial habitats (riffle and sloped bank) are delimited by black thin lines. Grey rectangles represent concrete walls.

Appendix 3:

Values of water area, water volume, height, slope, current velocity, Froude number and subaquatic vegetation cover (continuous variables) measured in the observation units (from 1 to 22), along with the qualitative description of channel width, water flow, habitat artificialisation, and luminosity. Habitat types (according to HCPC analysis) are reported on the last line.

Appendix 4:

Results of the Factor Analysis for Mixed Data (FAMD) performed on the variables used to characterize the habitat at the observation unit scale; a) scree plot showing the percentages of variances explained by each dimension; b) representation of the quantitative variables for the two first dimensions; c) representation of all the variables, qualitative variables in red; d) individual factor map (river number followed by the observation unit number).

Appendix 5:

Table 1: Coefficients of similarities of the hydraulic signatures calculated between the 22 observation units in each artificial river R1 and R2. Coefficient of similarity ranges between 0 and 100. When coefficient = 0, the observation units are perfectly identical in terms of hydraulic signatures; when coefficient = 100, the observation units are fully different in terms of hydraulic signatures. For easier reading, highly similar units are coloured in dark grey (coefficient ranging between 0 and 25), similar units in medium grey (25 to 50), dissimilar units in light grey (50 to 75) and highly different units in white (75 to 100).

Appendix 6:

Values of Ivlev's electivity index calculated for each observation unit at each observation session and for each artificial river (R1 and R2). The age class and the age in days posthatching of allis shad are indicated. For easier reading, preferences are highlighted by cases coloured in light green (when 0.10 < E < 0.50) or in dark green (when E > 0.50); avoidances are highlighted by cases coloured in light red (when -0.50 < E < -0.10) or in dark green (when E < -0.50). White cases stand for non-selective habitat use. -0,39 -0,51 -0,42 -0,64 -0,15 -0,50 -0,17 -0,15 -0,73 -0,10 -0,20 -0,08 Unit 2 -0,39 -0,51 -0,42 -0,64 -0,15 -0,50 -0,17 -0,15 -0,73 -0,10 -0,20 -0,08 Habitat type B 0,33 -0,53 -0,19 -0,30 -0,15 -1,00 -1,00 -0,15 -0,68 -0,67 -0,17 -0,54 Unit 1 0,27 -0,07 -0,19 -0,21 -0,60 -1,00 -1,00 -0,15 -0,36 -0,34 0,05 -0,08 Unit 3 0,40 -1,00 -0,19 -0,39 0,30 -1,00 -1,00 -0,15 -1,00 -1,00 -0,38 -1,00 Habitat type C -0,03 -0,39 -0,43 -0,21 -0,21 -0,44 -0,65 -0,38 -0,26 -0,52 -0,09 -0,02 Unit 4 0,37 -1,00 -0,42 -0,21 -1,00 -0,71 -0,35 -0,69 -0,23 -0,72 0,05 0,19 Unit 5 -0,16 0,04 -1,00 -0,64 0,11 -0,20 -1,00 -0,28 -0,36 -0,51 0,28 -0,22 Unit 6 -0,16 -0,29 -0,11 -0,39 -0,23 -0,50 -0,61 -0,28 -0,12 -0,51 -0,64 -0,40 Unit 7 -0,16 -0,29 -0,19 0,41 0,30 -0,33 -0,61 -0,28 -0,36 -0,34 -0,06 0,36 Habitat type D 0,06 -0,51 0,20 -0,30 -0,31 0,12 -0,11 -0,05 -0,50 -0,13 -0,06 0,04 Unit 9 0,03 -1,00 0,20 0,66 0,39 0,30 0,51 0,16 0,08 0,50 0,48 0,40 Unit 10 0,37 -0,29 0,42 -1,00 0,00 0,45 -0,02 -0,04 -0,73 -0,21 -0,06 0,26 Unit 20 -0,07 -0,07 0,34 0,13 -1,00 0,25 0,09 -0,15 -0,36 0,19 0,33 -0,08 Unit 21 -0,11 -0,66 -0,14 -1,00 -0,63 -0,53 -1,00 -0,18 -1,00 -1,00 -1,00 -0,44 Habitat type E -0,21 -0,15 -0,27 -0,05 -0,02 -0,31 -0,04 -0,08 -0,12 -0,12 -0,34 -0,37 Unit 14 -0,48 -0,24 -0,40 -0,12 0,07 -0,31 -0,45 -0,15 -0,14 -0,26 -0,17 -0,33 Unit 15 -0,07 -0,28 -0,30 -0,18 -0,48 -0,25 0,11 -0,15 -0,27 -0,21 -0,70 -0,59 Unit 16 -0,07 0,08 -0,11 0,13 0,35 -0,36 0,21 0,06 0,06 0,11 -0,17 -0,19 Habitat type F 0,28 0,41 0,35 0,06 0,08 0,33 0,37 0,17 -0,08 -0,03 0,11 -0,10 Unit 19 0,07 0,13 0,24 -0,07 0,04 0,19 0,18 -0,02 -0,18 0,08 0,14 -0,04 Unit 22 0,49 0,69 0,46 0,19 0,11 0,47 0,57 0,36 0,03 -0,13 0,09 -0,17 Habitat type G -0,38 -0,08 0,07 0,10 0,11 -0,15 -0,12 0,08 -0,10 -0,12 -0,11 -0,05 Unit 17 -0,27 -0,21 -0,11 -0,07 0,11 -0,31 0,11 -0,02 -0,10 -0,08 -0,17 -0,26 Unit 18 -0,48 0,04 0,24 0,27 0,11 0,00 -0,35 0,17 -0,10 -0,16 -0,06 0,15 Habitat type H -0,07 -0,03 -0,08 -0,04 -0,16 0,12 -0,06 0,09 0,29 0,13 0,08 0,15 Unit 8 -0,02 -0,11 0,15 0,19 -0,10 0,51 0,46 0,27 0,60 -0,39 -0,15 0,54 Unit 11 0,07 0,13 0,04 -0,39 0,13 0,19 -0,13 0,06 0,38 0,24 0,30 0,23 Unit 12 -0,07 0,04 -0,21 0,13 -0,34 0,03 -0,20 0,06 0,16 0,42 0,03 0,01 Unit 13 -0,27 -0,18 -0,30 -0,07 -0,34 -0,25 -0,35 -0,02 0,04 0,24 0,14 -0,19 Chapter 3

Are young allis shad Alosa alosa (Clupeidae) really euryphagous? An assessment of juvenile diet and prey selectivity in riverine-type conditions

Note in preparation: Baumann, L., Aries, A., Vedrenne, J., Philip, J., Moreira, S., Bouyssonnie, W., Bardonnet Description of the movements and the behaviour of young allis shad Alosa alosa (Clupeidae) in freshwater Baumann, L., Philip, J., Le Barh, R., Polese, F., Vega, J., Bouyssonnie, W., Jatteau, P., Bardonnet, A., & Acolas, M. L.

Abstract

The freshwater phase and the downstream migration of juvenile anadromous fish are often considered as critical periods in populations' dynamics. The allis shad Alosa alosa has undergone an important decline during last decades, and it is hypothesised that populations may suffer from a deficiency in the recruitment process. Indeed, the ecology and behaviour of allis shad juvenile in freshwater is poorly documented, as well as their kinetics of migration. In this work, we successfully reared two batches of allis shad juveniles from one to three months old in two artificial rivers, offering riverine-type conditions. We aimed to bring new information on their movements and behaviour, thanks to direct observations and video-tracking. Our results confirm that allis shad activity is mainly diurnal, fish moving more extensively and gathering in schools, whereas they were less mobile and always isolated at night. When focusing on mobile individuals (i.e. those that swam across the observed area without stopping), negative rheotaxis predominated over other rheotaxis (usually ≥60% of the fish observed), and those fish preferentially used the upper parts of the water column.

Strong differences were observed in allis shad mobility and behaviour among ages and rivers: in one river, mobility strongly increased between 45 and 64 days old, fish forming Some larvae were not released in the artificial rivers and were reared in 37 l aquaria, in filtered water from the Isle River, with a photoperiod 16h light (L) : 8h dark (D) and at temperature 20 ± 0.5°C. They were fed ad libitum with Artemia franciscana (430 μm;

Zebrafish Management Ltd, Winchester, Hampshire, UK). They were measured for total length (TL) under a binocular at the nearest 0.01 mm at 8-11 DPH for the batch released in R1 (n=48) and at 7-11 DPH for the batch released in R2 (n=94); those measures were used as a proxy of the initial size. In order to evaluate growth, about a hundred of fish were sampled in the rivers using a trap, at one, two and three months old in each river (56)(57)(58)(59)(60)n=401;(55)(56)(57)(58)(59)n=396). The dates of allis shad capture events and the corresponding ages of fish are presented in Figure 2c. Capture events were as gentle as possible in order to avoid fish and river disturbance. They last for half an hour in the morning (around 09:00h). Those fish were not released back in the artificial rivers. All individuals were measured for TL to the nearest 0.1 mm with a calliper and weighted to the nearest 0.01 g (fresh weight; balance: Cubis®; Sartorius, Göttingen, Germany) after euthanasia (anaesthesia made by balneation in 25-50 mg l-1 benzocaine 10% followed by a lethal benzocaine 10% overdose, 250 mg l-1).

At the end of the experiment (on 5 th September), fish were recaptured by decreasing the water level and pushing the individuals towards the trap. They were transferred to La Rochelle aquarium according to the experiment agreement with the ethic committee. A survival rate could be calculated in each river by dividing the number of fish recaptured at the end of the experiment by the number of fish released initially.

(Figure 4) (Figure 6)

whilst in the meantime the proportions of individuals in "loose" schools increased (from 30 to 54%). The two last ages (71 and 86 DPH) involved too few individuals to be commented (see Figure 7). 

Position in the water column

We describe the position in the water column only for fish that exhibited negative rheotaxis in Figure 8; for the other rheotaxies, no clear tendency was observed among ages (see in

Appendix 2). In R1, a large proportion of fish in negative rheotaxis used the intermediate part of the water column at all ages (≥77.8%); among them, a simultaneous use of the surface was more frequent than in R2 at most ages (surface and intermediate: 6 to 55%). An exclusive use of the surface was quite common in R1 (up to 22% of the individuals), while other modalities were scarce. In R2, almost all fish used the intermediate part of the water column (≥93%), sometimes in combination with a use of the surface (up to 51% of individuals at 66 DPH). On the last two sessions (74 and 81 DPH) the proportion of fish using the lower parts of the water column (intermediate and bottom) increased (64 and 16%, respectively).

Supplementary material

Appendix 1

Table 1: Numbers of schools and numbers of individuals per school alternating positive and negative rheotaxies in R1 and R2, according to the age of young allis shad. A titre d'exemple, un autre Clupéidé, le hareng Clupea harengus, augmenterait son activité de nage en conditions d'hypoxie modérée, puis réduirait significativement son activité lorsque les conditions oxymétriques deviennent sévères (15-34% O 2 ) [START_REF] Domenici | The effect of progressive hypoxia on swimming activity and schooling in Atlantic herring[END_REF]. Une tendance similaire pourrait apparaître chez la grande alose, ouvrant une réflexion sur les réponses et les capacités de fuite de conditions hypoxiques au cours de sa migration estuarienne.

Enfin, la turbidité importante et les grandes quantités de matières en suspension, qui définissent le bouchon vaseux (ou Turbidity Maximum Zone, TMZ ; [START_REF] Sottolichio | Observations of suspended sediment dynamics in a highly turbid macrotidal estuary, derived from continuous monitoring[END_REF][START_REF] Savoye | Origin and composition of particulate organic matter in a macrotidal turbid estuary: The Gironde Estuary, France[END_REF] peuvent représenter une pression additionnelle importante pour les alosons durant leur migration estuarienne ; les matières en suspension peuvent constituer une barrière physique, et provoquer une abrasion des écailles ou un colmatage des branchies [START_REF] Wilber | Biological Effects of Suspended Sediments: A Review of Suspended Sediment Impacts on Fish and Shellfish with Relation to Dredging Activities in Estuaries[END_REF][START_REF] Lowe | Harmful effects of sediment-induced turbidity on juvenile fish in estuaries[END_REF]. De plus, la concentration non négligeable de polluants dans le bouchon vaseux [START_REF] Durrieu | Contamination by heavy metals (Cd, Zn, Cu, and Hg) of eight fish species in the Gironde estuary (France)[END_REF]Bodin et al., 2013) pourrait avoir des effets à court, moyen ou long terme sur le comportement et la survie des alosons dans l'estuaire puis en milieu marin. Là encore, il n'est pas à exclure que les alosons aient une capacité à fuir ces conditions stressantes dans le milieu naturel en remontant vers l'amont par exemple, ou encore qu'ils puissent percevoir ces risques avant de pénétrer la zone de marée dynamique. L'étude rétrospective proposée au Chapitre 1 ne prend pas en compte ces pressions additionnelles et les éventuelles capacités d'évitement de ces pressions par les alosons, qui mériteraient d'être étudiées.

Les scénarios climatiques prédisent pour les décennies à venir une hausse des températures en France de +1.4 à 3°C [START_REF] Chauveau | Quels impacts des changements climatiques sur les eaux de surface en France à l'horizon 2070 ?[END_REF] et une possible réduction des débits de 50% (Agence de l'Eau Adour-Garonne, 2013), qui induiront une augmentation des épisodes hypoxiques en termes de