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Nests are widespread in the animal world and aim to protect the young from predation and adverse environmental conditions while being a privileged place to assess sexual selection. These nests, modifications of the habitat in which they are built, influence the environmental conditions and likely affect the communities and ecological processes. Among the nesting species, the sea lamprey (Petromyzon marinus L.) is an anadromous, semelparous migratory fish, whose nests consist of a mound of coarse elements downstream a pit with a fine substrate. The thesis firstly describes the reproductive behaviour of the sea lamprey by studying the link between the nests and the individuals that built them. A Capture-Mark-Recapture protocol showed that males and females visited up to 10 and 7 nests respectively, and that nests could be built by either pairs or groups of up to 5 individuals, resulting in a clearly polygynandrous mating system. Data obtained during this individual monitoring was used to set up a model providing a population size estimate via a simple nest count, a model that can be easily adapted to other populations and used via an online application. Intrasexual competition and cooperative nest building, as well as the existence of potential alternative reproductive tactics, were monitored at the scale of a nest and of an entire spawning site. Video monitoring within nests showed equal individual contributions to both nest building and mating, although aggressions perpetrated by some males suggested a hierarchy. Experimental injection of eggs into recently built nests indicated that the interaction between variables related to habitat choice (current velocity) and habitat modification (slope between the lower and upper points in the nest) affected egg retention in the nest, a major aspect of egg survival. Measurements of the maintenance of river lamprey (Lampetra fluviatilis L.) eggs in a controlled environment showed a significant role of substrate size. Finally, the link between the nest and its ecosystem was described through the study of the macroinvertebrate communities occupying the different zones and several ecosystem processes. The habitat heterogeneity created by sea lamprey generated biological heterogeneity, with an increased invertebrate diversity in the nest compared to control sites. However, nutrient retention, chlorophyll accretion and litter degradation were not affected. The general objective of this thesis is thus a better understanding of a species whose ecology and place in the ecosystem remain poorly understood, although threatened in its native range while being invasive where introduced, through the use of a characteristic structure of its life cycle: the nest.

Résumé

Les nids sont très répandus dans le monde animal et visent à protéger les jeunes de la prédation et des conditions environnementales défavorables, tout en étant un lieu privilégié d'étude de la sélection sexuelle. Ces nids, en modifiant l'habitat dans lequel ils sont construits, influencent les conditions environnementales et affectent potentiellement les communautés et les processus écologiques. Parmi les espèces contruisant des nids, la lamproie marine (Petromyzon marinus L.) est un poisson migrateur anadrome, sémelpare, dont les nids sont constitués d'un dôme d'éléments grossiers situé en aval d'un creux constitué de substrat fin. La thèse décrit tout d'abord le comportement reproducteur de la lamproie marine via l'étude du lien entre les nids et les individus qui les ont construits. Un protocole de Capture-Marquage-Recapture a montré que les mâles et les femelles visitaient respectivement jusqu'à 10 et 7 nids, et que les nids pouvaient être construits soit par des couples, soit par des groupes allant jusqu'à 5 individus, d'où un système d'accouplement clairement polygynandre. Les données obtenues lors de ce suivi individuel ont été utilisées pour mettre en place un modèle fournissant une estimation de la taille de la population via un simple comptage des nids, modèle qui peut être facilement adapté à d'autres populations et utilisé via une application en ligne. La compétition intrasexuelle et la construction coopérative des nids, ainsi que l'existence de potentielles tactiques alternatives de reproduction, ont été étudiées à l'échelle du nid et du site de reproduction. Le suivi vidéo au sein des nids a montré des contributions individuelles égales tant pour la construction du nid que pour l'accouplement, bien que les agressions perpétrées par certains mâles suggèrent une hiérarchie. L'injection d'oeufs dans des nids récemment construits indique que l'interaction entre les variables liées au choix de l'habitat (vitesse du courant) et à sa modification (pente entre les points inférieur et supérieur du nid) affectait la rétention des oeufs dans le nid, un aspect majeur de la survie des oeufs. Des mesures du maintien des oeufs de lamproie fluviatile (Lampetra fluviatilis L.) dans un environnement contrôlé ont montré un rôle significatif de la granulométrie. Enfin, le lien entre le nid et son écosystème a été décrit à travers l'étude des communautés de macroinvertébrés occupant les différentes zones du nid et de plusieurs processus écosystémiques. L'hétérogénéité de l'habitat créée par la lamproie marine a généré une hétérogénéité biologique, avec une diversité accrue d'invertébrés dans le nid par rapport aux sites témoins. Cependant, la rétention des nutriments, la teneur en chlorophylle et la dégradation de la litière n'ont pas été affectées. L'objectif général de cette thèse est donc une meilleure compréhension d'une espèce dont l'écologie et la place dans l'écosystème restent mal connues, bien que menacée dans son aire d'origine tout en étant invasive là où elle est introduite, par l'utilisation d'une structure caractéristique de son cycle de vie : le nid.

Resumen

Los nidos están muy extendidos en el mundo animal y su objetivo es proteger a las crías de la depredación y de las condiciones ambientales adversas, a la vez que son un lugar privilegiado para evaluar la selección sexual. Estos nidos, al modificar el hábitat en el que se construyen, influyen en las condiciones ambientales y probablemente afectan a las comunidades y los procesos ecológicos. Entre las especies nidificantes, la lamprea marina (Petromyzon marinus L.) es un pez migratorio anádromo y semielfo, cuyos nidos consisten en un montículo de elementos gruesos aguas abajo de un hueco con un sustrato fino. La tesis describe en primer lugar el comportamiento reproductivo de la lamprea marina, estudiando el vínculo entre los nidos y los individuos que los construyen. Un protocolo de Captura-Marcaje-Recaptura mostró que los machos y las hembras visitaban hasta 10 y 7 nidos respectivamente, y que los nidos podían ser construidos tanto por parejas como por grupos de hasta 5 individuos, dando lugar a un sistema de apareamiento claramente polígamo. Los datos obtenidos durante este seguimiento individual se utilizaron para establecer un modelo que proporciona una estimación del tamaño de la población a través de un simple recuento de nidos, un modelo que puede ser fácilmente adaptado a otras poblaciones y utilizado a través de una aplicación. La competencia intrasexual y la construcción cooperativa de nidos, así como la existencia de posibles tácticas reproductivas alternativas, se monitorizaron a escala de un nido y de todo un lugar de desove. El seguimiento por vídeo dentro de los nidos mostró una contribución individual igualitaria tanto en la construcción de nidos como en el apareamiento, aunque las agresiones perpetradas por algunos machos sugerían la existencia de una jerarquía. La inyección experimental de huevos en nidos recién construidos indicó que la interacción entre las variables relacionadas con la elección del hábitat (velocidad de la corriente) y la modificación del mismo (pendiente entre los puntos inferior y superior del nido) afectaba a la retención de los huevos en el nido, un aspecto importante de la supervivencia de los mismos. Las mediciones del mantenimiento de los huevos de lamprea de río (Lampetra fluviatilis L.) en un entorno controlado mostraron un papel significativo del tamaño del sustrato. Por último, se describió el vínculo entre el nido y su ecosistema mediante el estudio de las comunidades de macroinvertebrados que ocupan las distintas zonas y varios procesos del ecosistema.

La heterogeneidad del hábitat creada por la lamprea marina generó heterogeneidad biológica, con una mayor diversidad de invertebrados en el nido en comparación con los sitios de control. Sin embargo, la retención de nutrientes, la acumulación de clorofila y la degradación de la hojarasca no se vieron afectadas. El objetivo general de esta tesis es, por lo tanto, un mejor conocimiento de una especie cuya ecología y lugar en el ecosistema siguen siendo poco conocidos, aunque amenazada en su área de distribución nativa mientras que es invasora donde se introduce, mediante el uso de una estructura característica de su ciclo vital: el nido.
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Source: ©Sébastien Barrio Chapter 1. General introduction

Preamble

My thesis presents the results of the first PhD of the INRAE ECOBIOP unit dealing with lampreys in general and sea lamprey especially. Consequently, this manuscript presents the results of studies exploring different aspects of the sea lamprey biology and ecology. But behind this explanatory framework, I aimed to follow a common thread which links the different chapters of this work. Although the target species is the sea lamprey, I was particularly interested in their nests, presented as a tool and as a structure potentially modifying ecosystem processes while providing ideal conditions for the offspring. Consequently, this thesis presents several approaches using sea lamprey nests for a better understanding of the quite overlooked ecology and biology of the species, for its conservation and for an assessment of the impact of its nesting behaviour on the ecosystem.

What is a nest?

Many animal species build structures during their life cycle, these structures being recognized to ensure three major roles: to get food, for intraspecific communications or to create a protecting home [START_REF] Hansell | Animal Architecture[END_REF]. Structures aiming to get food comprise burrow systems, such as those dug by the moles [START_REF] Shimer | Adaptations to aquatic, arboreal, fossorial and cursorial habits in mammals. III. Fossorial adaptations[END_REF] or nets including the webs built by spiders [START_REF] Vollrath | The role of behavior in the evolution of spiders, silks, and webs[END_REF] and those built by less obvious organisms such as some polychaetes [START_REF] Flood | Structure of the mucous feeding filter of Chaetopterus variopedatus (Polychaeta)[END_REF] or the free-floating mucus webs of some gastropods [START_REF] Gilmer | Free-floating mucus webs: A novel feeding adaptation for the open ocean[END_REF]. Intra-specific communication encompasses a wide variety of structures providing roles mainly linked to breeding, i.e. courtship and territoriality. Courtship structures built by males attract females according to different criteria including the provision of a shelter [START_REF] Backwell | The design and production of a sexual signal: Hoods and hood building by male fiddler crabs Uca musica[END_REF], their capacity to propagate auditory signals [START_REF] Daws | The mechanism of tuning of the mole cricket singing burrow[END_REF], the general aspect ("neatness" for three-spined sticklebacks; [START_REF] Barber | Nests as ornaments: Revealing construction by male sticklebacks[END_REF], the complexity of the ornamentation [START_REF] Delhey | Complex nest decorations of a small brown bird in the Pampas[END_REF] or the colour [START_REF] Muth | Colour preferences in nest-building zebra finches[END_REF], and may 1.3. The nest in the animal world: extent, differences, evolution also intimidate conspecifics [START_REF] Sergio | Raptor nest decorations are a reliable threat against conspecifics[END_REF].

A last role of the structures built by animals is to provide a protecting home. This can be a protection for the builder itself [START_REF] Wiggins | Caddisflies: The Underwater Architects[END_REF] or its conspecifics [START_REF] Svendsen | Structure and location of burrows of yellow-bellied Marmot[END_REF]) but many species build structures to protect their offspring from predation or harsh conditions.

They are mainly referred as nests and are defined as structures that aid the development of eggs and the survival of young [START_REF] Collias | The evolution of nests and nest-building in birds[END_REF]. Sometimes this nest only protects the eggs, for turtles and snakes for example, and offspring leave directly the nest after hatching.

However, in many bird species, the nest not only provides a site for egg development but is also a place for parental care [START_REF] Montgomerie | Risks and rewards of nest defence by parent birds[END_REF]. This parental care is also a characteristic of fish such as those of the Centrarchidae family [START_REF] Steinhart | Increased parental care cost for nest-guarding fish in a lake with hyperabundant nest predators[END_REF].

Behind this general categorization of nests lies a great variety of structures and complexity within the animal kingdom.

1.3 The nest in the animal world: extent, differences, evolution As nests are built by a wide range of animal taxa and under very contrasting ecological conditions, a wide variety exists, the individuals building nest being selected by evolutionary processes on their ability to ensure suitable conditions for offspring development. Indeed, depending on the species and the environment, the nest structures highly differ and reflect both their roles and the constraints of the environment in which they are built. indicates to what extent the nest structures built by animals are represented in the animal kingdom. Even if far from exhaustive, this figure depicts that the nesting behaviour appeared and disappeared in several occasions during the evolution. Considering the wide range of organisms using nests, understanding the nesting habits and features of one species may help to understand the nesting process of other organisms barely related to the taxa studied.

Across the taxa, an important variability exists and the complexity do not linearly increase Occurrence of nesting behaviour across a simplified phylogenetic tree of animals, with a focus on fish taxa. Adapted from the phylogeny proposed by [START_REF] Yamamoto | New perspective on the regionalization of the anterior forebrain in Osteichthyes[END_REF] and [START_REF] Semmens | Transcriptomic identification of Starfish Neuropeptide precursors yields new insights into neuropeptide evolution[END_REF]. Data on nesting occurrence was obtained from [START_REF] Hansell | Animal Architecture[END_REF].

when dealing with organisms with more and more evolved features. Consequently, some nests are very simple in spite of being built by non ancestral organisms, and only consist on a pit on the ground where eggs are buried. This is the case for many species of reptiles [START_REF] Salmon | Behavior of loggerhead sea turtles on an urban beach. I. Correlates of nest placement[END_REF] and insects [START_REF] Rosenheim | Parasite presence acts as a proximate cue in the nest-site selection process of the solitary digger wasp, Ammophila dysmica (Hymenoptera: Sphecidae)[END_REF] which usually do not take care of the progeny after laying the eggs. On the other hand, other species have more complex nests, and may employ external material to build them. These complex structures can be designed to avoid predation [START_REF] Bailey | Birds build camouflaged nests[END_REF][START_REF] Hansell | The function of lichen flakes and white spider cocoons on the outer surface of birds' nests[END_REF][START_REF] Wenzel | A generic key to the nests of hornets, yellowjackets, and paper wasps worldwide (Vespidae, Vespinae, Polistinae)[END_REF], to provide a shelter [START_REF] Hilton | Using artificial nests to test importance of nesting material and nest shelter for incubation energetics[END_REF][START_REF] Kim | Interacting effects of nest shelter and breeder quality on behaviour and breeding performance of herring gulls[END_REF] or to avoid a dispersion of the chicks [START_REF] Mcneil | Nest-site quality and reproductive success of early-and late-nesting double-crested cormorants[END_REF][START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF] and sometimes, a strategy to increase its fitness is to increase the number of nests rather than focusing on the success of a single. In this manner, if one or more nests fail, the reproductive success is simply reduced instead of being zero.

Such strategy is observed within the eastern cardinal, Riehmondena cardinalis [START_REF] Watts | Old nest accumulation as a possible protection mechanism against search-strategy predators[END_REF] and many other bird species. Sometimes individuals build some dummies in the place of real 1.4. Several ecological and biological aspects of nests and application for research 25 nests [START_REF] Whitney | The nest and nesting ecology of Acrobatornis fonsecai (Furnariidae), with implications for intrafamilial relationships[END_REF], thus potentially reducing costs associated with predation.

The nest structure may be designed to attract conspecifics [START_REF] Barber | Nests as ornaments: Revealing construction by male sticklebacks[END_REF] but the preference of females for specific nest characteristics may be modified by environmental conditions. For example, female mate choice in the common goby, Pomatoschistus microps, is dependent on the oxygen saturation. Females tend to prefer nests with small entrances, as they are less visible for the predators. Males building nest with small entrances increase the ventilation of the eggs (by fanning action of the fins) to counterpart this small size, which therefore benefits to hatching success. However, under low oxygen, the risk that males may be unable to compensate fully may outweigh the benefits of this camouflage, and females may not select these nests [START_REF] Jones | The influence of oxygen stress on female choice for male nest structure in the common goby[END_REF]. Without giving an exhaustive picture of the variety of nests, I depicted some aspects enlightening the important diversity or structures and functions of the nests. Nevertheless, despite the great variety of structures and the wide distribution within the animal kingdom, nests, (excluding the particular case of structures dedicated to resting [START_REF] Brownlow | Sources of variation in the nesting behavior of chimpanzees (Pan troglodytes schweinfurthii) in the Budongo forest, Uganda[END_REF][START_REF] Lutermann | Resting and nesting in a small mammal: Sleeping sites as a limiting resource for female grey mouse lemurs[END_REF], sometimes referred as nests) have the same objective: to allow the development of offspring from fecundation until the definitive departure of the offspring. Based on this general objective, we will now see how nests can be used in research through different applications, sometimes independent of the nesting species. driving the survival or not of the progeny is a key for the comprehension of the nest characteristics and of the behaviour of individuals that selected the site and initiated the building, but also of individuals that joined the nest due to some parameters such as its characteristics. Indeed, the environment in which a nest is built greatly determines the limitations that individuals may encounter during construction, both in terms of materials available [START_REF] Jagiello | Life in a polluted world: A global review of anthropogenic materials in bird nests[END_REF][START_REF] Wang | Nest composition adjustments by Chinese Bulbuls Pycnonotus sinensis in an urbanized landscape of Hangzhou (E China)[END_REF], on timing [START_REF] Wiley | Spacing and Timing in the Nesting Ecology of a Tropical Blackbird: Comparison of Populations in Different Environments[END_REF], on structure [START_REF] Noltie | Breeding ecology, nest characteristics, and nest-site selection of stream-and lake-dwelling rock bass, Ambloplites rupestris (Rafinesque)[END_REF][START_REF] Maisey | Environmental influences on variation in nest-characteristics in a long-term study population of the Superb Lyrebird, Menura novaehollandiae[END_REF] and on possible sites [START_REF] Smith | Nesting characteristics of mourning doves in central New Mexico: Response to riparian forest change[END_REF]. Then, this environment defines the constraints that the juveniles will face during their development [START_REF] Mainwaring | Latitudinal variation in blue tit and great tit nest characteristics indicates environmental adjustment[END_REF], and therefore which factors should be adjusted in order to build a nest that increases the survival of the juveniles. This combination of environmental limitations on construction and on survival therefore forces individuals to build nests that take this equation into account. This statement, as well as interspecific differences in cognitive capacity and manipulative ability, help to explain the great variability observed in the structure of the nests.

However, although it appears easy to state qualitatively if a nest is more or less complex, it is more difficult to determine why a particular species builds a particular type of nest. Not only do nests vary between organisms [START_REF] Bessa | Integrative approach on the diversity of nesting behaviour in fishes[END_REF], but they can also vary within the same species when the location changes [START_REF] Greeney | Nest construction behavior and variability in nest architecture and nest placement of the Spotted Barbtail (Premnoplex brunnescens)[END_REF][START_REF] Briggs | Use of materials in nest construction by Pied Flycatchers Ficedula hypoleuca reflects localized habitat and geographical location[END_REF] and within the same location [START_REF] Coster-Longman | Nest architecture in Parischnogaster alternata Sakagami (Vespidae, Stenogastrinae), intra-specific variability in building strategies[END_REF], indicating that between-site parameters as well as local variability of environment and breeders characteristics are also of great importance. In addition, nests can be considered as a part of the breeder's phenotype.

The concept of extended phenotype states that the phenotype is not limited to the biological processes occurring inside the individual, but takes into account all the effects that a gene has on its environment, inside or outside the body of the organism [START_REF] Dawkins | The Extended Phenotype: The Long Reach of the Gene[END_REF].

Nests fall fully within this definition and are therefore considered as an extended phenotype [START_REF] Jelínek | Nest as an extended phenotype signal of female quality in the great reed warbler[END_REF][START_REF] Schaedelin | Extended phenotypes as signals[END_REF] being linked directly to the genes of the Chapter 1. General introduction individuals.

Consider the overall characteristics of a nest may provide cues about the general conditions favourable to offspring, but also about the variability within these characteristics, possibly due to the genes carried by the individuals. It is this variability, in particular, which, when related to indicators directly (survival of young at a given stage; [START_REF] Coster-Longman | Nest architecture in Parischnogaster alternata Sakagami (Vespidae, Stenogastrinae), intra-specific variability in building strategies[END_REF][START_REF] Ulfvens | Nest characteristics and nest survival in the horned grebe Podiceps auritus and great crested grebe Podiceps cristatus in a Finnish archipelago[END_REF] or indirectly (indicators of growth, retention in the nest; [START_REF] Salaberria | Effects of temperature and nest heat exposure on nestling growth, dehydration and survival in a Mediterranean holenesting passerine[END_REF]Mills, 1981a) linked to survival will make it possible to define which types of nests are the most successful in a given environment. The study of the relationship between the favourable nest characteristics and the environment is the final step to understand what characteristics are important for survival. The contribution of this knowledge includes whether individuals are able to adapt the characteristics of the nests they build to optimize them for local conditions. Therefore, it makes possible to predict the extent to which an environmental change is likely to affect the juvenile survival. Thus, the study of the survival of juveniles through the characteristics of nests allows not only to better understand the reproductive behaviour of a species but also to determine to what extent a given site is favourable to nesting and the production of offspring. Figure 1.2 summarizes the processes behind offspring survival inside the nest. However, there is not necessarily one set of nest characteristics more favourable than another within the same species, which would eventually be selected. There may be a plasticity in response to environmental conditions [START_REF] Doody | Plasticity in nest site choice behavior in response to hydric conditions in a reptile[END_REF], but this plasticity is not mandatory and adaptation to new nesting conditions may be difficult [START_REF] Bailey | No phenotypic plasticity in nest-site selection in response to extreme flooding events[END_REF], especially in the context of climate change.

Inter-individual interactions at the time of reproduction

I depicted the nest as a structure for the development of juveniles. Although this is the final goal, the nest and its immediate surroundings can be a meeting place for mature individuals at the time of breeding. Although nest building is a process ranging from total construction 1.4. Several ecological and biological aspects of nests and application for research 29 Chapter 1. General introduction by the male (or sometimes by the female, [START_REF] Mainwaring | The design and function of birds' nests[END_REF]even by another species, Lindell, 1996) to cooperation between the two sexes, in many situations the nest can be a place of competition, especially from nesting site choice to mating act(s). Firstly, site selection involves competition for the most favourable areas [START_REF] Nilsson | The evolution of nest-site selection among hole-nesting birds: The importance of nest predation and competition[END_REF]. Males in particular may compete for the area most likely to attract a female [START_REF] Lindström | Male-male competition for nest sites in the sand goby, Pomatoschistus minutus[END_REF], herself looking for favourable conditions maximizing offspring's survival. For this search, the nest is often considered as a proxy of builder's quality [START_REF] Soler | Nest building is a sexually selected behaviour in the barn swallow[END_REF][START_REF] Ridley | Female sticklebacks prefer to spawn with males whose nests contain eggs[END_REF] and is considered as an element for mating choice, as some characteristics of the nest may reduce egg predation and increase the reproductive success [START_REF] Bessa | Integrative approach on the diversity of nesting behaviour in fishes[END_REF]. Sometimes it is not the nest itself being the key criterion but the behaviour of the male associated with the nest [START_REF] Hale | Nest tending increases reproductive success, sometimes: Environmental effects on paternal care and mate choice in flagfish[END_REF]. However, sexual selection based on nesting in general is not mandatory, as some studies did not find any preference based on nest attendance or characteristics [START_REF] Goulet | Reproductive success of the male lumpfish (Cyclopterus lumpus L.) (Pisces: Cyclopteridae): Evidence against female mate choice[END_REF][START_REF] Oliveira | Male mating success in the Azorean rock-pool blenny: The effects of body size, male behaviour and nest characteristics[END_REF]. In addition, females of some species lay their eggs in protective structures which can be considered as nests after fertilization, for turtles and palmate newt for example. In this case, the competition for the access to reproduction occurs before the nesting behaviour.

In addition to this initial competition, there may also be contest for access to reproduction at different degrees. Group breeding is a common reproductive pattern in many species [START_REF] Taborsky | Sperm competition in fish: 'bourgeois' males and parasitic spawning[END_REF], including nest-building species, and consists in large assemblages of individuals with an equal sharing of reproduction between individuals (i.e. no dominant and subordinates), without any particular hierarchy or strategy on the part of the participants.

However, in some cases the reproduction is not equally shared, especially between males. [START_REF] Smith | The logic of animal conflict[END_REF] described two general strategies for individuals. They can behave either aggressively ("Hawk" strategy), or cooperatively ("Dove" strategy) and they compete for some benefit of value V, obtained by the winner. A cost C is associated to the loser if they fight. Completing these two strategies, the "Bourgeois" strategy defines males having 1.4. Several ecological and biological aspects of nests and application for research a primary access to reproduction [START_REF] Bibliography Taborsky | The evolution of bourgeois, parasitic, and cooperative reproductive behaviors in fishes[END_REF]. These males are often those having a direct contact with the females and investing more in mate acquisition. They are investing either in direct defence of mates, in keeping resources attractive to females, or in signals indicating their quality. They differ from agressive males ("Hawks") by the fact that they are aggressive initially to gain access to females, but are then aggressive only to defend their own resources. Another alternative strategy is to exploit the reproductive access gained by a dominant male. Males adopting this strategy may avoid the costs of nest building and selection by females. Parasitic males of species with external fecundation act quickly (streaking) by intruding upon a breeding pair at the moment of gamete release [START_REF] Bibliography Taborsky | The evolution of bourgeois, parasitic, and cooperative reproductive behaviors in fishes[END_REF][START_REF] Suzuki | Group spawning results from the streaking of small males into a sneaking pair: Male alternative reproductive tactics in the threespot wrasse Halichoeres trimaculatus[END_REF], or discreetly (sneaking) to steal a part of the reproductive success of dominant males, i.e. fecundate a part of the eggs released. Often, these individuals are smaller [START_REF] Leary | Body size, age, growth and alternative mating tactics in toads: Satellite males are smaller but not younger than calling males[END_REF], can look like females [START_REF] Brantley | Sex steroid levels in Porichthys notatus, a fish with alternative reproductive tactics, and a review of the hormonal bases for male dimorphism among teleost fishes[END_REF] and invest more in spermatogenesis to compensate the not so direct access to mates (they are generally further from the female than the dominant male) and to increase the proportion of fertilized eggs [START_REF] Taborsky | Sperm competition in fish: 'bourgeois' males and parasitic spawning[END_REF].

Another strategy, rather than stealing a part of the reproductive success of a dominant male, is to simply take over a neighbouring nest where females are attracted to the effort of the founder [START_REF] Taborsky | Advances in the Study of Behavior[END_REF], which may be chased. This strategy is more likely to be used by another bourgeois/hawk male than by a dove male.

In addition to competition, the nest is also a site of sexual conflict between partners, defined as the "inevitable consequences of diverging fitness interests between the sexes" [START_REF] Taborsky | The Evolution of Social Behaviour[END_REF]. Generally, males invest less in parental care than females and have a higher potential reproductive rate than females. Therefore, males, especially the dominant ones, may gain from monopolizing access to several females thus allowing the propagation of its genes while avoiding that part of the offspring of the females considered come from another male [START_REF] Hubbs | Proximate mechanisms of reproductive monopolization in male moustached tamarins (Saguinus mystax)[END_REF]. However, such behaviour may not be beneficial to the female fitness. Females may prefer to spawn with several males to spread their genes, and therefore

Chapter 1. General introduction can use countermeasures to avoid a monopolization by a single male. Females can avoid males which attempt to guard them [START_REF] Dixson | Male dominance and genetically determined reproductive success in the mandrill (Mandrillus sphinx)[END_REF] or use synchronous reproduction to increase extra-pair mating [START_REF] Stutchbury | The effect of breeding synchrony on extra-pair mating systems in songbirds[END_REF]. In some cases, females may be interested in increasing male competition to be able to mate with the highest quality males, rather than increase their number of partners. Female elephant seals can reject all matings during their early oestrus by protesting violently and thus encourage nearby males to activate the dominance hierarchy [START_REF] Cox | Female incitation of male competition: A mechanism in sexual selection[END_REF]. Another mechanism, found within lekking ungulates, consists in females only mating with males that cluster in particular sites and are forced to compete between them [START_REF] Isvaran | How general is a female mating preference for clustered males in lekking species? A meta-analysis[END_REF]. The result of this behaviour is a highly skewed access to paternity, with very few males obtaining a mating.

If competition and conflicts are an important part of all the process behind nesting, cooperation also plays an important role in the construction of nests. Considering the dichotomy between satellites and large males, both may help to protect the nest as they protect their own selfish interest, as observed in the Desert Pupfish, Cyprinodon macularius [START_REF] Barlow | Social behavior of the desert pupfish, Cyprinodon macularius, in the field and in the aquarium[END_REF].

Rather than solely help when the nest is fully built, individuals can cooperate from building to breeding ("Dove" strategy). In some cases it is not possible to determine dominant and sneaker individuals [START_REF] Taborsky | Advances in the Study of Behavior[END_REF][START_REF] Wallin | Bluehead chub (Nocomis leptocephalus) nests used by yellowfin shiners (Notropis lutipinnis)[END_REF], with no signs of aggression between the individuals. Several explanations exist to justify cooperation, such as kinship (Hamilton, 1964b,a), reciprocity (delayed fitness benefit of cooperation, [START_REF] Clutton-Brock | Cooperation between non-kin in animal societies[END_REF] or mutualism (immediate fitness benefit of cooperation, [START_REF] Brown | Cooperation-A biologist's dilemma[END_REF].

In addition to these different types of cooperation, there are two systems that can take place in all contexts: intrasexual and intersexual cooperation. The first type implies that individuals in competition for the access to mates should cooperate in order to increase their own reproductive success. this cooperation can take various forms such as coordinated displays of males to attract females [START_REF] Petrie | Peacocks lek with relatives even in the absence of social and environmental cues[END_REF], shared parental care of the offspring of a single female [START_REF] Goldizen | Facultative polyandry and the role of infant-carrying in wild saddleback tamarins (Saguinus fuscicollis)[END_REF] or competitive coalitions of several males to gain an access 1.4. Several ecological and biological aspects of nests and application for research 33 to females [START_REF] Feh | Alliances and reproductive success in Camargue stallions[END_REF]. These several cases of cooperation between males have a common point: the collaboration may help the male to increase its individual fitness compared to a solitary behaviour, in spite of the cost of sharing breeding opportunities with females.

Díaz-Muñoz et al. ( 2014) provided a review of these cooperative behaviours between males.

Even if less documented, females also experience cooperation, especially for rearing young [START_REF] König | Fitness effects of communal rearing in house mice: The role of relatedness versus familiarity[END_REF]. As individuals associate for the purpose of increasing their own fitness by cooperation, it may also be considered as a form of competition where the competitors are the conspecifics not involved in the association. In addition to intrasexual cooperation, there is also intersexual cooperation. Males and females can collaborate to build a nest and ensuring parental care. However, this cooperation may also involve competition when the individual is not cooperative enough, which in turn may reduce the fitness of the other individual. I will describe more precisely the general framework of cooperative behaviours later in this manuscript.

Considering the nest as a privileged place where cooperation and competition occur, nest can be considered as a hotspot for sexual selection study, and nest-building species can be good study models for sexual selection. Figure 1.3 summarizes how individual interactions interact with the nesting process.

Ecosystem consequences

So far, I presented nests as a basis for studies dealing with nesting species either from the point of view of nest efficiency or in the context of sexual selection. However, the nests constitute a physical alteration of the environment in which they are built, just like any other structure built by animals. The species building such structures are called "Ecosystem engineers" and are defined as organisms that directly or indirectly modulate the availability of resources to other species, by causing physical changes in biotic or abiotic materials. During the process they modify the habitats or create new ones [START_REF] Jones | Organisms as ecosystem engineers[END_REF]Lawton and Jones, Figure 1.4. General scheme of ecosystem engineering processes and impacts; adapted from [START_REF] Gutiérrez | Ecosystem engineers[END_REF].

1995). Here, and following the terms used by Jones and Lawton, I will focus on allogenic engineers, modifying the environment other than through their own body structure (autogenic engineers).

Ecosystem engineers, by locally modifying the physical conditions of the environment, may create patchiness, known to be important in promoting species diversity in ecosystems [START_REF] Tonn | Grazing-induced patchiness, not grazing intensity, drives plant diversity in European low-input pastures[END_REF][START_REF] Death | Diversity patterns in stream benthic invertebrate communities: The influence of habitat stability[END_REF]. This diversity is driven by the new conditions created by the engineering. For example, webs built by some spiders may stabilize substrata, attract moisture and bring nutrients thanks to the remains of prey [START_REF] Hodkinson | What a wonderful web they weave: Spiders, nutrient capture and early ecosystem development in the high Arctic -some counter-intuitive ideas on community assembly[END_REF]. Similarly, the sand tilefish (Malacanthus plumieri), by digging burrows, creates mounds of extracted sediments in a monotonous sandy environment. In doing so, it attracts a great variety of crustaceans, echinoderms and fish, not initially observed on site [START_REF] Büttner | Rubble mounds of sand tilefish Malacanthus plumieri (Bloch, 1787) and associated fishes in Colombia[END_REF]. Structures created by ecosystem engineers not only provide shelter when in use, but can also provide a refuge when abandoned [START_REF] Martius | Terrestrial arthropods colonizing an abandoned termite nest in a floodplain forest of the Amazon River during the flood[END_REF][START_REF] Heidger | Ecology of spiders inhabiting abandoned mammal burrows in South African savanna[END_REF].

In addition to increasing diversity and providing shelter, ecosystem engineering can promote ecosystem processes by changing the availability of resources for organisms [START_REF] Gutiérrez | Ecosystem engineers[END_REF]. It can modify fluid dynamics by addition of physical structures (e.g. obstacles in rivers), active water pumping (e.g. burrow irrigation by aquatic invertebrates) and active material transport (e.g. nest digging). Figure 1.4 summarizes the general process.

The use of nests for population monitoring

The ecosystem processes involved may be nutrient cycling [START_REF] Gutiérrez | Physical ecosystem engineers as agents of biogeochemical heterogeneity[END_REF][START_REF] Wall | Interactions Underground: Soil biodiversity, mutualism, and ecosystem processes[END_REF], organic matter degradation [START_REF] Babu Ojha | Earthworms: 'soil and ecosystem engineers' -a review[END_REF], soil/substrate oxygenation [START_REF] Nogaro | Influence of ecosystem engineers on ecosystem processes is mediated by lake sediment properties[END_REF] or bioturbation [START_REF] Solan | How biodiversity affects ecosystem processes: Implications for ecological revolutions and benthic ecosystem function[END_REF][START_REF] Levinton | Bioturbators as ecosystem engineers: Control of the sediment fabric, inter-individual interactions, and material fluxes[END_REF]. This list is far from exhaustive and the different processes considered are generally interdependent.

Considering the potential effects of ecosystem engineering and as nests being one of the classical structures built by organisms, studying the effects of the physical modification generated may reveal effects beyond the reproduction of the nest-building species.

The use of nests for population monitoring

In addition to focusing on biological and ecological aspects of the nesting behaviour, nests may be used as cues to infer the presence of a species during its reproductive season. Using cues characteristics of one species presence is an indirect way to override the problems of detection or marking. For example, beaver colonies can be indirectly detected and counted using their dams [START_REF] Johnston | Using beaver works to estimate colony activity in boreal landscapes[END_REF]. Birds can be detected using a large panel of indicators such as their auditory signals, feeding and dusting sites, roost, fecal, and nest counts [START_REF] Morgan | Estimating numbers of terrestrial birds[END_REF]. While the latter is mainly used for birds [START_REF] Rodgers | Comparing aerial estimates with ground counts of nests in wood stork colonies[END_REF] or primates [START_REF] Kouakou | Estimating chimpanzee population size with nest counts: validating methods in Taï National Park[END_REF], nest-building species may also be estimated using their nests when they are easily visible. The problematic of population monitoring implies to take into account the life cycle and biological aspects of the species, but also the constraints depending on more logistic aspects such as cost, material possibilities or people involved. Following this framework, nests may be useful for different reasons. Firstly, they directly reflect the number of spawners rather than depicting all the individuals, allowing the specific targeting of individuals in a suitable condition to reproduce. Nests are built by individuals that have not only been able to reach the breeding area in question, but have found a sufficiently good Chapter 1. General introduction quality of habitat to build their nests there. Other methods may not reflect issues impeding breeding (predation, lack of accessibility, diseases) by targeting individuals in other phases of the life cycle or during the building process. Then, nests can be easily counted for numerous species [START_REF] Dodd | Accuracy and precision of techniques for counting great blue heron nests[END_REF][START_REF] Erwin | Censusing wading bird colonies: An update on the "Flight-Line" count method[END_REF][START_REF] Isaak | Temporal variation in synchrony among chinook salmon (Oncorhynchus tshawytscha) redd counts from a wilderness area in central Idaho[END_REF] even if sometimes their important number makes it necessary to apply sampling methods [START_REF] Courbois | Evaluating probability sampling strategies for estimating redd counts: An example with Chinook salmon (Oncorhynchus tshawytscha)[END_REF].

Furthermore, nests are detectable and countable in a non-intrusive way, sometimes long after their construction. Finally, and linked to the ease of counting, the protocol may be done by an inexperienced person in many situations. This aspect can help to set up large-scale study, unlike more cumbersome methods. Table 1.1 indicates the advantages and limits of the common methods classically employed for population estimation. However, population estimation using nest count needs to take into account one major concern: to accurately link the number of breeders related to the nest count in case of: 1) cooperation during nest building 2) polygamous systems 3) mobility between nests, these factors influencing the number of nests per individual and the number of individuals on a nest. It is therefore necessary to acquire preliminary knowledge about the relationship between number of nests and number of individuals. Figure 1.5 gives an example of a hypothetical breeding system where males and females can frequent either one or several nests.

1.5. The use of nests for population monitoring The last nest visited is at the end of the arrow. For example, nest 4 is a monogamous nest built only by male 4 and female 4, each of which had only one partner. Nest 1 is a polyandrous nest, with two males (male 1 and 3) and one female (female 1). This female, however, is not exclusive to this nest, as she subsequently visited nest 2 and nest 5. Nest 3 is a polygynous nest, with one male (male 3) and two females (females 2 and 5). Nest 2 is the most complex case: a polygynandrous nest with several males and several females (females 1, 2, 3 and males 1 and 2). • Relatively precise estimate [START_REF] Funk | Monitoring population trends of Eleutherodactylus frogs[END_REF] • May be used to estimate other parameters at the same time such as survival [START_REF] Cormack | Estimates of survival from the sighting of marked animals[END_REF][START_REF] Pollock | Statistical inference for capture-recapture experiments[END_REF] or entry probability [START_REF] Riecke | Bayesian mark-recapture-resight-recovery models: Increasing user flexibility in the BUGS language[END_REF] • Population can be closed or not [START_REF] Schwarz | Estimating animal abundance: Review III[END_REF] • No births or deaths 

Limits

Presenceabsence Estimation of a probability of presence of a species between sites or even of population size from simple presenceabsence data on several successive occasions

• Relatively easy to implement • Applicable for rare species, large scale monitoring, limited field time [START_REF] Elzinga | Measuring & Monitoring Plant Populations[END_REF] • Allows to test the effect of environmental variables on the probability of detection [START_REF] Fleishman | Modeling and predicting species occurrence using broad-scale environmental variables: An example with butterflies of the Great Basin[END_REF] • Some models provide quantitative estimates [START_REF] Mangel | Presence-absence sampling for fisheries management[END_REF] • Can be used to estimate the probability of occupation of a site without prospecting

• Sites must be closed • Low precision and risk of bias [START_REF] Mackenzie | What are the issues with Presence-Absence data for wildlife managers?[END_REF] • Requires multiple positive AND negative site visits

The sea lamprey and its nesting behaviour

Following this presentation of the theoretical background behind nests, their functions and the various research applications, I will turn my attention to the species whose nesting behaviour is the subject of this manuscript: the sea lamprey, Petromyzon marinus. After presenting the life cycle of the species and its specificities, I will focus on the different fields of application of the species in research.

General information and life cycle of lampreys

Lampreys are part of the cyclostomes alongside with hagfishes, and they are both considered as the oldest groups of vertebrates, appeared at least 360 million years ago [START_REF] Xu | Lamprey: A model for vertebrate evolutionary research[END_REF].

Lampreys include from 40 [START_REF] Renaud | Lampreys of the World. An Annotated and Illustrated Catalogue of Lamprey Species Known to Date., number 1020[END_REF] to 44 [START_REF] Maitland | Conservation of native lampreys[END_REF] species and 23 of them are non-parasitic [START_REF] Potter | The taxonomy, phylogeny, and distribution of lampreys[END_REF]. They are divided into three families: Geotriidae and Mordaciidae for the Southern hemisphere and Petromyzontidae for the Northern Hemisphere [START_REF] Gill | Phylogeny of living parasitic lampreys (Petromyzontiformes) based on morphological data[END_REF]. Lampreys are widespread all around the world with exception of the tropical zones (antitropical distribution). They are difficult to identify at the larval stage (called ammocoetes) but synapomorphies have been described for the different genera or families [START_REF] Gill | Phylogeny of living parasitic lampreys (Petromyzontiformes) based on morphological data[END_REF]. Adults can be identified by some characteristics common to all species but easily discriminating each taxon: the dentition on the suction disc and the lingual piston [START_REF] Potter | The taxonomy, phylogeny, and distribution of lampreys[END_REF]. Less obvious, the number of trunk myomeres can be used for identifying the adults of certain species, as described in some studies such as [START_REF] Hubbs | Proximate mechanisms of reproductive monopolization in male moustached tamarins (Saguinus mystax)[END_REF].

All lampreys present a relatively similar life cycle, with a larval stage where they feed by filtering water and trapping small particles (algae, organic detritus or bacteria) in mucus within the pharynx [START_REF] Mallatt | The suspension feeding mechanism of the larval lamprey Petromyzon marinus[END_REF]. Ammocoetes prefer to burrow in relatively fine substrate, ranging from fine sand to gravel [START_REF] Quintella | Laboratory assessment of sea lamprey larvae burrowing performance[END_REF] but they always use zones with slow Chapter 1. General introduction current allowing the deposit of the particles they feed with. The sex determination appears to be greatly influenced by the productivity of the environment, as observed for the sea lamprey, highly male-skewed in unproductive environment compared to more productive ones [START_REF] Johnson | Field study suggests that sex determination in sea lamprey is directly influenced by larval growth rate[END_REF]. After a larval stage ranging from two (European brook lamprey Lampetra planeri; [START_REF] Knowles | The duration of larval life in ammoccetes and an attempt to accelerate metamorphosis by injections of an anterior-pituitary extract[END_REF] to eight years (sea lamprey Petromyzon marinus; [START_REF] Beamish | The biology of the anadromous Sea lamprey (Petromyzon marinus) in New Brunswick[END_REF], the life cycle clearly differs between parasitic and non-parasitic species. While the non-parasitic species remain burrowed after the metamorphosis or hide under rocks at day and move at night [START_REF] Hill | Oxygen consumption in ammocoetes of the lamprey Ichthyomyzon hubbsi Raney[END_REF], the parasitic species begin a downstream migration to marine environment for anadromous species or to estuary or lakes for some freshwaterresident species, such as sea lamprey from the Great Lakes [START_REF] Lawrie | The Sea Lamprey in the Great Lakes[END_REF] or populations of Arctic [START_REF] Heard | Observations on lampreys in the Naknek river system of Southwest Alaska[END_REF] and European [START_REF] Adams | Alternative migration and host parasitism strategies and their long-term stability in river lampreys from the River Endrick, Scotland[END_REF] river lamprey. After metamorphosis, the parasitic phase begins for the migrating species and lasts until the beginning of the spawning migration to the river. This phase ranges from few months in the Miller Lake lamprey [START_REF] Kan | Notes on the biology of the Miller Lake lamprey Lampetra (Entosphenus minima)[END_REF] up to 4 years in anadromous Arctic lamprey [START_REF] Orlov | Distribution and size composition of the arctic lamprey Lethenteron camtschaticum in the North Pacific[END_REF], and lampreys feed on organisms such as various freshwater and saltwater fish and marine mammals (details on hosts per species available on [START_REF] Renaud | Post-metamorphic feeding in Lampreys[END_REF].

The spawning migration also differs between parasitic and non-parasitic species, as the parasitic species migrate much longer distances. The non-parasitic forms tend to stay in their natal river while the other species move from ocean or lake to river. However, all lampreys stop feeding while they begin to migrate. The migration distance is globally decreasing from anadromous lampreys (up to 800 kilometers; Renaud, 2011) -followed by landlocked sea lamprey and potamodromous parasitic species -to freshwater parasitic and non-parasitic species (for example, near 1 km in southern brook lamprey; [START_REF] William | Biology of the southern brook lamprey,Ichthyomyzon gagei[END_REF].

During the migration and until death, lampreys cease to feed and undergo significant morphological and physiological changes, especially for anadromous forms. An important difference 1.6. The sea lamprey and its nesting behaviour between parasitic and non-parasitic forms is that metamorphosis and sexual maturation occur at the same time for non-parasitic ones [START_REF] Docker | A review of the evolution of nonparasitism in lampreys and an update of the paired species concept[END_REF]. Physiological changes include an important decrease in body size as lampreys must use their reserves to get energy for both migration and spawning [START_REF] Larsen | Physiology of adult lampreys, with special regard to natural starvation, reproduction, and death after spawning[END_REF][START_REF] Beamish | Proximate composition of the adult anadromous sea Lamprey, Petromyzon marinus , in relation to feeding, migration and reproduction[END_REF]. Sexual maturation is accompanied by the development of an elongated urogenital papilla [START_REF] Hardisty | The Biology of Lampreys[END_REF]) within males but it appears difficult to discriminate males and females except for some species such as the sea lamprey, in which the male develops a thick dorsal bulge easily visible when fully mature [START_REF] Hardisty | The Biology of Lampreys[END_REF]. Lampreys, unlike other migratory species such as salmon [START_REF] Dittman | Homing in Pacific salmon: Mechanisms and ecological basis[END_REF] do not perform homing [START_REF] Bergstedt | Evidence for lack of homing by sea lampreys[END_REF] but use a strategy referred as the "suitable river strategy" by [START_REF] John | Sea lamprey Petromyzon marinus: An exception to the rule of homing in anadromous fishes[END_REF]. It consists in locating suitable spawning sites independent to where the individual came from. Indeed, lampreys seem to be locating spawning sites with the odour of conspecifics, especially larvae [START_REF] Vrieze | Importance of the olfactory sense to migratory sea lampreys Petromyzon marinus seeking riverine spawning habitat[END_REF][START_REF] Vrieze | Laboratory assessment of the role of a larval pheromone and natural stream odor in spawning stream localization by migratory sea lamprey (Petromyzon marinus)[END_REF].

Migrating mainly occurs at night [START_REF] Almeida | Movement of radio-tagged anadromous sea lamprey during the spawning migration in the River Mondego (Portugal)[END_REF][START_REF] Nazari | Some reproductive characteristics of endangered Caspian Lamprey (Caspiomyzon wagneri Kessler, 1870) in the Shirud River southern Caspian Sea, Iran[END_REF] and is reduced during the day. Major environmental parameter triggering the migration are temperature and water flow. Temperature effects for migration have been determined for some species, with a peak of migration at 15 °C for sea lamprey [START_REF] Binder | Relative importance of water temperature, water level, and lunar cycle to migratory activity in spawning-phase sea lampreys in lake Ontario[END_REF] while European river lamprey has been observed to migrate between 2 °C and 15 °C [START_REF] Lucas | Availability of and access to critical habitats in regulated rivers: Effects of low-head barriers on threatened lampreys[END_REF].

Discharge appears to be a stimulating factor for migration in lampreys when the increase is moderate [START_REF] Almeida | Movement of radio-tagged anadromous sea lamprey during the spawning migration in the River Mondego (Portugal)[END_REF] but with very high discharge, the effect is the opposite, with a tendency of reduced mobility during large flood events [START_REF] Jellyman | Movements and habitats of adult lamprey (Geotria australis) in two New Zealand waterways[END_REF]. These results indicate that both high and low flow may impede lampreys spawning migration.

While migration occurs mainly at night, lampreys spawn day and night [START_REF] Johnson | Reproductive ecology of lampreys[END_REF] on a substrate where they build nests in a size-assorted spawning habitat where the diameter of the surface elements lies between 0.2 -3.2 cm for the European brook lamprey [START_REF] Mcintyre | Spawning behavior of the brook lamprey, Lampetra planeri[END_REF][START_REF] Nika | Brown trout Salmo trutta redd superimposition by spawning Lampetra species in a lowland stream[END_REF] to 1.5 -11.5 cm for the sea lamprey (Morman Chapter 1. General introduction et al., 1980). All lamprey species prefer to spawn in riffle habitats, especially at the head of shallow ones, in the transition with the previous run. Depth is however very variable, ranging from approximately 10 cm for European brook lamprey to 170 cm in some nests of sea lamprey, as is current velocity, ranging from 12 cm/s for the Western brook lamprey to 200 cm/s for sea lamprey in some cases [START_REF] Johnson | Reproductive ecology of lampreys[END_REF].

The nest digging method is roughly similar among species, as they all construct nests using their oral disc to move the larger elements while their tail fanning allows fine elements to be suspended and carried downstream by the current. The resulting nest consists in an excavation followed by a mound made of the coarsest elements moved with the oral disc.

Males and females both participate in nest-building, which occurs before and during spawning (mates alternate spawning acts while pursuing the building; [START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF][START_REF] Stone | Observations on nest characteristics, spawning habitat, and spawning behavior of Pacific and Western brook lamprey in a Washington Stream[END_REF]. Many configurations exist, from monogamy to polygyny. Larger species such as the sea lamprey and the Pacific lamprey tend more towards monogamy than the smallest ones, known to produce aggregations up to 50 individuals [START_REF] Case | Spawning behaviour of the chestnut lamprey (Ichthyomyzon castaneus)[END_REF]. Nonetheless, largest species also tend to polygamy with several configurations observed, even if monogamy is considered the most common [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Gardner | Distribution and abundance of anadromous sea lamprey spawners in a fragmented stream: Current status and potential range expansion following barrier removal[END_REF].

Spawning acts occur every few minutes in the nest, but on an irregular rhythm. Even if it varies, the common pattern is the female attaching its oral disc to a stone, followed by the male gliding its body to the female's head, where its oral disc is fixed to maintain its partner. It then wraps its tail around the urogenital region and the female starts vibrating, immediately followed by the male which releases its gametes, fecundating externally the ejected eggs. The spawning act lasts about five seconds. The individuals die within days or weeks after spawning [START_REF] Johnson | Reproductive ecology of lampreys[END_REF].

Although the sea lamprey essentially follows this life cycle description, some specific information needs to be emphasized. Its life cycle is presented in Figure 1.6 and its nesting behaviour is described in the following subsection, alongside with the research applications (1) [START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF][START_REF] Taverny | Les lamproies en Europe de l'Ouest: Écophases, espèces et habitats[END_REF]; (2) [START_REF] Beamish | Swimming performance of adult sea lamprey, Petromyzon marinus, in relation to weight and temperature[END_REF][START_REF] Kelly | A review of the ecology and distribution of three lamprey species, Lampetra fluviatilis (L.), Lampetra planeri (Bloch) and Petromyzon marinus (L.): A context for conservation and biodiversity considerations in Ireland[END_REF];

(3) [START_REF] Ducasse | Etude preliminaire de la biologie des lamproies dans les bassins de la Garonne et de la Dordogne[END_REF][START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF]Hardisty and Potter, 1971a); ( 4) [START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF]Hardisty and Potter, 1971a;[START_REF] Lasne | Flux migratoires et indices d'abondance des populations de lamproies du Scorff, de l'Oir et de la Bresle (Petromyzon marinus, Lampetra fluviatilis et L. Planeri)[END_REF]; (5) [START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF]; (6) [START_REF] Taverny | Les Lamproies En France: Guide Pratique d'identification et de Détermination Des Écophases[END_REF].

I will explore.

A species with multiple research applications in ecology

Spawning season characteristics

As previously discussed, sea lamprey is the largest lamprey species (maximum of 100 -110 cm and 2.0 -2.2 kg; [START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF] and consequently builds the largest nests, between 0.80 and 1.50 m in diameter in most cases [START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF] but possibly reaching 2.25 m [START_REF] Sousa | Habitat modifications by sea lampreys (Petromyzon marinus) during the spawning season: Effects on sediments[END_REF]. In addition to the dimensions of the nest and to the distance travelled during upstream migration -one of the largest among lampreys -, sea lamprey can be discriminated by its mating system. Indeed, it is highly variable, as studies considering nests independently of each other described a mating system from purely monogamous in some nests to polygamy on others [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Manion | Biology of larval sea lampreys (Petromyzon marinus) of the 1960 year class, isolated in the Big Garlic River[END_REF]. Between these two extremes there are "intermediate" nests with polyandry or polygyny. One may answer why some individuals

Chapter 1. General introduction adopt different strategies, which possibly results from the important variations of sex-ratio observed across studies (Docker et al., 2019b). An element that makes the reproductive system even more complex is the attendance of several nests by the same individual [START_REF] Gilmore | Genetic Assessment of Adult Mating Success and Accuracy of Statolith Aging in the Sea Lamprey Petromyzon Marinus[END_REF] but this aspect has been overlooked and limited information exists on this behaviour and its variability between individuals. Another aspect needing to be investigated is the occasional occurrence of aggressions between males [START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF][START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF], which seem to defend their nest from other males. However, such behaviour raises the question of the conditions under which a male will tolerate other males, whereas in other cases he will aggressively evict them.

Consequently, sea lamprey highlights the general reproductive aspects of other lamprey species, but appears to be particularly plastic considering reproductive tactics, with individuals possibly differing on their number of nests, mates, but also on their behaviour towards conspecifics, at least for male to male interactions. This aspect suggests sea lamprey as a candidate for the study of complex spawning systems.

Duality between endangered and invasive species

In addition to the particularities of the sea lamprey during its breeding season, the conservation status of the species also distinguishes it from other lampreys. Indeed, sea lamprey is at the same time a species of conservation interest, to be protected in its original range, and an invasive species with extensive eradication programs where it has been introduced (see Figure 1.7 as a synthesis).

Sea lamprey is at risk in most of its native range and even if listed in the "least concern" category of IUCN, its status is defined as "unfavourable-bad" in EU Habitats Directive Chapter 1. General introduction in France for example (UICN Comité français et al., 2019), and even critically endangered in Italy [START_REF] Rondinini | Lista Rossa IUCN dei Vertebrati Italiani[END_REF]. The native North American populations are also facing issues as their conservation status ranges from "Secure" to "Critically Imperiled" [START_REF] Hume | Managing native and non-native sea lamprey (Petromyzon marinus) through anthropogenic change: A prospective assessment of key threats and uncertainties[END_REF]. The major issues faced by the species are synthesized in [START_REF] Clemens | Management of anadromous lampreys: Common threats, different approaches[END_REF] who identified 11 threats to anadromous lampreys: climate change, shifting oceanographic regimes, artificial barriers, poor water quality, reduced habitat availability, host and prey availability, predation, overharvest and disease. Obviously, these threats are not mutually exclusive and as anadromous lampreys do not spawn in their natal river, a drop in spawners in a fully functional river may result from a lack of spawners in other rivers. Nonetheless, before thinking about solving the causes of a decline in lamprey stocks, it is necessary to detect these declines. If possible, this assessment should be carried out at multiple sites and on a regular basis.

The challenge concerning the landlocked sea lamprey introduced in the Great Lakes is the exact opposite, as managers try to eradicate these invasive populations. Sea lamprey invaded the Laurentian Great Lakes in the 1900s [START_REF] Christie | Sea Lamprey International Symposium (SLIS II): Advances in the integrated management of sea lamprey in the Great Lakes[END_REF] and are a major threat for local biodiversity and fisheries as they prefer to feed on salmonids, especially lake trout Salvelinus namaycush. Many studies aimed at finding ways to eradicate these populations by finding their most vulnerable life stages, and lampricide focusing on larvae was applied successfully [START_REF] Howell | Development of sea Lamprey (Petromyzon marinus) larvicides[END_REF][START_REF] Larson | The history of sea lamprey control in Lake Ontario and updated estimates of suppression targets[END_REF], while another approach consists in releasing sterilized males to impede the fecundation of eggs [START_REF] Bravener | Evaluation of a sterile-male release technique: A case study of invasive sea lamprey control in a tributary of the Laurentian Great Lakes[END_REF].

Although the objectives are the opposite between studies on native compared to invasive populations, both help for a better understanding of the sea lamprey ecology and biology.

1.6. The sea lamprey and its nesting behaviour

Engineer species

As the sea lamprey builds nests, it fits perfectly into the framework of the engineer species described by [START_REF] Lawton | Linking species and ecosystems: Organisms as ecosystem engineers[END_REF] and [START_REF] Jones | Organisms as ecosystem engineers[END_REF] and several studies were conducted to assess the effects of lampreys in general on environment. Larvae are known to oxygenate river streambed while increasing FPOM (Free Particular Organic Matter) abundance at the streambed surface (by their digging and filtering behaviour; [START_REF] Shirakawa | Lamprey larvae as ecosystem engineers: Physical and geochemical impact on the streambed by their burrowing behavior[END_REF]Boeker and Geist, 2016). For their part, adults disturb the physical habitat and promote streambed complexity while modifying the macroinvertebrate communities by increasing the abundance of some macroinvertebrate families [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF][START_REF] Weaver | Effects of sea lamprey substrate modification and carcass nutrients on macroinvertebrate assemblages in a small Atlantic coastal stream[END_REF]. However, the research on this topic is not extensive in spite of the acknowledged impact of the nesting behaviour on ecosystem processes I previously described. Particularly, the impact of substrate modification on macroinvertebrate communities needs to be clarified, especially in terms of communities and the consecutive impacts on ecosystem functioning.

Ease of observation and detection

We looked at the interest of the sea lamprey from the scientific point of view, in particular concerning its nest-building behaviour. However, even if a species raises questions that should be answered, it may be difficult to study its ecology and biology due to several issues impeding its accurate study. Firstly, the species needs to be easy to observe or manipulate in the field and/or easy to keep in captivity [START_REF] Matthews | How to turn an organism into a model organism in 10 'easy' steps[END_REF]. Although the sea lamprey is difficult to handle in the laboratory due to its size -making it difficult to set up experiments to realistically describe its behaviour -this species is known to have little fear during the breeding period and can easily be observed on the nests without altering its behaviour [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF]. This aspect facilitates the observation of the spawners and allows to measure nests or to place devices such as cameras without provoking the escape of Chapter 1. General introduction individuals. Furthermore, nests are easy to detect and can be easily counted and reached as they are built in shallow water for most of them. These different characteristics help to study the elements of interest purely related to the scientific questions previously described, namely the course of nest construction in relation to individual characteristics, factors influencing the survival of juveniles, nests as an indicator of the population in place, and the place of nests within the ecosystem. The thesis thus takes up these major axes with the nest as a common denominator.

Plan

The plan of the manuscript follows the following structure: from the lamprey nesting activity and the implications for the species to the effects on ecosystem processes and is divided in three chapters:

Behavioural ecology: study of reproductive strategies and how they affect spawning success; This chapter will firstly describe the relationship between individuals and the nests they build while providing a first method of population estimation based on an existing Capture-Mark-Recapture model. This description, published as a paper (Dhamelincourt et al., 2021a) can be considered as a first assessment of the sea lamprey spawning behaviour using an individual marking combined with intensive observations of individuals on measured nests, an approach helpful to study the relationship between individuals and nests and to describe its variability. It set up the studies presented hereafter. Following this first assessment, the spawning behaviour and sexual selection strategies will be described using videos directly recorded on the nests. This study aims at understanding the mechanisms of sexual selection at the scale of a single nest. Then, rather than focusing on a single nest, I will assess the mobility patterns of individuals between different nests and try to highlight reproductive strategies based on this mobility. Finally, as the spawning success is not solely linked to 1.7. Plan 51 the number of mating acts and partners but also to the fate of the progeny, I will focus on egg retention within the nest using two approaches: on field with the sea lamprey and on an artificial stream with the river lamprey (Lampetra fluviatilis) which, with its smaller size, is more suitable for experiments in controlled environments. This last experiment will therefore provide cues on the substrate selection by the spawners.

Sea lamprey population management;

This second chapter will fully focus on the population estimation of sea lamprey. Based on the parameters provided by Dhamelincourt et al. (2021a), I built a model using solely the number of nests observed on a spawning ground as an input to estimate the number of spawners. The chapter describes the processes behind the model, the validation of the model on two datasets, and a user-friendly web app implementing the model. The chapter also provides guidelines to potential users, regarding both the design of nest sampling, the operation of the app, and the parameters they may want to refine in order to adapt the model to the population they address. In addition, I present the results of a simple regression model based on the relationship between the total number of nests and the total number of individuals having spawned, using data from several studies.

Biodiversity and ecosystem processes; Following the study of several aspects directly linked to the sea lamprey, I took an interest in the effects of sea lamprey nests on ecosystem.

It completed the results of [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF] and [START_REF] Weaver | Effects of sea lamprey substrate modification and carcass nutrients on macroinvertebrate assemblages in a small Atlantic coastal stream[END_REF] by assessing the macroinvertebrate communities in the nest compared to the adjacent habitat used as a control.

Based on these results I compared the chlorophyll-a accrual, nutrient uptake and leaf litter breakdown to test whether or not the results obtained through the study of macroinvertebrate communities are reflected at the functional level.

Chapter 2

General methodology 2.1 Study sites

Three study sites of the Nive river were used during the thesis (Figure 2.1). The choice of these different sites was made according to several criteria: the climatic or experimental constraints and the presence of individuals. [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF], which counted 100 nests. In addition, the access to the site is easy but it is sufficiently difficult to access from the banks to limit human presence and thus avoid disturbance of individuals or theft or damage to equipment.

This site was used in 2019 the study the relationship between the individual and the nest they build, as well as all experiments dealing with behaviour at the nest (video monitoring, nests characteristics as a function of builders) and spawning zone levels (Capture-Mark-Recapture, telemetry) throughout the thesis.

The second site is located in Ustaritz and is a 300 m long bypass reach downstream of a dam (Ustaritz dam, 43°24' 5.536" N, 1°27' 20.622" W, Figure 2.3). The section corresponds to the natural bed of a reach bypassed by a hydropower scheme and is mainly composed of riffles and runs suitable for nest construction by sea lamprey, as attested by the 279 nests found in this location on the Migradour survey [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. The section is 300 m long and was used to study the process of egg retention in 2020. The presence of many nests over a short distance facilitates the release of eggs from nest to nest using the dedicated device (see the article on egg retention in the field for more information). This site was chosen to replace the Halsou site, as the latter hosted very few nests (less than 5 counted) during the 2020 breeding season. Work at the hydroelectric power station during this period may explain the low number of spawners, as hydrological conditions have changed.

The third site is a section of 400 m long, located in Saint- 1°18' 27.305" W,2.4) and bypassed by a hydropower scheme. It is mainly composed of riffles and runs suitable for sea lamprey nesting, as shown by the 46 nests found on the Migradour survey [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. Characteristics are similar to the Ustaritz site, with nests aggregated over a short distance. However, as this site is located upstream of the area colonized by the species on the Nive river, spawning takes place later in the season, towards the very end of June. For this reason, this site has taken over from Ustaritz to host experiments dedicated to the study of macroinvertebrate communities and associated ecosystem processes.

While the other experiments were conducted at specific sites, the video monitoring took place at all three sites, continuously over the four spawning seasons studied. This monitoring does not require any particular conditions, except the occurrence of individuals building or spawning a nest. 2.2. Nest measures 57

Nest measures

The same nest measures were conducted for all the experiments (Figure 2.5). When a nest occupied by a sea lamprey was used in an experiment, it was marked with a unique number written on a stone and with a numbered metal rebar, and its GPS coordinates were recorded.

We also noted the date, time and identity of individuals on it for protocols that required it.

Nest diameters and depth were then measured. Lateral (perpendicular to the current) and longitudinal (parallel to the current) diameters of the excavated area were measured using a measuring tape (± 1 cm). Water depth ± 1 cm) was measured at the deepest point of the excavated area and at the upstream verge of the nest, using a vernier gauge.

Pictures dedicated to granulometry measures were taken for all the studies but solely used for egg retention in the field, due to time-consuming data processing. The size of 30 particles was measured from underwater pictures taken vertically, with a graduated scale placed on the bottom. ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] was used to select randomly the particles and to measure their b-axis (intermediate axis). Each particle being approximately spherical, their area was estimated assuming the formula for the area of an ellipsoid (see the study of egg retention in the field for more details). Individual and group characteristics affecting nest building in sea lamprey (Petromyzon marinus L. 1758) [START_REF] Gamboa | Nest sharing and maintenance of multiple nests by the paper wasp, Polistes metricus (Hymenoptera: Vespidae)[END_REF][START_REF] Mcpherson | Estimating the nest-success rate and the number of nests initiated by radiomarked mallards[END_REF][START_REF] Nores | Nest building and nesting behavior of the brown cacholote[END_REF] and the number of nests built by each individual may depend on phenotypic characteristics such as body size [START_REF] Cargnelli | Condition-dependent nesting in bluegill sunfish Lepomis macrochirus[END_REF] or on environmental parameters such as habitat availability. Identifying the variables linked to the number of nests per individual is important to both understand the behavioural ecology of nesting and to make a realistic estimation of the breeder's population from nest census. Furthermore, a nest can be the result of monoparental building [START_REF] Aas | Atlantic Salmon Ecology[END_REF][START_REF] Rushbrook | Repeatability in nest construction by male three-spined sticklebacks[END_REF] but sometimes two or more individuals are involved [START_REF] Franks | Self-organizing nest construction in ants: Sophisticated building by blind bulldozing[END_REF], including non-breeding helpers [START_REF] Skutch | Helpers among Birds[END_REF]. In such cases, the number of individuals contributing to nest construction is the outcome of interindividual conflict around competition and cooperation, and may affect the physical characteristics of the nest [START_REF] Soler | Nest building, sexual selection and parental investment[END_REF]Svensson 3.1. Link between the individuals and the nests they build 63 and [START_REF] Svensson | Sexually selected nest-building -Pomatoschistus minutus males build smaller nest-openings in the presence of sneaker males[END_REF]. Here again, understanding the factors that determine the number of individuals involved in the construction of a nest and its consequences on nest characteristics would both shed light on costs and benefits of cooperative nest building and improve population estimates from nest counts. Sea lamprey (Petromyzon marinus L. 1758) builds nests that are both indicators of population size and the result of interindividual interactions. Lampreys remove stones and cobbles with their mouth and release them downstream so that the resulting nest consists of a pit carpeted with sand or gravel, followed by a mound of cobbles and stones. From the perspective of population assessment, these structures are easily detectable [START_REF] Taverny | Les lamproies en Europe de l'Ouest: Écophases, espèces et habitats[END_REF][START_REF] John | Sea lamprey Petromyzon marinus: An exception to the rule of homing in anadromous fishes[END_REF] and provide excellent indicators of the presence of sea lamprey [START_REF] Johnson | Workshop to Evaluate Sea Lamprey Populations "WESLP[END_REF]. The number of nests found on a spawning ground could also be used to infer the number of spawners, an important data in the context of both protected populations in Europe and Northern America [START_REF] Beaulaton | Fishing, abundance and life history traits of the anadromous sea lamprey (Petromyzon marinus) in Europe[END_REF][START_REF] Hansen | Population ecology of the sea lamprey (Petromyzon marinus) as an invasive species in the Laurentian Great Lakes and an imperiled species in Europe[END_REF][START_REF] Rogado | Peixes. Livro Vermelho dos Vertebrados de Portugal[END_REF][START_REF] Rondinini | Lista Rossa IUCN dei Vertebrati Italiani[END_REF] and invasive populations in Laurentian Great Lakes [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Hansen | Lake trout in the Great Lakes: Basin-wide stock collapse and binational restoration[END_REF]. However, accurately inferring the number of individuals from nest counts requires a good knowledge of both the number of individuals per nest and the number of nests built per individual. These two variables are the result of individual behaviour, which may depend on individual and environmental factors. Sea lamprey is known to be mostly monogamous but more than two individuals can be observed on a nest [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF][START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. If the number of individuals per nest is relatively well known, there is little information on the factors explaining it. Nevertheless, lower sex ratios (proportion of males) seems to be associated with high number of individuals per nest [START_REF] Johnson | Workshop to Evaluate Sea Lamprey Populations "WESLP[END_REF], in particular towards the end of the spawning season, when females outnumber males [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF]. Sea lamprey also tends to visit several nests [START_REF] Gilmore | Genetic Assessment of Adult Mating Success and Accuracy of Statolith Aging in the Sea Lamprey Petromyzon Marinus[END_REF] [START_REF] Docker | Lampreys: Biology, Conservation and Control[END_REF][START_REF] Hardisty | The fecundity of lampreys[END_REF][START_REF] Kieffer | Effects of food deprivation on white muscle energy reserves in rainbow trout (Oncorhynchus mykiss): The relationships with body size and temperature[END_REF][START_REF] Mackereth | Size-based variation in somatic energy reserves and parental expenditure by male smallmouth bass, Micropterus dolomieu[END_REF][START_REF] Salam | Body composition of northern pike (Esox lucius L.) in relation to body size and condition factor[END_REF][START_REF] Smith | Predictive morphometric relationships for estimating fecundity of sea lampreys from Lake Champlain and other landlocked populations[END_REF]. We also predict that males should spend more time on the spawning site and visit more nests than females because sexual selection is expected to be stronger on males [START_REF] Andersson | Sexual Selection[END_REF]. Regarding the number and phenotype of individuals per nest in the context of cooperative nest building and sexual selection, several predictions can be made. First, if cooperation is a way for smaller individuals to build nests efficiently despite lower energy reserves, we predict that the number of individuals on a nest should be inversely related to their body length and mass, as observed across different lamprey species [START_REF] Brumo | Spawning, Larval Recruitment, and Early Life Survival of Pacific Lampreys in the South Fork Coquille River, Oregon[END_REF][START_REF] Jang | Reproductive ecology of the river lamprey[END_REF][START_REF] Stone | Observations on nest characteristics, spawning habitat, and spawning behavior of Pacific and Western brook lamprey in a Washington Stream[END_REF][START_REF] Takayama | Spawning activities and physical characteristics of the spawning ground of Lethenteron reissneri at the headstream of the Himekawa River, central Japan[END_REF][START_REF] Gardner | Distribution and abundance of anadromous sea lamprey spawners in a fragmented stream: Current status and potential range expansion following barrier removal[END_REF].

However, other factors such as the progress in spawning season may affect the number of individuals per nest. In particular, cooperative nest building may be more frequent, hence the number of individuals per nest be higher, by the end of the season, when individuals get timeor energy-limited [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF]. Second, the proportion of females on a nest is expected to increase with the body size of the longest male, if large males are more attractive to females and more efficient at ousting other males from the nest during intrasexual competition [START_REF] Docker | Lampreys: Biology, Conservation and Control[END_REF][START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF]. Finally, if cooperation allows more efficient nest building, we predict that the size of a nest should increase with the number of individuals building it [START_REF] Mundahl | Spawning ecology of the American brook lamprey, Lampetra appendix[END_REF] and with their body size (as observed across species; [START_REF] Johnson | Reproductive ecology of lampreys[END_REF]. Lampreys being poikilotherms, nest size may also increase with water temperature if individuals are more efficient in nest building at higher temperature [START_REF] Beamish | Swimming performance of adult sea lamprey, Petromyzon marinus, in relation to weight and temperature[END_REF].

3.1. Link between the individuals and the nests they build 65

Material and methods

Study site and experimental period

The study took place in the 1 km long bypass reach of the Halsou hydroelectric power plant on the Nive river (Halsou dam, 43°22' 21.38" N, 1°24' 53.134" W), a 79 km long river situated in Northern Basque Country, France, and draining a basin of 1030 km 2 . This reach is composed of riffles, runs and pools, and offers a variety of microhabitats potentially adapted to nest construction by sea lamprey, as attested by the 100 nests found in this reach on a previous survey [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. The study period corresponded to the sea lamprey spawning period in the Nive, from May 6 to June 24, 2019. The monitoring was intended to be continuous, but was skipped on 19 days (May 11,12,17,18,19,20,21,22,23,26,27 and June 5,6,7,8,16,21,22,23) because of unfavourable conditions of observation (high flow or turbid water). It was finally stopped when no new individual had been observed for one week. Throughout the study period, water temperature was monitored using a probe (Solinst Llevelogger) placed at the downstream boundary of the study area.

Capture-Mark-Recapture

Each day of the study period, we waded through the zone in order to mark or recapture sea lamprey. For the first capture, each individual was marked using two T-bar tags (FD-94, Floy Tag, USA) inserted at the base of the anterior dorsal fin with a tagging gun. Each tag bore one or two colours among pink, green and blue, and could be placed either on the left or right side of the fin, yielding 364 permutations that allowed individual recognition from resight without actual recapture. Because each tag also had a unique number, individuals bearing ambiguous colour code could be recaptured to be identified. [START_REF] Taverny | Les Lamproies En France: Guide Pratique d'identification et de Détermination Des Écophases[END_REF]. After tagging, the individual was maintained by hand for a few seconds on a rock on the nest or close to the capture site, until it attached to the rock with its mouth, a releasing method which limits the risk of downstream drift. The subsequent occasions corresponded to a visual identification of the coloured tags (resight). But if only one tag remained, the individual was recaptured to identify the tag numeric code. In that case, a tag with the same colour code than the missing one was added.

Ethical statement

The care and use of experimental animals complied with the French animal welfare laws, guidelines and policies as approved by the ethical committee for birds and fishes in the French region Nouvelle Aquitaine (authorization #2019031415511268).

Nest measures

When a nest occupied by a sea lamprey was found during the daily survey, it was marked with a unique number written on a stone and its GPS coordinates were recorded. We also noted the date, time and identity of individuals on it (lampreys were marked if necessary).

Each nest was subsequently monitored daily until no more individual was observed on it, and its diameters and depth were then measured. Lateral (perpendicular to the current) and longitudinal (parallel to the current) diameters of the excavated area were measured using a measuring tape (± 1 cm). Water depth (± 1 cm) was measured at the deepest point of the excavated area and at the upstream verge of the nest, using a vernier gauge. The difference between these two measures corresponded to the depth of the nest excavated by sea lampreys.

The volume of the nest pit was then estimated assuming a half-ellipsoid shape, with the following equation:

Volume = 2 3 π × lateral diameter 2 × longitudinal diameter 2 × nest depth (3.1)

Statistical analyses

Mark-recapture data were analysed using a dynamic multistate occupancy model with augmented population [START_REF] Kery | Bayesian Population Analysis Using WinBUGS: A Hierarchical Perspective[END_REF] . The multistate approach allowed to separate explicitly the observation process -i.e. individual captures (seen or not) -from the dynamic process -i.e. life histories (alive or not, on site or not) -avoiding potential confusion between these parameters. [START_REF] Kery | Bayesian Population Analysis Using WinBUGS: A Hierarchical Perspective[END_REF] for more information). Capture and survival probabilities have been considered constant over time. However, effects of individual length and sex were tested on both y i and φ i to account for their effects on residence time (inferred from survival probability) and capture probability (that may indicate a difference in activity) using a logit link function to ensure that probabilities lie on [0, 1]:

ln Φ i 1 -Φ i = θ 1 + θ 2 × sex i + θ 3 × length i (3.2) ln p i 1 -p i = β 1 + β 2 × sex i + β 3 × length i (3.3)
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With θ 1 and β 1 being the intercepts, θ 2 and θ 3 the effects of sex and length on survival and β 2 and β 3 the effects of sex and length on capture probability. Length data was centred and sex data was coded in 0 (female) or 1 (male).

The entry probability γ i,t was estimated at each occasion t and was considered independent of individual phenotypes. We assumed a non-linear relationship with time:

ln γ i,t 1 -γ i,t = α 1 + α 2 × (t -1) + α 3 × (t -1) 2 (3.4)
Finally, the population size N super was then inferred conditionally on the probabilities estimates using an augmentation data procedure [START_REF] Royle | Parameter-expanded data augmentation for Bayesian analysis of capture-recapture models[END_REF]. The model was fitted using a bayesian approach allowing to assess estimates of parameters of interest and the uncertainties associated. We used non-informative prior information for all hyper-parameters (see supplementary material: Table 3.4). We ran 2 MCMC chains and retained 25000 iterations. Convergence and stationarity of chains were obtained after an initial burn-in of 15000 iterations. Brooks-Gelman-Rubin diagnostic was performed to verify Markov chains convergence sampling [START_REF] Brooks | General methods for monitoring convergence of iterative simulations[END_REF]. We ensured that the MCMC convergence criteria (Rhat) was below 1.1 for all model parameters. Uncertainties in model parameters were reported using credible intervals at 95 % (CI 95% ). We evaluated the statistical significance of parameters (i.e. regression coefficients by ensuring that the CI 95% did not overlap with 0. Medians of effect sizes, CI 95% (within brackets) and confidence that the parameter is significantly positive or negative (i.e. do not overlap with 0 and differ from the sign of the median; hereafter, P</ >0) are subsequently reported. We compared models (i.e., different combinations of effects) using DIC ("Deviance Information Criterion") and chose the most parsimonious one. Data and code to run analysis are available in the INRAE dataverse repository , under the name "Individual and group characteristics affecting nest building in sea lamprey".

3.1. Link between the individuals and the nests they build
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The detection process combined the physical capture of fish (state known) and the resight information based on colored tags identification. The detection matrix γ i,t (see section above) is based on capture and resight information only. However, the recovery of fish during the survey informed about the states of these individuals (on site and alive respectively). Using the Bayesian approach we were able to use this information to partially fill up the unknown matrix z i,t , allowing better estimation of parameter of interest (survival and detection probabilities), computation speed and convergence. For instance, if an individual i was observed alive few days after first capture, it indicated that the fish was alive before and then we fixed its survival history to 2 (i.e., z i,t = 2 at each occasion t since first capture). We assumed that individual didn't leave the site after entrance during the breeding season. In turn this approach facilitates the estimation of the detection and entry probabilities. For skipped observation days because of unfavourable conditions γ i,t was set to NA (see above for days detail). A first dummy occasion was added for γ i,1 and z i,1 corresponding to individuals not seen and not on site.

To test the effect of individual covariates on the number of visited nests per individual (i.e. number of different nests where an individual was observed at least once) a generalized linear model was used with sex, length, and mass as individual covariates. Date (expressed as the number of days since the beginning of the experiment) was tested as an environmental covariate. The number of individuals observed on a nest was also modelled with a generalized linear model, using average length and mass of individuals, as well as water temperature and date as independent variables. For both models, a Poisson distribution with a Log link function was used. In both cases the full model was then reduced using a stepwise selection procedure based on Akaike's criterion (stepAIC function in MASS package; [START_REF] Venables | Modern Applied Statistics with S, Statistics and Computing, Statistics, Computing Venables[END_REF]).

Sex-ratio analysis was performed with a linear mixed model (lmer function in lme4 package; [START_REF] Bates | Fitting linear mixed-effects models using lme4[END_REF]) assuming a binomial distribution of the sex-ratio variable with a Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success

Logit link function. The identity of the biggest male on the nest was included as a random effect, and its length and mass as well as date and water temperature were included as fixed effects. The best model among all those nested in the full model was selected using the Akaike's criterion.

Variables explaining nest size were assessed using a linear model fitted to the log-transformed volume variable. Individual covariates were mean length and mass of all individuals observed on the nest, and the total number of individuals seen on the nest. Date and water temperature were used as environmental covariates. A stepwise selection procedure with Akaike's criterion was then performed. This model was applied on two datasets. One dataset corresponded to the totality of the nests where one or several individuals were found. The other was the same dataset without the nests where only one individual was found. In that case, the resulting nest could only be a construction attempt with a subsequent individual departure [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF]Hardisty and Potter, 1971a;[START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF].

All statistical analyses were performed using R software version 3.5.1 (R Core Team, 2020). The Bayesian analyses were conducted using the Rjags package (4-10 version) as an interface to the JAGS software [START_REF] Plummer | JAGS: A program for analysis of bayesian graphical models using Gibbs sampling[END_REF].

Results

Over the course of the spawning season, 114 individuals (58 females and 56 males) were captured. Mean length and mass were 695 ± 41 cm/887 ± 179 g for females and 742 ± 48 cm/1019 ± 208 g for males. Seventy-four of the 202 nests observed were measured. The mean depth, lateral and longitudinal diameters were respectively 30 ± 17 cm, 119 ± 58 cm and 116 ± 50 cm corresponding to a mean volume of 80 198 ± 90 442 cm 3 . Summary of posterior distributions of parameters of interest for the dynamic multistate occupancy model are given in Table 3.1. DIC values and Gelman and Rubin diagnosis are provided in supplementary material (Table 3.5 and Table 3.6). Estimates of the coefficients of regression for The number of nests visited per individual was affected by sex, with males and females visiting on average 2.26 ± 1.72 and 1.67 ± 1.17 nests, respectively (Table 3.2, Figure 3.1).

The number of nests visited did not depend on body length. The number of individuals found on nests varied between one (usually a male) and seven, and most of the nests with more than one individual were attended by a pair (Table 3.3). The number of individuals and the sex ratio per nest were linked to none of the tested variables (Table 3.2). Across the nests where they were observed, males and females encountered on average 2.33 ± 2.13 and 2.29 ± 1.32

mates. The number of mates encountered increased with the number of nests visited for both males (Spearman's ρ = 0.39; p = 0.005; Figure 3.2a) and females (Spearman's ρ = 0.55; p < 0.001; Figure 3.2b). Nest volume increased with time in the season (Table 3.2,Figure 3.3) and with the number of individuals on it when all nests were included in the model, but not when nests with a single individual were excluded (Table 3.2; Figure 3.3). Nest volume was affected by neither individual size nor temperature.

Discussion

In this study we assessed the relationship between sea lamprey individuals and nesting activity by combining Capture-Mark-Recapture and nest survey of spawning ground throughout a breeding season. Our results showed significant differences between sex on survival and duration on the spawning ground, confirming our initial hypothesis that males spend more time on the site and visit more nests than females. However, our results disprove our second hypothesis that larger individuals spend a longer time in the spawning ground and visit more nests. Furthermore, the number of individuals and sex ratio per nest were affected by neither individual size nor the timing in the season. Finally, larger nests were dug by more individuals but not by larger ones, and occurred more frequently at the end of the spawning season.

Altogether, our results contribute to improve our understanding of sea lamprey ecology and should favour better estimation of populations by nest counts. While most nests contained a single pair or a few individuals, most males and females were observed on more than one nest and with more than one mate, indicating that the sea lamprey mating system may be more polygynandrous than the monogamous/polygynous system suggested from mere observation of individuals per nest. Accordingly, [START_REF] Scribner | Genetic assignment of larval parentage as a means of assessing mechanisms underlying adult reproductive success and larval dispersal[END_REF] used genetic parentage analysis on 62 adults and 475 larvae to show that 61 % of adults from each sex had more than Table 3.1. Parameters of Capture-Mark-Recapture model with a posteriori distribution for each parameter. 95 % credible intervals are indicated in brackets. Models were fitted in a Bayesian framework. Medians and 95 % credible intervals are reported. P</ > provides the proportion of negative or positive posterior values, that is, confidence that the effect is negative or positive, respectively. Effects were considered significant when p< 0. 0 male 1 male 2 males 3 males 4 males

0 female - 21 2 0 0 1 female 1 21 3 1 0 2 females 1 9 3 0 0 3 females 0 0 0 2 1 4 females 0 1 0 0 0 5 females 0 1 2 0 0
one mate. In our data, the number of nests for males and females (average of 2.26 ± 1.72 and 1.67 ± 1.17 nests respectively) is probably underestimated because 114 over 177 probable lampreys on site were observed while only 69 of the 202 observed nests were occupied by one or more lamprey when we detected them. The number of mates increased with the number of nests visited by lamprey of both sexes, which should benefit from higher mating success either through a higher probability of gamete fertilization or through more genetically diverse offspring [START_REF] Rodríguez-Muñoz | Genetic compatibility and hatching success in the sea lamprey (Petromyzon marinus)[END_REF]. Regarding the effect of sex on individual longevity and mobility, with males lasting longer on the spawning ground and visiting more nests, our results are consistent with previous work on lamprey [START_REF] Hagelin | Notes on the spawning habits of the river lamprey (Petromyzon fluviatilis)[END_REF][START_REF] Jang | Reproductive ecology of the river lamprey[END_REF] and for other species [START_REF] Hutchings | Sex-biased dispersal in a salmonid fish[END_REF][START_REF] Williams | Male-biased dispersal, female philopatry, and routes to fitness in a social corvid[END_REF], male-biased mobility being observed preferentially within polygynous species [START_REF] Greenwood | Mating systems, philopatry and dispersal in birds and mammals[END_REF]. This sex difference could be the result of stronger sexual selection acting on males [START_REF] Andersson | Sexual Selection[END_REF], which would increase their mating success by extending their individual breeding season [START_REF] Apollonio | Correlates of copulatory success in a fallow deer lek[END_REF][START_REF] Friedl | Sexual selection in the lek-breeding European treefrog: Body size, chorus attendance, random mating and good genes[END_REF]. Beside direct male-male contests or female choice, sexual selection on the duration of male spawning season may have thereby favoured larger males, which bear more energetic reserves [START_REF] Soulsbury | Income and capital breeding in males: Energetic and physiological limitations on male mating strategies[END_REF]. However, body size had no effect whatsoever. Size had none of the expected effects on individual duration of presence on spawning ground, number of nests visited, number of individuals per nest, sex ratio on nest or nest volume. This absence of effect contrasts with both theoretical predictions based on sexual selection or cooperation and some correlations observed within or across species of lampreys or other nest digging fishes, especially between body size and number of individuals per nest or nest size [START_REF] Berghe | Female size and nest depth in Coho Salmon (Oncorhynchus kisutch)[END_REF]). An explanation for this lack of effect could be the low variability in body size among the individuals we sampled. The coefficient of variation was only 6.5 % for males and 5.8 % for females. It usually does not exceed 10% in sea lamprey [START_REF] Hansen | Population ecology of the sea lamprey (Petromyzon marinus) as an invasive species in the Laurentian Great Lakes and an imperiled species in Europe[END_REF][START_REF] Steir | Abundance, size, and sex ratio of adult sea-run sea lampreys, Petromyzon marinus, in the Connecticut River[END_REF]. This low variability is likely to make it more difficult to detect an effect with our sample size. Furthermore, power analysis made on body size reveals that the power was 33 % for the effect of length on the number of individuals per nest and 14 % for the effect of length on nest volume if we consider a R 2 of 0.02 which corresponds to a small effect according to [START_REF] Cohen | Statistical Power Analysis for the Behavioral Sciences[END_REF]. Time had an effect only on nest size, with bigger nests at the end of the spawning season. This effect was due neither to the enlargement of already existing nests by late spawners, which occurred on only three occasions in our data, nor to a warmer temperature, which was not retained in the model. Given the short reproductive lifespan of individuals compared to the duration of the spawning season, the prediction that nearly exhausted individuals should be more likely to build nests cooperatively would be more efficiently tested by closely monitoring all the nests built by each individual through its reproductive lifespan. Although not linked to individual body size, nest volume was positively affected by the number of individuals visiting them. This result is in accordance with the trend found for the American Brook lamprey [START_REF] Mundahl | Spawning ecology of the American brook lamprey, Lampetra appendix[END_REF]. However, the absence of effect when the analysis was performed without nests attended by only one individual indicates that this positive effect could be due to the qualitative difference between actual nests and digging attempts by a single individual, reported by previous studies Model DIC γ (t), φ (sex + length), p(sex + length) Parameter Upper C.I.
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Identification and highlighting of alternative reproductive strategies at the nest scale

This section is based on the data collected and analyzed by several students during a tutored project and by an internship student, Baptiste Hardoy which began the analysis under my supervision. Consequently, a part of the videos collected as well as some analyses are based on their work.

Introduction

Cooperation encompassing many different strategies, clearly identifying the processes behind a cooperative behaviour is challenging, especially as these different patterns are not mutually exclusive. As suggested previously by the results from Dhamelincourt et al. (2021a), sea lamprey is clearly a species using cooperation, especially during the nest-building process.

The multiplicity of configurations observed, from a monogamous system to a polygynandrous one suggests several levels of configurations, with possibly different strategies, not only relying on the number of individuals but also on the leadership of one or more individuals per nest or on the presence of cheaters. Some cues may help us to identify, among the concepts of cooperation and competition existing and briefly depicted in Table 3.7, which ones may apply to the sea lamprey. Firstly, homing does not exist in lamprey [START_REF] Bergstedt | Evidence for lack of homing by sea lampreys[END_REF][START_REF] John | Sea lamprey Petromyzon marinus: An exception to the rule of homing in anadromous fishes[END_REF] and adults use chemical cues and pheromones (especially from larvae) to identify productive spawning habitats [START_REF] Buchinger | Chemical cues and pheromones in the sea lamprey (Petromyzon marinus)[END_REF][START_REF] Vrieze | Laboratory assessment of the role of a larval pheromone and natural stream odor in spawning stream localization by migratory sea lamprey (Petromyzon marinus)[END_REF]. Consequently, it is unlikely that related individuals meet in the same spawning ground. Kin selection and its derivatives are therefore unlikely to drive cooperation inside nests.

Furthermore, the brevity of the spawning season associated with the semelparity of the species makes strategies based on strong reciprocity hardly plausible. For the same reasons, 3.2. Identification and highlighting of alternative reproductive strategies at the nest scale 83 group selection could be excluded if we consider that the short time allocated for spawning makes it difficult to build stable groups. This assumption is completed by the observation of an important mobility for both males and females, observed on nests with different configurations regarding number of individuals.

By-product mutualism appears to be the most likely process to occur in sea lamprey, considering the weakness of the relatedness between individuals and the brevity of the spawning season. Considering the theory behind by-product mutualism, cooperators, by building the nest for their own fitness (and the fitness of their mates) are increasing the success of individuals of the same sex by their purely selfish behaviour. As we do not have access to progeny, we will focus here on specific aspects of cooperation by studying the number of matings and nest building events. Alongside with by-product benefits, we may observe different types of aggressive behaviours, i.e. males or females attacking either individuals of the same sex or individuals of the other sex. Aggressive behaviours towards other sex would exclude intrasexual competition as the only cause. If this can partly explain the same-sex aggressions, inter-sexual and possibly some intra-sexual coercive interactions may fall within the scope of punishment or sanction, depending on the aim of the aggressor to continue (= punishment) or to stop (= sanction) the interaction. Finally, the existence of an individual controlling the behaviour of cooperators may indicate a possible reproductive skew with benefits to a dominant male, with a skew defining an egalitarian to despotic system.

Here, we will test several hypotheses, to give some initial insights about the reproductive strategies adopted by sea lamprey:

1. There is an inter-individual variation in the global level of activity that translate into both higher building and mating rates 2. Individuals more involved in the nest-building are sexually selected These hypotheses will be tested on a dataset consisting of videos obtained on several spawning seasons, where building and spawning events were counted, per individual, during all the video sequence. As the number of videos appears currently too low to build solid conclusions -because of the difficulty to collect enough videos per nest configuration, but also to have usable data (unobstructed camera, individuals not leaving the field of view during construction) -we only present some possible analyses to be made with a more complete dataset, and discuss the first results.

3.2. Identification and highlighting of alternative reproductive strategies at the nest scale 85 • Direct reciprocity is the other path for reciprocal altruism, often considered as "Tit for tat". In tit for tat, the individual helps or not depending on the previous behaviour of the potential receiver: cooperation for cooperation, defection for defection. Three conditions are necessary for the success of tit for tat: "Niceness", a helper never defects when the other individual helps; "Swift retaliation", an individual immediately defects on a defecting partner; "Forgiving", helper remembers only the last action of an individual.

• Greenbeard effect; here, the mechanism involved is a linkage disequilibrium between a gene encoding a phenotypic trait used for recognition and one or several genes coding the helping behaviour. An individual behaves differently (helping or not) depending on the presence or not of the phenotypic trait. When the linkage does not exist anymore or is reduced, the gene responsible of cooperation can rapidly decrease in frequency as individuals not cooperative will be favoured and will produce more offspring in some extent. The "green beard" may be absent if the gene coding for cooperation is linked to some ecological preference (habitat, activity period or other characteristics) in place of a morphological trait.

Continued on next page
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Group selection

The principle is that a group of cooperators is likely to be more successful than a group of defectors, and the group of cooperators may grow faster. In case of mixed group, with both cooperators and defectors, selection within group favours the defectors while the between-group selection favours cooperators.

• Within group selection:

Withingroup selection disadvantages the cooperators because a cooperator bears a cost not supported by the partners of the same group. Defectors are even more favoured as they receive more benefits without any cost from cooperation.

• Between group selection:

Between-group selection favours cooperation as the groups with more cooperators may have higher fitness than those with more defectors. Reproductive skew strategies necessitate to provide a minimum amount of reproduction for individuals, equivalent to or higher than the amount they can obtain by group dissolution or costly competition. • Punishment occurs when an individual cheats a partner, which increases its immediate payoffs and causes a fitness cost on the partner. The partner then responds with a behaviour that reduces even more its immediate payoffs but imposes a fitness cost on the cheater, expected to behave more cooperatively in following interactions with the punisher.

• Sanction differs from punishment because the punished individual is not likely to cooperate afterwards but simply to leave the group, as no future in the interaction is expected by the punisher.

• Coercion is a last type of sanction, differing from punishment by the payoffs of the punished. Under this system, no interaction provides a higher payoff than cooperating with the aggressor. Sexual harassment, when a male forces a female to mate, lies in this category.

The aggressor pays an initial cost by using a coercive tactic but ultimately benefits from the assistance provided by the individual attacked or by other one(s) that replace it (in case of sanction).

Clutton-Brock (1995a) 3.2. Identification and highlighting of alternative reproductive strategies at the nest scale 91

Material and methods

Study site and field protocol

The study was conducted on several sites of the Nive River, from 2019 to 2022. The main site is the 1 km long bypass reach of the Halsou hydroelectric power plant (Halsou dam, 43°2 2' 21.38" N, 1°24' 53.134" W), monitored as part of the study on the relationship between nests and individuals and on the use of a Capture-Mark-Recapture model. The second site is located in Ustaritz and is a 300 m long bypass reach downstream of a dam (Ustaritz dam, 43°24' 5.536" N, 1°27' 20.622" W). The last site is a reach of 400 m long, located in Saint- 1°18' 27.305" W). We used different sites because the videos used were recorded in parallel with the other experiments carried out during the thesis.

We waded the study sites in search of active nests, i.e. nests containing individuals participating in nest construction and/or mating. If active individuals were observed, an underwater camera was placed above the nest and left it recording until we recovered it the next day.

However, due to the range of the battery each recording did not exceed 15 hours (autonomy depending on the camera and the temperature). Considering the videos shot since 2019 we obtained a behavioural dataset based on 20 different nests.

Video analysis

All videos were analyzed using the BORIS software (Behavioral Observation Research Interactive Software; [START_REF] Friard | BORIS: A free, versatile open-source event-logging software for video/audio coding and live observations[END_REF] allowing to count and measure the duration of events defined in an ethogram (Table 3.8). Each behaviour was associated to a male X or a female X (X corresponds to an ID allowing the identification at the nest scale, from 1 to the number of individuals of a given sex on a given nest) and to another individual when the behaviour involves two individuals or more (spawning act or aggression). 

Statistical analysis

For the first hypothesis, we used a linear mixed model and the lmer function of the lme4 package [START_REF] Bates | Fitting linear mixed-effects models using lme4[END_REF] to assess the translation of inter-individual variation in the global level of activity into building and mating acts. The frequency of spawning acts was used as response variable while the frequency of building acts and the sex were used as explanatory variables. We therefore added a random effect of nest identity and an interaction term between sex and building activity.

To test the second hypothesis that individuals more involved in the nest-building are sexually selected, we calculated the ratio of "successful" spawning acts compared to the missed spawning acts, and used the number of building acts as explanatory variable. This ratio was used because while the frequency of spawning acts indicated the raw mating activity of individuals, this ratio was more likely to indicate the success of males in their mating attempts, regardless of their number. I excluded females in this analysis because the male initiates the mating act, by gliding its head and wrapping its tail around the female's body [START_REF] Johnson | Reproductive ecology of lampreys[END_REF]. Consequently, only females are likely to reject a spawning attempt, the males simply choosing whether or not to initiate a mating.

To test the third (higher overall rate of building acts with cooperation, or same rate but with a reduced individual building rate) and fourth (reinvestment of energy into spawning if the individual building activity is reduced) hypotheses, we used a graphical assessment of the relationship between the number of building behaviours/number of spawning acts and the number of individuals per nest, as the number of observations was too low to test these relationships statistically. Reproductive skew existence was tested by determining if aggressors had a higher spawning frequency than attacked or neutral individuals, and using a non-parametric Kruskal-Wallis test followed by a pairwise Wilcoxon test.

The link between aggressions and a potentially reduced building activity, as well as the Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success effects of aggressions on the subsequent building activity was determined with the Ripley's K-function, used traditionally to illustrate how the spatial clustering or dispersion of feature centroids changes when the neighbourhood size changes [START_REF] Haase | Spatial pattern analysis in ecology based on Ripley's K-function: Introduction and methods of edge correction[END_REF]. Applied to our study focusing on temporal rather than on spatial data, this analysis allowed to determine if the density of the building behaviours (i.e. stone removing and tail cleaning) was higher after an aggression than before. As we did not have a priori information about the time intervals to consider, we implemented several time steps around the aggressions, from 100 to 1000 seconds before and after the aggressions. We selected this interval sufficiently narrow in a way that it avoided an overlap of intervals between consecutive aggressions. We repeated this calculation for each individual attacked and averaged the value of all the aggressions it experienced to get a synthetic plot. In order to compare the Ripley's K values obtained to a reference situation, we simulated for each nest a null model where the building events really observed (we kept the real number of events) happened randomly around the aggression events. To visualize the intensity of aggregation for each radius, we computed for each calculation L(r), the difference between K i j (r) computed on data and the mean of K i j (r) computed on 100 simulated datasets. K i j (r) corresponds to the sum of events of type i (here the building events) that occurred within r seconds before of after any event of type j (here the aggressions). Finally, to test if the aggregation of behaviours significantly differed from the random distribution, we tested if K i j (r) obtained with observed values was outside the range of 95% of the values of K i j (r) obtained with the random distribution, for each individual and each radius.

Results

Within the 20 nests studied, we counted 6693 behaviours (excluding "in" and "out" events) and solely 64 aggressions from males toward other males (34) but also towards females (30).

A total of 11 nests included aggressive behaviours. Within the 90 individuals observed, 11

3.2. Identification and highlighting of alternative reproductive strategies at the nest scale 95 not significantly associated with the variables tested. Indeed, we did not find a significant effect of the number of building behaviours (χ 2 = 0.31, Pr (> χ 2 ) = 0.58) nor a sex effect (χ 2 = 2.42, Pr (> χ 2 ) = 0.12) on the number of spawning acts. However, and as suggested 

Effects of cooperation on nest-building activity

We did not observe an increasing of the global number of building acts per hour with more individuals (Figure 3.8). Instead, we observed individuals tending to reduce their activity, resulting in a total number of behaviours around 100 per hour (97.7 ± 66.3 building acts/hour) with a high variability, from 12.3 to 328 behaviours per hour. No other tendency depending on the number of individual was highlighted, and both males and females tended to reduce their activity while the number of cooperators was increasing.
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Effects of the number of individuals on spawning activity

Similarly to the number of building behaviours (Figure 3.8), the number of spawning acts (Figure 3.9) did not seem to be increasing with more individuals. We did not observe a higher number of spawning acts per individual. The reduced number of nests where spawning acts were observed (19) did not allow to test it statistically.

Occurrence of aggressive interactions

The frequency of aggressions increased with a higher number of individuals on the nest, especially considering males (Figures 3.10 and 3.11). However, in case of the presence of one male and one female, aggressions occurred as observed on one nest (Nest 122-2021, 3.2. Identification and highlighting of alternative reproductive strategies at the nest scale101 

Reproductive skew assessment

The frequency of spawning acts was not significantly different depending on the behaviour of the individual (either aggressor, attacked or not involved; Figure 3.12). The choice of a strategy did not influence the mating success. Consequently, the variability we observed on the frequency of spawning acts (from 0.1 to 21.5 matings per hour for males; Figure 3.9)

was not explained by the policing of some males towards conspecifics. However, the lack of male to male aggressions made it difficult to obtain a significant result and the results of 3.2. Identification and highlighting of alternative reproductive strategies at the nest scale103 Figure 3.13. L(r), the difference between K i j (r) computed on observed data and the mean of K i j (r) computed on random simulated data of building behaviours, for several radius around 0, the time when the male was attacked. Each broken line corresponds to a male on a nest. The squares correspond to the value calculated for one radius and a solid square corresponds to a significant excess or reduction of building behaviours compared to a random dataset.

Figure 3.12 are more an illustration of the envisaged approach with more data than a really interpretable result as it is.

Consequences of an assault on the assaulted individual

Even if some L(r) values were significantly different from the random distribution for males (Figure 3.13) or females (Figure 3.14), these values did not indicate either a reduction of building activity prior to the aggression or an increasing of this activity following the latter.

In spite of the higher number of aggressions towards males, the number of individuals attacked is lower, few individuals (five) concentrating all the aggressions and explaining the 3.2. Identification and highlighting of alternative reproductive strategies at the nest scale105

Figure 3.14. L(r), the difference between K i j (r) computed on observed data and the mean of K i j (r) computed on random simulated data of building behaviours, for several radius around 0, the time when the female was attacked. Each broken line corresponds to a female on a nest. The squares correspond to the value calculated for one radius and a solid square corresponds to a significant excess or reduction of building behaviours comp ared to a random dataset.

Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success low number of individuals in the analysis. It is therefore difficult to detect a tendency for males.

Discussion

Males tended to spawn more frequently than females, probably due to the reduced number of males on the nests considered compared to the number of females (Figure 3.10) but no difference was observed between the frequency of building acts. No relationship was found between the building activity of males and females and their frequency of spawning acts, nor between the success ratio of spawning attempts. In spite of an inter-individual variation in the global level of activity, a higher building activity did not mean a higher mating rate or mating success, making the hypothesis of a selection based on the nest-building unlikely. The sex-ratio on nests indicated a tendency to polygamy biased towards polygyny, as depicted in previous studies on lampreys [START_REF] Jang | Reproductive ecology of the river lamprey[END_REF][START_REF] Brumo | Spawning, Larval Recruitment, and Early Life Survival of Pacific Lampreys in the South Fork Coquille River, Oregon[END_REF] including sea lamprey [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Gardner | Distribution and abundance of anadromous sea lamprey spawners in a fragmented stream: Current status and potential range expansion following barrier removal[END_REF]. Consequently, considering the nest level, the absence of correlation between male's building and mating activities was not unlikely. However, as females tended to be more than one on the same nest, the lack of correlation between the building and the mating activity appears more surprising. Male's mate choice tends to occur when there is a need to choose between mates due to limited mating capacities (i.e. gamete stock or energy reserves; [START_REF] Edward | The evolution and significance of male mate choice[END_REF]. In this case, male can assess the female "quality" using cues such as the female size [START_REF] Dosen | Female size influences mate preferences of male guppies[END_REF]). As we did not observe this pattern in this study, we can either hypothesize that males do not select females, or that they select females in some conditions. This selection may depend on the male spawning capacity compared to the number of mates on the nest. In case of mate availability overwhelming the male's mating capacity, the male will reject some mates or stay below the mate's mating availability. This rejection may occur randomly if the male can not assess the mate quality. However, if the male can detect the best mate to spawn with, he may 3.2. Identification and highlighting of alternative reproductive strategies at the nest scale107 reject the other mates. Figure 3.15 summarizes this male mate choice scenario. Considering the nests of this study we either monitored nests where the male's mating capacity was not exceeded, or we did not monitor the trait(s) used by males to select the females (for example, we did not have the possibility to test the effect of the female size).

The third hypothesis stated the possible effects of cooperation on building efficiency.

We predicted that individuals should either build larger nests by conserving the same building activity in all nest configurations, or reduce their building activity in case of communal nest building, ensuring energy saving while building similar nests than monogamous pairs.

Our results support the second option as the sum of building acts per hour remained stable and independent of the number of individuals involved in the construction. A similar result was observed for other structures such as web-traps of spiders, the individual investment decreasing with a higher number of individuals [START_REF] Riechert | Why do some spiders cooperate? Agelena consociata, a case study[END_REF]. Consequently, the communal nest-building performed by sea lamprey seems to allow them to save energy rather than increase the speed at which the nest is built. If we consider that individuals spawning communally are not adopting this strategy because of a poor physical condition, they should reinvest the energy saved in other activities. As sea lamprey are totally dedicated to spawning during the breeding season due to their semelparity, they should totally reinvest this energy in spawning activity. We may have observed a higher reproductive rate in nests with communal spawning. However, we did not observe this higher reproductive rate per individual. Therefore, this energy may be used to defend the nest or to spawn in more nests, with more mates, diluting the risk of spawning failure in case of mortality on nest, as observed within birds [START_REF] Watts | Old nest accumulation as a possible protection mechanism against search-strategy predators[END_REF]. To test the hypothesis of multiple nest attendance by individuals spawning communally, protocols allowing to monitor individuals during their entire spawning season appears necessary, and telemetry may be a suitable way to obtain such information.

Nests where sea lamprey spawned communally were also those where aggressions mainly 108 Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success 3.2. Identification and highlighting of alternative reproductive strategies at the nest scale109 occurred. All nests with more than two individuals experienced aggressive behaviours. However, we did not find a higher spawning success for males attacking other individuals. The mating frequency of the individuals of the same sex inside a nest was therefore not really differing. Consequently, we did not find evidence of a reproductive skew driven by aggressions within sea lamprey.

Considering that aggressions did not explain the spawning success assessed by the mating acts, aggressions may act on another component of spawning success, possibly the nest quality, by ensuring that conspecifics participate sufficiently in nest-building activity, rather than solely participate to spawning. If this hypothesis is confirmed, we should have observed aggressions as a punishment in response to a reduced building activity, according to our predictions. Nonetheless our results did not support this hypothesis as aggressions did not occur after a reduced building activity, regardless of sex. One male and three females left the nest after an aggression, and individuals tended to desert the nest for a certain period of time after being attacked. This pattern was not only found for males and therefore it appears difficult to consider this behaviour only as a way to exclude an opponent. If this explanation may be retained for males and can partly explain the tendency towards polygyny in sea lamprey nests, aggressions towards females remain misunderstood.

Our analyses depicting a part of the spawning activity of some sea lamprey revealed a high variability considering male and female associations inside nests. Behind a tendency of monogamy towards polygyny, some associations involved polygynandry or polyandry. A common pattern was the reduction of the individual building activity in communal nests, this activity being divided between all the conspecifics. However, the spawners did not benefit from the energy saved through an increased reproductive activity, but much more aggressions occurred in communal nests, suggesting either competition or policing. The large spectrum of nest configurations implies we may find different strategies depending on the situation considered. Globally, the number of spawning acts and building behaviours did not vary Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success between males and females. The purpose of males attacking conspecifics helping to build nest remains unclear.

With respect to the theoretical aspects of cooperation we depicted in introduction and tested for sea lamprey -i.e. 1) By-product mutualism, 2) Reproductive skew, 3) Punishment and 4) Coercion-some are not supported by the the main results, here summarized: The interindividual variation in the nest-building activity was not related to the mating rate nor to the mating success, indicating no sexual selection driven by the building. Cooperation allowed a reduced building rate of both males and females as cooperation allowed this reduction while maintaining the same global rate at the nest level. However, the energy potentially saved was not reinvested in spawning activity, at least considering the mating rates at the nest level. We did not observe dominant and subordinate individuals, and aggressions were not a reaction for individuals not behaving cooperatively.

Consequently, if we refer to the theoretical concepts suitable for sea lamprey, by-product mutualism remains a reasonable explanation, especially because each individual is immediately rewarded by spawning acts when involved in nest-building and possibly increases its reproductive success by spawning in a nest more favourable to offspring survival. However, we did not find a clear relationship between the frequency of the building activity and the frequency of the matings. Considering the observations provided by the videos analyzed, I still consider sea lamprey as a good study model for the assessment of sexual selection within nests. Some limitations make this type of study difficult to conduct over a short period of time. This is due to the difficulty of finding a sufficient number of non-monogamous associations, but also to the difficulty of framing the filmed nests without the individuals deciding to dig outside the field of vision or obstructing the camera. The multiple configurations observed may help to highlight how the reproductive strategies may vary for sea lamprey and for other species with a similar variability, or more generally to provide information for a better understanding of polygamous systems.
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Contributions of telemetry to the understanding of reproductive strategies

This part of the chapter corresponds to the work made in collaboration with Chloris Rusch, an internship student I supervised. Consequently, it uses the results she produced during her stay in the laboratory.

Introduction

Sexual selection was initially conceptualized by Darwin to explain the existence of characters apparently not favoured by natural selection. It has been defined as depending on "the advantage which certain individuals have over other individuals of the same sex and species solely in respect of reproduction" [START_REF] Darwin | The descent of man, and selection in relation to sex[END_REF]. Sexual selection is in particular based on two relationships involving mating success: Bateman gradient and sexual selection gradients.

Firstly, the Bateman gradient [START_REF] Bateman | Intra-sexual selection in Drosophila[END_REF][START_REF] Arnold | Animal mating systems: A synthesis based on selection theory[END_REF] is the slope of the linear regression between the number of offspring produced by an individual (i.e. reproductive success) and its number of reproductive partners (i.e. mating success). Under the Bateman gradient, differential mating success results in differential fitness only if its value differs from 0. A steep slope indicates a direct fitness benefit of multiple mating in terms of number of offspring, while a shallow slop implies a weak gain of fitness per mating event.

Consequently, the steeper the slope, the greater the selection on traits linked to mating success will be. This gradient is known to be stronger for males than for females as observed by [START_REF] Bateman | Intra-sexual selection in Drosophila[END_REF] for Drosophila and by other authors [START_REF] Pélissié | Sexual selection without sexual dimorphism: Bateman gradients in a simultaneous hermaphrodite[END_REF][START_REF] Jones | Validation of Bateman's principles: A genetic study of sexual selection and mating patterns in the rough-skinned newt', Proceedings of the Royal Society of London[END_REF]. However, this gradient can exist for females and be equal [START_REF] Apakupakul | Bateman's principle is reversed in a cooperatively breeding bird[END_REF] or even higher than the male's gradient [START_REF] Jones | The Bateman gradient and the cause of sexual selection in a sex-role-reversed pipefish[END_REF][START_REF] Janicke | Darwinian sex roles confirmed across the animal kingdom[END_REF].

Consequently, even if the gradient is often higher for males, the sexual selection of females should be considered.

Secondly and in addition to the Bateman gradient, sexual selection gradients link the individual phenotype to the mating success and ultimately to the spawning success. The phenotype can be morphological traits such as ornaments [START_REF] Tobias | The evolution of female ornaments and weaponry: Social selection, sexual selection and ecological competition[END_REF][START_REF] Freeman-Gallant | Sexual selection, multiple male ornaments, and age-and conditiondependent signaling in the common yellowthroat[END_REF] or size [START_REF] Danielsson | Antagonistic pre-and post-copulatory sexual selection on male body size in a water strider (Gerris lacustris)[END_REF] but also behaviours [START_REF] Smith | Theories of sexual selection[END_REF] and, as for the Bateman gradient, these phenotypic traits may concern both males and females. In some cases, the evolutionary equilibrium resulting from sexual selection is a mixture of several Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success phenotypes and not just one, leading to alternative reproductive tactics (ARTs, [START_REF] Oliveira | Alternative Reproductive Tactics -An Integrated Approach[END_REF]. These alternative phenotypes are characterized by a discontinuous distribution of traits having evolved to achieve the same functional end: reproduction. ARTs involve a competition between members of the same sex for the access to mates. For example, male rhesus macaques can be divided into two categories: high-ranking males, which form longterm consorts and guard females, and low-ranking males, resorting to quick copulations under the cover of vegetation [START_REF] Nurnberg | Alternative reproductive tactics and reproductive success in male rhesus macaques[END_REF]. Many anurans use caller-satellite associations in which satellite males sit silently near vocalizing males at choruses [START_REF] Oliveira | Alternative Reproductive Tactics -An Integrated Approach[END_REF].

Satellite males using these tactics either attempt to intercept females attracted to callers, or wait to take over calling sites or territories following the departure of the resident male [START_REF] Wells | Territoriality and male mating success in the green frog (Rana Clamitans)[END_REF]. Within insects, males of some species of damselflies have different wing shapes depending on their territorial or nonterritorial tactics [START_REF] Nurnberg | Alternative reproductive tactics and reproductive success in male rhesus macaques[END_REF], territorial males having shorter and slightly broader hindwings than nonterritorial males. These examples highlight a particular feature behind some species using ARTs: the likelihood of an individual adopting a particular strategy may depend on specific traits [START_REF] Gross | Alternative reproductive strategies and tactics: Diversity within sexes[END_REF]. These traits make the probability of success of one strategy superior to others and induce individuals to select it. Traits depicted here can be considered as differences in state and this state may determine the fitness of the individual, resulting in status difference. This implies a status-dependent selection and possibly strategies referred to as conditional strategies [START_REF] Gross | Alternative reproductive strategies and tactics: Diversity within sexes[END_REF]. The fighting or sneaking strategies are often based on the body size of the individual and lies into conditional strategies, as well as the set of strategies depending on phenotype. Consequently, most of the ARTs are included in the framework of conditional strategies.

Among the many behaviours that might be involved in sexual selection, mobility is widespread and notably concerns male mammals [START_REF] Wolff | Mobility versus territoriality: Alternative reproductive strategies in white-footed mice[END_REF][START_REF] Stockley | Alternative reproductive tactics in male common shrews: Relationships between mate-searching behaviour, sperm production, and reproductive success as revealed by DNA fingerprinting[END_REF]. In a general way, the reproductive success of females tends to depend more on food 3.3. Contributions of telemetry to the understanding of reproductive strategies 115 resources [START_REF] Senigaglia | Foodprovisioning negatively affects calf survival and female reproductive success in bottlenose dolphins[END_REF][START_REF] Toügo | Female reproductive success and costs in an alpine capital breeder under contrasting environments[END_REF] accumulated prior to the breeding season or available at the time of reproduction (respectively named capital breeding and income strategy; [START_REF] Drent | The prudent parent: Energetic adjustments in avian breeding[END_REF][START_REF] Stephens | Capital breeding and income breeding: Their meaning, measurement, and worth[END_REF] while that of males depends more on the number of females fertilized, according to the Bateman gradient. Consequently, the mobility of females is often restricted and they do not stray far from food resources. For males, on the other hand, it is in their interest to maximize the number of females encountered and must therefore adapt to their spatial distribution. They can use a mobile search strategy when females are dispersed, stay around the aggregations of females, or use a mixture of both [START_REF] Sandell | Roamers and Stayers: A model on male mating tactics and mating systems[END_REF]. According to [START_REF] Sandell | Roamers and Stayers: A model on male mating tactics and mating systems[END_REF], the roaming tactic corresponds to males wandering in search of receptive females and competing for each opportunity. The staying tactic is roughly the opposite, i.e. males defending their access to a group of females or to a resource providing an access to a group of females. The adoption of either of these strategies depends on several parameters such as the estrus length. A longer estrus favours the roaming strategy while a reduced length incites the males to defend some females. A sex-ratio biased towards females favours the staying tactic, as the probability for a male to encounter females in its near area is high. A low mate-searching efficiency also promotes the stayer strategy. In general, the choice of one or the other strategy may depend on the relation between the costs for the individual -linked to the parameters mentioned above but also to the body condition of the individual -and the mating success obtained according to the tactic considered. The energy reserves being linked to the length of the individual, larger individuals should be more likely to choose the roamer strategy if mobility is more costly than territoriality. If territoriality is more costly due to intrasexual competition, larger individuals should reduce their mobility.

Another behaviour considered in a sexual selection context is the nest building. Similar to individual mobility, the nest can be a proxy of body condition which may influence its characteristics. The nest can thus become a signal of individual quality, as observed for Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success nests built by a single individual which differ on neatness for three-spined sticklebacks, Gasterosteus aculeatus [START_REF] Barber | Nests as ornaments: Revealing construction by male sticklebacks[END_REF] or weight [START_REF] Mainwaring | The weight of femalebuilt nests correlates with female but not male quality in the Blue Tit Cyanistes caeruleus[END_REF] in the passerine bird Cyanistes caeruleus. Nest characteristics related to builder's quality may influence the parental investment [START_REF] Soler | Nest building, sexual selection and parental investment[END_REF] or the number of individuals that visit and breed there for non-monogamous species. These links are generally observed for one nest on breeding season, either because each individual is involved in only one nest or due to the challenge of monitoring a mobile individual during its whole breeding season. However, tracking an individual to obtain data on its number of nests and on the characteristics of these nests may help to assess these aspects possibly linked to builder's quality, and under sexual selection. Males building more nests can be more attractive to females [START_REF] Evans | The influence of habitat and male morphology on a mate-choice cue: The display nests of wrens[END_REF][START_REF] Garson | Male behaviour and female choice: Mate selection in the wren?[END_REF] in addition to the dilution of predation [START_REF] Leonard | The adaptive significance of multiple nest building by male marsh wrens[END_REF]. Considering the time and energetic cost required for construction, it seems likely that a balance between the number of nests and their quality (size, appearance) exists. The body condition of the individuals can be an indicator allowing to solve this trade-off, as it may be the case for the choice between roaming or staying.

With regard to alternative reproductive tactics and their possible use depending on clearly identifiable phenotypic traits, they can be assessed to study sexual selection in species likely to use conditional strategies, due their breeding characteristics. Sea lamprey seems to be an appropriate species for several reasons. Males and females build nest which implies that the Bateman gradient can exist for one or both sexes. If the mating success is associated to the spawning success, ARTs may be observed. Furthermore, polygynandry and multiple nesting are observed within sea lamprey. These observations led to the question of the possible existence of ARTs depending on sex or body condition (with size as a proxy). In this part, I

propose to explore the possible existence of these strategies in sea lamprey, by answering the following questions with a telemetry study:
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• What is the inter-individual variability in mobility and number of nests built during a season?

• Is there continuous variability or discrete, well-differentiated strategies?

• Is there a relationship between mobility and the number of nests built?

• Does the observed variability in mobility and number of nests built depend on the size and sex of individuals?

Material and methods

Study site and experimental period

The study took place in the 1 km long and 60 m width bypass reach of the Halsou hydroelectric power plant on the Nive river (Halsou dam, 43°22' 21.38" N, 1°24' 53.134" W), a 79 km long river situated in Northern Basque Country, France, and draining a basin of 1030 km 2 . This reach is composed of riffles, runs and pools, and offers a variety of microhabitats adapted to nest construction by sea lamprey, as attested by the 202 nests found in this reach on a previous survey [START_REF] Dhamelincourt | Individual and group characteristics affecting nest building in sea lamprey[END_REF]. The study period roughly corresponded to the sea lamprey spawning period in the Nive, from May 19 to June 04, 2021. Site choice was motivated by the high accessibility of all the potential spawning grounds and by the presence of two dams immediately upstream and further downstream, potentially limiting migration of marked individuals, without impeding it. Figure 3.16 indicates the different facies of the study site, riffles being the most favourable facies for nest-building.

Individual marking and captivity of individuals

Twenty-six sea lampreys were bought to a professional fisherman on April 16, 2021 and 20 of them were tagged on April 19, 2021 to get a 1:1 sex-ratio (10 males and 10 females). As individuals were not mature and difficult to identify due to the lack of sexual secondary characteristics at that time, we tried to sort them using their colour, males being generally more brown than females which are rather grey. This first impression was confirmed or overturned while marking when the sex was definitely determined. Individuals were anaesthetized using a 10% Benzocaine solution (5 ml for 20 litres of river water) and placed inside a PVC gutter for weighing, length measurement and marking. An ATS ® 2620 transmitter was inserted into the abdominal cavity of each individual, 10 cm behind the gill slits with the antenna inserted approximately one centimetre subcutaneously, before being passed out from the individual's body using a trocar (to ensure detection on the field). Each transmitter weighted 9 g, measured 3.7 cm and had a "mortality" function, corresponding to a lower frequency beep activated when a lamprey didn't move during 8 hours, possibly indicating its death.

After marking, the wound was stitched, disinfected and covered with a healing powder. Individuals were then separated per sex in two boxes alimented by the Nivelle water, but with 

Manual radiotracking

Monitoring began as soon as the individuals were released to monitor their initial movements (portable ATS R4500 CD connected to a two-way antenna). The individuals were then monitored by a team of at least three people 7 days a week during all the spawning season.

The tag frequencies were stored in the receiver and automatically scanned during the survey.

When an individual was spotted, its position was recorded. The objective was to locate each individual on a daily basis and to identify any activity related to reproduction. Monitoring was stopped when all individuals were considered dead on June 16, 2021. An individual was considered dead when the tag emitted a mortality signal (triggered after 8 hours without movement) with no movement for several days. The bodies were searched for tag removal.

During the daily tracking session, the study site was thoroughly surveyed, identifying the position of each individual present on the site. When an individual was not recorded, we looked for it upstream and downstream to find out its position as an indication. However, we only assessed the spawning activity of the individuals on our study site as their position is recorded both by the manual and automatic radiotracking. When a nest was identified, it was marked with a numbered rebar and its GPS coordinates were recorded. We also noted the Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success date, time and identity of individuals on it (for marked lampreys). Each nest was subsequently monitored daily until no more individual was observed on it, and its diameters and depth were then measured. Lateral (perpendicular to the current) and longitudinal (parallel to the current) diameters of the excavated area were measured using a measuring tape (± 1 cm). Water depth (± 1 cm) was measured at the deepest point of the excavated area and at the upstream verge of the nest, using a vernier gauge.

Automatic radiotracking

Five fixed antennas and their receivers were placed on the spawning site where we identified suitable spawning zones regarding substrate size, depth and current velocity. Their detection zones overlapped partially on the most favourable zones to precise the individual positions.

Each antenna scanned the 20 transmitters every five minutes and saved the identity of the signal detected and its detection power, increasing with transmitter proximity. This allowed, with the support of manual tracking, to trace the movements of individuals on site and also aimed to deduce the nests built by a marked lamprey. Every three days we collected the data at the same time as the receiver batteries were replaced and receivers were continuously functioning until no live individuals was detected on site. We defined eight zones on the site, each one corresponding to a zone covered by a single receiver or by a pair (Figure 3.17).

Data analyses

We used three indicators to summarize the individual mobility quantitatively rather than solely describe it qualitatively. These indicators were modified from [START_REF] Bouchard | Sexual maturity increases mobility and heterogeneity in individual space use in Atlantic salmon (Salmo salar) parr[END_REF] and may provide information on the distance covered (with the number of zone changes), the number of direction changes and the area used (with the intra-zone mobility):

• The number of zone changes took into account the distance travelled by an individual between different detection zones, i.e. on the scale of ten or a hundred metres. Figure 3.18 indicates the number of zone changes for a hypothetical lamprey moving within the monitored zone. Each time this lamprey crossed the limit between two detection zones we added one to its number of zone changes. This indicator does not take into account the direction of the change.

• The number of direction changes counted the number of times the individual changed from upstream to downstream or vice versa. Figure 3.19 indicates the number of direction changes for a hypothetical lamprey moving within the monitored zone. Each time the lamprey changed its direction, we added one to its number of direction changes.

We did not consider the number of detection zones crossed with this indicator.

• Intra-zone mobility was characterized as the sum of the variances of the detection powers in each detection area of the fixed antennas. Figure 3.20 depicts two scenarios of a sea lamprey moving within a detection zone of an antenna; a) A lamprey with a low Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success < 0.05).

The nest occupation by marked individuals was visually assessed. The detection power of the individual (points) was superimposed with those of the different nests (boxes) according to the date for each antenna (Figures 3.34 to 3.38). The boxes, representing the nests, were constructed from the date of discovery of the nest to the end of its occupancy, and from the minimum and maximum detection powers of the antennas, to define a spatial and temporal framework. The dates started one day before the discovery of the nest to account for the beginning of nest construction, and extended to one or two days after the discovery depending on the activity observed. Nest detection powers were calibrated on fixed antennas with a test transmitter at the end of the spawning season, by moving it in the nest to take into account the variation of detection power due to the orientation of the transmitter [START_REF] Gottwald | Introduction of an automatic and open-source radio-tracking system for small animals[END_REF].

On the graphs, each antenna had its own colour, which made it possible to identify whether or not the points (detection powers of the individuals) enclosed by the boxes (nests) were of identical colour. If the colours coordinated, we assumed that the individual has been in the nest, in which case the relevant box was coloured.

Figure 3.21 indicates the reproductive trajectory of a hypothetical individual. This individual was firstly detected on the first receiver and participated to build the Nest 2. Then, he migrated upstream to reach the zone covered by the receiver 3, while the power detected on the receiver 1 decreased. He was involved in the building of the Nest 3. Then, the individual migrated more upstream and reached the receiver 3, but did not build a nest. The power of detection is corresponding to the Nest 5 but as the Nest 5 is near the first receiver, our individual did not attend this one. Finally, the individual was detected again by the receiver 2 (indicating a downstream migration) and disappeared from the detection data, indicating either that he left the zone (unlikely as it should have been detected on the receiver 1 or 3) or probably its death (causing a mortality signal not detected by the receivers). Nests 1, 4 or 6 were probably only built by wild ones we observed on the nest. Nest 7 did not correspond to the signal of a marked individual and we did not observe the wild individuals which built it.

Results

Raw statistics of the data collected

Out of 20 released individuals, 18 were detected on the study site during the spawning period, Length: Spearman's correlation test did not highlight a significant effect of length on any indicator of mobility (Pvalue = 0.885 > 0.05 for number of zone changes, Pvalue = 0.944 > 0.05 for number of directional changes and Pvalue = 0.519 > 0.05 for intra-zone mobility).

Power analysis

Wilcoxon test had an 81% chance of detecting a significant effect of sex on the number of zone changes assuming the means and standard deviations observed in the data (males: 10.97 clearly appeared which indicates our results did not come from a lack of power.

±

Nest occupation

Twenty-two nests have been counted on the study site during the telemetry study. Among them, 11 were frequented by unmarked individuals, and at least two appear to have been frequented by five marked individuals (two males and three females). 

Discussion

Mobility and phenotypes

During the study, we identified four behaviour types regarding the movements of individuals.

Six individuals did not visit the study site and migrated well upstream, four of them several days after release. Four individuals seem to have chosen the first favourable substrate encountered to stay there during the spawning season, and three moved through the entire study site before returning to an interesting site. The movements of the last four individuals did not allow them to be categorized. The six migratory individuals may have spawned upstream of the study site where spawning grounds had been observed during a study carried out in 2010 [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF] and also during this study, although we did not observe these individuals on nests. One of the four individuals that migrated several days after release migrated on May 28, the first day that the temperature exceeded 15°C (Figure 3.22), a value triggering reproduction [START_REF] Hardisty | The Biology of Lampreys[END_REF][START_REF] Johnson | Reproductive ecology of lampreys[END_REF]. The other three individuals migrated on 4 and 5 June, in the middle of a flooding period (Figure 3.22), known to be a triggering factor for the migration of lampreys [START_REF] Hardisty | The Biology of Lampreys[END_REF], for which a sudden water increase may stimulate the migration behaviour [START_REF] Almeida | Movement of radio-tagged anadromous sea lamprey during the spawning migration in the River Mondego (Portugal)[END_REF].
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The mobility of individuals did not seem to vary according to sex or size. Previously, I found that male sea lampreys moved more than females, but that the size of individuals did not influence their mobility. In Lampetra fluviatilis, Jang and Lucas (2005) also described that males frequent more nests than females and are therefore more mobile. The results obtained here may have been affected by the different manipulations experienced by the individuals and by the housing conditions applied.

The eleven lampreys that visited the site allowed us to identify two types of movements ("spawners" and "spawners-explorers"). We may hypothesize that a later maturity allowed the "spawners-explorers" to explore the site before choosing a favourable location for reproduction, whereas the "spawner" individuals, which were more precociously mature, chose quickly a favourable substrate to spawn. Indeed, maturity has already been identified as a factor influencing movement in migratory fish such as Atlantic salmon (Salmo salar; [START_REF] Bouchard | Sexual maturity increases mobility and heterogeneity in individual space use in Atlantic salmon (Salmo salar) parr[END_REF]. These different mobility patterns may therefore be linked to spawning tactics. If we compare our data with the theory of roamers and stayers described by [START_REF] Sandell | Roamers and Stayers: A model on male mating tactics and mating systems[END_REF], roamers could be the "spawner-explorers" which visited as many sites before selecting a favourable zone for their reproduction. The stayers would be the "spawners" which quickly selected their spawning site and waited for potential mates to visit, or joined an existing nest. However, the data obtained did not allow to determine phenotype differences nor significant differences of mobility depending on size or sex. Consequently, we did not highlight conditional strategies. Such assessment needs to know the number of nests and the characteristics of the nests built by the marked individuals. However, as we did not detect individuals on their nest, and solely inferred the occupation of some nests, we could not get a finer resolution than the description of individual movement patterns. Our suggestion concerning the existence of roamers and stayers from the different types of mobility needs to be completed.

Graphical observations of the mobility of individuals suggest the existence of different 3.3. Contributions of telemetry to the understanding of reproductive strategies 139 spatio-temporal patterns in sea lampreys. This first study provided a critical look at the methodology in order to improve it, but also provided preliminary results in order to evaluate the ideal number of individuals. For the latter point, even if our effective seems slightly reduced to accurately detect differences regarding size, a graphical observation of the relationship between the individual length and the indicators of mobility did not suggest a possible relationship. However, for sex, females tended to have a higher number of zone and direction changes than males. For intra-zone mobility, the trend was opposite with males having a higher mobility at this reduced scale. It possibly reflects the higher number of nests occupied by males [START_REF] Dhamelincourt | Individual and group characteristics affecting nest building in sea lamprey[END_REF] while females may move larger distances to find a nest already started by a male. However, to detect a sex effect considering the results observed we should mark and obtain exploitable results (i.e. no early mortality or upstream migration) from at least 22 individuals if we want to reach the 80% power threshold.

Nest occupation

Of a total of twenty-two nests identified in the field, two to four appear to have been frequented by a total of five marked individuals, including one female (48241) that would have frequented several nests. Eleven unmarked individuals were observed directly on nests during monitoring, a relatively low number compared to the 22 nests we observed.

The nest occupancy graphs identified nest 26 as potentially occupied as well as the three nests 8, 29 and 49. The detection powers of these three nests are very close, which hardens the precise identification of the nest(s) really occupied by marked individuals, especially since conductivity and water level impact the detection powers, in addition to the distance to the antenna [START_REF] Blanc | Analyses des données de radiopistage[END_REF]. Nevertheless, considering the distribution of detections of individuals, it seems that nest 8 was the most frequented nest as it fully encompassed the detection power of individuals, unlike nests 29 and 49 which only partially corresponded to detections of individuals.

Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success Thus, nests 26 and 8 were each visited by one male and two females for about 2 days, which corresponds to a residence time usually observed [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF]. The males arrived first on the nests, which was also observed by [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF] and [START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF]. The female 48241 seems to be the only marked individual that potentially frequented two nests. A conceivable pattern is that on arriving at nest 26 (the first nest she visited) she participated in the construction of the nest and mated with the male already present on the nest before leaving in search of a new partner. She would have arrived last on nest 8 where two individuals were already present. In this case, her short residence time may be explained by a quick mating on the already built nest and/or by an aggressive behaviour of another individual.

During the study, 11 unmarked individuals were observed on nests, but no marked individual was visually identified. Therefore, of the 11 marked individuals that remained during all the spawning season in the study site, only five were graphically identified on nests, which would mean that the other six did not frequent a nest and therefore did not spawn. Absence of spawning remains unobserved to this day: Applegate (1950) described that females observed in the wild all ended their season without gamete stock remaining. The bodies of individuals were searched for after their death but they were generally eaten (mink, otter, etc.) before we found them. This would have allowed us to confirm the presence of eggs in the female cavity and to confirm their reproduction. An assumption is that the conditions of housing and marking have impacted these individuals and blocked their spawning behaviour.

We can also assume that all marked individuals spawned but that we missed some nests.

Their calibration was carried out at the end of the study and may not totally reflect the range of detection powers having occurred during their building, due to water level variations for example [START_REF] Blanc | Analyses des données de radiopistage[END_REF]. Consequently, more precise results could have been provided if the nests had been calibrated under the conditions of the day of discovery. Thus, graphic superimpositions may be biased and therefore did not allow to conclude about the reality of 3.3. Contributions of telemetry to the understanding of reproductive strategies 141 our assumptions.

During a previous study, 202 nests were identified on the study site [START_REF] Dhamelincourt | Individual and group characteristics affecting nest building in sea lamprey[END_REF], i.e. 180 more than this year. In recent years, monitoring of sea lamprey populations in the Adour catchment area has also indicated a general decline in sea lamprey populations [START_REF] Moulia | Suivi de la station de contrôle des migrations de Masseys[END_REF]. The low number of nests therefore seems to be linked to a global phenomenon. The survey effort seems to have made it possible to locate all the nests present on the study site, and to observe individuals on the nests. However, the environmental conditions did not always allow the observation of individuals. To solve this issue, the graphs of correspondence between nests and the movements of individuals were useful to complete the observations. However, it seems essential that the nests are calibrated on the day of their discovery in order to have the same detection conditions than the individuals. During a future study, if marked individuals are observed on the nests, the comparison of these observations with the results obtained graphically will make it possible to validate or not this method.

General limits and perspectives

Twenty individuals were radio-tracked during the study, but the usable data set was reduced to 17 individuals. Three lampreys were removed because they had a too low number of detections (less than four). These were three individuals that did not visit the study site and remained downstream of the first fixed antenna. Although detected by manual radio-tracking, the data obtained did not allow to study them in the same way than the other 17 individuals.

The number of detections per individual provided by the fixed antennas allowed a more precise study of the mobility and a more detailed analysis than the data collected by manual radio-tracking. With manual radio-tracking, a survey effort like the one conducted this year seems to be adapted to confirm and sometimes complete the understanding of the data provided by the fixed radio-tracking. Indeed, the manual radio-tracking was necessary to understand the various data absences of several hours (or even several days) from the fixed Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success antennas. The latter were not able to detect the mortality signal emitted by the tags, which resulted in empty time slots in the daily detection of individuals. As a reminder, the mortality signal from the tags is triggered when an individual remains immobile for 8 hours.

Sometimes, an individual may remain immobile for several days in a refuge zone, which will trigger the mortality signal. However, if the individual becomes mobile again afterwards, it will be detected again, which presents mobility data difficult to understand with the analysis of fixed radio-tracking data alone. The daily monitoring also made it possible to confirm their date of mortality by searching for their transmitter in the field.

This first monitoring of the spawning season of the sea lamprey, using a telemetric method, allowed to highlight some opportunities but also some constraints needed to be encompassed. Firstly, this method allowed us to reconstruct the movement patterns of the individuals using synthetic mobility indicators derived from the raw data of the transmitters.

We identified different types of mobility among individuals. However, we encountered difficulties to effectively observe individuals directly on nests. Initially, we expected it to be easier. Even with individuals which apparently spawned in our site, we only conjectured the nest occupation using a graphical method by comparing the overlapping of the nest detection powers with those of the individuals. Furthermore, some individuals moved upstream of the zone covered by the fixed antennas, making it challenging to know their nesting activity.

Instead of this, we observed the late part of their upstream migration and only covered their spawning activity with punctual manual detections. As our study site was also occupied by wild individuals, it is highly speculative to attribute a new nest to our individuals without evidence from the automatic radio-tracking.

No tagging mortality or transmitter loss was observed among the 20 individuals, as observed with a similar marking method [START_REF] Frey | Localisation des zones de frai de la lamproie marine en moyenne Garonne et étude du comportement du silure au droit de Golfech (82)[END_REF]. It therefore appears possible to release the individuals in the river earlier than we did, in order to reduce the stress linked to handling or housing. For this study, a choice was made to keep them for 10 days before Even if those limits made it difficult for us to achieve the initial aims of the study, we believe that the same protocol in a closed population only consisting of marked individuals may provide interesting elements about the spawning behaviour of sea lamprey and reproductive strategies. This would make it easier to attribute the observed nests to our individuals, even those moving outside of the area covered by the fixed receivers. Our study pointed out the limits we depicted here, and provides information for a further study designed according to our observations.

Introduction

Many animals build structures to grant protection from predation or adverse conditions, or to catch prey. Among these structures, nests are "a taxonomically widespread and diverse trait that . . . alter[s] local environments to create optimal conditions for offspring development" [START_REF] Mainwaring | Climate change and nesting behaviour in vertebrates: A review of the ecological threats and potential for adaptive responses[END_REF]. Although the primary function of nests is indeed to protect from predation [START_REF] Martin | Enclosed nests may provide greater thermal than nest predation benefits compared with open nests across latitudes[END_REF], parasitism (Scott-Baumann and Morgan, 2015), or adverse environmental conditions [START_REF] Angilletta | Spatial dynamics of nesting behavior: Lizards shift microhabitats to construct nests with beneficial thermal properties[END_REF][START_REF] Martin | Enclosed nests may provide greater thermal than nest predation benefits compared with open nests across latitudes[END_REF] to offspring, they can also play a role in mate attraction or intrasexual competition [START_REF] Sergio | Raptor nest decorations are a reliable threat against conspecifics[END_REF].

Additionally, nests built by lotic fishes can alter the water flow and turbulence, and act as hydrodynamic refuges [START_REF] Maeda | Turbulence and energetics of fish nest and pool structures in agricultural canal[END_REF]) that promote gamete retention, stirring, and fertilization [START_REF] Crimaldi | The role of structured stirring and mixing on gamete dispersal and aggregation in broadcast spawning[END_REF]. Nests can be considered as extended phenotypes [START_REF] Dawkins | The Extended Phenotype: The Long Reach of the Gene[END_REF] whose characteristics evolve under natural selection as they affect their builder's fitness. These characteristics mainly fall into two categories: habitat characteristics of the nesting site (habitat choice by individuals) and characteristics resulting from habitat modification caused by nest building. While the effects of either habitat choice or habitat modification on fitness are well-studied separately [START_REF] Chalfoun | Assessments of habitat preferences and quality depend on spatial scale and metrics of fitness[END_REF][START_REF] Grossman | Not all drift feeders are trout: A short review of fitness-based habitat selection models for fishes[END_REF][START_REF] Hansell | Animal Architecture[END_REF][START_REF] Hansell | The ecological impact of animal nests and burrows[END_REF][START_REF] Järvinen | Nest ornaments and feather composition form an extended phenotype syndrome in a wild bird[END_REF][START_REF] Johnson | Measuring habitat quality: A review[END_REF][START_REF] Rosenfeld | Fitness consequences of habitat use for juvenile cutthroat trout: Energetic costs and benefits in pools and riffles[END_REF], they have seldom been quantified jointly, and their relative importance is rarely considered [START_REF] Djomo Nana | Nest position and type affect predation rates of artificial avian nests in the tropical lowland forest on Mount Cameroon[END_REF][START_REF] Noltie | Breeding ecology, nest characteristics, and nest-site selection of stream-and lake-dwelling rock bass, Ambloplites rupestris (Rafinesque)[END_REF]. However, measuring the effect sizes of the two processes on a fitness indicator would allow quantifying and comparing the selection gradients [START_REF] Matsumura | Standardizing selection strengths to study selection in the wild: A critical comparison and suggestions for the future[END_REF], thereby helping to understand the evolution of nesting behavior. This approach makes it possible to determine whether selection will act more strongly on phenotypes and behaviors linked to habitat selection (e.g. sensory perception, competition for the best sites) or on those linked to habitat modification (e.g. strength, dexterity). Moreover, the joint measurement of variables related to habitat choice and habitat modification enables testing their interactive effect on fitness. Accounting for habitat choice when assessing the effects of habitat modification is required since the nesting habitat is first chosen and subsequently modified by the animal, so the effects of habitat modification on fitness likely depends on the initial features of habitat. For example, the effects of the shape or materials used in nest construction on the heat loss from passerine nests, which increases egg and chick mortality, probably depends on its interaction with microclimate conditions [START_REF] Heenan | The influence of climate on avian nest construction across large geographical gradients[END_REF]. Likewise, the beneficial effect of the digging depth of salmon nest on egg oxygenation probably depends on the initial pattern of hyporheic flow in the chosen site [START_REF] Cardenas | Hyporheic flow and dissolved oxygen distribution in fish nests: The effects of open channel velocity, permeability patterns, and groundwater upwelling[END_REF][START_REF] Tonina | A three-dimensional model for analyzing the effects of salmon redds on hyporheic exchange and egg pocket habitat[END_REF]). An important characteristic of nests is their suitability in retaining eggs until completion of the embryonic development.

Waves [START_REF] Clady | Effect of high winds on eggs of yellow perch, Perca flavescens, in Oneida lake, New York[END_REF], current (Mills, 1981a), wind [START_REF] Mcneil | Nest-site quality and reproductive success of early-and late-nesting double-crested cormorants[END_REF][START_REF] Regosin | Aspects of breeding biology and social organization in the scissor-tailed flycatcher[END_REF], conspecific or heterospecific competitors [START_REF] Greeley | The spawning habits of brook, brown and rainbow trout, and the problem of egg predators[END_REF]Moore et al., 2008) or even the parents themselves [START_REF] Moreno | Parental infanticide in birds through early eviction from the nest: Rare or under-reported?[END_REF] can disturb nests and eject eggs. This issue, widely distributed across the animal kingdom, has led to the evolution of diverse strategies such as cliff-nesting birds that build nests away from dominant wind (Millones and Frere, 2018), marsh birds that elevate their nest with additional material to protect eggs from flood [START_REF] Robertson | Behavioral plasticity in nest building increases fecundity in marsh birds[END_REF], rheophilic fishes that cover eggs with substrate just after laying [START_REF] Esteve | Spawning behaviour of amemasu charr, Salvelinus leucomaenis leucomaenis, with a discussion of the macroevolutionary patterns of postspawning behaviour in the Salmoninae[END_REF], or fishes and insects that stick adhesive eggs to substrate [START_REF] Rizzo | Adhesiveness and surface patterns of eggs in neotropical freshwater teleosts[END_REF][START_REF] Voigt | Egg attachment of the asparagus beetle Crioceris asparagi to the crystalline waxy surface of Asparagus officinalis[END_REF]. These strategies may involve both habitat choice and habitat modification, each having a more or less prominent effect on egg retention. The objective of this study was to estimate the effects of habitat choice and habitat modification by sea lamprey (Petromyzon marinus L.) on the egg retention in the nest just after spawning. While the logic of disentangling effects of habitat choice and habitat modification on egg retention applies to any nest-building animal, sea lamprey features biological characteristics that make them a good model species for such study. Sea lampreys are semelparous Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success and lay all their eggs (on average 210 000 eggs per female; [START_REF] Beamish | The biology of the anadromous Sea lamprey (Petromyzon marinus) in New Brunswick[END_REF]) in one or very few nests, males and females visiting on average 2.26 [1 -10] and 1.67 [1 -7] nests (Dhamelincourt et al., 2021a). Moreover, egg drift from the nest is a major source of mortality, as up to 86% of eggs are scoured from nests [START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF] and subsequently suffer near 100% mortality, mainly because of predation [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF]. Thus, natural selection is probably strong against individuals that fail to build an efficient nest, able to retain eggs. Here, we performed an experiment to test the effects of habitat choice and habitat modification on egg retention, measured as the proportion of eggs settling in the nest just after being released.

Material and methods

Sea lamprey reproductive ecology

Adult lampreys migrate during spring from the sea (or from lakes for the freshwater-resident populations; studies referring to them for specific details are indicated due to possible differences with populations having saltwater phase) into spawning grounds, in which they seek a nesting site with approximately 15 to 170 cm water depth and 50 to 200 cm/s velocity, and a riverbed from gravel to cobble (Dhamelincourt et al., 2021a). Males typically initiate nest building by vigorously beating their tail to loosen the streambed, then seizing cobbles with their mouth to move them downstream. This behavior produces a pit carpeted with sand or gravel, followed by a downstream mound of cobbles and pebbles [START_REF] Sousa | Habitat modifications by sea lampreys (Petromyzon marinus) during the spawning season: Effects on sediments[END_REF] [START_REF] Johnson | Reproductive ecology of lampreys[END_REF].

After approximately 40 days spent in the nest [START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF], protected from predation yet exposed to well-oxygenated water, larvae emerge from the nest and disperse to soft riverbed where they burrow for two to eight years [START_REF] Dawson | The ecology of larval and metamorphosing lampreys[END_REF]. Besides within-nest mortality due to inappropriate incubation conditions [START_REF] Cardenas | Hyporheic flow and dissolved oxygen distribution in fish nests: The effects of open channel velocity, permeability patterns, and groundwater upwelling[END_REF][START_REF] Kujawa | Rearing river lamprey Lampetra fluviatilis (L.) larvae under controlled conditions as a tool for restitution of endangered populations[END_REF][START_REF] Tonina | A three-dimensional model for analyzing the effects of salmon redds on hyporheic exchange and egg pocket habitat[END_REF], the risk of eggs drifting out of the nest can be a major source of mortality, mainly due to predation by fishes or arthropods, and downstream deposition in finer substrate where oxygen is less readily available, as evidenced by [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF] in freshwater-resident sea lamprey. Egg drift out of the nest can be due to disturbance or scouring at any time during incubation but seems to occur mainly just after fertilization, when eggs laid by the female fail to sink in the nest [START_REF] Silva | Egg drift and hatching success in European river lamprey Lampetra fluviatilis: Is egg deposition in gravel vital to spawning success?[END_REF].

Study site and experimental period

The study took place in a section of the Nive River, a 79 km long river situated in Northern Basque Country, France, and draining a basin of 1030 km 2 . The section corresponds to the natural bed of a reach bypassed by a hydropower scheme and is mainly composed of riffles and runs suitable for nest construction by sea lamprey, as attested by the 279 nests found in this location on a previous survey [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. The section is 300 m long, located in Ustaritz (43°24' 5.536" N, 1°27' 20.622" W), and was used to study the process of egg retention, from May 26 to May 29, 2020.

Nest characteristics

We used completed nests where no lamprey was observed, to avoid disturbing lamprey reproduction. Indeed, preliminary behavioral observations indicate that after digging the nest, all individuals leave it permanently. Sometimes a male starts to build a nest but fails to attract a female; he then leaves the incipient nest and starts to build another one elsewhere (Applegate, Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success 1950). These nesting attempts result in the typical pit-mound structure but the diameter of the pit is usually smaller than 50 cm (Dhamelincourt et al., 2021a). We therefore excluded nests smaller than 50 cm in diameter. Although the exact age of the nests was unknown, we also excluded those in which the substrate was colonized by periphyton, which indicates nests more than one week old and whose structure could have changed since building. When a nest was found, it was marked with a number written on a cobble and its GPS coordinates recorded. For each nest, we defined three zones to quantify variables linked to habitat choice and habitat modification. The control zone, 20 to 50 cm upstream from the upstream edge of the nest pit indicated the initial conditions of the habitat chosen by the lamprey to build its nest. The pit was delimited as the area excavated by the lamprey, where the water was deeper and the substrate visibly finer than on the control zone. Finally, the mound corresponded to the downstream accumulation of pebbles and cobbles.

We measured six variables likely to influence egg retention (Table 3.12). Two of them (current velocity and particle size variability) were measured in the control zone to capture habitat choice. Current velocity was measured at 5 cm from the bottom with a magnetic flowmeter "FLO-MATE 2000". Particle size variability, expected to influence egg retention [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF], was estimated from the 25% -75% interquartile range (Q 75-25 )

of particle size measured from underwater pictures taken vertically, with a graduated scale placed on the bottom. ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] was used to select randomly 30 particles and to measure their b-axis (intermediate axis). Each particle being approximately spherical, their area was estimated using the formula

4 3 × π × r 2
. Particle area distribution was then used to estimate quartiles (25%, 75%). To describe habitat modification, we measured and computed four variables (Table 3.12). First, current 3.4. Egg retention: field study 151 velocity at the bottom of the pit was expected to decrease egg retention, because eggs are less likely to sediment in fast flowing water. We used absolute current velocity instead of difference in velocity between the control and the bottom of the pit because unlike the digging depth, a same difference of current velocity is more prone to create very different conditions.

Indeed, under high current velocity, a nest with an important difference in current velocity can provide poor conditions for retention whereas a small current velocity difference can result in favorable conditions if the initial current velocity is low. In addition, we considered that the absolute current velocity was the variable reflecting the current velocity that most directly influenced egg retention, eggs being laid at the bottom of the nest. Second, digging depth (difference between water depth at the bottom of the pit and at the control zone) was expected to be positively linked to egg retention, as a deeper pit would promote egg retention.

Third, nest slope (difference in water depth between the bottom of the pit and the top of the mound, divided by the length of the pit), was expected to increase egg retention. Indeed, as shown in salmon redds, a steep slope at the transition from pit to mound increases the near-bed pressure and generates downwelling at the upstream front of the mound [START_REF] Tonina | A three-dimensional model for analyzing the effects of salmon redds on hyporheic exchange and egg pocket habitat[END_REF], which could help eggs to sink there. Fourth, the substrate-sorting efficiency was computed as the Kruskal-Wallis H statistic, H = (N -1) ∑ g i=1 n i (r i -r) 2 ∑ g i=1 ∑ n i j=1 (r i j -r) 2 , where n i (=30) is the number of particles in the i th of the g (=3) zones of the nest (pit, mound, control), N (=90) is the total number of particles measured in the nest, r i j is the rank (among all particles measured in the nest) of the area of the j th particle in the i th zone of the nest, ri is the average rank of the area of particles measured in the i th zone and r is the average of all r i j . The H statistic measures the extent to which particles of various sizes that are initially mixed in the control zone are segregated in separate distributions in the pit and the mound.

Although classically used for null hypothesis statistical testing, the value of this statistic is relevant for our substrate analysis as it provides a synthetic quantification of the variability of particle size across the zones within each nest, corresponding to our objective of general Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success assessment of sea lamprey substrate sorting efficiency. This sorting efficiency was expected to favour egg retention, as sticky lamprey eggs agglomerate grains of sand in the pit before sinking in the large interstices between the cobbles and pebbles of the mound [START_REF] Johnson | Reproductive ecology of lampreys[END_REF].

Finally, we tested the effect of three interactions between a variable related to habitat choice and another related to habitat modification. First, a positive interaction between current velocity at control zone and digging depth was expected, because a faster current flowing through a deeper pit could cause eddies that capture eggs in the pit. Second, a positive interaction between current velocity at the control zone and nest slope was expected, as a nest with a steeper slope should be able to balance out the negative effect of an increased current.

Third, a positive interaction between the interquartile range of substrate size in the control zone and substrate sorting efficiency was expected on egg retention, because the positive effect of efficient substrate sorting is supposed to be limited by the size variability in the substrate initially available.

Egg retention

The capacity of nests to retain eggs was assessed by simulation of egg release in the 22 nests available at the study site. Eggs were stripped from two females captured directly on site, spread on a Petri dish and photographed for subsequent counting with ImageJ software, and fertilized with sperm stripped from two males, following [START_REF] Piavis | Embryological stages in the sea lamprey and effects of temperature on development[END_REF] and mixing eggs and sperm from all individuals. Five mL of eggs were released on each nest using a device consisting of a L-shaped PVC pipe (stem: 120 cm; foot: 10 cm), whose foot was placed at the lowest point of the pit, parallel to the current (see Figure 3.41 in supplementary material).

The eggs were poured at the top of the stem along with 100 mL of river water, and vigorously pushed out to the nest with a piston. Eggs not retained by the nest were captured by a 0.5 mm-mesh nylon net spanning 1 m (wider than the mound), placed immediately downstream 3.4. Egg retention: field study 153 from the nest mound. An operator injected the eggs in all nests while another one visually controlled the operation. The net content was collected 1 minute after egg release, eggs being collected in a 50-mL Falcon ® tube and stored in 70°ethanol for counting. Egg retention was considered as the proportion of eggs injected and not recovered in the net.

Statistical analyses

All statistical analyses were performed using R software version 4.0.4 (R Core Team, 2020).

A Generalized Linear Model (GLM) was applied to assess the effects of habitat choice and habitat modification variables on the capacity to retain eggs. The proportion of eggs retained in the nest was used as the dependent variable, assuming a quasi-binomial distribution and a Logit link function. The full model including all above-mentioned independent variables and interactions (Table 3.12) was then reduced using a One-Term Deletion procedure, resulting It allows to compare variables measured at different scales and is equivalent to standardizing the variables before setting up the model, allowing to directly compare and classify the effect or the independent variables on egg retention without further transformation. Effect size represents the expected change in the dependent variable due to an increase of one standardized unit in independent variables with all other variables unchanged [START_REF] Siegel | Chapter 12 -Multiple regression: Predicting one variable from several others[END_REF].

Correlation among independent variables was assessed before the analysis using Pearson's correlation test, to verify that the variables included in the GLM were not correlated with each other. Correlated variables could weaken the statistical power of the model and then lead to a wrong identification of relevant predictors [START_REF] Dormann | Collinearity: A review of methods to deal with it and a simulation study evaluating their performance[END_REF]. To handle this issue, one of the variables should be removed from the model to estimate the significance of the Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success effect of the remaining one. On the other hand, investigating the correlations between habitat choice and habitat modification variables improves the assessment of their relationship, possibly identifying behavioral responses to initial habitat characteristics.

Results

Means and standard deviations of the habitat choice variables (Table 3.12) were 21.4 ± 9.6 cm.s -1 for control current velocity and 145.6 ± 64.5 cm 2 for Q 75-25 substrate size of the control. Means and standard deviations of the habitat modification variables were 10.3 ± 6.8 cm.s -1 for pit current velocity, 9.7 ± 5.6 cm for digging depth, 0.2 ± 0.0 for nest slope and 13.5 ± 8.9 for substrate-sorting efficiency. Coefficients of variation (CV; Table 3.12) revealed differences in the variability of raw variables, ranging from 0.2 to 0.7. Pit current velocity, substrate-sorting efficiency and, to a lesser extent, digging depth had the highest CV (0.7, 0.7, and 0.6 respectively). On the other hand, nest slope showed the least variation Pearson's correlation test showed no significant correlation between the independent variables used for the GLM (see Figure 3.42 in supplementary material). GLM results indicate that habitat choice and habitat modification as well as their interaction affected egg retention in the nest (Table 3.12). Among retained variables, all effects were significant except the nest slope for which the p-value was 0.36 (Table 3.12), while its interaction with control current velocity was positive (effect size = 0.46, Figure 3.39). This positive interaction had the strongest positive effect on egg retention and indicates that the negative effect of control current velocity on egg retention waned when the nest slope was steeper. The two following Table 3.12.

Variables related to habitat choice and habitat modification, that were included as independent variables in the GLM with egg retention as the dependent variable. 

Discussion

Using the sea lamprey as model species, this study aimed at quantifying the relative importance of variables linked to either habitat choice or habitat modification on the capacity of nests to retain eggs just after spawning. Our analyses showed that both types of variables as well as their interaction affected egg retention, but habitat modification had stronger effects.

This clear indication of the major role of habitat modification implies a stronger consideration Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success of this aspect for the comprehension of processes behind nesting activity. Here we discuss both the effects of each variable alone and the effects of the interactions between the habitat chosen and its subsequent modifications made by lampreys.

The analysis of the coefficients of variation revealed some patterns about the sea lamprey selectivity for both habitat choice and habitat modification. The species seems to choose a relatively narrow range of substrate size and current velocity to build their nest, indicating its preference for specific habitat characteristics, in any case concerning these two variables.

The same trend was found for habitat modification via the nest slope. With a coefficient of variation equal to 0.2, the nest slope values are relatively homogeneous throughout all the nests studied and seem to confirm the importance of this parameter for suitability of nests in general and for egg retention as suggested above. However, this small variability made it difficult to assess the effect on retention with naturally dug nests and could explain the nonsignificance of this variable outside the interaction with control current velocity. A solution to circumvent this natural homogeneity may consist in building artificial nests to extend the natural range of variation. This approach would also allow to control the variables with higher coefficient of variation such as the digging depth, thus helping to specifically study the nest slope effect. The absence of input of foreign material makes sea lamprey nests easily imitable once the physical characteristics of natural nests are known. On the other hand, pit current velocity and substrate-sorting efficiency vary greatly between nests, whereas they have significant effects on egg retention. For pit current velocity, this high variation indicates that this parameter doesn't seem to be highly controlled by individuals as the effect on egg retention is non-significant.

Current velocity at the site chosen to dig the nest (as shown by the velocity at the control zone) reduced egg retention, indicating that nests built in faster flowing sites were less able to prevent egg drift just after deposition. This negative effect of current velocity on egg retention was already observed at the scale of the river stretch [START_REF] Silva | Egg drift and hatching success in European river lamprey Lampetra fluviatilis: Is egg deposition in gravel vital to spawning success?[END_REF]Smith 3.4. Egg retention: field study 159 and Marsden, 2009), and highlights the necessity for sea lamprey to avoid too fast-flowing zones to maintain eggs into the nest. If eggs do not settle in the nest substrate, they will sediment downstream in deposition areas with finer substrate where survival is much lower [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF]. Moreover, most eggs that drift from the nest do not even have a chance to incubate, as they are preyed upon by fishes or arthropods soon after ejection from the nest [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF]. Visual observations on our study site showed high densities of European minnow (Phoxinus phoxinus) preying on drifting eggs. These egg predators gather just downstream (or even within) nests during lamprey spawning, as a large proportion of lamprey eggs seems to be ejected from the nest just after deposition [START_REF] Silva | Egg drift and hatching success in European river lamprey Lampetra fluviatilis: Is egg deposition in gravel vital to spawning success?[END_REF], unlike in salmonids, where eggs are mainly ejected from the nest because of scouring from adults that occurs during incubation [START_REF] Gauthey | Brown trout spawning habitat selection and its effects on egg survival[END_REF][START_REF] Rennie | Spatial variability of stream bed scour and fill: A comparison of scour depth in chum salmon (Oncorhynchus keta) redds and adjacent bed[END_REF].

Given that ejection from the nest strongly impairs survival, occurs mainly at spawning, and depends on current velocity at the nesting site, we would expect lamprey to prefer relatively slow-flowing sites for nesting. However, sea lamprey seems to prefer velocities around 30-50 cm/s (Hardisty and Potter, 1971a), which is consistent with our findings (Figure 3.40B) but cannot be considered as slow-flowing sites.

Based on this observation, current velocity may have other positive effects that were not measured here, such as better percolation of water through the substrate [START_REF] Tonina | A three-dimensional model for analyzing the effects of salmon redds on hyporheic exchange and egg pocket habitat[END_REF], or better gamete stirring and fertilization [START_REF] Crimaldi | The role of structured stirring and mixing on gamete dispersal and aggregation in broadcast spawning[END_REF]. To quantify egg survival from laying to hatching, and the possible positive effect of current velocity on it, we initially placed incubation capsules [START_REF] Lange | Méthode d'estimation de la survie embryolarvaire de Salmonidés par insertion de capsules d'incubation sous gravier[END_REF][START_REF] Gauthey | Brown trout spawning habitat selection and its effects on egg survival[END_REF] in the 22 nests located in Ustaritz for seven days, but the 0.5 mm mesh got silted and the fungus Saprolegnia contaminated all eggs. Information on egg survival could allow testing how the choice of current velocity at the nesting site may be under a trade-off between egg retention and sufficient water percolation in the nest substrate. A strong positive effect of current on survival Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success for eggs maintained inside the nest could explain why sea lamprey chooses relatively fastflowing zones instead of more lentic spots. Furthermore, high velocity values may generate water circulation inside nests, increasing oxygenation and diminishing the risk of contamination by fungus, since infection is related to the presence of dead eggs in the immediate vicinity [START_REF] Thoen | Pathogenicity of Saprolegnia spp. to Atlantic salmon, Salmo salar L., eggs[END_REF]. Current can also help individuals to build a suitable nest. High current values may improve ability of males to move pebbles from upstream to downstream the nest by using flow movements.

Moreover, the negative effect of current velocity on egg retention was counter-balanced by nest slope, a habitat modification variable. In our data, this was illustrated by the strong positive interaction of nest slope and current velocity at the nesting site (Figure 3.39). The positive interaction indicates that the negative effect of current velocity was mitigated by nest slope. Indeed, nest slope, computed as the depth difference between the bottom of the pit and the top of the mound, divided by the length of the pit, is related to the pressure exerted on streambed by the water flow [START_REF] Tonina | A three-dimensional model for analyzing the effects of salmon redds on hyporheic exchange and egg pocket habitat[END_REF], which pushes the eggs in the upstream-facing part of the mound. In addition to the negative effect of current velocity being counter-balanced by nest slope, the interaction can be discussed the other way round:

when nests are built in high current velocity zone, the positive effect of nest slope gets be stronger. Indeed, eggs are pressed against the ground due to the depression (slope) and the flow velocity. Without high velocity, the eggs wouldn't be settled in the upstream-facing part of the mound, leaving them exposed to predation for example. Hence, the best combination of habitat choice and modification for egg retention seems to choose a fast-flowing site and to build a steep nest there. The slight positive relationship (though not statistically significant) between nest slope and current velocity (see Figure 3.43 in supplementary material), is in line with our hypothesis.

Substrate-sorting efficiency was another variable related to habitat modification that was expected to improve egg retention. Indeed, lamprey eggs are laid in the bottom pit where they 3.4. Egg retention: field study 161 congregate sand grains on their adhesive coat [START_REF] Yorke | Nature and cellular origin of the adhesive coats of the lamprey egg (Petromyzon marinus)[END_REF] before sinking in the interstices between the pebbles and cobbles of the mound [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF]. Then, the segregation of fine and coarse particles between the pit and the mound would seem crucial for egg retention. Accordingly, particle sorting is the most striking behavior of spawning lampreys, which relentlessly seize large stones (up to 840 g) from the pit with their sucking mouth and swim backwards to drag them to the mound [START_REF] Hussakof | The spawning habits of the sea lamprey, Petromyzon marinus[END_REF]. Given this, the negative effect of substrate-sorting efficiency on egg retention is very surprising. One possibility for the absence of a positive effect is that our experimental procedure did not exactly mimic egg-laying by sea lamprey and did not reveal the advantage of substrate-sorting efficiency. During mating, lampreys stir the fine substrate of the pit with their tail while they lay their eggs [START_REF] Hussakof | The spawning habits of the sea lamprey, Petromyzon marinus[END_REF], which aggregate fine particles thanks to their adhesive surface [START_REF] Yorke | Nature and cellular origin of the adhesive coats of the lamprey egg (Petromyzon marinus)[END_REF]) before drifting to the anterior part of the mound. In our experiment, although the vigorous expulsion of eggs from the injection device suspended some fine particles, the stirring may not have been as intense as during actual egg-laying, limiting the positive impact of fine particles from the pit on egg sedimentation between the coarse particles of the mound. However, although it may explain the absence of a positive effect, it could not explain the strong negative effect we found. In addition, we found an unexpected high retention rate within the nest, around 90% which is surprising if we compare to the 80% of drifting eggs found by [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF]. However, with our 1 min exposure time, we did not include the effect of over digging due to the repeated spawning acts by the same individuals and other ones joining nest thereafter. Such difference suggests an important impact of over digging for sea lamprey egg retention, as found for Atlantic salmon Salmo salar [START_REF] Bardonnet | Freshwater habitat of Atlantic salmon (Salmo salar)[END_REF] and sea trout Salmo trutta [START_REF] Rubin | Egg-to-fry survival of the sea trout in some streams of Gotland[END_REF].

Although the results obtained here on sea lamprey cannot be generalized to all nesting animals, the prevailing role of habitat modification over habitat choice illustrated in our study Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success underlines the importance of considering the capacity of habitat modification when investigating/considering the effect of habitat quality on nesting success. A large part of ecology and conservation focuses on the availability of suitable habitats among which animals can choose, because habitat choice can be constrained by destruction or fragmentation. However, habitat modification (and nest building) can be a way for animals to cope with a suboptimal habitat, thereby mitigating the effect of habitat deterioration. On the other hand, a strong effect of habitat modification on a species's nesting success points at the major role of factors that impair nest-building behavior, such as disturbance [START_REF] Carney | A review of human disturbance effects on nesting colonial waterbirds[END_REF], neurotoxic or energy-distracting contamination [START_REF] Mccarty | Nest-building behavior in PCB-contaminated tree swallows[END_REF]. Nonetheless, it is necessary not to underestimate the effects of habitat choice variables. Our study suggested their lesser importance, at least for sea lamprey, but neglecting them would be an error we hope researchers working on this or other systems will avoid. With a narrow range of values selected by sea lamprey, it is likely that habitat choice variables hold a significant role for offspring survival. As underlined by [START_REF] Haller | Solving the paradox of stasis: Squashed stabilizing selection and the limits of detection[END_REF], stabilizing selection reduces the variation of the traits on which it operates, making itself more difficult to detect statistically.

As suggested above, studies using artificial nests to expand beyond the natural variability of selected habitat should help to understand its effect. Beyond the relative effect size of variables related to either habitat choice or habitat modification, our results showed the interest to consider the interaction between initial selection of nesting habitat and its further modification. Given the temporal order of the two processes and their close interdependence (animals can only modify the habitat they chose to live in; they may also choose their habitat according to how they are able to modify it), the added value of untangling them to properly test their possible collinearity and interaction is clear. For example, it could highlight the role of the evolution of nest-building behavior in the ability to colonize new habitats [START_REF] Eberhard | Evolution of nest-building behavior in Agapornis parrots[END_REF]. It could also explain how variability in nest-building behavior is maintained alongside 3.4. Egg retention: field study 163 variability in habitat choice, through diversifying selection [START_REF] Tutin | Nest building by lowland gorillas in the Lopé Reserve, Gabon: Environmental influences and implications for censusing[END_REF]. Finally, studies that quantify the heritability/repeatability of nest shape (e.g. [START_REF] Walsh | Repeatability of nest morphology in African weaver birds[END_REF] would benefit from accounting for repeatability in the choice of habitat where the nests are built.
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Introduction

Among the 41 lamprey species (order: Petromyzontiformes; [START_REF] Potter | The taxonomy, phylogeny, and distribution of lampreys[END_REF]), the European river lamprey Lampetra fluviatilis (Linnaeus, 1758), also known as the river lamprey, is a parasitic anadromous species that is widespread throughout Europe [START_REF] Hardisty | The Freshwater Fishes of Europe: Petromyzontiformes[END_REF][START_REF] Maitland | Review of the Ecology of Lampreys in Northern Europe[END_REF]. Although the river lamprey has been globally considered Least Concern Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success according to the IUCN Red List of Threatened Species, the species is considered endangered in the Iberian Peninsula. In Spain, L. fluviatilis is considered Regionally Extinct [START_REF] Doadrio | Atlas y Libro Rojo de Los Pesces Continentales de España[END_REF] while in Portugal it is included in the Critically Endangered category of the red list of endangered species [START_REF] Rogado | Peixes. Livro Vermelho dos Vertebrados de Portugal[END_REF]. One of the main reasons for the general drop in population size is the loss of spawning and larval habitat due to river fragmentation induced by dredging, engineering works or impoundments [START_REF] Lucas | Emerging conservation initiatives for lampreys: Research challenges and opportunities[END_REF]. Lampreys being lithophilic (i.e. they deposit eggs and sperm within the substrate in shallow water, [START_REF] Jang | Reproductive ecology of the river lamprey[END_REF][START_REF] Nika | Brown trout Salmo trutta redd superimposition by spawning Lampetra species in a lowland stream[END_REF], such anthropic disturbances make the accessibility to suitable spawning grounds challenging.. The river lamprey spawns in nests built by removing coarse substrate (pebbles) with their oral disc and fine substrate (sand and gravel)

with their tail [START_REF] Jang | Reproductive ecology of the river lamprey[END_REF].

Egg drift from the nest is a major cause of mortality for rheophilic fishes (e.g. [START_REF] Gauthey | Brown trout spawning habitat selection and its effects on egg survival[END_REF], especially for lampreys. By comparing the number of eggs in nests of sea lamprey (Petromyzon marinus L.) with the number expected from the number and size of females, [START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF] estimated that 86% of the eggs were washed from the nest. In another study, [START_REF] Silva | Egg drift and hatching success in European river lamprey Lampetra fluviatilis: Is egg deposition in gravel vital to spawning success?[END_REF] placed drift nets downstream from nests of river lamprey in which dyed eggs were inserted, and caught from 1.5% to 86% of the inserted eggs, increasing with higher current speed to which the nests were exposed and decreasing with the distance from the spawning habitat (depth effect not considered here). Since egg survival is very high in the nest and virtually nil out of it, mainly because of predation (Manion and [START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF] survival rate in nest = 90%; [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF] no viable egg outside of nest), the ability of lamprey to choose nesting conditions that reduce the likelihood of egg drift must be under strong selection. [START_REF] Silva | Egg drift and hatching success in European river lamprey Lampetra fluviatilis: Is egg deposition in gravel vital to spawning success?[END_REF] highlighted an egg hatching success of solely 52.0% downstream from the nests with silt beds, generally found downstream of spawning areas. However, as their observation was made in the laboratory without egg predation, we therefore suspect that this percentage is overestimated.
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Of all the environmental factors that could affect egg retention in the nest, substrate is probably, alongside current speed where the nest is built [START_REF] Silva | Egg drift and hatching success in European river lamprey Lampetra fluviatilis: Is egg deposition in gravel vital to spawning success?[END_REF][START_REF] Dhamelincourt | Habitat choice versus habitat transformation in a nest-building fish: Which matters most?[END_REF] , one of the most significant. Indeed, freshly laid lamprey eggs are coated with an adhesive structure that aggregates sand grains [START_REF] Yorke | Nature and cellular origin of the adhesive coats of the lamprey egg (Petromyzon marinus)[END_REF]. Thus ballasted, the eggs sink in cavities between pebbles, where they nestle safe from drift and predators. Consistently, lampreys typically spawn in stream beds covered with a mixture of sand, gravel and pebbles [START_REF] Jang | Reproductive ecology of the river lamprey[END_REF][START_REF] Johnson | Reproductive ecology of lampreys[END_REF].

Although [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF] showed that egg retention was better in gravel than in silt, lampreys rarely, if ever, spawn in silt, and one can wonder if more realistic variations in substrate composition can affect egg drift. If so, one would expect lampreys to prefer the substrate that better retains the eggs. Such assessment may help to understand the effects of substrate subtle modifications within spawning grounds.

Hence, the objective of the present study was to accurately determine the role of the relative proportion of sand and pebbles on both the choice for spawning microhabitat and the retention of river lamprey eggs during a whole breeding season. A gradual change from one substrate type to another may occur more frequently than a total switch, as such variation is prone to be found within real spawning grounds affected by environmental variations.

To do this, we placed 35 adults of river lamprey in a large fish tank with two spawning patches containing a mixture of gravel (50%) and a large proportion of either sand or pebbles (40% and 10%). The number of spawning acts performed on both substrate patches, and the number of eggs drifting from them was compared. If the factor limiting egg retention is the ballasting sand grains, egg drift should be less likely from the sandy patch, and lamprey should prefer to spawn on it. The expected outcome would be reversed if cavities between coarse particles are the limiting factor.

Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success

Material and methods

The L. fluviatilis used in this study were captured with drift nets in early spring 2019 (between March 15 th and 26 th ) during their upstream migration on the Garonne river (South-West

France) by professional fishermen. A total of 35 individuals (15 males, total length: 28.3 ± 2.1 cm and mass: 45.2 ± 8.3 g; 20 females, total length: 28.4 ± 1.7 cm and mass: 51.6 ± 7.5 g) were sampled and transferred in an oxygenated and temperature-controlled tank with Garonne water (13 properties during the course of behavioural observations. The day before the experiment, we tagged each lamprey with a unique combination of three spots of UV-fluorescent visible implant elastomer (VIE) injected in the posterior dorsal fin to allow individual recognition under both white light and UV light. Tagging was performed after fish were anaesthetised with benzocaine (0.3 ml/L).

The experiment took place in a 4 m 3 (10 x 1 x 0.4 m) linear section of a 25 metres long circular aquarium, supplied with water from the Nivelle River in a semi-open circuit, with water replacement of 6 litres per minute. To define whether egg drift from nests was influenced by substrate size and the degree of activity of spawners, spawning substrate was limited to two 0.48 m 2 (0.8 x 0.6 x 0.1 m) pairs of boxes placed 5 meters from each other, and filled with a mixture of sand, gravels and pebbles corresponding to the spawning habitat selected by river lampreys [START_REF] Jang | Reproductive ecology of the river lamprey[END_REF]Figure 3.44). The first box, referred to as the "sandy patch", was filled with 50% (in volume) gravels (= 2-4 mm), 10% pebbles (4-64 mm) and 40% sand (0.125-2 mm) while the second box, referred to as the "pebbly patch" was filled with 50% gravels, 40% pebbles and 10% sand. Current speed was set to 3.5. Egg retention: laboratory approach 171 0.6 m/s on both substrates and water temperature was monitored daily and followed that of the river (15.87 ± 0.95 • C). A net with a 0.5 mm nylon mesh size and 70 cm width was placed immediately downstream of each substrate box and covered the entire water column while being larger than the boxes. Nonetheless individuals could easily move around as the nets left a gap on the left side of the boxes. Eggs were recovered from nets at the same time each day and stored in Falcon ® tubes with 90 • ethanol up to the exhaustive count. Two video cameras (Basler acA1920-40gc) continuously recorded lampreys' activity in each spawning substrate throughout the experiment. The aquarium was lighted with white neon bulbs (1800 lx delivered at the water level) following the natural photoperiod (12:12 with 30 minutes of "dawn" from 8 to 8:30 AM and 30 minutes of "dusk" from 8:00 to 8:30 PM), but since river lamprey is also active at night during the spawning period [START_REF] Sjoberg | Locomotor activity of river lamprey Lampetra fluviatilis (L.) during the spawning season[END_REF], we positioned UV light above each substrate box (20 lx delivered at the water level). Individuals were placed in the experimental tank on the 3 rd of April and the experiment ended on the 3 rd of May, at the death of the last individual. Individuals were only removed from the aquarium once they died.

Recorded videos were analysed using BORIS software [START_REF] Friard | BORIS: A free, versatile open-source event-logging software for video/audio coding and live observations[END_REF] and the number of spawning acts occurring each day during the entire spawning season was exhaustively noted by the observer. A spawning act was identified as body entwinement and vibration [START_REF] Hardisty | The Biology of Lampreys[END_REF] of at least one male and one female, the species being polygynandrous [START_REF] Jang | Reproductive ecology of the river lamprey[END_REF]. During the spawning act, the female is usually attached to a pebble with her oral disk, and her cloaca is in contact with the substrate in order to lay the eggs in it, so the body vibration associated with spawning often results in substrate movement. The first and last mating act occurred on 9 and 30 of April respectively, making the spawning season 22 days long.

All analyses were performed using R software version 4.1.0 (R Core Team, 2020) and using a significance level of 0.05. Non-parametric Kruskal-Wallis test was used to test whether Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success the daily recorded number of spawning acts differed between the coarse and fine substrate patches. A binomial test was used to test whether the first spawning act performed by each individual was more likely to occur on either substrate. A Generalized Linear Model (GLM)

was applied to test whether the number of eggs caught downstream from a spawning patch on a given day depended on 1) substrate size, 2) the number of spawning acts performed on it on that day, and 3) the cumulated number of spawning acts performed on it over the last twelve days. While the number of spawning acts on a given day is an indicator of both the number of eggs laid on that day, the cumulated number of spawning acts over the last twelve days was used to indicate the number of eggs buried in the substrate and possibly dislodged from it. Indeed, eggs of river lamprey hatch after 200 degree.days [START_REF] Moser | Lamprey reproduction and early life history: Insights from artificial propagation[END_REF], which corresponded to twelve days in our experimental conditions. The GLM assumed a negative binomial distribution to account for data overdispersion, and a Log link function. The three independent variables and their interactions were included in an initial full model, which was reduced through a model selection procedure based on the minimization of Akaike Information Criterion (function stepAIC in MASS package for R; [START_REF] Venables | Modern Applied Statistics with S, Statistics and Computing, Statistics, Computing Venables[END_REF].

Results

A total number of 6815 matings occurred during the spawning season, among which 515 (7.5%) took place on the sandy patch and 6300 (92.5%) on the pebbly patch. An average (± SD) of 23.41 (± 58.11) matings per day occurred on the sandy patch while an average of 286.36 (± 367.76) took place on the pebbly patch (Figure 3.45a). The number of mating acts differed significantly between the substrate types (Kruskal-Wallis test: χ 2 = 15.51, P < 0.001). A total of 16 females and 14 males spawned at least once on the sandy patch (between 1 and 149 acts per female; between 1 and 93 acts per male), whereas 18 females and all 15 males spawned at least once on the pebbly patch (between 2 and 803 acts per female;

between 10 and 1054 acts per male). Six (30%) females and 10 (67%) males spawned first on the sandy patch, indicating no initial preference for either substrate (Binomial test; P = 0.1153 for females, P = 0.3018 for males, P = 0.7353 for pooled females and males), when individuals did not experience any patch by digging on it. Table 3.13 summarises the results for the number of mating acts and number of eggs that drifted.

Overall, 5900 eggs drifted during the experiment, among which 3277 (55.5%) were found downstream of the sandy patch and 2623 (44.5%) downstream of the pebbly patch. An 

Discussion

The pebbly substrate was clearly better at retaining eggs, and river lamprey clearly preferred to spawn on it. Their preference seems to emerge from a sampling process, as the probability of choosing either substrate on the first spawning occasion was balanced considering the binomial test results -showing no preference of one substrate for each sex independently or with all individuals pooled -whereas the proportion of total spawning acts performed on the pebbly substrate was 12 times higher than on the sandy substrate. Lampreys are certainly able to assess substrate composition during nest-building, using their mouth and tail to build the nest. Moreover, lampreys can spawn hundreds of times (here, on average 341 for females and 454 for males) within a few days in the same or different sites (Dhamelincourt et al., 2021a;[START_REF] Jang | Reproductive ecology of the river lamprey[END_REF], reinforcing the idea that they may be able to sample their environment and choose their spawning site accordingly. [START_REF] Gardner | Distribution and abundance of anadromous sea lamprey spawners in a fragmented stream: Current status and potential range expansion following barrier removal[END_REF] observed a negative association between the abundance of sea lamprey nests and substrate cover by fine sediment, and suggested that this result could be due to lampreys either preferring coarser substrate, or coarsening the substrate through repeated nest-building in the same spots, or both. Here, we showed that river lamprey deliberately selected a suitable spawning habitat by preferring pebbly substrate over sandy substrate, from which eggs were more likely to drift, suggesting that an excess of fine particles on nesting sites was detrimental to egg retention Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success in the substrate. The coarsening effect of spawning activity on substrate size suggested by [START_REF] Gardner | Distribution and abundance of anadromous sea lamprey spawners in a fragmented stream: Current status and potential range expansion following barrier removal[END_REF] is unlikely to have occurred in our study: a priori, heavy scouring was prevented by the moderate current speed and the containment of substrate in boxes; a posteriori, no accumulation of substrate was observed on the bare concrete surrounding the boxes.

Substrate size in the nest may affect egg survival through exposure to low-oxygenated water, fungal contamination or predators [START_REF] Silva | Egg drift and hatching success in European river lamprey Lampetra fluviatilis: Is egg deposition in gravel vital to spawning success?[END_REF][START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF]. While coarse particles offer shelter from predators, fine particles may cause suffocation but also limit the contact surface for fungus propagation. The optimal response to this trade-off certainly depends on the prevalence of each source of mortality at the spawning site, and echoes the trade-off faced by all nest-building animals when choosing a nesting site [START_REF] Lissåker | Ventilation or nest defense-parental care trade-offs in a fish with male care[END_REF][START_REF] Mayer | Nest construction by a ground-nesting bird represents a potential trade-off between egg crypticity and thermoregulation[END_REF][START_REF] Tieleman | Nest site selection in a hot desert: Trade-off between microclimate and predation risk[END_REF].

Although the great risk of egg drift documented in the field was not even approached in our experimental setup, our results highlight substrate composition and over digging as two realistic sources of variation in the risk of egg drift. Assuming that female fecundity ranges from 16 000 to 37 000 eggs (Docker et al., 2019a), the 5 903 eggs that drifted from both substrate patches only represent 0.8% to 1.8% of the number of eggs produced. Several features of our setup could explain this low proportion, among which the constant and moderate water flow (0.6 m/s) and the fact that the substrate was contained in boxes that prevented heavy scouring. However, one commonality between our setup and natural conditions in the field was that lamprey repeatedly spawned on the same patch, so eggs previously laid on it could have been resuspended and drift downstream. However, the number of eggs drifting on a day was positively linked to the number of matings occurring on that day, not on the twelve previous days. This initial failure to sink in the substrate may be the main cause of drift, and eggs that managed to sink in the substrate may be not disturbed by subsequent spawning activity. The deleterious effect of overdigging, documented in salmonids [START_REF] Fleming | Reproductive strategies of Atlantic salmon: Ecology and evolution[END_REF], 3.5. Egg retention: laboratory approach

Introduction

Population estimation implies taking into account biological aspects of the focused species, but also the constraints depending on more logistic aspects such as cost, material possibilities or number of people involved. A common population estimation method is Capture-Mark-Recapture (CMR), which consists in marking all individuals during a first capture and then using the ratios of already marked versus new individuals captured on further occasions to estimate the population size. The CMR method allows to estimate a population when a direct count is not possible, gives a relatively precise estimate of its size [START_REF] Funk | Monitoring population trends of Eleutherodactylus frogs[END_REF] and has high power to detect its decline [START_REF] Funk | Monitoring population trends of Eleutherodactylus frogs[END_REF][START_REF] Pace | State-space mark-recapture estimates reveal a recent decline in abundance of North Atlantic right whales[END_REF]. The method is highly flexible, as models have been developed to take into account characteristics such as the closure or not of the population [START_REF] Schwarz | Estimating animal abundance: Review III[END_REF], or resight instead of recapture [START_REF] Mcclintock | A less field-intensive robust design for estimating demographic parameters with Mark-resight data[END_REF]. However, obtaining precise population estimation using CMR methods requires the capture of a large proportion of the population, which may lead to a high sampling effort [START_REF] Mcclintock | A less field-intensive robust design for estimating demographic parameters with Mark-resight data[END_REF], hence important financial and logistic costs. Such costs are not always affordable by agencies in charge of long-term monitoring programs. Instead of directly counting or detecting the individuals, the use of methods based on cues characteristic of one species presence may be a way to limit the problems in detection or marking. For example, beaver colonies can be indirectly detected and counted using their dams [START_REF] Johnston | Using beaver works to estimate colony activity in boreal landscapes[END_REF]. Birds can be detected using a large panel of indicators such as their auditory signals, feeding and dusting sites, roost, fecal, and nest counts [START_REF] Morgan | Estimating numbers of terrestrial birds[END_REF]. While the latter is mainly used for birds [START_REF] Rodgers | Comparing aerial estimates with ground counts of nests in wood stork colonies[END_REF] or primates [START_REF] Kouakou | Estimating chimpanzee population size with nest counts: validating methods in Taï National Park[END_REF], population size of nest-building fishes may also be estimated using nest counts [START_REF] Al-Chokhachy | Understanding the significance of redd counts: A comparison between two methods for estimating the abundance of and monitoring bull trout populations[END_REF][START_REF] Hamstreet | Spring and Summer Chinook Salmon[END_REF]. Nonetheless, many of these indirect methods do not produce absolute estimates but only relative ones. Indeed, producing absolute estimates requires the assessment of the relationship between number of individuals and these indirect cues. The classical procedure consists in the calibration (usually through regression) of the relationship between population size and the indirect cue. This is done on a set of observations in which both are available, and later using inverse prediction to infer population size from the indirect cue in the usual case where only the cue is quantified [START_REF] Southwood | Estimates based on products and effects of insects[END_REF]. However, the relationship can depend on environmental conditions (e.g. birds singing more or less intensely depending on the moment of the day) or on the characteristics of individuals in the population (e.g. unpaired male birds singing more or less than paired males depending on the moment of the day and of the breeding cycle, [START_REF] Amrhein | Nocturnal and diurnal singing activity in the nightingale: Correlations with mating status and breeding cycle[END_REF]. Accounting for these additional sources of variation in the relationship between actual population size and the measurable cue would require calibrating the relationship on a very large number of observations where all variables are available, which is often not possible. An alternative, proposed in this paper, is to (1) collect information on the behavioural processes leading to cue production by individuals, thus accounting for variability in these processes;

(2) build a model that simulates cues produced by a population composed of a number of such individuals; and (3) compare the number of cues simulated by the model to the amount actually observed during a survey. Steps ( 1) and ( 2) correspond to model calibration by the modelers, and step (3) belongs to users. The model is therefore both mechanistic, as it implements individual behaviour explicitly, and statistic, as it produces an estimate and its uncertainty. The flexibility of Bayesian modelling [START_REF] Kruschke | What to believe: Bayesian methods for data analysis[END_REF] makes it a good tool for this task. However, when the measured variables are generated by complex mechanisms including, for example, interactions between individuals, deriving the likelihood may Chapter 4. Sea lamprey population management be problematic. This is where Approximate Bayesian Computation (ABC) comes in handy.

Approximate Bayesian Computation framework is a particularly accurate methodology when it is difficult to sample parameter values from the posterior distribution, as there is no need to compute the likelihood function [START_REF] Beaumont | Approximate Bayesian Computation in evolution and ecology[END_REF][START_REF] Csilléry | Approximate Bayesian Computation (ABC) in practice[END_REF][START_REF] Turner | A tutorial on approximate Bayesian computation[END_REF]. Instead, the model returns summary statistics calculated from a hypothetical dataset and which are compared to the observed values. This framework allows a simulation of complex processes behind an observed outcome and is particularly used in population genetics [START_REF] Estoup | Inferring population history from microsatellite and enzyme data in serially introduced cane toads, Bufo marinus[END_REF][START_REF] Nielsen | Statistical inferences in phylogeography[END_REF] or epidemiology [START_REF] Mckinley | Approximate Bayesian Computation and simulation-based inference for complex stochastic epidemic models[END_REF]. In ecology, the method was used to infer speciation rates and immigration of species under a neutral ecological model [START_REF] Jabot | Inferring the parameters of the neutral theory of biodiversity using phylogenetic information and implications for tropical forests[END_REF], to test the existence of a socially induced reproductive synchrony [START_REF] Koizumi | Socially induced reproductive synchrony in a salmonid: An approximate Bayesian computation approach[END_REF], or to determine the species richness [START_REF] Solow | Estimating species number under an inconvenient abundance model[END_REF]. The sea lamprey, Petromyzon marinus, is an anadromous jawless fish. Both males and females build nests, often in pair but sometimes as groups of several individuals. This species is considered endangered in the most important part of its native area in Europe and North America, where the largest sea lamprey fisheries occur [START_REF] Beaulaton | Fishing, abundance and life history traits of the anadromous sea lamprey (Petromyzon marinus) in Europe[END_REF] while being considered invasive in the Laurentian Great Lakes [START_REF] Hume | Managing native and non-native sea lamprey (Petromyzon marinus) through anthropogenic change: A prospective assessment of key threats and uncertainties[END_REF], where the invasive populations affect fisheries by killing salmonids [START_REF] Farmer | Food consumption of the adult landlocked sea lamprey, Petromyzon marinus, L[END_REF]. Those opposite concerns lead to the need for an accurate estimation of sea lamprey populations to monitor the efficiency of either conservation or control policies.

Captures from fisheries, where they exist, may be used to provide an annual indication of the adults returning to their spawning grounds [START_REF] Beaulaton | Fishing, abundance and life history traits of the anadromous sea lamprey (Petromyzon marinus) in Europe[END_REF]. However, the data provided usually correspond to a relative number of migrants and not a number of spawners, as the individuals are caught during their upstream migration and susceptible to be predated [START_REF] Boulêtreau | High predation of native sea lamprey during spawning migration[END_REF] or to be unable to reach their spawning grounds due to impassable barriers [START_REF] Lasne | The effects of DAM Removal on river colonization by sea lamprey Petromyzon Marinus[END_REF]. Furthermore, fishery catches highly depend on environmental conditions. Fish passes equipped with a counting device are useful as they may provide an exhaustive count near the spawning areas. However, it is impeded as most of the dams are not totally impassable, with individuals going upstream without using the pass. Furthermore, the number of equipped rivers is most often limited. Based on the limits of the current methods, sea lamprey nests seem to be an interesting cue of the sea lamprey spawners abundance, as they directly reflect the spawners activity and can be counted in spawning sites easily, as they are built in shallow and identifiable zones [START_REF] Johnson | Reproductive ecology of lampreys[END_REF]. Nonetheless, it is necessary to take into account the polygamy of the species which causes the nests to be built by more than one male and one female [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. Furthermore, individuals may build several nests, with differences between males and females (Dhamelincourt et al., 2021a). To include these constraints while allowing an easy monitoring, the Approximate Bayesian Computation framework (ABC) was selected. This paper presents a model based on this ABC framework and uses it to estimate the number of sea lamprey spawners from nest counts data. Our model aims to produce sea lamprey spawners abundance estimates (including uncertainty) from simple and cost-efficient nest counts performed repeatedly throughout a spawning season (Figure 4.1). To assess the relationship between individuals and their nests, our model was based on a previous CMR model and behavioural study from Dhamelincourt et al. (2021a) conducted over an entire spawning season and used to estimate the parameters. After presenting the model structure, its performance and its sensitivity to parameter magnitudes and sampling design, we discuss its implication from a user perspective, recommending sampling schemes and highlighting the evolvability of the model as more information on lamprey nesting behaviour will become available for different river systems. 

Material and methods

ABC framework

Our model was built using the Approximate Bayesian Computation (ABC) framework [START_REF] Beaumont | Approximate Bayesian Computation in evolution and ecology[END_REF][START_REF] Csilléry | Approximate Bayesian Computation (ABC) in practice[END_REF] and the ABC_sequential function within the EasyABC package [START_REF] Jabot | EasyABC: A R package to perform efficient approximate Bayesian computation sampling schemes[END_REF] for R (version 4.1.2; R Core Team, 2021) that implements the sequential algorithm from [START_REF] Lenormand | Adaptive approximate Bayesian computation for complex models[END_REF]. ABC framework was chosen as it allows to infer the posterior distribution of key parameters -here population size -of a model et al., 2013) was selected as it minimizes the number of runs and automatically determines its stopping criterion. This algorithm determines the final tolerance level in order to ensure a good quality while avoiding too many simulations and computation time. These characteristics are of interest for our model, as they are intended to be implemented in a user-friendly application. We set nb_simul = 400, corresponding to 200 simulations below each tolerance level (see [START_REF] Jabot | EasyABC: A R package to perform efficient approximate Bayesian computation sampling schemes[END_REF] for parametrization details in R and [START_REF] Lenormand | Adaptive approximate Bayesian computation for complex models[END_REF] for an overview of the algorithm) and did not indicate a tolerance level as the Lenormand's algorithm automatically determines its decreasing sequence of tolerance levels.

Parameter distributions and priors

All parameter distributions were determined using data fromDhamelincourt et al. [START_REF] Wuertz | fGarch: Rmetrics -Autoregressive conditional heteroscedastic modelling[END_REF] to avoid zero values and take into account the observed skewness of the real delay. Residence time (and nest duration) followed a zero-truncated normal distribution without skewness (rtnorm function of the msm package; [START_REF] Jackson | Multi-state models for panel data: The msm Package for R[END_REF]. Sex ratio was initially fixed to 0.5 as we observed an equal number of males and females. A uniform, non-informative prior, was used for simulations as the a priori number of individuals was supposed unknown and should fit with spawners abundance from other sites. This prior is likely to be modified according to the number of spawners expected in a given site. Table 4.1 indicates all distributions and prior.

Individual-based model processes

In one nest at a time. Third, a nest cannot be built by more males and females than a random limit, specific to each sex. Finally, if an individual is active but finds no partner, it can initiate a nest on its own, as can be observed for both males and females. Figure 4.2 describes these successive conditions and their consequences on whether a nest is built or not.

This process is repeated each day until the end of the season, when all individuals reach either their maximum number of nests or their maximum residence time on the spawning ground (linked to the rapid senescence associated to semelparity). The model then returns a Chapter 4. Sea lamprey population management daily number of active nests (i.e., occupied nests), but not the total number of nests detectable on the spawning ground, which includes nests that have been completed on previous days.

Indeed, depending on hydrological conditions, nests can be detected a few days to several weeks after they have been built, but it is easier for operators to count the number of active nests, which does not require labelling the nests each day to avoid double counting from one day to the other, that may complicate a protocol that was intended to be simple. 

Model validation

The estimates produced by our model were compared to the estimates from a CMR model fitted to the data obtained on the individuals marked in the Nive in 2019 (Dhamelincourt et al., 2021a).

Sensitivity analysis

Sensitivity of our model to parameter variations was assessed using the default parametrization but changing one parameter value for each run. Twenty values were tested for each parameter and its variability (standard deviation or dispersion depending on the distribution), from 0.1 × observed value to 2 × observed value with a step of 0.1. The nest duration varied only between four values due to the need to use integer values, and a relatively limited range of realistic variations (a nest built during more than four days was not observed or indicated elsewhere). Deviation from the estimated spawner abundance with CMR was then quantified using the mean ± sd of this deviation. On day d+1, the individual was still on the nest built the previous day, but one partner left the nest, possibly joining or building another one. Then, at d+2, the individual built a new nest and was joined solely by one of the two partners available this day. Indeed, available partners may join or build another nest with other individuals. At d+3, the individual i built a nest on its own, as no other partner was available. Finally, from d+4 until the residence time was reached, the individual did not build or join more nests, as its maximum number of nests was reached at d+3. It finally disappeared from the pool of individuals at d + residence time + 1, simulating its death.

The table indicates the number of active nests belonging to this individual. Each day this individual was observed on a nest, +1 was added to the count of "active" nests. For this reason, four nests appear in the count but three nests were built.

Sampling schemes simulation

To test how the accuracy of the estimated number of spawners varied with the way field data are collected, we simulated a variety of sampling schemes, in terms of both frequency and regularity of field work. Four frequencies were simulated: a) every day of the season, b) half of the days, c) once a week, d) once in two weeks. For each the last three frequencies, two regularities were simulated: 1) regular: every other day, every seven days, or every 14 days, or 2) randomized across the season (e.g., possibly two days in a row followed by 12 days off, for the weekly frequency). This combination of frequency and regularity therefore resulted in seven sampling schemes. First, a full spawning season was simulated and served as a basis. For all sampling schemes, the summary statistics were calculated on a subset of this full spawning season according to the sampling scheme considered. A single set of statistics was calculated for the full sampling scheme, but for the nest count every other day we used the two possibilities of simulated field samplings (starting either the first or the second day of the season). For all other sampling schemes, we calculated seven summary statistic sets corresponding to all the different possibilities of field campaigns (count every other week and weekly count with a fixed 7 days step) for non-random sampling schemes. For random ones and to be consistent across the sampling schemes, we kept the same number of sets (seven) even if there were many more possible combinations. For each instance of each sampling scheme, the ABC model estimated a spawner abundance. The bias, or inaccuracy, associated to each sampling scheme was computed as the difference between the medians of the estimates obtained from the sampling scheme of the median of the estimates obtained with the full data. The imprecision associated to each sampling scheme was reflected by the differences among the estimates obtained from that sampling scheme. 

Sensitivity analysis

Sensitivity analysis indicated an important variability considering the effects of parameter values on both median (Figure 4.2) and standard deviation (Figure 4.3) of the spawners abundance estimate. In each table, the parameters whose variation affected the model output the most are the ones with the most contrasting rows. The further the value moves from green to either yellow or blue, the further the estimated abundance is from the one obtained with the default parameters.

For the median, a lower standard deviation of the delay of arrival for males and females induced an underestimation from 1 to 70%, while higher values caused an overestimation from 3 to 21%. The mean parameter (mu) of the zero-truncated binomial distribution, assigning a number of nests per individual, caused an underestimation from 2 to 27% when higher than the initial value, while increasing the estimated spawners abundance until 31% when set to 90% lower than the initial values. The sex-ratio is another parameter which highly influenced the median estimate when set to high values, corresponding to a high number of males. A sex-ratio set up to 0.95 decreased by 55% the spawners abundance estimate while a decrease of similar magnitude (sex-ratio = 0.05) only decreased the estimate by 7%. A longer duration in a nest tended to underestimate spawners abundance, with values corresponding to a decrease of 30% with nests occupied for three days.

The standard deviation of the spawners abundance estimate followed less progressive trends from low to high parameter values. However, the model was again highly sensitive to standard deviation of the delay. Roughly, low values decreased the uncertainty (down to 58%) while high values increased it (up to 25%). As observed for the median, the mean parameter (mu) of the number of nests per individual highly influenced the final standard deviation of the estimate, with lower uncertainty with high values. The mean parameter of the number of females per nest showed an opposite trend: low values decreased the standard 

Sampling schemes simulation

The summary statistics obtained from the different sampling schemes (Figure 4.5) indicated a general increase in variability with a decreasing sampling effort, showing the difficulty to obtain the same statistics for a scheme when a reduced field sampling frequency was repeated. This is especially evident for the maximal number of active nests on a given day, ranging from 6 to 15 for the four least intensive sampling schemes, without the real value (17 nests) included. To a lesser extent, the tendency was the same for the other statistics. The "once in two weeks" random sampling was the worst, with the highest variability among all schemes.

The spawners abundance estimates (Figure 4.6) reflected the results of the summary statistics. Sampling schemes with the most variable summaries also had the most variable estimates. While the "every other day" scheme provided an estimate between -12% and +5%

when compared the "full sampling" estimate, and the "once in two days" random scheme having an estimate between -6% and +13%, the less intensive schemes were more variable.

The estimates of the "weekly count" lied between -44% and +27% compared to the full effort. The same sampling intensity, but applied randomly, gave an estimate between -52% and +11%. Finally, the "every two weeks" sampling scheme provided estimates between -29% and +40%, while its randomly applied version provided estimates between -55% and +42%.

As the model always uses the same number of statistics, being more or less representative of the spawning season, the uncertainty did not increase between simulations. Decreasing the sampling effort seems to affect the accuracy more than the precision of the estimates.

Discussion

The objectives of the study were to 1) build an individual-based model simulating a daily number of active nests produced by lamprey spawners; 2) evaluate the model performance by comparing the estimate with those of a previous CMR model using the same data; 3) determine the sensitivity to parameter magnitudes; 4) assess the effects of several sampling designs on the estimates; and 5) discuss the implications and evolvability of the model from a management perspective. After building the model, we managed to estimate a spawner abundance 25% below that of the estimate given by the CMR method. We identified delay of arrival, sex ratio, nest duration, number of nests per individual and number of individuals per nest as the most sensitive parameters. In addition, we showed that a sampling scheme "every other day" or "once in two days" decreased the accuracy to a lower extent than less intensive sampling schemes. We will now discuss the implications and evolvability of our approach.

The spawners abundance estimated with the ABC model was 25% below that of the CMR method. This result suggests that our model may produce a biased estimate, possibly caused here as a boxplot. The horizontal red line corresponds to the estimate obtained with a daily sampling scheme. For all sampling schemes (except the daily nest count and the "every other day" scheme which only has two possibilities) we calculated seven summary statistic sets corresponding to all the different possibilities of field campaigns (count every other week and weekly count with a fixed 7 days step) for non-random sampling schemes. For random ones, we kept the same number of sets (seven) even if they have many more possible combinations, in order to be consistent across the sampling schemes. Coloured boxes correspond to the range of spawner's abundance estimated within each sampling scheme and allow to visualize the interval between the lowest and highest estimate.

Estimation model with nest count

201 by two factors. First, even if we simulated a realistic nest-building process using the knowledge available for sea lamprey based on some previous works realized on the sea lamprey spawning season (e.g. [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Johnson | Reproductive ecology of lampreys[END_REF]Hardisty and Potter, 1971a;Dhamelincourt et al., 2021a), we may have missed important behaviours determining nestbuilding. A hypothesis is that some other parameters determine the individual arrangement within nests. In the model, the individuals can begin or join a nest solely depending on the number of individuals they may spawn with or the number of nests they should visit. However, no information is provided on the influence of environmental parameters such as the water temperature or the density of individuals in the spawning ground. Water temperature is known to influence the spawning activity of sea lamprey, with a threshold for nest-building behaviour set to 15°C [START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF] and an important sensitivity to sudden drops of 1 or 2°C [START_REF] Manion | Biology of larval sea lampreys (Petromyzon marinus) of the 1960 year class, isolated in the Big Garlic River[END_REF][START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF]. During the 2019 spawning season, the mean temperature was below 15°C during 26 days, and even if we observed a spawning activity, we possibly overestimated the capacity of individuals to build nests on these days. However, little information exists to define a continuous nest digging probability depending on temperature, making it difficult to implement this variable in our model.

Furthermore, density of individuals may increase the competition for favourable nesting habitat and increase the number of individuals per nest, therefore modifying the individual parameters throughout the spawning season. During some days we observed a peak of active nests (15 active nests observed on June 3 rd , 2019), with a possible increased nest building cooperation compared to days with lower activity and/or density. Another hypothesis concerning the model underestimation is the lack of precision of some of our parameters.

Regarding the most sensitive parameters, the delay of arrival, the sex-ratio, the number of nests and the nest duration influenced the most the spawners abundance estimate. We determined these parameters using the protocol described in Dhamelincourt et al. (2021a), with no continuous monitoring of the spawning site, especially by night. Consequently, we possibly missed part or all of the breeding activity of some individuals, explaining the uncertainty of our parameters.

For that reason, we recommend that future studies should primarily estimate these parameters. The model code being freely available and the dedicated application allowing an easy modification of the parameters, we think our model as being a baseline to be improved by complementary studies. Although, even if some parameters (obtained from Dhamelincourt Sensitivity analysis showed that some parameters highly influenced the spawners abundance estimate. The standard deviation values of our parameter "delay" led to an underestimation of the spawners abundance when low, while leading to an overestimation of the 4.1. Estimation model with nest count 203 spawners abundance when high. This result is consistent with the individuals' behaviour. Indeed, when many individuals arrive on the spawning ground at the same time (low standard deviation values), they should build fewer nests but with more individuals, due to the space limit [START_REF] Harris | An experimental analysis of joint nesting in the salamander Hemidaetylium scutatum (Caudata: Plethodontidae): The effects of population density[END_REF][START_REF] Ostfeld | Territoriality and mating system of california voles[END_REF] or the attractiveness of already built nests for opportunistic individuals with poor body condition [START_REF] Harris | Body condition and order of arrival affect cooperative nesting behaviour in four-toed salamanders Hemidactylium scutatum[END_REF]. In contrast, when individuals arrive sequentially, they have less opportunity to join or be joined by other spawners within a nest and are therefore more likely to build nests with few individuals. The mean number of nests per individual is another parameter of great influence for the spawners abundance estimate. This is an expected result since it is a parameter directly influencing the nesting process. A high number of nests per individual decreased the final estimate while a low digging capacity implied that more individuals were at the base of a given number of nests. The sex ratio is another important parameter as it decreased the spawners abundance estimate for high values, indicating a sex ratio largely in favour of males. Here again, this result indicates a consistent functioning of the model, as a high number of males means a high number of nests per individual (because the maximal number of males allowed per nest is lower than the maximal number of females), therefore decreasing the number of individuals having built the number of active nests observed on a given day. Our sensitivity analysis points at the parameters on which future studies may focus on in order to improve the performance of our model. Moreover, the parameters which our model's output was the most sensitive to are also likely to vary across populations, or across years for a given population. Our results therefore also highlight the parameters that a user of our model may need to determine for his own system in order to parametrize the model accordingly, and get an accurate estimate of his own population of interest.

The simulation of several sampling schemes from a daily nest count to a count once in two weeks showed an important decrease of the accuracy of the spawners abundance estimate for least intensive samplings. The summary statistics being biased compared to the reality of the nest-building process and highly depending on the days monitored, these estimates were largely over or under the reference value. Determining a trade-off between cost and accuracy requires thinking about the limit one would like to set on the bias of the estimate.

According to our results, it appeared necessary to count the nests at least half the days of a spawning season, days randomly chosen or with a regular once in two days step. For both of them, the bias did not exceed 13%, while it reached up to 50% on a weekly basis.

However, the operator is not constrained by the day to choose as long as he surveys half of the spawning season. To illustrate the sensitivity of our model's performance to sampling design, we only simulated six sampling schemes according to frequency and evenness of nest counts.

However, a potential user of our model could also simulate a raw dataset inspired by the probable magnitude of spawners abundance, apply several custom sampling schemes based on his constrains (e.g., operator availability, upper limit on total number of days in the field), and run our model on each generated dataset. This would allow assessing the accuracy and precision of the estimate associated to each considered sampling, and schedule field season accordingly.

In order to make the model easily usable by any people interested in sea lamprey population management, even without R coding knowledge, we developed a user-friendly web application (https://mdhamelincourt.shinyapps.io/Lamproie_tracker/; [START_REF] Chang | Package 'shiny[END_REF]. The simplest way to use it is to upload a dataset and launch the analysis, using the default parameter values given in the present article. A .csv dataset with a first column corresponding to the days of monitoring and a second column indicating the number of active nests counted each day is required. Column names do not matter but it is necessary to write 'NA' for the non-monitored days if they appear in the dataset. The 0 value is considered as a day without active nest. This dataset must be loaded in the tab "Chargement des données" where the user can control the correct form of the data (some options are 4.1. Estimation model with nest count 205 helpful in the loading of the dataset when necessary). Then, one just launches the analysis in the tab "Lancement de l'analyse" and waits a few minutes until the end of the computation. A plot of the posterior distribution of spawners abundance is then displayed and the user can save it or simply note the median and 95% confidence interval of the spawners abundance estimate. As we wanted the model to be adjustable to the study site and the characteristics of the population studied, the user can modify all the parameters of the model in the tab "Paramètres". However, as the estimates can drastically change depending on these values, the user must have reliable information in order to change them. If supplementary information needs to be included in the model, the code is freely available at (https://github.com/Marius-Dhamelincourt/Lamproie-tracker; license CC BY-NC-SA) and can be used outside of the application. We did not include this possibility inside the application as it would have complicated the ease of use. In addition, it may be possible to infer more parameters than solely spawners abundance. For example, the model could estimate any other parameter used to simulate the spawning behaviour (see Table 4.1), such as the residence time. However, the objective of our model is to specifically estimate the abundance. Furthermore, the addition of parameters to estimate may require more computation time while providing information that would not be of interest to managers. Although the model was used in this study to estimate spawners abundance at the scale of a single river section, the time required to build a nest and the brevity of the spawning season (residence time estimated to 8.33 ± 1.02 days for males and 3.57 ± 1.04 days for females) make it unlikely that individuals will be highly mobile once spawning has begun. Thus, implementing this model on all the spawning sites of a system, or at least on the main sites, may allow obtaining a spawners abundance estimate at the watershed scale by simply summing the estimates provided by the model. However, if additional data revealed high mobility of lamprey across spawning sites, the model could be complexified accordingly, with parameters such as the rate of inter-site migration. We believe our model to be adaptable to any nest building fish Chapter 4. Sea lamprey population management such as salmonids, only by changing the parameter values or adding some other biological features. Nest-building being a behaviour widely spread among fish species [START_REF] Bessa | Integrative approach on the diversity of nesting behaviour in fishes[END_REF], this model may be an interesting tool when no practical method exists to accurately estimate the populations.

The model described in this paper aimed to provide sea lamprey population managers an easy-to-use, accurate and economical way to encompass the limits of actual methods estimating sea lamprey populations. Even if our model needs adapting the parameter values depending on the population considered, we believe this framework to be a good way to facilitate and increase data collection for this both endangered and invasive species. The flexibility of the model architecture also allows for adaptation to other nest-building fish species with minor modifications.
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The correlative approach

The Approximate Bayesian Computation model allowed to estimate the size of a sea lamprey population at a site, using the relationship between the number of individuals and the nests they built. Another way to use nests for population estimation, rather than a mechanistic model, is to use a correlative approach by directly linking the number of nests with the number of individuals in several sites, where both are measured independently. This approach necessitates to lead empirical studies to assess this relationship on several sites, or to gather data from existing studies. Table 4. I applied the equation of the model fitted on the double logarithm transformed data, for virtual nest counts ranging from 100 to 1500 and calculated the 95% prediction interval using the predict() function in R. Figure 4.8 and Table 4.5 show the model predictions. These results indicate that the model gives highly imprecise results, with large confidence intervals. Consequently, I assume that the number of studies is actually too low (only ten data points from eight studies) to provide sufficiently precise estimates. As visible with the raw data (Figure 4.7A), there is a lack of studies assessing the relationship considered between approximately 300 and 1500 nests, explaining the lack of precision. This method, in spite of being even easier to use than the ABC model, needs more studies to precise the relationship between the number of nests and the number of individuals. Thus, it seems that the ABC model is likely to be more rapidly operational, requiring mainly only specific studies to specify some parameters. In addition, the mechanistic approach allows to incorporate behavioural or environmental data, allowing to refine the estimates, which is not possible with the correlative approach. Another limit of the correlative approach is that, in the simplest form presented, it only takes into account the number of spawners to estimate the number of nests. If other factors influence the number of nests, a multiple regression would be necessary, which requires even more data and an appropriate sampling plan to avoid the collinearity between the variables. However, if the correlative approach could provide more precise estimates, it may be interesting to compare these estimates with those of the ABC model and integrate this second model in the application already available. This addition would allow the application to produce estimates from a wider variety of sample designs. density of invertebrates (3777 ± 1332 individuals per m 2 in upstream, 2649 ± 1386 individuals per m 2 in pit and 3833 ± 1052 individuals per m 2 in mound) and number of taxa (23.5 ± 3.9 taxa for upstream, 18.6 ± 3.9 taxa in pit and 21.2 ± 4.5 taxa for mound) in the pit compared to other zones. However the overall taxa diversity in nest increased with 82 ± 14 taxa compared to the 69 ± 8 taxa estimated in upstream zone. Diversity indices were consistent with the previous results indicating a loss of α diversity in pit but a higher β diversity between a pit and a mound than between two upstream zones, especially considering Morisita index accounting for taxa abundance. Trait analysis showed high functional diversity within zones with a reduced proportion of collectors, scrapers, shredders, litter/mud preference and small invertebrates in mound, while the proportion of "slabs, blocks, stones and pebbles" preference and largest invertebrates increased. Pit presented the opposite trend, while upstream had globally intermediate trait proportions. Our results highlight important effects on species and functional diversity due to habitat heterogeneity created by a nest-building species, what can ultimately influence food webs and nutrient processes in river ecosystems.

Introduction

Habitat heterogeneity has been widely recognized as an important factor structuring biological assemblages [START_REF] Cramer | Habitat heterogeneity, species diversity and null models[END_REF][START_REF] Tews | Animal species diversity driven by habitat heterogeneity/diversity: The importance of keystone structures[END_REF]. The habitat heterogeneity hypothesis [START_REF] Macarthur | On bird species diversity[END_REF] states that increased habitat heterogeneity promotes species diversity thanks to a greater number of available ecological niches. [START_REF] Li | On definition and quantification of heterogeneity[END_REF] defined heterogeneity in an operational way as "the complexity and/or variability of a system property in space and/or time". Heterogeneity can be considered at different scales, and depending on the scale considered, it has contrasted effects on ecological processes [START_REF] González-Megías | Diversity-habitat heterogeneity relationship at different spatial and temporal scales[END_REF]. In the case of stream invertebrates, substrate heterogeneity can affect food distribution [START_REF] Elosegi | The importance of local processes on river habitat characteristics: a Basque stream case study[END_REF] and thus condition their localscale (i.e. nest-scale) feeding and movements [START_REF] Flores | Effects of retention site on breakdown of organic matter in a mountain stream[END_REF], whereas movements at Chapter 5. Biodiversity and ecosystem processes larger scales can respond to drift if there are no available interstices or substrate for attachment.

In aquatic ecosystems, heterogeneity analyzes are often used to explain macroinvertebrate assemblages. [START_REF] Beisel | The spatial heterogeneity of a river bottom: A key factor determining macroinvertebrate communities[END_REF] found that the number of macroinvertebrate taxa in a given area (considering 0.5 to 4 m radius zones of substrate in a fourth-order stream) was higher in a heterogeneous environment with more substrate types and an elevated patchiness.

Furthermore, the same study found that homogeneous environments are more prone to the dominance of few taxa, probably due to the lack of competition with taxa from neighbouring patches. At a very fine scale, Boyero [START_REF] Boyero | The quantification of local substrate heterogeneity in streams and its significance for macroinvertebrate assemblages[END_REF] found a positive relationship between substrate heterogeneity and taxonomic diversity across 225 cm 2 samples collected within the same square meter of riffle. Substrate complexity appears to be a key driver of macroinvertebrate assemblage structure followed by current velocity and depth [START_REF] Beisel | Stream community structure in relation to spatial variation: The influence of mesohabitat characteristics[END_REF].

However, increased heterogeneity does not necessarily enhance macroinvertebrate diversity, at least in stream restoration projects [START_REF] Palmer | River restoration, habitat heterogeneity and biodiversity: A failure of theory or practice?[END_REF].

Ecosystem engineering [START_REF] Jones | Organisms as ecosystem engineers[END_REF][START_REF] Butler | Zoogeomorphology: Animals as Geomorphic Agents[END_REF] is defined as the change of availability of resources to other species due to physical changes in biotic or abiotic materials, directly or indirectly mediated by organisms. During the process they modify the habitats or create new ones. Effects of engineer species [START_REF] Wright | An ecosystem engineer, the beaver, increases species richness at the landscape scale[END_REF], alongside with the interaction between hydraulics and the substrate, are abiotic and biotic processes influencing heterogeneity. Together, they affect habitat heterogeneity, which in turn can affect ecosystem functioning [START_REF] Elosegi | The importance of local processes on river habitat characteristics: a Basque stream case study[END_REF]. Substrate disturbance by foraging fish is another cause of substrate heterogeneity, which may destabilize the substrate and cause an increased bedload transport during subsequent flood events [START_REF] Pledger | Bed disturbance via foraging fish increases bedload transport during subsequent high flows and is controlled by fish size and species[END_REF].

Fish nesting, especially in species such as salmonids, which move large volumes of sediment and alter local bed morphology, is a biotic process that can increase riverbed substrate heterogeneity [START_REF] Gottesfeld | Salmon bioturbation and stream process[END_REF]. For migratory species with high nest density in the 5.1. Macroinvertebrate assemblages within sea lamprey nests 217 spawning grounds, the ecological effects can be important and cascade to affect biological assemblages and ecosystem processes. For instance, Moore andSchindler (2005, 2008) found that bed disturbance by salmon in spawning grounds caused severe seasonal declines in periphyton and benthic invertebrate abundance, with no recovery within the same season. However, other species such as chubs of the genus Nocomis build nests that promote macroinvertebrate density and even allow some taxa to persist in degraded streams [START_REF] Swartwout | A survey of macroinvertebrates colonizing bluehead chub nests in a Virginia stream[END_REF]. Migratory species likely to affect substrate heterogeneity and the assemblages include the sea lamprey (Petromyzon marinus L.), which builds 40-220 cm-wide nests [START_REF] Gardner | Distribution and abundance of anadromous sea lamprey spawners in a fragmented stream: Current status and potential range expansion following barrier removal[END_REF][START_REF] Sousa | Habitat modifications by sea lampreys (Petromyzon marinus) during the spawning season: Effects on sediments[END_REF][START_REF] Dhamelincourt | Individual and group characteristics affecting nest building in sea lamprey[END_REF] in late spring ( (Grellier, 1996), Fig 5.1). Both male and female lamprey remove cobbles with their mouth and release them downstream so that the resulting nest consists of a pit carpeted with sand or gravel, followed by a mound of pebbles and cobbles. This structural heterogeneity might have functional consequences, as the density of some taxa such as Hydropsychidae, Philopotamidae and Heptageniidae can increase up to tenfolds in mounds [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF] in an oligotrophic stream. Another study [START_REF] Weaver | Effects of sea lamprey substrate modification and carcass nutrients on macroinvertebrate assemblages in a small Atlantic coastal stream[END_REF] found an increased Simuliidae density in areas with disturbed substrate and added sea lamprey carcasses, possibly resulting from the association of the cleared substrate with suitable characteristics and food supply from dead lampreys. These results suggest an effect of sea lamprey nesting activity on macroinvertebrate assemblages, with potential functional consequences.

Here, we aimed at describing the local-scale (i.e. nest and adjacent substrate) effects of sea lamprey as ecosystem engineer on macroinvertebrate assemblages at the nest. We expect the taxonomic and functional diversity on the nest as a whole (pit+mound) to be higher than on undisturbed substrate. We hypothesized that increased streambed physical heterogeneity caused by sea lamprey nesting would promote invertebrate diversity and specific biologic traits. Pits, with deeper and more lentic conditions than unmodified riverbed (upstream) would attract lentophilic and fine sediment fauna, whereas the shallower and more we first assessed the variability of depth and current velocity on pit, mound and upstream as these variables are among the most likely to explain differences in macroinvertebrate assemblages [START_REF] Beisel | Stream community structure in relation to spatial variation: The influence of mesohabitat characteristics[END_REF]. Then, we compared the density, taxa richness and diversity of macroinvertebrates across nest zones. Finally, we studied ecological traits describing food type, mode of alimentation, substrate preference and body size, to infer the effects of nests on invertebrate functional heterogeneity.

Methods

No permit was required to sample invertebrates in lamprey nests, because the sampling was performed after the larvae left the nests, thereby preventing disturbance to lamprey lifecycle.

Study site and experimental period

The study took place in the Nive River, a 79 km long river situated in Northern Basque Country, France, and draining a basin of 1030 km 2 (river width: 18 m; bankfull width: 25 m; mean river depth: 52 cm; average discharge: 21 m 3 /s). The selected section corresponds to a reach of 400 m long, located in Saint- 1°18' 27.305" W) and bypassed by a hydropower scheme. It is mainly composed of riffles and runs suitable for sea lamprey nesting, as shown by the 46 nests found on a previous survey [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. To avoid disturbing sea lamprey spawning, macroinvertebrate samples were collected on July 7 2020, at the end of the reproductive season, after two weeks of not detecting any lamprey near the nests. We considered these two weeks a period sufficient to allow for stability of local invertebrate assemblages [START_REF] Khalaf | La dynamique de colonisation des substrats artificiels par les macroinvertebres d'un cours d'eau[END_REF], whereas reducing the risk of scouring by floods, which are frequent at the study site during late spring and early summer. Chapter 5. Biodiversity and ecosystem processes

Macroinvertebrate samples and nest characteristics

We studied 30 completed nests where no lamprey was observed (Fig 5 .2). For each nest, we defined three zones. The upstream zone, 20 to 50 cm upstream from the upstream verge of the nest pit, indicated the initial conditions of the habitat chosen by the lamprey to build their nest, being both close to the nest and less likely to be disturbed by digging than the left, right or immediate downstream of the nest. The second zone was the pit, delimited as the area excavated by the lamprey, where water was deeper and the substrate finer than upstream.

The third zone was the mound, corresponding to the downstream accumulation of pebbles and cobbles. For all three zones current velocity (± 1 cm/s) was measured at 5 cm from the bottom (using a magnetic flowmeter "FLO-MATE 2000") and water depth (± 1 cm) was measured with a Vernier gauge. Transversal (perpendicular to the current) and longitudinal (parallel to the current) diameters of the pit were measured using a measuring tape (± 1 cm).

Macroinvertebrates were sampled using a Surber net (1/20 m 2 , 0,5 mm mesh) by stirring the entire top layer of the sediment covered by the net frame (no more than 50 mm). Three samples, one per zone, were collected on each nest. After collection the samples were stored in 70°ethanol up to the determination. Most invertebrates were identified following AFNOR standard XP T 90-388 at the genus level except for Oligochaeta (subclass), Diptera (family) and some individuals for whom genus determination was not certain (determined at the family level). Macroinvertebrate traits were determined following [START_REF] Tachet | Invertébrés d'eau Douce, systématique biologie[END_REF] and expressed as the frequency of individuals belonging to a certain trait over the total number of individuals in the sample. We selected food type, mode of alimentation, substrate preference and body size as these traits are likely to vary according to the physical characteristics of the nests. Food type and mode of alimentation directly reflect the resources provided by a given environment. With different current and substrate characteristics those traits should vary between zones. As substrate will differ, substrate preferences may reflect the sorting 5.1. Macroinvertebrate assemblages within sea lamprey nests 221 made by spawners between zones, if the scale of the nest has an impact on macroinvertebrate spatial location. Finally, body size emphasizes the carrying capacity for smaller or bigger invertebrates, which completes the substrate preference.

Invertebrate diversity

All analyzes were performed using R software version 4.1.0 R Core Team ( 2020) and a significance level of 0.05.

We used several α and β indices to measure the effects of lamprey nests on the diversity of macroinvertebrate assemblages. For α indices we calculated the indices in each zone to compare the pit and the mound with the upstream zone. First, we measured the species richness with the specpool function of the vegan package (Oksanen et al., 2009, version 2.5-7) using a Chao1 equation (Chao and Chiu, 2016, Eq 5.1). Then, Shannon α diversity index (Shannon, 1948, Eq 5.2), calculated using the diversity function of the vegan package (Oksanen et al., 2009, version 2.5-7), indicated how diverse the taxa in each zone are, increasing with the increase of evenness and taxa richness in a sample. Shannon index was completed with Pielou index (Pielou, 1975, Eq 5.3) to specifically analyze the evenness of the assemblages. These indices were transformed into Log Response Ratio (LRR), corresponding to the effect size of the diversity differences between nest (pit/mound) zones and upstream zones (Eq 5. 4 and Fig 5.6) where the "index modified zone" corresponds either to the index of a pit or to the index of a mound. Indices were calculated for each pit and each mound and compared to the mean of Shannon and Pielou indices obtained for the upstream zones ("index upstream zone"). When the LRR standard deviation does not cross the value "0", it means that the effect is significantly positive (above 0) or negative (below 0; [START_REF] Fazlioglu | Introduced non-native mangroves express better growth performance than co-occurring native mangroves[END_REF]). Behind this analysis, we compared how a given index (Shannon or Pielou) differed on a pit or on a mound -thus reflecting a disturbed habitat -compared to the average value of these indices in the section considered. Where p i is the proportion of a taxon i on the total number of individuals N and S is the total number of taxa in the sample.

Pielou evenness index

(J ′ ) = H ′ H ′ max (5.3)
Where H'is the Shannon diversity index and H ′ max is the maximum possible value of H'(if every species was equally likely): H ′ max = -∑ S i=1 1 S ln 1 S and S being the total number of taxa in the sample.

Log Response Ratio = ln index modi f ied zone index upstream zone (5.4)

Following this α diversity overview we studied several β diversity aspects to compare nest and upstream. For each index we calculated all the pairwise differences between pit and mound and between two upstream zones. Firstly, we calculated Sorensen dissimilarity index (Koleff et al., 2003, Eq 5.5) which includes both replacement and nestedness and corresponds to a global indicator of taxa diversity. Then we calculated Simpson β diversity index to study taxa replacement (Koleff et al., 2003, Eq 5.6). The second component of the Sorensen index, the taxa nestedness, was obtained by computing the difference between Sorensen and Simpson indices [START_REF] Baselga | Partitioning the turnover and nestedness components of beta diversity[END_REF]. Finally, to test the diversity considering taxa abundance and not solely their occurrence, we calculated the Morisita dissimilarity index (Wolda, 1981, Eq 5.7). As for the α diversity indices the β indices were transformed into Log Response Ratio (Eq 5. 4 and Fig 5.7) where the "index modified zone" corresponds to a pairwise index between a pit and a mound and the "index upstream zone" to a pairwise index between two upstream zones. This LRR indicates if the diversity difference between two locations of a nest (always a pit versus a mound) differs from the same comparison made between two upstream zones, thus reflecting a difference in taxa heterogeneity. To avoid a nest effect we did not compare the taxa of a pit versus the mound of the same nest and therefore we randomly selected the pit and the mound to be compared in each index value. Indeed, pit and mound of the same nest may not be independent, and this analysis aimed at describing the heterogeneity of communities between pits and mounds in general, without the influence of similarities existing between adjacent samples.

Sorensen β diversity index = (b + c) (2a + b + c) (5.5)
Where a is the number of common taxa between two sites, b the number of taxa exclusive to a site, and c the number of taxa exclusive to the other site.

Simpson β diversity index = min(b, c) min(b, c) + a (5.6)

Where min (b, c) is the lowest number of exclusive taxa between two sites, b being the number of taxa exclusive to a site, and c the number of taxa exclusive to the other site; a is the number of common taxa between the two sites.

Morisita overlap index (C D ) = 2 ∑ S i=1 x i y i (D x + D y ) XY (5.7)
Where x i is the number of times taxon i is represented in the total X from one site; y i is
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D i = S ∑ i=1 p 2 i (5.8)
With S the total number of taxa in the sample and p i the proportion of a taxon i on the total number of individuals N.

Data analysis

The significance of differences between nest zones for depth, current, density, diversity, Shannon index and Pielou index was determined using linear mixed model and the lmer function of the lme4 package [START_REF] Bates | Fitting linear mixed-effects models using lme4[END_REF] with a random effect of nest identity.

For density and taxa diversity (Fig 5 .4A and B), a pairwise Tukey test was used to check the differences between each zone rather than globally.

To test the effect of current and depth on abundance and taxa diversity, a General Linear Model was used with current and depth as covariates and following a Gaussian distribution.

A two-sample t-test was used to test the significance of Chao1 diversity index calculated for nest (pit + mound) and upstream zone.

Trait differences between zones were determined using binomial mixed models with upstream or mound as reference condition and nest identity as a random effect (function glmer of the lme4 package; [START_REF] Bates | Fitting linear mixed-effects models using lme4[END_REF].

The links between trait and nest characteristics were studied using Redundancy analysis (RDA), a multivariate approach of linear models applied in vegan package (Oksanen et al., 2009, version 2.5-7) with rda function and setting traits as response variables. Traits were implemented after Hellinger transformation to give low weight to traits with low counts and many zeros. Explanatory variables were the five variables describing nest characteristics: transversal and longitudinal diameter, depth, current and depth difference between pit and mound. The latter was calculated assuming nests with higher depth difference could be more heterogeneous with a more important volume and habitat complexity.

Results

Nests characteristics

Lamprey nests differed greatly in their dimensions, transversal diameter of the pit averaging 129.2 ± 37.2 cm (range, 70-210 cm) and longitudinal diameter 117.4 ± 45.7 cm (range, 50-260 cm, Table 5.1). The pit was the deepest zone (59.2 ± 9.9 cm) followed by the upstream (51.8 ± 10.1 cm) and the mound (38.3 ± 10.1 cm), and differences were statistically significant considering mixed models p-values (Table 5.2). The coefficient of variation for depth was similar for all three zones (Table 5.2). Current velocity ranged from 0 to 65 cm/s (Table 5.1) and varied among zones inversely to depth (Fig 5 .3), although the coefficient of variation was larger. Again, differences were statistically significant considering mixed models results.

Macroinvertebrate density and diversity

The density of macroinvertebrates (Fig 

Diversity

The estimate of Chao1 diversity index was 82 ± 14 taxa for nest (pit + mound) and 69 ± 8 taxa for the upstream zone. In spite of the slight overlap of the standard error of those estimates the species richness was higher in the nest than upstream, as supported by results showed a higher overall β diversity between a pit and a mound than between two upstream zones. However the log response ratios were highly variable and none were significantly different from 0. Nevertheless the higher Morisita index ratio compared to other indices seems to indicate a differentiation made by taxa abundance rather than by replacement or nestedness. 

Trait analysis

The traits studied tended to be more similar in mound and upstream than between these two locations and the pit . Considering alimentation traits (Fig 5.8), the proportion of collectors and scrapers was lower in the mound than in the pit and the proportion of filterers was lower in pit than either in mound or upstream. Predators were more present in mound than in pit and upstream, whereas shredders were less abundant in mound than in pit and upstream. However, food traits, related to alimentation aspects, did not highlighted significant differences. Substrate preference analysis (Fig 5.9) showed a similar pattern for litter and mud with higher proportion in pit than in mound. Preference for gravel and sand was more important in pit, followed by upstream and then mound. Finally, preference for slabs, blocks, stones and pebbles was highest in mound and lowest in pit. The smallest size category (Fig 5 .10) was more represented inside the pit, followed by upstream and mound, whereas larger size categories followed the inverse pattern.

Relationship between traits and nest characteristics

Redundancy analysis (Fig 5.11) yielded a significant model (F = 10.876, Pr(> F) = 0.001), although the only significant term was the current (F = 46.8357, Pr(> F) = 0.001), depth and depth difference being marginally insignificant (F = 2.4535, Pr(> F) = 0.077 and F = 2.6966, Pr(> F) = 0.077 respectively). The ellipses indicated a separation of pit from mound and upstream structured by current and "< 5 mm", "scrapers", "sand" and "gravel" trait categories belonging to the pit ellipse. Upstream and mound were not clearly separated but "5-10 mm", "slabs, blocks, stones and pebbles" and "filterers" belong to the mound ellipse.

Those results are consistent with the specific trait analyzes ). Depth, if not the most discriminant variable, explained the separation of pit from other zones. 

Discussion

Firstly, our results globally showed that habitat diversity and structural heterogeneity due to lamprey nesting activities modify several aspects of biodiversity. The clear distinction between nest zones regarding depth and riverbed current velocity implied biological heterogeneity, a non trivial result as previously highlighted [START_REF] Palmer | River restoration, habitat heterogeneity and biodiversity: A failure of theory or practice?[END_REF]. The pit had a lower density of invertebrates and a lower number of taxa than the other zones, which did not differ between them, although the number of taxa tended to be higher upstream. Log response ratio of α Shannon index showed a similar trend concerning the diversity inside the pit. Those results indicate that nest building reduced the local abundance and diversity of macroinvertebrates in the pit, at least during the first weeks after nest digging, which are the most significant from the point of view of the lamprey, as larvae abandon the nest shortly after Chapter 5. Biodiversity and ecosystem processes hatching [START_REF] Derosier | Dispersal of sea lamprey larvae during early life: Relevance for recruitment dynamics[END_REF]. Patches of fine substrate such as the pit tend to be less diverse than zones with coarser grain size [START_REF] Duan | Effect of streambed sediment on benthic ecology[END_REF]. Reduced invertebrate abundance and richness have been also reported in nests of the largemouth bass (Micropterus salmoides) [START_REF] Kupriyanova | The disturbance effect of largemouth bass nesting on a benthic macroinvertebrate community[END_REF] and the pink salmon (Oncorhynchus gorbuscha) [START_REF] Campbell | Spatial and temporal variability of macroinvertebrates in spawning and non-spawning habitats during a salmon run in Southeast Alaska[END_REF] during the spawning season, which was attributed to spawning-related disturbance. On the other hand, [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF] reported that the density of invertebrates in sea lamprey nest mounds were twice that found in pits and 77% higher than in upstream zone.

Their results of reduced macroinvertebrate pit abundance are consistent with ours but we did not observe an increased mound density. An explanation for the important density in mounds could be the dominance of the Chironomidae within the river studied, not found for the Nive River (Fig 5.12). The difference between our results and theirs seems not to derive from differences in macroinvertebrate taxa composition, as it was relatively similar between both studies (with Chironomidae, Hydropsychidae, Heptageniidae and Ephemerellidae dominant in [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF] and abundant in the Nive River: Fig 5 .12 and Table 5.4). The significantly higher number of taxa in nest (mound and pit combined) than upstream, highlighted by the Chao1 index, indicates that sea lamprey nests create heterogeneity but also increase local species diversity.

In a local scale, i.e. the zone, we found for each pit and mound several taxa not present upstream (see Fig 5 .13). Indeed, whereas upstream is more complex and offers more substrate types with its unsorted grain size (due to the absence of sorting by lamprey during the nest building compared to the nest) -likely to provide suitable habitat for more taxa - [START_REF] Barnes | Reappraising the effects of habitat structure on river macroinvertebrates[END_REF], mound and pit provide larger areas of some specific characteristics, including substrate. This wider area may potentially allow the establishment of more taxa sharing similar ecological preferences, when these would be less represented and therefore potentially absent or very rare upstream. Considering the nest scale, rare taxa should be found more easily, either in mound or in pit considering their preferences than upstream (considering a same sample size).

In addition to increasing the structural and biological heterogeneity, sea lamprey nests seem to shape invertebrate assemblages. Indeed, three traits over the four studied showed differences between nest and the upstream zones, although the direction of change did not always follow our expectations. In particular, we expected herbivores to increase in mounds, as epilithic algae tend to be favored by shallow water, coarse sediments and moderately fast flow [START_REF] Lau | Effect of flow rate on biofilm accumulation in open channels[END_REF][START_REF] Horner | Stream periphyton development in relation to current velocity and nutrients[END_REF], but no significant difference was found globally for alimentation traits, perhaps because of lack of time for algae to grow on overturned cobbles. The increased proportion of collectors in pits was expected, as these are a preferential place for organic matter deposits. Similarly, collectors tend to be more abundant in fine substrate, which collected more detritus [START_REF] Parker | Effect of substrate composition on detritus accumulation and macroinvertebrate distribution in a Southern Nevada desert stream[END_REF]. The higher concentration of organic matter might also explain the higher abundance of shredders and scrapers in pit than in mound. Also, according to our expectations, filterers were more represented in the mound, as they are favoured by fast-flowing areas [START_REF] Habdija | Current velocity and food supply as factors affecting the composition of macroinvertebrates in bryophyte habitats in karst running water[END_REF], particularly during low flow conditions [START_REF] Brooks | Invertebrate responses to flow: Trait-velocity relationships during low and moderate flows[END_REF]. Those results reflect the different dynamics of food provided within the nest zones.

Not surprisingly given the differences in substrate among zones, invertebrates also differed in their preferred substrate traits. Macroinvertebrates associated with coarse substrate were especially abundant in mounds, whereas taxa associated with fine substrate were more abundant in pits. It must be noted that we visually noticed an absence of sand in the substrate surface of the study reach, apart from lamprey nests and some marginal areas, which suggests that nesting lampreys create patches of habitat for lentophylic species in river stretches where these species could not dwell otherwise.

The macroinvertebrate size traits showed a greater proportion of small invertebrates (< 5 mm) within the pit, including Esolus sp., the most abundant taxon in pit (Fig 5 .12) and Psychomyia pusilla. This result could be explained by the carrying capacity of fine substrate.

A fine substrate has less shelters than a coarser one. Shelters of fine substrate are more suitable for small size range of macroinvertebrates, whereas bigger macroinvertebrates are more prone to find shelter in the coarser substrate of the mound or upstream. [START_REF] Bêche | Long-term seasonal variation in the biological traits of benthic-macroinvertebrates in two Mediterranean-climate streams in California, U.S.A[END_REF] suggested a better exploitation of refugia for small sized macroinvertebrates. Data on the grain size distribution of nest zones may help to confirm this hypothesis. Furthermore, small body size could be a possible resistance trait to disturbances such as riverbed movement [START_REF] Townsend | Species traits in relation to temporal and spatial heterogeneity in streams: A test of habitat templet theory[END_REF].

Our results demonstrate that sea lamprey creates physical heterogeneity, which then enhances biological heterogeneity both in assemblage composition and function. The heterogeneity demonstrated in this study was created at the nest scale, but local-scale processes can have a major impact at higher scales such as the reach scale [START_REF] Thrush | The generality of field experiments: Interactions between local and broadscale processes[END_REF]. In the case of lamprey nests in the Nive River, pits average 1.15 m 2 and so the total modified streambed area averages 34.5 m 2 , representing 4% of the river streambed in our studied zone. With an average reduction of 30% of macroinvertebrate density in pit (compared to upstream) a total reduction of 1.2% of density is expected in the studied zone. In a river reacting in a similar way to the Nive, this surface with decreased macroinvertebrate density does not seem to be compensated by a higher density in the mound and so, sea lamprey nests globally decrease the macroinvertebrate density. To complete this finding, samples collected on a substrate further from the nests than our upstream samples may help to verify than they were not negatively affected by the downstream digging activity of lampreys.

Measuring the effect of lamprey nests on reach-scale macroinvertebrate density would require a BACI design [START_REF] Underwood | Beyond BACI: The detection of environmental impacts on populations in the real, but variable, world[END_REF] including periods and reaches with and without nests. If invertebrates affected by lamprey nesting responded with small-scale movements, the result would be an increase in macroinvertebrate density in upstream samples of reaches with nests compared to upstream samples of reaches without nests. If the macroinvertebrates responded drifting, the results would be more complex to interpret and depend on the distribution of nests of sea lamprey. An increase of macroinvertebrate densities could be observed if spawning sites occur upstream in the river. Macroinvertebrates drifting from those nests could colonize and increase the density of "upstream" sites situated downstream. When a spawning ground is located on the upper limit of the area colonized by lampreys, drift will not affect the adjacent area of this spawning ground but may affect downstream sites.

Our results highlight the need for a better understanding of the effects of nest-building species on the river ecosystem. Unlike salmon, whose effects are relatively well-studied [START_REF] Bilby | Incorporation of nitrogen and carbon from spawning coho salmon into the trophic system of small streams: Evidence from stable isotopes[END_REF][START_REF] Janetski | Pacific salmon effects on stream ecosystems: A quantitative synthesis[END_REF][START_REF] Verspoor | Persistent ecological effects of a salmon-derived nutrient pulse on stream invertebrate communities[END_REF], the consequences of sea lamprey spawning are still poorly known. Whereas lamprey nests only represent 4% of the river streambed in our study, the occupied area may be much higher, especially for invasive populations of the Great Lakes [START_REF] Smith | Sea lampreys in the Great Lakes of North America[END_REF] or below impassable dams, likely to dramatically increase the number of spawners in immediately downstream spawning grounds [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF][START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF]. Studies exist on the effects of carcasses [START_REF] Weaver | Sea lamprey carcasses exert local and variable food web effects in a nutrient-limited Atlantic coastal stream[END_REF][START_REF] Weaver | Effects of sea lamprey substrate modification and carcass nutrients on macroinvertebrate assemblages in a small Atlantic coastal stream[END_REF] or substrate modification [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF] on a local scale, but not at the river or at the global scales. However, macroinvertebrates have a basal to intermediate position on the food chain [START_REF] Wallace | The role of macroinvertebrates in stream ecosystem function[END_REF]. Such position implies an important relationship with ecosystem components. Firstly, macroinvertebrate assemblages can have an important influence on numerous processes [START_REF] Wallace | The role of macroinvertebrates in stream ecosystem function[END_REF], such as nutrient cycles [START_REF] Wallace | Response of Baetis mayflies (Ephemeroptera) to catchment logging[END_REF][START_REF] Grimm | Role of macroinvertebrates in nitrogen dynamics of a desert stream[END_REF][START_REF] Hunter | Relative effects of macroinvertebrates and habitat on the chemistry of litter during decomposition[END_REF], primary productivity [START_REF] Hill | Grazers and nutrients simultaneously limit lotic primary productivity[END_REF], decomposition [START_REF] Ferreira | Effects of experimental warming, litter species, and presence of macroinvertebrates on litter decomposition and associated decomposers in a temperate mountain stream[END_REF][START_REF] Mutshekwa | Macroinvertebrate colonisation associated with native and invasive leaf litter decomposition[END_REF][START_REF] Anderson | Detritus processing by macroinvertebrates in stream ecosystems[END_REF], and translocation of materials [START_REF] Windsor | Microplastic ingestion by riverine macroinvertebrates[END_REF][START_REF] Mermillod-Blondin | Influence of macroinvertebrates on physico-chemical and microbial processes in hyporheic sediments[END_REF]. Then, they are an important resource for organisms belonging to higher trophic levels such as fish species. Macroinvertebrates are considered as the most important source of food, widespread in all freshwater ecosystems [START_REF] Cummins | The ecology of running waters[END_REF].
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In our study some trait aspects can provide clues about the effects of sea lamprey on general ecosystem functioning in the river. Increased proportion of shredders in the pit suggests they find suitable conditions such as increased plant debris. On a more global scale a certain amount of material (depending on the nest density and count) could be retained by nests in spite of being carried away by the current, and then consumed by macroinvertebrates. Seeing this impact in late spring when litter input is reduced also indicates that the proportion of shredders should be more important in autumn, where these inputs can represent 73% of annual allochtonous inputs (in temperate deciduous forests; [START_REF] Abelho | Litter in a first-order stream of a temperate deciduous forest (Margaraça Forest, central Portugal)[END_REF]). But this retention can occur only if the lamprey nests remain in autumn, without being filled by floods. Changes in streambed complexity created by nests persist during the autumn [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF] but a change in hydrological conditions is likely to affect this process. Filterers are another trait category possibly affecting organic matter processing, being one pathway through which carbon and nutrients are transferred from the water column to the sediments [START_REF] Monaghan | The influence of filter-feeding benthic macroinvertebrates on the transport and deposition of particulate organic matter and diatoms in two streams[END_REF]. Filterers being more present in proportion in the mound than upstream suggests that mounds are hotspots of nutrient processing. Therefore, sea lamprey nests could have an important effect on nutrient spiraling in streams, but the persistence of their influence on ecosystem functioning until the next spawning season remains to be assessed. Although nests may persist considering their physical structure, it is likely that the subsidies provided by eggs affect macroinvertebrate colonization dynamics and the distribution of functional groups, as predation was depicted in other species [START_REF] Brown | The consumption of rainbow trout (Salmo gairdneri Richardson) eggs by macroinvertebrates in the field[END_REF]Mills, 1981b). An assessment of the effects of eggs deposited in the pit on functionality should be done to determine what is their potential contribution to the observed differences.

All these possible different effects imply that the modifications of macroinvertebrate assemblages by sea lampreys highlighted here and in previous studies [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF][START_REF] Weaver | Effects of sea lamprey substrate modification and carcass nutrients on macroinvertebrate assemblages in a small Atlantic coastal stream[END_REF] are likely to modify the general functioning of the rivers. However, it is difficult to determine these consequences precisely due to the complexity inside macroinvertebrate assemblages. Such assessment requires specific studies on the components previously described. We advocate for studies focusing on these effects, important in a context of endangered native populations, likely to disappear in some rivers and consequently modifying their dynamics. 
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Introduction

The Biodiversity-Ecosystem Function (BEF) hypothesis states that high biodiversity promotes ecosystem functioning and ecosystem services [START_REF] Duffy | Why biodiversity is important to the functioning of real-world ecosystems[END_REF]. The BEF hypothesis provides the basis for many functional studies in terrestrial [START_REF] Bowker | Functional profiles reveal unique ecological roles of various biological soil crust organisms[END_REF][START_REF] Bowker | Biological crusts as a model system for examining the biodiversity-ecosystem function relationship in soils[END_REF][START_REF] Wong | Trait-based ecology of terrestrial arthropods[END_REF][START_REF] Freudenberger | A global map of the functionality of terrestrial ecosystems[END_REF] and aquatic ecosystems [START_REF] Paterson | Biodiversity and functionality of aquatic ecosystems[END_REF][START_REF] Gallardo | Global ecological impacts of invasive species in aquatic ecosystems[END_REF] but it is still subject to debate [START_REF] Caliman | The prominence of and biases in biodiversity and ecosystem functioning research[END_REF]. Authors generally found a positive effect of biodiversity on ecosystem functions [START_REF] Tilman | Biodiversity and ecosystem functioning[END_REF] and their resilience [START_REF] Oliver | Biodiversity and resilience of ecosystem functions[END_REF] and the impacts can affect multiple functions of ecosystems [START_REF] Hector | Biodiversity and ecosystem multifunctionality[END_REF].

According to the habitat heterogeneity hypothesis [START_REF] Macarthur | On bird species diversity[END_REF], increased habitat heterogeneity promotes species diversity thanks to a greater number of available ecological niches. [START_REF] Li | On definition and quantification of heterogeneity[END_REF] defined heterogeneity in an operational way as "the complexity and/or variability of a system property in space and/or time". Habitat heterogeneity has been shown to be important for the assemblages of animals [START_REF] Cramer | Habitat heterogeneity, species diversity and null models[END_REF][START_REF] Tews | Animal species diversity driven by habitat heterogeneity/diversity: The importance of keystone structures[END_REF], plants [START_REF] Harper | The behaviour of seeds in soil: I. The heterogeneity of soil surfaces and its role in determining the establishment of plants from seed[END_REF] and microbes [START_REF] Villaescusa | A close link between bacterial community composition and environmental heterogeneity in maritime Antarctic lakes[END_REF][START_REF] Franklin | Importance of spatially structured environmental heterogeneity in controlling microbial community composition at small spatial scales in an agricultural field[END_REF] and thus, a key question is how it affects ecosystem functioning.

Focusing on heterogeneity consequences in aquatic ecosystem processes, Frainer et al.

(2018) showed increased leaf decomposition process following a reach-scale restoration of habitat heterogeneity. Similarly, [START_REF] Cardinale | The Influence of substrate heterogeneity on biofilm metabolism in a stream ecosystem[END_REF] reported that increasing physical heterogeneity in stream riffles had a positive effect on primary productivity and respiration.

They suggest these results were a direct consequence of the increased current velocity and turbulence caused by the benthic substrate heterogeneity. Indeed, primary productivity increases with flow [START_REF] Biggs | Subsidy and stress responses of stream periphyton to gradients in water velocity as a function of community growth form[END_REF][START_REF] Hart | Physical-biological coupling in streams: The pervasive effects of flow on benthic organisms[END_REF], which facilitates nutrient and organic matter supply [START_REF] Horner | Stream periphyton development in relation to current velocity and nutrients[END_REF][START_REF] Rodgers | The effect of current on periphytic productivity as determined using carbon-14[END_REF]. In addition to the effect of current velocity, depth can also play an important role in river ecosystem functioning, impacting nutrient cycling [START_REF] Cai | Exploring the microbial ecological functions in response to vertical gradients in a polluted urban river[END_REF] or affecting negatively phytopigments such as benthic chlorophyll [START_REF] Reiss | Microphytobenthos of the Dogger Bank: A comparison between shallow and deep areas using phytopigment composition of the sediment[END_REF].

Multiple biotic and abiotic processes affect heterogeneity in streams. These include the interaction between hydraulics and the substrate and the effects of ecosystem engineers [START_REF] Wright | An ecosystem engineer, the beaver, increases species richness at the landscape scale[END_REF]. Together, these factors affect habitat heterogeneity, which in turn can affect ecosystem functioning [START_REF] Elosegi | The importance of local processes on river habitat characteristics: a Basque stream case study[END_REF]. The interaction between hydraulics and the substrate may be affected by the river morphology with parameters such as slope [START_REF] Damgaard | Bed-load sediment transport on steep longitudinal slopes[END_REF] or sinuosity [START_REF] Donovan | Evaluating the relationship between meander-bend curvature, sediment supply, and migration rates[END_REF], but also by the presence of organisms modifying the current dynamics without any engineering action, i.e. macrophytes for example [START_REF] Braun | Drivers and spatio-temporal extent of hyporheic patch variation: Implications for sampling[END_REF][START_REF] Madsen | The interaction between water movement, sediment dynamics and submersed macrophytes[END_REF]. Organisms can also be engineers and alongside with processes such as burrowing of invertebrates (Boeker et al., 2016;[START_REF] Harvey | Invasive crayfish as drivers of fine sediment dynamics in rivers: Field and laboratory evidence[END_REF], fish nesting is a widespread biotic process [START_REF] Gottesfeld | Salmon bioturbation and stream process[END_REF][START_REF] Barber | The evolutionary ecology of nest construction: Insight from recent fish studies[END_REF][START_REF] Carpenter | Effects of fish nests on pattern and zonation of submersed macrophytes in a softwater lake[END_REF] that promotes riverbed substrate heterogeneity, especially in taxa such as salmonids, which move large volumes of sediment and alter local bed morphology [START_REF] Gottesfeld | Salmon bioturbation and stream process[END_REF].

Fish spawning can affect ecosystem functioning as a consequence of nutrients released from eggs or from dead adults [START_REF] Childress | Nutrient subsidies from iteroparous fish migrations can enhance stream productivity[END_REF], but nesting activity can also directly affect the physical heterogeneity, assemblage diversity and ecosystem processes. For migratory species with high nest density in the spawning grounds, these effects can be important.

For instance Moore andSchindler (2005, 2008) found that bed disturbance by salmon in spawning grounds caused severe seasonal declines in periphyton and benthic invertebrate abundance, with no recovery within the season. Other species such as chubs of the genus Nocomis build nests that promote macroinvertebrate density and even allow some taxa to persist in degraded streams [START_REF] Swartwout | A survey of macroinvertebrates colonizing bluehead chub nests in a Virginia stream[END_REF]. Macroinvertebrate communities affect globally ecosystem processes such as nutrient cycling, primary productivity, decomposition, and translocation of materials [START_REF] Wallace | The role of macroinvertebrates in stream ecosystem function[END_REF]) so a modification in assemblages is likely to subsequently affect these processes. Migratory fish species being known for extensive nest aggregations (i.e. creation of numerous spots of physical heterogeneity) within a short period provide interesting model species to study how promoted habitat heterogeneity modifies macroinvertebrate assemblages and then affects stream functionality.

Sea lamprey (Petromyzon marinus L.) is an anadromous fish that builds 40-220 cm-wide nests [START_REF] Gardner | Distribution and abundance of anadromous sea lamprey spawners in a fragmented stream: Current status and potential range expansion following barrier removal[END_REF][START_REF] Sousa | Habitat modifications by sea lampreys (Petromyzon marinus) during the spawning season: Effects on sediments[END_REF]Dhamelincourt et al., 2021a) in late spring.

Both male and female lamprey remove cobbles with their mouth and release them downstream so that the resulting nest consists of a pit carpeted with sand or gravel, followed by a mound of pebbles and cobbles. This structural heterogeneity might have consequences on ecosystem processes. For instance, [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF] reported tenfold increases in density of some collectors and shredders in mounds in an oligotrophic stream. Together, these reports reinforce the hypothesis of a widespread effect of sea lamprey nests on ecosystems across locations.

The present study aims at assessing whether increased habitat heterogeneity and biodiversity as a consequence of lamprey nesting are reflected in multiple ecosystem functions, namely biofilm accretion, phosphate and ammonium uptake and litter breakdown. We compared those processes on the mounds, the pits and on control zones (upstream of the nests)

for 30 sea lamprey nests. We expected higher biofilm accretion and nutrient uptake on the mounds, followed by the controls and then the pits, due to differences in flow velocity [START_REF] Thomas | Ammonium uptake by coral reefs: Effects of water velocity and surface roughness on mass transfer[END_REF][START_REF] House | An investigation of the effects of water velocity on inorganic phosphorus influx to a sediment[END_REF][START_REF] Horner | Stream periphyton development in relation to current velocity and nutrients[END_REF]. We also expected litter breakdown to be faster on the mounds, followed by controls and then pits, as higher flow velocity promotes decomposition [START_REF] Ferreira | Do invertebrate activity and current velocity affect fungal assemblage structure in leaves?[END_REF][START_REF] Bastias | Spatial heterogeneity in water velocity drives leaf litter dynamics in streams[END_REF].

Material and methods

Study site and experimental period

The study took place in the Nive River, a 79 km-long river situated in Northern Basque Country, France, and draining a basin of 1030 km 2 . The selected section corresponds to a 400 m-long reach downstream of a dam, located in Saint-Martin-d'Arrossa (43 • 14 ′ 34.926 ′′ N, 1 • 18 ′ 27.305 ′′ W) and bypassed by a hydropower scheme. It is mainly composed of riffles and runs suitable for sea lamprey nesting, as shown by the 46 nests found on a previous survey [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. The experiment (see below) was performed starting on July 2020, just after the end of the spawning season, to test the effect of nests without disturbing the nesting process.

Nest characteristics

We studied 30 nests where no lampreys were observed as the spawning season was already completed. For each nest, we defined three zones: the control zone, 20 to 50 cm upstream from the upstream verge of the nest pit, represented the initial conditions of the habitat chosen by the lamprey to build the nest. The second zone was the pit, delimited as the area excavated by the lamprey, where water was deeper and the substrate finer than on the control. The third zone was the mound, corresponding to the downstream accumulation of pebbles and cobbles. For all three zones, current velocity (± 1 cm/s) was measured at 5 cm from the bottom (magnetic flowmeter "FLO-MATE 2000") and water depth (± 1 cm) was measured with a Vernier gauge. Transversal (perpendicular to the current) and longitudinal (parallel to the current) diameters of the pit were measured using a measuring tape (± 1 cm).

Biofilm functioning

We measured three processes linked to river biofilm: the uptake of soluble reactive phosphorous (SRP) and ammonium (NH + 4 ) and biomass accrual. For that purpose, we used biofilm carriers (Marineland, United Pet Group, Spectrum Brand Inc., Blacksburg, VA), hollow plastic spheres, 2 cm in diameter, with a surface made of thin plates that promote biofilm attachment and growth. Two such balls were tied with fishing line in each of 90 metal rebars (1 control, 1 pit and 1 mound per each of the 30 nests) hammered into the river bed in July 7 2020, in such a way that the biofilm carriers were close to the bottom (5-10 cm). These biofilm carriers have been used for field and laboratory bioassays [START_REF] Elosegi | Priming of leaf litter decomposition by algae seems of minor importance in natural streams during autumn[END_REF][START_REF] Pereda | Impact of wastewater effluent pollution on stream functioning: A whole-ecosystem manipulation experiment[END_REF] as they offer a convenient way to standardise biofilm studies. After 36 days of incubation, biofilm carriers were recovered, subjected to a field bioassay to measure their capacity to take up nutrients (SRP and NH + 4 ) and then used to measure chlorophyll-a, a proxy for algal biomass.

Directly following the removal from the nests, in the field, bioball pairs were placed in Falcon ® tubes covered by tin foil to block light. Fifteen mL of a solution with 97.4 µg/L of NH + 4 and 218 µg/L of SRP, about twice the concentration in the river water, were added to each Falcon ® tube. In addition to bioballs incubated in the river, five bioball pairs were also subject to the bioassay, and used as blanks. Falcon ® tubes (from blanks and samples)

were enclosed in an opaque fabric bag, and hung from a branch into the river so the current produced a constant but slow motion. Tubes were thus incubated for two hours at the river temperature (19 • C). Following the incubation 10 mL of solution were filtered out of each tube (Whatman GF/F) and then frozen until nutrient retention measures. After thawing, we determined spectrophotometrically soluble reactive phosphorus (SRP, [START_REF] Murphy | A modified single solution method for the determination of phosphate in natural waters[END_REF]) and ammonia [START_REF] Reardon | New reactants for the colorimetric determination of ammonia[END_REF].

After the bioassay, biofilm carriers were carried to the laboratory in the Falcon ® tubes Depth difference (cm) 20.9 ± 4.8 (0.2) uptake, and leaf litter breakdown was determined using linear mixed models and the lmer function of the lme4 package [START_REF] Bates | Fitting linear mixed-effects models using lme4[END_REF] with nest identity as a random effect. A power analysis was performed with the powerSim function of the simr package [START_REF] Green | SIMR: An R package for power analysis of generalized linear mixed models by simulation[END_REF], to determine the power of our analyses to detect an increase of the process from 5% to 100%. Mixed models and power analysis were performed considering the effect (i.e. estimates of the model) of the mound compared to the control, considered as the reference zone in our analysis.

Results

Nest characteristics

Lamprey nests differed greatly in their dimensions, with transversal diameter of the pits ranging from 70 to 210 cm (average, 129.2 cm) and longitudinal diameter from 50 to 260 cm (average, 117.4 cm, Table 5.5). The pit was the deepest zone (59.2 ± 9.9 cm) followed by the control (51.8 ± 10.1 cm) and the mound (38.3 ± 10.1 cm), and depth differences were statistically significant according to mixed model (Df = 2, χ 2 = 503.5, P <2e-16; Table 5.6).

The coefficient of variation for depth was similar for all three zones (Table 5.5). Current velocity ranged from 0 to 65 cm/s (Table 5.5) and was the highest on mounds (43.8 ± 11.6 

Biofilm functioning

Accrual of chlorophyll-a ranged from 2.44 to 3.90 µg.bioball -1 .day -1 for controls, 2.38 to 3.95 µg.bioball -1 .day -1 for pits, 1.09 to 6.30 µg.bioball -1 .day -1 for mounds (Figure 5.14). The coefficient of variation was low to very low in all zones, with values from 0.1 to 0.3. The differences between zones were not statistically significant (Table 5.7).

During the bioassay bioballs released ammonium and phosphate, thus resulting in negative uptake rates (Figures 5.15 and 5.16). Ammonium release was 6 times higher than phosphate release (Figures 5.15 and 5.16). Coefficients of variation of these releases ( coe f f icient o f variation = standard deviation mean ) were relatively high for phosphate (from -0.7 to -0.5) and medium for ammonium (from -0.4 to -0.3). Statistical analysis showed no significant difference between zones neither for phosphate nor ammonium uptake (Table 5.7).

Litter breakdown

Litter breakdown rate (Figure 5.17) ranged from 0.03 to 0.08 d -1 for controls, from 0.03 to 0.09 d -1 for pits and from 0.04 to 0.08 d -1 for mounds in coarse mesh bags. For fine mesh bags, the breakdown rate ranged from 0.02 to 0.04 d -1 for all zones. Litter breakdown did not significantly differ among zones as observed for chlorophyll-a and nutrient uptake (Table 5.7). 

Power analysis

Power analysis (Figure 5.18) indicated a high power for our mixed models to detect an increase ≥ 15-20% (i.e. ≥ 80%) in mounds compared to controls for chlorophyll-a accrual rate and breakdown rate in coarse and fine bags. We have enough power for a magnitude effect ≥ 30% for phosphate retention and for a magnitude effect ≥ 25% for ammonium retention, indicating a lower capacity of our analyses to detect small effects for nutrients, due to the larger coefficient of variation within each zone.

Discussion

Our results did not reveal any significant difference among sea lamprey nest zones with respect to the functional processes studied as they did not vary spatially at the studied scale.

This is a surprising result as we expected a clear separation between the three zones, with a higher magnitude of the processes in mounds than in the pits, with intermediate values in the controls. In spite of significant differences regarding current and depth heterogeneity (Table 5.5) as well as macroinvertebrate communities (see Table 5.8 in supplementary material and Dhamelincourt, Rives, Pons, Larrañaga, Tentelier and Elosegi, 2022), the processes studied did not show any difference at the nest scale.

This conclusion seems not to be a consequence of the number of replicates, which was unusually large for riverine studies (n=30) and resulted in an acceptable power to detect ecologically significant effects. Indeed, the estimates of the mixed models (Table 5.7) indicated small effects (less than 5% of variation) for chlorophyll-a accrual rate and litter breakdown rates, and moderate effects for phosphate and ammonium uptake (around 15%). [START_REF] Cardinale | The Influence of substrate heterogeneity on biofilm metabolism in a stream ecosystem[END_REF] found a gross primary production (GPP) 39% higher in high habitat heterogeneity riffles compared to those with low habitat heterogeneity, and Rodgers and Harvey (2007) demonstrated a 17 to 65% higher carbon productivity of periphyton in stirred conditions compared to static ones. Therefore, observing larger effects than those we found is not unrealistic, considering the effect sizes reported in previous studies.

We found differences in invertebrate assemblages among nest zones (see Table 5.8 in supplementary material and Dhamelincourt, Rives, Pons, Larrañaga, Tentelier and Elosegi (2022)), including a lower proportion of collectors and scrapers on the mounds than in the pits and a lower proportion of filterers in pits than on the mounds. Nevertheless, these differences seem not to have the predicted consequences for the ecosystem processes measured here. As the processes measured were virtually identical among nest zones, these should translate in no effects at the reach scale, irrespective of the proportion of riverbed affected by lamprey nesting activities. In our study, nests averaged 1.15 m 2 in area and represented 4% of the river streambed. Much higher densities have been reported for other sites, especially for invasive populations of the Great Lakes [START_REF] Smith | Sea lampreys in the Great Lakes of North America[END_REF] or below impassable dams, likely to highly increase the number of spawners immediately downstream of spawning grounds [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF][START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF]. However, given the lack of differences among sites, we would not expect reach-scale effects on chlorophyll accretion or nutrient retention of litter 

General remarks

My thesis intended to describe different aspects related to the nesting behaviour of sea lamprey. As stated in the introduction, the general framework adopted was that of a study of different ecologically relevant topics with sea lamprey nests as a common starting point. The manuscript has been structured in such a way that aspects directly related to the species and more particularly to its behaviour have been addressed before aspects more related to its conservation/management and to its place in the ecosystem. The aim was to gain a better understanding of the breeding behaviour of the species and to see how this could be studied or used for more applied purposes, such as management. Firstly, I will review the main results obtained in the different chapters, how these results correspond or not to what was expected and their implications. Secondly, we will see if the study of different and varied themes was beneficial, or if it would have been more relevant to carry out a more targeted approach. I will review the study of sea lamprey in my work as a whole, and in particular whether it proved to be a good study model which may be used for further research applications, in regard with the experience of the thesis. Finally, I will depict my proposals for future research.

Results synthesis and research implications

The initial study of the thesis depicted a complexity that was already stated but rarely if ever quantified concerning nests/individuals relationship, associations on nests and mobility of spawners. In particular, it has been shown that the largest nests were built by more individuals but that their length or mass did not seem to have a significant effect on the nest size.

These larger nests were preferentially built in the late spawning season. Overall, it appears that the nests have a great variability in their dimensions, whether it be their diameters (lateral and longitudinal), current velocity, digging depth or granulometry. Having looked at how nest characteristics are related to those of the individuals, it therefore seemed relevant to Chapter 6. General discussion determine how nest characteristics, determined by habitat choice or modification, may influence offspring survival. Indeed, the variability observed between nests are a consequence of the builder's activity but this will in turn condition the offspring development. This development may be studied by several indicators, including egg retention. These indicators could be monitored directly in the field, but sometimes it is necessary to create the conditions to test in laboratory, as field experiments are too complex to be conducted.

In the thesis, egg retention was assessed in the field for sea lamprey but an experiment in laboratory using the river lamprey (easier to be manipulated due to its reduced size) provided complementary results, highlighting the initial substrate choice and the effects of substrate size on egg retention. It was determined, in the field, that the most retentive nests were built in habitats with slower current (habitat choice) and had steeper slope between the deepest part of the nest (pit) and the downstream mound (habitat modification). In addition, the positive effect of the steep slope increased with flow velocity in the nest. The laboratory study provided additional information, showing that a coarse substrate is preferentially selected over a finer one, this substrate being more retentive.

Physical conditions on the nest, derived from the individual behaviour and differing from the previous characteristics of the riverbed, may possibly affect communities, which in turn can affect ecosystem functioning. In order to understand the effects of nest building in a more integrated way, assessing the effects not solely on the offspring but also on the species inhabiting the nest and the processes occurring within it is complementary. The habitat diversity and structural heterogeneity were accompanied by biological and functional heterogeneity.

More specifically, macroinvertebrate density and number of taxa were reduced in the pit compared to adjacent control zones and to the mound, while the overall taxa diversity considering the entire nest increased compared to the control. The functional diversity was high between zones with a reduced proportion of collectors, scrapers or shredders in mound, while the proportion of invertebrates preferring coarse substrate increased in this zone. Pit presented 6.2. Results synthesis and research implications 267 the opposite trend and control had globally intermediate trait proportions. Assessment of macroinvertebrate communities helped to complement the results from [START_REF] Weaver | Effects of sea lamprey substrate modification and carcass nutrients on macroinvertebrate assemblages in a small Atlantic coastal stream[END_REF] and [START_REF] Hogg | Anadromous sea lampreys (Petromyzon marinus) are ecosystem engineers in a spawning tributary[END_REF], by depicting the communities at a local scale.

An unexpected result was the absence of relationship between the differences in communities and the ecosystem functions assessed, i.e. biofilm accretion, phosphate and ammonium uptake, and litter breakdown. Therefore, sea lamprey nests do not seem to affect these biological processes, but a possible effect on the hyporheos zone was not tested and and may be a further step to understand in more detail the relationship between the sea lamprey and its ecosystem. Indeed, hyporheos is recognized to be a privileged place for nutrient and organic matter exchange [START_REF] Boulton | The functional significance of the hyporheic zone in streams and rivers[END_REF] and the upwelling environment potentially created by lamprey nests may produce thermally or chemically distinct conditions [START_REF] Wondzell | The role of the hyporheic zone across stream networks[END_REF].

These results imply that the physical heterogeneity created by sea lamprey, in spite of increasing local biological heterogeneity, did not create functional heterogeneity as expected.

This seems to indicate, linked with studies on the effects of carcasses such as [START_REF] Weaver | Decomposition of sea lamprey Petromyzon marinus carcasses: Temperature effects, nutrient dynamics, and implications for stream food webs[END_REF], that sea lamprey is more likely to affect ecosystems through a direct nutrient supply than through indirect effects of substrate modification. This hypothesis therefore suggests that we should focus on this direct input, already documented for carcasses but which remains to be investigated for the effects of eggs. A singularity of eggs compared to carcasses is their direct link with the nest location. While carcasses input is primarily brought where lampreys die, generally downstream of the spawning area and hidden under cover [START_REF] Jang | Reproductive ecology of the river lamprey[END_REF][START_REF] Hagelin | Further aquarium observations on the spawning habits of the river Lamprey (Petromyzon fluviatilis)[END_REF], egg supply is more likely to be dependant to the area where lampreys spawned. We can infer a higher supply with unhatched eggs than with hatched ones, solely providing the nutrients of the egg envelop. As mortality and predation are considered high outside of nests [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF], nests unable to efficiently retain eggs may be those providing more nutrients. While I did not identify clear reproductive tactics (and thus effects of mating systems and cooperation on the nest characteristics involved in egg retention), these strategies may indirectly be linked with nutrient supply and ecosystem processes.

Such relationship between sexual behaviour and ecosystem processes has already been identified. For example, male fiddler crab (Uca capricornis) evicts males from their burrows to increase its burrow number, which attracts more females [START_REF] Mautz | Male fiddler crabs defend multiple burrows to attract additional females[END_REF]. As the evicted males need to build other burrows, this sexual competition increases the number of burrows and the ecological effects associated [START_REF] Bertness | Fiddler crab regulation of Spartina alterniflora production on a New England salt marsh[END_REF]. However, even if many sexual selection mechanisms involve modifications to the environment [START_REF] Hansell | Animal Architecture[END_REF], assessment of the effects of sexual selection and alternative reproductive tactics on environmental processes seems to be rarely discussed.

The initial study also highlighted a clear difference between the behaviour of males and females, males frequenting more nests while mating with more partners and having a longer spawning season. Another result to be noted is the multiplicity of associations between males and females observed inside a same nest. In nests are found monogamous, polygynous, polyandrous and polygynandrous associations, more diverse than the tendency of mainly monogamous nests initially described [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Manion | Biology of larval sea lampreys (Petromyzon marinus) of the 1960 year class, isolated in the Big Garlic River[END_REF]. Sea lamprey may also frequent several nests, as observed by [START_REF] Gardner | Distribution and abundance of anadromous sea lamprey spawners in a fragmented stream: Current status and potential range expansion following barrier removal[END_REF]. An interesting result is that sea lamprey males were considered to be mostly exclusive to one nest [START_REF] Johnson | Reproductive ecology of lampreys[END_REF], with females having a higher mobility. My results contradicted this general observation, with both males and females being frequently observed on different nests, with males being more mobile than females. At least in my study site, males were not exclusive to a unique nest. In addition, the study gave precise information on the duration of the male's and female's spawning activity, females being active for shorter time than males, as observed in Caspian lamprey [START_REF] Hardisty | The Freshwater Fishes of Europe: Petromyzontiformes[END_REF] if I focus on other lamprey species, but the same trend was found in frogs of the species Rana temporaria [START_REF] Elmberg | Long-term survival, length of breeding season, and operational sex ratio in a boreal population of common frogs, Rana temporaria L[END_REF] or within dwarf seahorses Hippocampus zosterae, with a longer time of mating unavailability for females than for males [START_REF] Masonjones | Differences in potential reproductive rates of male and female seahorses related to courtship roles[END_REF].

These results, in addition to indicating that the system studied is more complex than initially thought, also provided helpful cues to set up experiments dedicated to the study of potential sea lamprey reproductive tactics. Indeed, to be maintained, this diversity may provide to the individual adopting any of the strategies a selective advantage compared to other strategies (or at least a similar fitness), in relation to the environment and the phenotype of the individual considered. Inside the same sex, different reproductive niches can exist when the environment or the competitors differ [START_REF] Oliveira | Alternative Reproductive Tactics -An Integrated Approach[END_REF]. Consequently, an assessment of the existence of discrete or continuous tactics and, if they exist, an identification of their determinants appears to be particularly relevant to the case of sea lamprey, in the perspective of the results mentioned above.

To assess the behaviour and existence of alternative reproductive tactics, I set up a telemetry experiment aiming to know the complete reproductive activity of marked individuals.

However, despite a variability of mobility between individuals, being more or less mobile inside the spawning site, I did not observe them on nests, due to several reasons including an important migration outside of the study area and the attendance of nests built when it was difficult to observe them. Even if the video experiment showed, regardless of sex, that sea lamprey share the building effort between all the individuals, the benefit on spawning success of this collaboration remained unclear. Spawning frequency or aggressions did not seem to drive the building activity. The variety of configurations observed -while allowing to test several assumptions on sexual selection in a cooperative framework -and their evolution depending on parameters such as the number of individuals on a nest or the sex ratio, also made it tough to collect enough data to draw firm results.

Although the video and telemetry analyses did not allow the precise determination of the species' sexual selection mechanisms, they did allow the feasibility of telemetry and video monitoring to be tested during the breeding season. These analyses may be a good Chapter 6. General discussion framework allowing to depict more precisely the reproductive tactics when adequate data will be obtained. A singularity of these approaches is that they assessed spawning features with methodologies usually applied to migration monitoring for lampreys. Indeed, video monitoring was rather used to evaluate trapping success [START_REF] Bravener | A behavioural framework for trapping success and its application to invasive sea lamprey[END_REF] or fishway's efficiency [START_REF] Hard | Video evaluation of passage efficiency of american shad and sea lamprey in a modified ice harbor fishway[END_REF] considering sea lamprey and field studies (laboratory video recording was used on Lethenteron kessleri [START_REF] Yamazaki | High frequency of mating without egg release in highly promiscuous nonparasitic lamprey Lethenteron kessleri[END_REF] and Lampetra fluviatilis [START_REF] Hagelin | Further aquarium observations on the spawning habits of the river Lamprey (Petromyzon fluviatilis)[END_REF]). Telemetry, on the other hand, was used to study the upstream swimming behaviour [START_REF] Quintella | Swimming behaviour of upriver migrating sea lamprey assessed by electromyogram telemetry[END_REF] or predation [START_REF] Boulêtreau | High predation of native sea lamprey during spawning migration[END_REF].

Consequently, these already used protocols were proposed for the assessment of a different life stage. This non-use in sea lamprey is symptomatic of the lesser interest in the species, as these protocols have been used in more studied species such as salmon [START_REF] Berejikian | Spawning by female Chinook salmon can be detected by electromyogram telemetry[END_REF][START_REF] Esteve | Observations of spawning behaviour in salmoninae: Salmo, Oncorhynchus and Salvelinus[END_REF] or trout [START_REF] Evans | Observations on the spawning behaviour of male and female adult sea trout, Salmo trutta L., using radio-telemetry[END_REF][START_REF] Labonne | Female preference for male body size in brown trout, Salmo trutta: Is big still fashionable?[END_REF].

This type of study could therefore make it possible to view sea lamprey from another angle than the one used until now. A particularity of sea lamprey is its high variability regarding the number of individuals on nest and the number of nests built by individuals.

Unlike other species building a unique nest in a fairly regular pattern [START_REF] Tsuda | Monitoring the spawning behaviour of chum salmon with an acceleration data logger[END_REF] or several nests but being monogamous in each nest while having several partners -referred to as successive polygamy- [START_REF] Mcpherson | Estimating the nest-success rate and the number of nests initiated by radiomarked mallards[END_REF][START_REF] Haartman | Successive polygamy[END_REF], sea lamprey exhibits an important complexity of situations, for both males and females. This species includes more or less all configurations that can be observed between monogamy and polygamy. Although this complexity could potentially be found in other species, a particularity of sea lamprey and lampreys in general is their basal phylogenetic position in vertebrates (see Figure 1.1 for more details). Consequently, understanding the mechanisms behind sexual selection in a species such as sea lamprey may provide cues to understand the evolution of nesting behaviour in vertebrates. [START_REF] Barber | The evolutionary ecology of nest construction: Insight from recent fish studies[END_REF] highlighted an important focus on birds for nest-building studies with fish in general being less studied in spite of converging questions and a greater ease in 6.2. Results synthesis and research implications 271 obtaining large samples. While he did not discuss the case of lamprey, these organisms are likely to have many of the advantages associated with the study of nesting in fish while being in a more basal position from a phylogenetic point of view. Lampreys are thus interesting model species.

These different results have the interest of highlighting the complexity of the sea lamprey's mating system, which until now was considered to be fairly simple despite some studies suggesting greater complexity. An explanation for these differing results may be that sea lamprey mating system differs depending on site. A pattern commonly found in other taxa, such as mammals [START_REF] Carpenter | Mating system of the Eurasian badger, Meles meles , in a high density population[END_REF] or insects [START_REF] Alcock | Density-dependent mating tactics in the Grey hairstreak, Strymon melinus (Lepidoptera: Lycaenidae)[END_REF], is the density dependence of mating systems [START_REF] Kokko | Lonely hearts or sex in the city? Density-dependent effects in mating systems[END_REF]. The observation of spawning aggregations below impassable dams for lamprey [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF] suggests a similar mechanism, with polygynandry promoted when monogamous nests are barely compatible with the high density of spawners.

This may draw attention to a species that is rarely considered a model species for the study of mating systems. A telling element of this lack of interest is the poverty of the literature concerning alternative reproductive tactics in sea lamprey. Only some cases of spawning acts involving more than two individuals [START_REF] Case | Spawning behaviour of the chestnut lamprey (Ichthyomyzon castaneus)[END_REF][START_REF] Stone | Observations on nest characteristics, spawning habitat, and spawning behavior of Pacific and Western brook lamprey in a Washington Stream[END_REF] and the existence of satellite males have been reported [START_REF] Hume | Sneak male mating tactics between lampreys (Petromyzontiformes) exhibiting alternative life-history strategies[END_REF]. No studies about some strategies of resident versus mobile individuals or policing mechanisms seem to exist. It should be noted that the few existing studies focus on small lamprey species but that large species such as Pacific lamprey or sea lamprey are not considered. One reason for this omission may be that small species (overall those below 30 cm) are more likely to form aggregations during reproduction, with polygamous matings [START_REF] Case | Spawning behaviour of the chestnut lamprey (Ichthyomyzon castaneus)[END_REF][START_REF] Jang | Reproductive ecology of the river lamprey[END_REF], and therefore attracted more attention from scientists. Data from [START_REF] Daupagne | Realistic variations in substrate composition affect spawning preference and egg retention in river lamprey ( Lampetra fluviatilis )[END_REF] non published in the thesis -but included in Léa Daupagne's thesis -indicate that all males and all females Chapter 6. General discussion were polygamous. Consequently a species may be totally polygamous under certain conditions unlike the sea lamprey which appears to be a facultative polygamous species. The differences observed in the behaviour of phylogenetically and ecologically closely related species suggests that determining the factors influencing mating systems in lampreys in general can be further investigated. While size is clearly conditioning the strategies between species, it remains unclear what factors influence the strategies considering a given taxon, although density may be an explanation as suggested above. Experience on wolves polygamy showed that it increased with density regardless of group size [START_REF] Ausband | The effect of group size on reproduction in cooperatively breeding gray wolves depends on density[END_REF], suggesting a polygamy threshold. [START_REF] Johnson | Reproductive ecology of lampreys[END_REF] proposed that polygamy could be an adaptation to the difficulty for small lampreys to build nests large enough to retain eggs, but such relationship between nest size and egg retention was not retained in the model describing egg retention. Thus, it seems necessary to determine the factors that trigger polygamy, but also to determine whether these factors remain the same across species with different proportion of polygamous matings.

As the sea lamprey is neither monogamous nor exclusive to a nest, it implies that numerical indicators on the relationship between the number of individuals and the number of nests they build are needed to build a realistic model to estimate the number of spawners.

Behavioural data from the initial study formed the basis for the estimation model using the active nest count as an indicator. It yielded quantified parameters on the reproductive behaviour of males and females, i.e. the number of nests, the number of individuals on a nest, the duration of the spawning season or the number of partners. Using these parameter values, the model based on Approximate Bayesian Computation framework (ABC) was set up and implemented in a user-friendly application, allowing a use by any people interested in sea lamprey population estimation and having data on nest counts. While providing realistic estimates of the number of spawners on a spawning ground, this model needs to be improved as it appeared biased compared to the CMR model. Further assessments of some sensitive 6.2. Results synthesis and research implications 273 parameters such as the delay of arrival, the sex-ratio, the number of nests and the nest duration seem necessary. In addition, the simulation of several sampling schemes highlighted that a daily monitoring is not mandatory, but count the nests at least once in two days allowed a limited bias, rapidly increasing with less intensive schemes.

Sea lamprey, in addition to having been studied in the thesis as a species of interest in a sexual selection framework, has been characterized from different angles directly linked to the characterization of its populations but also to the factors influencing the production of descendants. It is therefore possible to combine the studies linked to nest retention and population assessment in the general objective of sea lamprey conservation. While being aware of population drops appears necessary, a better understanding of the causes of such decrease seems relevant. Studying the nest efficiency, even if less obvious than assessing the effects of predation or obstacles to migration, may provide interesting results about habitat quality and how individuals manage to transform this habitat. Lampreys are known to spawn in alternative spawning habitats [START_REF] Cochran | Aggregation and spawning by lampreys (genus Ichthyomyzon) beneath cover[END_REF][START_REF] Russell | Lentic spawning by the Pacific lamprey, Lampetra tridentata[END_REF], potentially when a favourable substrate is not available. This implies that even if many nests are observed at a site, with individuals spawning there, these nests will potentially have a reduced ability to produce offspring. Understanding which parameters are of great importance for offspring survival could allow to determine if the spawning habitat is suitable or whether restoration measures are relevant.

In addition to the two studies on egg retention within the nest being part of the thesis, few studies have looked at the fate of eggs/larvae during the first days after spawning [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF][START_REF] Rodríguez-Muñoz | Effects of temperature on developmental performance, survival and growth of sea lamprey embryos[END_REF][START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF][START_REF] Silva | Egg drift and hatching success in European river lamprey Lampetra fluviatilis: Is egg deposition in gravel vital to spawning success?[END_REF] and these studies did not assess the capacity of individuals to build an efficient nest given the habitat characteristics provided. Field studies are therefore rare and there is little field data on which nests perform well and what conditions individuals require to build them.

Yet this type of study is common in birds [START_REF] Moynahan | Factors affecting nest survival of greater sage-grouse in Northcentral Montana[END_REF][START_REF] Miller | Optimizing nest survival and female survival: Consequences of nest site selection for Canada geese[END_REF] and apply the same kind of protocol for sea lamprey may complement the results on the initial egg retention and survival.

The relationships between all parts of the thesis indicate that in spite of different approaches between each chapter, presented independently, considering the contributions of these different studies in an integrated way provides a comprehensive view of how a simple structure can be used as a link to understand complex cause and effect relationships. Figure 6.1 depicts a simplified view of this integrative approach. I will now discuss in more detail the perspectives that seem to be in direct continuity with my work, after an assessment of the difficulties encountered and opportunities enlightened during the thesis.

6.3 Study of several sea lamprey nest aspects: a good idea?

The very broad approach adopted during my thesis enabled me to draw up an overall picture of the several applications around sea lamprey nests and lamprey in general. This approach 6.3. Study of several sea lamprey nest aspects: a good idea? 275 has various advantages but of course some disadvantages. Among the advantages, there is the possibility of identifying multiple research questions, especially since this thesis is the first one dealing with the species at ECOBIOP, which allows to have a new vision on the subject, enriched by previous work. In my opinion, this makes it much easier to engage in original experimentation, but also much easier to be confronted with unexpected events.

The protocols applied in this work are generally used for quite different purposes than those used here. This is particularly the case for telemetry, which is more used for migrationrelated studies than for the reproduction period for lampreys, while already used for other migratory fish species such as allis shad [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] Tentelier | The dynamics of spawning acts by a semelparous fish and its associated energetic costs[END_REF] or salmon [START_REF] Berejikian | Spawning by female Chinook salmon can be detected by electromyogram telemetry[END_REF]. This experiment therefore served more to highlight the limits of the protocol used and the constraints linked to the species than to answer the hypotheses initially put forward. In addition, it was difficult to define the most suitable protocol to ensure that the individuals were mature enough to remain in the monitoring area, without over-maturing, which would have biased the observations. These examples highlight the difficulties to work on a relatively understudied species. Many questions remain to be addressed, but it may be quite difficult to lead successful studies, all the more so in the context of a thesis, which involves a relatively short period.

So, why did I choose not to focus on either behaviour, reproductive ecology, population estimation or ecosystem functionality, and rather depicted all these different aspects? As highlighted by Figure 6.1 and by the discussion on the thesis implications, the different chapters are interconnected and the results of each shed light on the information obtained from the other ones, while at the same time identifying areas of research that have not been given much consideration until now. In addition and as mentioned earlier, my thesis is the first to deal with lampreys in general and sea lamprey in particular in the laboratory. Based on this observation, I felt that it was relevant to explore different avenues of analysis in order to produce a synthetic work on the possibilities, constraints and issues related to the sea lamprey study.
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Another advantage of studying different aspects of sea lamprey nests at the same time is to optimize the season during which the studies can be conducted. Having several thematics all linked to the nest allowed me to lead in parallel several studies rather than concentrate all the effort in leading only one thematic, potentially risky due to the lack of knowledge on sea lamprey monitoring in the field. The choice of this approach is further justified by the relatively small number of sites with sufficient and regular nest density to conduct season-scaled experiments. I identified three sites with suitable characteristics for this type of monitoring (i.e.

sufficiently close to the laboratory and easily wadeable in complement with the lamprey density), those presented throughout the thesis (Halsou, Saint-Martin-d'Arrossa and Ustaritz).

It was thus more relevant to conduct independent experiments on a reduced number of sites than to try to increase the number of sites monitored which would, however, have helped the comparison of results between different sites. On the other hand, in the case of a large number of favourable sites close to each other, the balance between the two approaches would have been less favourable to the multiplication of different studies.

I depicted the advantages of studying several complementary thematics during my thesis, notably due to the lack of knowledge on sea lamprey studies and to the characteristics of the sea lamprey life cycle. However, the disadvantages of this type of broad approach over a relatively short period of time are that it leaves open questions that could potentially have been examined with a narrower focus. Nevertheless, it has helped to identify the difficulties and opportunities related to each theme and to suggest avenues for further, more targeted studies. We shall now see what difficulties are linked to the study of the sea lamprey in the natural environment and why the species is interesting or not depending on the question asked.

6.4. Sea lamprey study: opportunities and difficulties 277 Occurrence of lamprey studies over time (184 studies compiled during the thesis). Note that genetic and metabolic studies are underrepresented compared to their importance, due to the thesis topic.
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Leaving aside the management aspect, confronting the interest of studying the species for sexual selection with its declining populations leads to the conclusion that conducting surveys within the native range of the species may be increasingly difficult. Although the species is abundant (but declining as a result of regulation measures, [START_REF] Robinson | Understanding sea lamprey abundances in the Great Lakes prior to broad implementation of sea lamprey control[END_REF] where it has been introduced, the number of sites where the species is present is likely to decrease and to accentuate the difficulties experienced during the thesis. Margaret Docker concluded her extensive literature review on lampreys by discussing about recent advances in lamprey research [START_REF] Docker | There and back again: Lampreys in the 21st century and beyond[END_REF], due to the increased interest of managers and researchers for sea lamprey research, for both control and conservation. This trend is clearly visible by looking at the different themes explored in lamprey studies since the 1900s (Figure 6.3).

Since approximately 2000, lampreys have been more studied and conservation/control is an important part of this interest, while ecosystem implications are beginning to be addressed.

Interestingly, a peak was observed in the 1970s due to many studies focusing on biology and ecology. While these aspects are becoming well-known, at least for the largest species, the actual focus highlights the lack of knowledge for population management, migration and spawning behaviour as well as for the relationship between lampreys and ecosystem. Figure 6.4 indicates the plus and minus highlighted during the thesis. Bold items correspond to points directly linked to scientific questions, while italic items refer to practical aspects. Rarefaction of the species lies in both categories as it makes it needed to monitor populations in the native range while making it more difficult to conduct studies on biology and ecology of sea lamprey.

Recommendations for future studies

Discussion of the thesis implications highlighted some gaps of knowledge to be filled and complementary data necessary (see in particular Figure 6.1). These include the various factors determining reproductive success within a nest, in addition to egg retention. One of these factors is the erosion of the nest, which may influence egg final survival in the same way than the initial retention, by indicating the probability of eggs to be kept inside the nest until the hatching. As previously observed, egg survival is very high in the nest and almost nil out of it [START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF][START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF], so focusing on eggs remaining inside the nest and set aside eggs that drifted does not seem to be limiting. This erosion may also act on the survival of remaining eggs by modifying the local physical conditions.

Survival of these eggs until the end of the development is another factor to be considered. Equation 6.1 indicates a simple equation with the three components needed. With P erosion and P survival o f retained eggs , the approach may be the same than with P initial retention , i.e. test whether habitat or modification variables have higher importance, and to what extent each significant variable would be integrated in Equation 6.1. Obtain this data may help to accurately estimate the nest efficiency solely by measuring some selected variables. Linked to this reasoning, I implemented a protocol to study egg survival within nests -as a complementary component to egg retention in reproductive success-but this protocol did not work because of the difficulty of keeping eggs alive in incubation capsules without fungal development.

The constraint stemmed from the size of lamprey eggs (1 mm diameter, [START_REF] Smith | Factors affecting sea Lamprey egg Survival[END_REF], which precluded them to be interleaved between glass beads as is done for salmonids [START_REF] Lange | Méthode d'estimation de la survie embryolarvaire de Salmonidés par insertion de capsules d'incubation sous gravier[END_REF], a process avoiding the spread of fungi to all eggs.

P f inal survival = P initial retention × (1 -P erosion ) × P survival o f retained eggs (6.1)
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The other lack of knowledge clearly identified is dealing with the other communities interacting with the nest structure. As done with macroinvertebrates, microbial communities could be assessed in a similar way. However, I did not observe differences in ecosystem processes notably correlated with microbial communities [START_REF] Rubin | Nutrients and other abiotic factors affecting bacterial communities in an Ohio River (USA)[END_REF][START_REF] Paule | Autogenic versus environmental control during development of river biofilm[END_REF]. Consequently, microbial communities assessment does not seem to be the most important organisms to be assessed. On the other hand, fish communities were frequently observed inside the nests, especially minnows (Phoxinus phoxinus) preying upon eggs [START_REF] Jang | Reproductive ecology of the river lamprey[END_REF] or spawning inside nests as observed for other species [START_REF] Johnston | The benefit to some minnows of spawning in the nests of other species[END_REF].

Video monitoring allowed to observe other species such as trout (Salmo trutta), barbel (Barbus barbus), chub (Squalius cephalus), bleak (Alburnus alburnus), gudgeon (Gobio gobio)

and even European bass (Dicentrarchus labrax) staying inside nests and foraging, sheltering from the current or even spawning for barbel. This large number of species interacting with nests suggests that they are playing a role possibly ranging from anecdotal (simple passage)

to being an integral (with occupation of lamprey nests being not mandatory) part of the life cycle (feeding and/or reproduction). Studies aimed at determining more precisely the role of nests for these species are thus complementary to the assessment of macroinvertebrate communities, which may also be one of the reasons explaining nest occupation.

While the sea lamprey reproductive behaviour was studied extensively during the thesis, video monitoring and telemetry did not provide clear answers on alternative reproductive tactics and cooperation between spawners. While video monitoring mainly necessitates to collect data by focusing on non-monogamous associations, data on individual movements would require some adjustments. Firstly, studying the behaviour of a closed population only consisting of marked individuals seems necessary to reconstruct the nest-building history more accurately. Then, electromyogram telemetry used by [START_REF] Berejikian | Spawning by female Chinook salmon can be detected by electromyogram telemetry[END_REF] could be adapted for lamprey by using an algorithm able to detect the pattern of the building activity and the pattern of the spawning acts, completing the fixed and manual detection data. In this 6.6. Closing statements 285 way, the questions that these two protocols aimed to address could be discussed. For the ABC model using behavioural data, obtaining parameter values from more sites may help to precise the estimates, while comparing the estimates provided with the known number of individuals (possibly while realizing the telemetry experiment) would be a way to check the accuracy of the model. In parallel, more values on the relationship between the number of nests and the number of individuals may help to improve the correlation model.

Closing statements

My thesis thus made it possible to show the complexity of the reproductive behaviour of sea lamprey and its applications, while opening up new perspectives on the study of this still largely unknown species. Beyond the results, I hope that this work will help to stimulate interest in the study of sea lamprey and lampreys in general. 
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  Figure 1.1

Figure

  Figure 1.1. Occurrence of nesting behaviour across a simplified phylogenetic tree of animals, with a focus on fish taxa. Adapted from the phylogeny proposed by Yamamoto et al. (2017) and Semmens et al. (2016). Data on nesting occurrence was obtained from Hansell (2005).
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 4 Several ecological and biological aspects of nests and application for research 1.4.1 Offspring survival An intuitive field of research of nests is to study their biological and ecological features. The most obvious one is the study of offspring survival, not only by looking at the survival rate, but also by trying to determine what factors affect this survival. Understanding the factors

Figure 1 . 2 .

 12 Figure 1.2. General processes occurring from the builder's site choice to the end of the offspring development inside the nest. The "recruitment" box represents the individuals having survived to the development in the nest and then until the spawning season.

Figure 1 . 3 .

 13 Figure 1.3. General processes occurring from the builder's site choice to the spawning if successful.

Figure 1 . 5 .

 15 Figure 1.5. Example of the arrangement of individuals inside nests in the most complex case: polygynandry. Behind this polygynandry different combinations may exist in a nest, from monogamy to polygynandry. The arrows starting from each individual indicate the different nests frequented by each lamprey.The last nest visited is at the end of the arrow. For example, nest 4 is a monogamous nest built only by male 4 and female 4, each of which had only one partner. Nest 1 is a polyandrous nest, with two males (male 1 and 3) and one female (female 1). This female, however, is not exclusive to this nest, as she subsequently visited nest 2 and nest 5. Nest 3 is a polygynous nest, with one male (male 3) and two females (females 2 and 5). Nest 2 is the most complex case: a polygynandrous nest with several males and several females (females 1, 2, 3 and males 1 and 2).

Figure 1 . 6 .

 16 Figure 1.6. Simplified life cycle of the sea lamprey from: (1)[START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF][START_REF] Taverny | Les lamproies en Europe de l'Ouest: Écophases, espèces et habitats[END_REF]; (2)[START_REF] Beamish | Swimming performance of adult sea lamprey, Petromyzon marinus, in relation to weight and temperature[END_REF][START_REF] Kelly | A review of the ecology and distribution of three lamprey species, Lampetra fluviatilis (L.), Lampetra planeri (Bloch) and Petromyzon marinus (L.): A context for conservation and biodiversity considerations in Ireland[END_REF];(3)[START_REF] Ducasse | Etude preliminaire de la biologie des lamproies dans les bassins de la Garonne et de la Dordogne[END_REF][START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF] Hardisty and Potter, 1971a); (4)[START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF] Hardisty and Potter, 1971a;[START_REF] Lasne | Flux migratoires et indices d'abondance des populations de lamproies du Scorff, de l'Oir et de la Bresle (Petromyzon marinus, Lampetra fluviatilis et L. Planeri)[END_REF]; (5)[START_REF] Grellier | La biologie de la lamproie marine (Petromyzon marinus Linne 1758) de la côte atlantique française[END_REF]; (6)[START_REF] Taverny | Les Lamproies En France: Guide Pratique d'identification et de Détermination Des Écophases[END_REF].
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 17 Figure 1.7. Distribution and status of sea lamprey in the three main geographical units according to the International Union for Conservation of Nature (native European range), NatureServe (native American range) and to the United States Fish and Wildlife Service and Fisheries and Oceans Canada (non-native American range). Note that data for invasive range (c) indicates larval distribution while data for native range indicates adult distribution. Taken from Hume et al. (2021).
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 21 Figure 2.1. Location of the study sites of the Nive river (upstream: bottom, downstream: top).

  Figure 2.2. (a) Halsou study site, with limits of the monitored zone (limits retained during all the experiments on this site) and facies; (b) picture of the study site taken from downstream.

  Figure 2.3. (a) Ustaritz study site, with dam and nest locations. Nests correspond to those monitored during the experiment on egg retention; (b) picture of the study site taken from downstream.
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 24 Figure 2.4. (a) Saint-Martin-d'Arossa study site, with dam and nest locations. Nests correspond to those monitored during the macroinvertebrate and nutrient experiments; (b) picture of the study site taken from downstream.
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 25 Figure 2.5. Nest measures made during all experiments. Colours correspond to the same measurements repeated on the different zones of the nest.
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 31 Figure 3.1. Number of nests visited per individual as a function of sex. A null number of nests corresponds to individuals found outside of nests.
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 32 Figure 3.2. Number of nests visited and number of mates encountered for male (a) and female (b) sea lamprey. The size of the point relates to the number of individuals.

Figure 3 . 3 .

 33 Figure 3.3. Data (points) and model predictions (line) of nest volume for all nests as a function of time for the linear model fitted to the log-transformed volume variable. Relationship between male proportion and volume such as relationship between number of individuals and volume are also indicated. † indicates reused nests.

  Summary of generalized linear models fitted to the different variables describing the relationship between nests and individuals. Mixed model was used for the sex-ratio per nest, with identity of the biggest male as the random effect. Regression coefficients and their standard errors are given only for variables retained on the model with the lowest AIC among the global model with all effects and all possible submodels. Values in italics indicate coefficients significantly different from zero (z-test for Poisson and binomial distribution, t-test for Lognormal distribution) with * ecology: study of reproduction strategies and how they affect spawning success

Chapter 3 .

 3 Behavioural ecology: study of reproduction strategies and how they affect spawning success 3. Cooperation allows a higher overall rate of building acts or the same overall rate but with a reduced individual building rate 4. If individuals spend less energy in building, they may reinvest it in spawning acts 5. If we observe a reproductive skew, a dominant individual should get a better reproductive success than subordinates and this individual should be the aggressor inside nests with aggressions 6. Aggressions may be a reaction for individuals not behaving cooperatively and therefore forcing them to spend more energy in nest building. If the aggressions are a punishment, the individuals attacked may increase their building activity as a result. In case of sanction, aggressions should result in the departure of the assaulted individuals

  Describes the degree to which reproduction is shared equally (low skew = egalitarian) or monopolized by a single individual (high skew = despotic). • Transactional: consider that one individual has the control over the allocation of the reproduction. The reproductive amount shared with other individuals depend on what other individuals can obtain by not behaving cooperatively with the dominant individual. • Tug of war: no individual has control over the distribution of reproduction. Reproductive sharing is the result of the competition between the cooperators.
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 34 Figure 3.4. Number of building behaviours per hour (stone removal and tail cleaning) for males and females. Each dot corresponds to an individual.

Figure 3 . 5 .

 35 Figure 3.5. Number of spawning acts per hour for males and females. Each dot corresponds to an individual.

Figure 3 . 6 .

 36 Figure 3.6. Number of spawning acts per hour as a function of the number of building behaviours (stone removal and tail cleaning) for males and females. Each triangle corresponds to an individual. Regression lines indicate the tendency but the mixed model indicated that the relationship between building behaviours and spawning acts was non significant.
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 37 Figure 3.7. Success ratio of spawning attempts for males (0 indicating a null success, and 1 that all attempts succeeded), as a function of the number of building behaviours (stone removal and tail cleaning). Each triangle corresponds to a male. The regression line indicates no tendency.

Figure 3 . 8 .

 38 Figure 3.8. Number of nest-building behaviours per hour as a function of the number of individuals on the nest. The number of hours during which each individual was present is indicated in the corresponding bar. The frequency of nest-building behaviours per hour is calculated considering the total time of presence for each individual.
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 39 Figure 3.9. Number of spawning acts per hour as a function of the number of individuals on the nest. The number of hours during which each individual was present is indicated in the corresponding bar. The frequency of spawning acts per hour is calculated considering the total time of presence for each individual.

Figure 3 .

 3 Figure 3.10. Number of females on the nest as a function of the number of males, coloured depending on the number of aggressions recorded on the nest per hour. Each point corresponds to a nest. The blue points correspond to nests without aggression and point labels to the nest code. An ellipse encloses the nests with the same number of males and females.

Figure 3 .

 3 Figure 3.11. Directed and weighted network of the aggressions recorded between individuals, per hour, for each nest. Arrow lengths and nest positions are designed for graphical reasons.

Figure 3 .

 3 Figure 3.11). Several nests had aggressive behaviour towards females. Aggressive males

Figure 3 .

 3 Figure 3.12. Number of spawning acts per hour as a function of the nature of the male: Attacked: another individual attacked the individual at least once during the record; Aggressor: The individual attacked another individual at least once; Not involved: The individual did not experience or perform any aggressive behaviour. Each point corresponds to an individual. The dotted lines link the individuals belonging to the same nest, belonging to one category (Attacked, Aggressor, Not involved) and involved in spawning.

Figure 3 .

 3 Figure 3.15. Sea lamprey male mate choice scenario depending on: its reproductive capacities, female quality, and ability to assess female quality at a reduced cost. OSR = Operational Sex Ratio (e.g. sex ratio on the nest); PRR = Potential Reproductive Rate (with number of spawning acts as a proxy in this study). Adapted from Edward and Chapman, 2011.

Figure 3 .

 3 Figure 3.16. Facies of the site where lampreys have been released. All zones were accessible and easily wadeable.

3. 3 .

 3 Contributions of telemetry to the understanding of reproductive strategies 119 water circulation to ensure pheromone exchange between males and females. The marking protocol was validated by the ethical committee n°073 and received the authorization #23156-2019120318289090.After marking, the individuals were stabulated for 20 days to ensure the cicatrization and their maturity. The day prior to the release each individual received two t-bar tags to identify them without recapture and acclimated directly in the Nive river before their release on May 18, 2021 upstream of the Xopolo dam (43°23' 15.399" N, 1°26' 32.878" W) and downstream of our study site. The six additional and unmarked individuals were also released but only distinguishable with two t-bar tags.

Figure 3 .

 3 Figure 3.17. Detection zones with or without overlap and location of the antennas (receivers are always on the right bank and protected from floods).

Figure 3 .

 3 Figure 3.18. Number of zone changes for a hypothetical lamprey moving within the monitored zone. Each time the lamprey crossed the limit between two detection zones we added one to its number of zone changes. This indicator do not take into account the direction of the change.

Figure 3 .

 3 Figure 3.19. Number of direction changes for a hypothetical lamprey moving within the monitored zone. Each time the lamprey changed its direction, we added one to its number of direction changes. We did not consider the number of detection zones crossed with this indicator.

Figure 3 .

 3 Figure 3.21. Matching between the powers of detection of a hypothetical individual and the powers of detection of seven nests, assuming this individual was detected on three antennas and spawned on two nests (nest 2 and nest 3).

Figure 3 .

 3 Figure 3.22. Average temperature and water level on the Nive River during the monitoring period. Each value corresponds to a daily mean of temperature and water level (time step of 30 minutes).

Figure 3 .

 3 Figure 3.23. Detections of the individual 48261 ("migrant 1") by automatic radiotracking during the spawning season.

Figure 3 .

 3 Figure 3.24. Detections of the individual 48121 ("migrant 2") by automatic radiotracking during the spawning season.

Figure 3 .

 3 Figure 3.25. Detections of the individual 48030 ("explorer/spawner") by automatic radiotracking during the spawning season.

Figure 3 .

 3 Figure 3.26. Detections of the individual 48171 ("spawner") by automatic radiotracking during the spawning season.

Figure 3 .

 3 Figure 3.27. Detections of the individual 48131 ("undetermined") by automatic radiotracking during the spawning season.

Figure 3 .

 3 Figure 3.28. Power of the Spearman's correlation test between the number of zone changes and the length of individuals. The horizontal darkred line corresponds to 80% power.

Figure 3 .

 3 Figure 3.29. Power of the Spearman's correlation test between the number of direction changes and the length of individuals. The horizontal darkred line corresponds to 80% power.

Figure 3 .

 3 Figure 3.30. Power of the Spearman's correlation test between the intrazone mobility and the length of individuals. The horizontal darkred line corresponds to 80% power.

Figure 3 .

 3 Figure 3.31. Relationship between the number of zone changes per day and the individual length. Green regression line corresponds to a simple linear model, implemented to visualize the link between the two variables. Blue envelop around the regression line corresponds to the 95% confidence interval.

Figure 3 .

 3 Figure 3.32. Relationship between the number of direction changes per day and the individual length. Green regression line corresponds to a simple linear model, implemented to visualize the link between the two variables. Blue envelop around the regression line corresponds to the 95% confidence interval.

Figure 3 .

 3 Figure 3.33. Relationship between the intra-zone mobility per day and the individual length. Green regression line corresponds to a simple linear model, implemented to visualize the link between the two variables. Blue envelop around the regression line corresponds to the 95% confidence interval.

Figure 3 .

 3 Figure 3.34. Matching between the powers of detection of the individual 48101 and the powers of detection of nests on the same antennas. Nests 8, 29 and 49 (1st June) roughly have the same powers of detection as they were built close to each other.

Figure 3 .

 3 Figure 3.35. Matching between the powers of detection of the individual 48171 and the powers of detection of nests on the same antennas. Nests 8, 29 and 49 (1st June) roughly have the same powers of detection as they were built close to each other.

Figure 3 .

 3 Figure 3.36. Matching between the powers of detection of the individual 48241 and the powers of detection of nests on the same antennas. Nests 8, 29 and 49 (1st June) roughly have the same powers of detection as they were built close to each other.

Figure 3 .

 3 Figure 3.37. Matching between the powers of detection of the individual 48221 and the powers of detection of nests on the same antennas.

Figure 3 .

 3 Figure 3.38. Matching between the powers of detection of the individual 48211 and the powers of detection of nests on the same antennas.
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 3 Contributions of telemetry to the understanding of reproductive strategies 143 marking in order to obtain the most advanced maturation and minimize the risk of migration after release. There is little literature documenting the conditions that favour the maturation of lampreys under experimental conditions, so our conditions possibly had an impact on the maturity of our individuals, their stress, and consequently their reproductive behaviour during monitoring. Acquiring individuals from the latest catches of a professional fisherman to mark and release them quickly seems a good compromise. A different protocol could consist of marking individuals crossing a dam equipped with a fish pass, and following them upstream. The individuals would experience a minimized stress factor, could be sexed during marking (presence of eggs or not in the cavity), and be released without having undergone a change of environment.

  in a final model with significant terms only (dropterm function in MASS package; Venables and Ripley 2002). Effect size was then calculated (effectsize function in effectsize package which corresponds to a model refit with a standardization of data: Ben-Shachar et al. 2020).

(

  CV = 0.2). Those extreme values (considering the variations observed in this study) were only found for habitat modification variables. Variables pertaining to habitat choice (control current velocity and Q 75-25 substrate size control) had intermediate variability, with CV = 0.4. The high inter-nests variations in the considered variables may explain the variability in egg retention among nests (proportion of eggs retained: 0.96 ± 0.04).

  Figure3.39. Effect of the interaction between nest slope and control current velocity on the proportion of eggs retained in sea lamprey nests, predicted by the Generalized Linear Model assessing egg retention capacity. Lines and shades indicate predictions of the quasi-binomial GLM and their 95% confidence intervals as a function of the slope value (SD = standard deviation; light green: -1 sd; blue: mean slope value; black: + 1 sd). Correlation between control current velocity and nest slope was not significant.

3. 4 .

 4 Figure 3.40. Raw values distribution for the variables significant in the Generalized Linear model assessing the percentage of eggs retained. (A) Percentage of eggs retained as a function of digging depth (cm); (B) Percentage of eggs retained as a function of control current velocity (cm/s); (C) Percentage of eggs retained as a function of substrate sorting efficiency; (D) Percentage of eggs retained as a function of nest slope. Each point corresponds to a nest value. Green regression line indicates estimates of the Generalized Linear Model and blue envelop its confidence interval.
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Figure 3 .

 3 Figure3.41. Device used to mimic egg retention. Five ml of eggs were released in the nest with a L-shaped PVC pipe (2) whose foot was placed parallel to the current at the lowest point of the pit. Eggs were poured at the top of the stem along with 100 ml of water where a piston (1) vigorously pushed out the eggs. Eggs not retained in the nest were captured by a 0.5 mm mesh nylon net (3) spanning 1 m (wider than the mound) placed immediately downstream of the mound. Brown dots correspond to eggs flushed by the current either in the mound or outside of the nest.

Figure 3 .

 3 Figure 3.42. Correlations between variables selected in the General Linear Model. Plots of raw values are indicated such as the density distributions. Pearson's correlation coefficient is displayed with a font size proportional to the correlation. No correlation was significant according to Pearson's correlation p-values.

Figure 3 .

 3 Figure 3.43. Relationship between nest slope and current velocity (cm/s). Green regression line corresponds to a simple linear model, implemented to visualize the link between the two variables. Light green envelop around the regression line corresponds to the 95% confidence interval. Pearson's correlation coefficient indicates the correlation between Nest slope and control current velocity (p-value = 0.3548, non-significant).

Figure 3 .

 3 Figure 3.44. Experimental setup used for the experiment. 1: substrate boxes (0.8 x 0.6 x 0.1 meter) with either fine or coarse substrate; 2: UV light used during the night, replaced by white light during the day; 3: cameras recording spawning activity. Current speed was set to 0.6 m/s on both substrates.The scale in each box refers only to the substrate size.

Figure 3 .

 3 Figure 3.45. Daily number of mating acts (a) and eggs drifting (b) from the pebbly (grey bars) and sandy (white bars, stacked on grey bars) substrate patches, placed in an aquarium containing 20 females and 15 males of river lamprey (Lampetra fluviatilis). The first and last mating act occurred on 9 and 30 April respectively, making the spawning season 22 days long.
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 41 Figure 4.1. Scheme of the process behind the ABC model implemented to estimate the sea lamprey spawner abundance with nest counts.

  whose likelihood is too complicated to derive, here an individual-based model of a sea lamprey spawning season. Using a set of values for individual parameters, we simulated the individual nesting history of males and females spawning lamprey, which may build, or not, a nest each day d of the season, depending on their parameters and their previous spawning activity on day 1 to d-1. Those sex-dependent parameters were the maximal number of frequented nests, the number of individuals in each nest, the delay of arrival on the spawning ground, and the residence time. The occupation duration of a nest was also considered. At the end of the simulation, the model produces some summary statistics (i.e., the maximum, median, mean, Q 25 and Q 75 of the number of nests built on each day of the season). After k simulations of spawning seasons, each with a different number of individuals N, the model returns a posterior distribution of the most likely number of individuals N estimate depending on the summary statistics really observed during the spawning season.An ABC model initially generates a sample of model parameter values (often also called particles) from the prior distribution and selects the values leading to model outputs (resumed as summary statistics) satisfying a proximity criterion with the target data (data observed on the field for example). The selected sample of parameter values approximates the posterior distribution of parameters, leading to model outputs with the expected quality of approximation. Inside this general framework, the sequential Lenormand algorithm(Lenormand 

  (2021a), available in Data INRAE (clickable link). These parameters are all needed to run the model as they are the basis of the realistic arrangement of individuals in the nests, simulated by the model. Briefly, these data were obtained from a daily survey of a 1 km long stretch of the Nive river (France) on which 202 nests were found over a 47-days long spawning season. The Chapter 4. Sea lamprey population management number of males and females was counted on 69 nests. A total of 114 individuals were captured with a fishing net when first observed on a nest, marked and observed again (for 60 of them) on either the same or subsequent nests. Number of nests and number of individuals per nest followed a zero-truncated negative binomial distribution (generated using the rztnbinom function of the countreg package which generates values according to the distribution of the observed data; see Zeileis and Kleiber (2018)) to prevent zero values. Delay and residence time were both obtained using the daily survival probability φ d,t of an individual d at a day t estimated by the CMR model in Dhamelincourt et al. (2021a). Delay followed a truncated and skewed normal distribution (rsnorm function of the fGarch package;

  our individual-based model, each individual has a continuous set of days during which it may build nests and encounter other individuals, depending on its own delay and residence time. Since individuals reach a given spawning ground sequentially, we set up an individual delay of arrival, as the number of days since the arrival of the first spawner. Each day d, an individual builds a nest with other individuals if it and the other individuals are active and satisfy the following conditions: first, an individual cannot exceed a maximum number of nests built during the season. Second, an individual can only be involved in the building of
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 42 Figure 4.2. Decision tree synthesizing the actions of the individual depending on the conditions implemented in the model. This decision tree is repeated for each individual i each day d.

Figure 4

 4 through the example of a hypothetical individual spawning season. Model code is freely available at Data INRAE (clickable link).
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 43 Figure 4.3. Spawning season of a hypothetical individual i generated by the individual-based ABC model. This individual (either a male or a female) firstly met two available partners (either males, females or both) on day d.On day d+1, the individual was still on the nest built the previous day, but one partner left the nest, possibly joining or building another one. Then, at d+2, the individual built a new nest and was joined solely by one of the two partners available this day. Indeed, available partners may join or build another nest with other individuals. At d+3, the individual i built a nest on its own, as no other partner was available. Finally, from d+4 until the residence time was reached, the individual did not build or join more nests, as its maximum number of nests was reached at d+3. It finally disappeared from the pool of individuals at d + residence time + 1, simulating its death. The table indicates the number of active nests belonging to this individual. Each day this individual was observed on a nest, +1 was added to the count of "active" nests. For this reason, four nests appear in the count but three nests were built.
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 44 Figure 4.4. Median and 95% confidence interval of spawner abundance estimate obtained with (1) the ABC model (blue and dashed lines) using the set of parameters described in Table 4.1 and (2) the Capture-Mark-Recapture model (orange and dotted lines) from Dhamelincourt et al. (2021a).

  After k = 4600 simulations (depending on the decreasing sequence of tolerance levels automatically determined by the Lenormand's algorithm), the model estimated a mean value of 148 ± 18 individuals, including males and females. It corresponds to a 25% under-estimation compared to the CMR model (197 ± 17 individuals). The distributions estimated are indicated in Figure 4.4. However, the distribution is narrower for the ABC model if we consider the confidence intervals.
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 45 Figure 4.5. Values of summary statistics calculated with the distribution of active nests, obtained assuming different sampling schemes (Maximum, Median, Mean, Q 25 and Q 75 ), then used for ABC computation.
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 46 Figure 4.6.Comparison of the spawner abundance estimated by ABC models for the different sampling schemes studied, each sampling scheme being repeated several times. Each point corresponds to one of the 100 values provided by the model to calculate the estimate as a distribution, presented here as a boxplot. The horizontal red line corresponds to the estimate obtained with a daily sampling scheme. For all sampling schemes (except the daily nest count and the "every other day" scheme which only has two possibilities) we calculated seven summary statistic sets corresponding to all the different possibilities of field campaigns (count every other week and weekly count with a fixed 7 days step) for non-random sampling schemes. For random ones, we kept the same number of sets (seven) even if they have many more possible combinations, in order to be consistent across the sampling schemes. Coloured boxes correspond to the range of spawner's abundance estimated within each sampling scheme and allow to visualize the interval between the lowest and highest estimate.

  et al., 2021a) used in our model are consistent with observations made in other populations (e.g., Applegate, 1950 for the number of individuals per nest in the Ocqueoc river, MI, USA; Gardner et al., 2012 for the duration of individual activity in the Sedgeunkedunc stream, ME, USA), some parameters may vary across populations, depending on the genetic background of the population, habitat features, or the local density of lamprey. Additional studies describing lamprey spawning behaviour in different localities will therefore be welcome to refine our model and possibly adapt it to local situation. In this perspective, our sensitivity analysis should help users to prioritize which parameters they should get information on, depending on both their effect on the estimate of the number of spawners and the intuition that they may locally differ from what Dhamelincourt et al. (2021a) observed in their study site. For example, a user working in a site situated upstream an obstacle whose permeability varies a lot with flow may want to design a telemetry-based experiment to assess the mean and standard deviation of the delay of individual arrival on the spawning ground of interest. Likewise, if local conditions are suspected to bias the adult sex ratio, sexing migrating adults caught by a nearby fishery may help adapt this parameter in the model. Since all parameters are needed to run the model, users must either use the parameters collected from their population or abide by the default values.
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  4 indicates existing studies having investigated this relationship, mainly using Capture-Mark-Recapture. A linear model was simply fitted to the raw data of nest and individual counts. The regression line obtained fits relatively well with the data (Figure 4.7A; R 2 = 0.69), in spite of the lack of sites with intermediate population/number of nests. However, residuals are not normally distributed (Shapiro-Wilk test; W = 0.79 , p-value = 0.01) and variances were non homoscedastic (visually assessed). Applying a double log transformation (Figure 4.7B) allowed to get the residuals normality (Shapiro-Wilk test; W = 0.96 , p-value = 0.82) but not homoscedasticity. However, the relationship appears more linear than by keeping the raw variables, with R 2 = 0.79. Consequently, I used this model for further analysis.

Figure 4 . 7 .

 47 Figure 4.7. Relationship between the number of nests counted in a given stream section (raw data in Table 4.4) and the number of spawners counted in the zone. A) Linear scale; B) Double logarithm transformation. Blue lines represent the linear regression applied in each case, with the 95% confidence interval. Horizontal and vertical dotted lines indicate the data obtained in the Nive River.

Figure 4 . 8 .

 48 Figure 4.8. Predicted values of the model fitted on double logarithm transformed data. Points indicate the value of the population estimated using the equation ln( Number of individuals ) = 0.514 + 1.06 × ln( Number of nests ), giving: Number of individuals = e 0.514+1.06×ln(Number of nests) . Error bars indicate the 95% prediction interval.

Figure 5

 5 Figure 5.1. Photo of two sea lamprey nests in the Nive River. The mound of cobbles, immediately downstream of the pit, is clearly visible. ©INRAE-GLISE

Figure 5 . 2 .

 52 Figure 5.2. Location of the nests sampled in the selected section of the Niver river in Saint-Martin-d'Arrossa, bypassed by a hydropower scheme.

  the number of taxa in a sample, a the number of taxa solely represented by one individual in the sample, and b the number of taxa represented by exactly two individuals in the sample. Shannon index (H ′ ) = -

Figure 5 . 3 .

 53 Figure 5.3. Relationship between depth and current velocity for each nest at each zone. Ellipses correspond to multivariate t-distribution.

  5.4A) was 2649 ± 1386 individuals per m 2 in pit, 3833 ± 1052 individuals per m 2 in mound and 3777 ± 1332 individuals per m 2 in upstream.It was significantly lower in pit than in upstream and mound (Tukey test: Df = 58, t.ratio = 3.529, p-value = 0.0023 and Df = 58, t.ratio = -3.705, p-value = 0.0014 respectively) but there were no differences between upstream and mound (Tukey test: Df = 58, t.ratio = -0.175, p-value = 0.9832). The taxa richness (Fig 5.4B) also did not vary significantly between upstream (23.5 ± 3.9 taxa) and mound (21.2 ± 4.5 taxa; Tukey test: Df = 58, t.ratio = 2.293, p-value = 0.0647) but was higher in these two zones than in pit (18.6 ± 3.9 taxa; Tukey test: Df = 58, t.ratio = 5.066, p-value = ≤ 0.0001 for pit compared to upstream and Tukey test: Df = 58, t.ratio = -2.772, p-value = 0.0201 for pit compared to mound).General LinearModels indicated that current affected neither the number of taxa nor the macroinvertebrate density (tvalue = 0.391; Pr(> |t|) = 0.697 and tvalue = 1.470; Pr(> |t|) = 0.1452 respectively). Depth influenced negatively the macroinvertebrate density (tvalue = -2.026; Pr(> |t|) = 0.0458) but not the number of taxa (tvalue = -0.821; Pr(> |t|) = 0.414). The Venn diagram (Fig 5.5), describing exclusivity or sharing of taxa, indicates an important taxa overlap with 59 % of the taxa found on all zones. The significant pattern of reduced taxa richness found at the nest scale was not found by summing all the different taxa identified in the thirty samples of each zone and visualizing it in the Venn diagram.

Figure 5 . 4 .

 54 Figure 5.4. Density of macroinvertebrates (ind/m 2 ) (A) and number of taxa per sample (B) for the three zones studied. With ns P > 0.05, * P ≤ 0.05, * * P ≤ 0.01, * * * * P ≤ 0.0001.

Figure 5 . 5 .

 55 Figure 5.5. Venn diagram with the distribution of taxa among zones. The area of each part is proportional to the number of taxa indicated in absolute number and percentage of total taxa richness.

Figure 5 . 6 .

 56 Figure 5.6. Log response ratios of Shannon and Pielou α diversity indices for each pit and each mound compared to the mean of Shannon and Pielou indices obtained for the upstream zones. Dots correspond to the mean and error bars correspond to the standard deviation. When the LRR standard deviation does not cross the value "0", it means that the effect is significantly positive (above 0) or negative (below 0).

Figure 5 . 7 .

 57 Figure5.7. Log response ratios of β diversity indices of all mound and pit pairwise indices, each compared to a pairwise upstream index among all possible upstream pairwise comparisons (upstream zone randomly selected, not directly upstream from the pit and mound considered). Dots correspond to the mean and error bars correspond to the standard deviation. When the LRR standard deviation does not cross the value "0", it means that the effect is significantly positive (above 0) or negative (below 0).
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 58 Figure 5.8. Median percentage of macroinvertebrate alimentation traits for the three zones studied.

Figure 5 . 9 .

 59 Figure 5.9. Median percentage of macroinvertebrate substrate preferences for the three zones studied.

Figure 5 .

 5 Figure 5.10. Median percentage of macroinvertebrate size traits for the three zones studied.

Figure 5 .

 5 Figure 5.11. Redundancy analysis between nest characteristics and macroinvertebrate traits. Slabs = slabs, blocks, stones and pebbles.
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  was financed by Pôle Gestion des Migrateurs Amphihalins dans leur Environnement. M.D. PhDs was financed by Univ. Pau and Pays Adour and UPV/EHU. Field work used resources from the IE ECP Experimental Facility of the UMR Ecobiop (ECP, 2018).

Figure 5 .

 5 Figure 5.12. Median of the abundances for the 10 most abundant taxa within each zone (Upstream, Pit, Mound).

Figure 5 .

 5 Figure 5.13. Number of exclusive taxa in mound or pit compared to the upstream. With * * P ≤ 0.01.

Figure 5 .

 5 Figure 5.14. Daily accrual rate of chlorophyll-a in bioballs during the exposure time, for the three zones.

Figure 5 .

 5 Figure 5.15. Phosphate uptake rate of bioballs for each zone.

Figure 5 .

 5 Figure 5.16. Ammonium uptake rate of bioballs for each zone.

Figure 5 .

 5 Figure5.17. Daily breakdown rate observed for the three zones for each mesh size.

Figure 5 .

 5 Figure 5.18. Power estimates for each mixed model performed, as a function of the magnitude of effects, corresponding to an increase from 5% to 100% of the process on the mound compared to the control zone. The horizontal dashed red line corresponds to a power of 80% assumed as sufficient to detect an effect.

Figure 6 . 1 .

 61 Figure 6.1. Synthesis of identified links between the thesis chapters and main topics. Colours and ellipses discriminate the different chapters (with the exception of "Nest viability" and "Lamprey reproductive behaviour", both described in the first chapter). Solid lines indicate links with results included in the thesis, while dotted lines indicate relationships possibly existing but remaining to be investigated.

Figure 6 . 2 .

 62 Figure 6.2. Number of nests counted (with and without individuals) between Saint-Martin-d'Arrossa (upstream, bottom of the map) and Cambo-les-Bains (downstream, up of the map) during a kayak survey realized on June 15, 2021.

Figure

  Figure 6.3.Occurrence of lamprey studies over time (184 studies compiled during the thesis). Note that genetic and metabolic studies are underrepresented compared to their importance, due to the thesis topic.

Figure 6 . 4 .

 64 Figure6.4. Synthesis of the advantages and disadvantages to work on sea lamprey. Bold items correspond to points directly linked to scientific questions, while italic items refer to practical aspects. Rarefaction of the species lies in both categories as it makes it needed to monitor populations in the native range while making it more difficult to conduct studies on biology and ecology of sea lamprey.

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 1.Comparison of the different common methods used for population estimation, with their advantages and limits.

	Limits		• All individuals must be counted	(detection = 100%)	• Tendency to underestimate pop-	ulations	• Limited to species with low mo-	bility, large size, fairly open en-	vironments, limited areas	• Species must not be very mobile,	fearful or cryptic	• No movement of individuals be-	fore detection (escape or attrac-	tion)	• Low fear individuals	• Individuals at observer level	must all be detected	• Distances measured accurately	and without bias (random errors)	Continued on next page
	Advantages		• Exhaustive census without the	need for statistical treatment	• Easy to operate					• Easy to operate								
	Description	Simple count of individuals on a site							Measurements of distance between ob-	server and observed individuals over a	defined path or from a point. It is as-	sumed that the probability of detection	is 1 at the observer level and then de-	creases. From the field data, the proba-	bility of detection is modelled for each	distance class (Barry and Welsh, 2001)
	Method	Simple	counting						Distance	sampling									

  The capture of an individual i at time t (noted y i,t ) is dependent of the state of the individual at time t (i.e. alive or not, on site or not) and the probabilities of

	capture p i,t . The state of the individual at time t (noted z i,t ) is then dependent of the proba-
	bilities of survival φ i,t and of being present on site y i,t . y i,t and z i,t are sampled in categorical
	distributions with y i,t taking the values 1 (seen) or 2 (not seen) and z i,t taking the values 1 (not
	yet entered) or 2 (alive) (see

Table 3 .

 3 3. Number of nests per combination of males and females count.Data is indicated only for nests were individuals were observed (N = 69).

Table 3 .

 3 5. DIC values for each model, listed in ascending order. For each model covariates are indicated as well as the potential addition of an interaction term.

Table 3 .

 3 6. Gelman and Rubin Convergence diagnosis for parameters of the model. "Upper C.I." corresponds to the upper limit of the Potential Scale Reduction Factor (PSRF) indicating convergence of the Markov chains when near to 1.

Table 3

 3 

	Definition
	Concept

.7. Review of general concepts behind cooperation with their definitions and categories. Concepts in bold are those potentially helping to describe cooperation within sea lamprey.

Reciprocity

• Indirect reciprocity is the classical pattern, with a random pairwise encounters. When an individual assists another one, the latter does not necessarily help it in return. However, the helper gains reputation in the community and the other individuals having observed it therefore consider the helper as a cooperator and help it in place of the initial receiver.

Table 3

 3 

	Definition
	Concept

.7 -Continued from previous page

Table 3 .

 3 8. Ethogram used to describe the behaviour of individuals on the nests. A point event corresponds to a behaviour with no duration while a state event is defined by its duration. * A failed spawning act is an act with a duration under three seconds and especially where an individual (often the female) escaped before the male released the gametes. Identification and highlighting of alternative reproductive strategies at the nest scale 93

	Behaviour	Point/state event	Description
	Stone removing	point event	An individual removes a stone
			with its oral disc
	Tail cleaning	state event	An individual cleans fine sediment
			by waving its tail
	Spawning act	state event	A male spawns with a female
			(classic duration and pattern of spawning act,
			between 3 and 5 seconds)
	Missed spawning act	point event	A male spawns with a female but
			it fails (qualitatively assessed * )
	Aggression	point event	An individual assaults another one
			holding it and shaking violently
	In	point event	An individual enters the nest
	Out	point event	An individual leaves the nest

  from May 19 th , 2021 to June 16 th , 2021. However, only 17 had viable detection data. Length and mass characteristics of the individuals are summarized in Table3.9. The number of detections per individual was however very variable (2479 ± 3252), ranging from 44 to 10243 detections, thus reflecting a high movement variability. Regarding the environmental data (Figure3.22), temperature increased gradually during the spawning period. It exceeded 15°C on 27 May, ten days after release. The period from June 3 to 6 is noticeable as it corresponds to a period of heavy rain and flooding at the study site.

Table 3 .

 3 9. Length and mass of the 20 individuals released and of the 17 individuals with viable detection data.

				All individuals Ind. with viable data
	Sex-ratio (M/F)		10/10	9/8
			min	80	80
		Length (cm)	max mean	94 86.25	94 86
	Male		sd min	5.02 910	5.26 910
		Mass (g)	max mean	1440 1128.50	1440 1113.89
			sd	161.25	163.86
			min	81.50	81.50
	Female	Length (cm) Mass (g)	max mean sd min max mean	93 87.90 4.01 955 1645 1310.50	93 88.06 3.75 955 1645 1308.75
			sd	209.57	225.94

Table 3 .

 3 10. Mobility indicators of the 17 individuals with viable detection data. The number of zone changes took into account the distance travelled by an individual between different detection zones. The number of directional changes counted the number of times the individual changed from upstream to downstream or vice versa. Intra-zone mobility was defined as the sum of the variances of the detection powers in each detection area of the fixed antennas.

	Males Females

was no difference either considering the number of directional changes, with 8.55 ± 12.87 for males and 12.81 ± 12.66 for females (Pvalue = 0.944 > 0.05). Intra-zone mobility analysis did not reveal significant difference between males and females (95.69 ± 126.44 and 61.02 ± 26.86 respectively; Pvalue = 0.606 > 0.05).

  15.29, females: 15.47 ± 15.91). It had a 73% chance of detecting a significant effect of

sex on the number of direction changes (males: 8.55 ± 12.87, females: 12.31 ± 12.66), and a 99% chance of detecting a significant effect on the intra-zone mobility (males: 95.69 ± 126.44, females: 61.02 ± 26.86).

Table 3

 3 Very similar results were observed between the three indicators of mobility for the correlation with the length of individuals. With the number of individuals of our study (17), we were able to detect a correlation of 0.7 assuming a power of 80%. Visualizing the relationship between individual length and the indicators(Figures 3.31, 3.32, 3.33) no relationship

		Nest 8, 29 or 49		Nest 26	
	Individual	48101 48171 48241 48221 48211 48241
	Sex	M	F	F	M	F	F
	Order of occupation	1	2	3	1	2	3
	Residence time (hypothetical) 69 h	72 h	17 h	55 h	55 h	58 h

.11. Synthesis of the informations on nest occupation obtained using the matching between the powers of detection on nests and those of the individuals on a given antenna.

  • C) to the INRAE experimental facilities in Saint-Pée-sur-Nivelle, France[START_REF] Ecp | Ecology and fish population biology facility[END_REF]. Individuals were acclimated for a few days in tanks (between 8 and 19 days depending on the capture date, 13.8 ± 0.8 • C in tanks) supplied with water from the Nivelle River (France) to avoid behavioural changes due to transportation and/or differences in water

Table 3 .

 3 13. Comparison of the results for the number of mating acts and the number of eggs that drifted between pebbly and sandy substrate.

	Variable	Sandy substrate Pebbly substrate
	Number of matings	515 (7.5%)	6300 (92.5%)
	Matings per day	23.41 ± 54.66	286.36 ± 370.19
	Number of females	16	18
	Number of males	14	15
	Number of mating acts (range) for females	1-149	2-803
	Number of mating acts (range) for males	1-93	10-1054
	First spawning act (females)	6 (30%)	14 (70%)
	First spawning act (males)	10 (67%)	5 (33%)
	Total egg drift	3277 (55.5%)	2623 (44.5%)
	Daily egg drift	148.95 ± 180.49 119.23 ± 277.59

Table 4 .

 4 2. Percentage of overor underestimation of the median of the spawner abundance estimate obtained with the default values, from 0.1 to twice the default value regarding our field data and CMR model; m= males, f= females.

Table 4 .

 4 3.Percentage of over-or underestimation of the standard deviation of the spawner abundance estimate obtained with the default values, from 0.1 to twice the default value regarding our field data and CMR model; m= males, f= females.

  Analyzes reported in this article can be reproduced using the data provided in Data INRAE (clickable link).
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 44 Studies linking the number of nests and the number of individuals counted on the same stream section. Data from the Nive River corresponds to the relationship observed in the study from 2019, presented in this thesis.

	Number of individuals Number of nests River	References
	600	95	Big Garlic (USA) Hanson and Manion, 1978
	1700	1240	-	Purvis and McDonald, 1987
	9390	1468	Cayuga (USA)	Wigley, 1959
	722	206	Big Garlic (USA) Manion and McLain, 1971
	300	107	Big Garlic (USA) Manion et al., 1988
	370	213	Big Garlic (USA) Manion and Hanson, 1980
	59, 223, 242	31, 128, 131	Big Garlic (USA) Hogg et al., 2013
	177	202	Nive (France)	Dhamelincourt et al., 2021a

Table 5 .

 5 3. Binomial mixed models results comparing frequency of selected traits between zones with nest identity as a random effect. With * P ≤ 0.05, * * * P ≤ 0.001.

		Zone	Df Z value	P
	Food	Mound (reference: upstream) 2	-1.016	0.31
		Pit (reference: upstream)	2	-0.614	0.539
		Mound (reference: pit)	2	-0.401	0.688
	Alimentation	Mound (reference: upstream) 2 Pit (reference: upstream) 2	1.877 -2.201	6.05e-2 2.77e-2 *
		Mound (reference: pit)	2	4.063	4.84e-5 * * *
	Substrate	Mound (reference: upstream) 2 Pit (reference: upstream) 2	-6.918 4.57e-12 * * * 10.779 <2e-16 * * *
		Mound (reference: pit)	2 -17.391 <2e-16 * * *
	Size	Mound (reference: upstream) 2	5.682	1.33e-08 * * *
		Pit (reference: upstream)	2	-11.63	<2e-16 * * *
		Mound (reference: pit)	2	16.71	<2e-16 * * *

Table 5

 5 

	.4. List of taxa found in each zone of each nest. With, for column names: 1 Leuctra; 2 Perlodes; 3 Perla; 4 Rhyacophila; 5 Glossosomatidae;	6 Agapetus; 7 Hydroptila; 8 Hydropsychidae; 9 Hydropsyche; 10 Polycentropodidae; 11 Polycentropus; 12 Psychomyiidae; 13 Psychomyia; 14	Oligoplectrum; 15 Micrasema; 16 Goeridae; 17 Lepidostoma; 18 Athripsodes; 19 Ceraclea; 20 Sericostomatidae; 21 Baetis; 22 Oligoneuriella; 23	Heptageniidae; 24 Epeorus; 25 Rhithrogena; 26 Ecdyonurus; 27 Ephemerella ignita; 28 Caenis; 29 Ephemera; 30 Potamanthus; 31 Hydraena; 32	Stenelmis; 33 Elmis; 34 Esolus; 35 Oulimnius; 36 Limnius; 37 Normandia; 38 Micronecta; 39 Aphelocheirus; 40 Blephariceridae; 41 Limoniidae;	42 Simuliidae; 43 Tanypodinae; 44 Ceratopogonidae; 45 Empididae; 46 Athericidae; 47 Gammaridae; 48 Echinogammarus; 49 Hydracarina; 50	Piscicolidae; 51 Erpobdellidae; 52 Oligochaeta; 53 Theodoxus; 54 Potamopyrgus; 55 Radix; 56 Planorbidae; 57 Ancylus; 58 Dugesiidae; 59	Nematoda; 60 Hydroporinae; 61 Hydrophilinae; 62 Prostoma; 63 Hydrozoa; 64 Ostracoda; 65 Copepoda; 66 Agapetinae; 67 Physella; 68 Leuctra	geniculata; 69 Chironomidae excl. Tanypodinae.	NestZone Num. Num. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 27 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69	of of	ind. taxa	1 Mound 215 21 10

Table 5 .

 5 5. Summary of the nests characteristics measured in the study; mean ± sd (cv).

		Pit	Mound	Control
	Transversal diameter (cm)	129.2 ± 37.2 (0.3)	-	-
	Longitudinal diameter (cm) 117.4 ± 45.7 (0.4)	-	-
	Depth (cm)	59.2 ± 9.9 (0.2)	38.3 ± 10.1 (0.3) 51.8 ± 10.1 (0.2)
	Current (cm/s)	8.8 ± 7.8 (0.9)	43.8 ± 11.6 (0.3) 19.8 ± 11.1 (0.6)

Table 5 .

 5 7. Mixed model results for differences between zones for phosphate and ammonium uptake, chlorophyll-a accrual rate and litter breakdown rate with nest identity as a random effect and control as reference zone. Estimates and % of variation (increase or decrease of the process) are indicated for the mounds relative to the controls.

	Variables	Df Estimates (Mound) % variation (Mound) χ 2	P
	SRP uptake	2	135.3	16.3	3.2 0.2018
	NH + 4 uptake	2	603.7	13.0	3.2 0.1984
	Chlorophyll-a accrual rate	2	-0.09	-2.9	0.4 0.8313
	Litter breakdown rate k (coarse) 2	-2.3e-3	-4.2	2.6 0.2781
	Litter breakdown rate k (fine)	2	1.7e-3	6.0	2.4 0.2971
	cm/s) followed by the controls (19.8 ± 11.1 cm/s) and the pits (8.8 ± 7.8 cm/s). Current

differences were also significant (Df = 2, χ 2 = 278.41, P <2e-16; Table

5

.6).

Table 5 .

 5 6. Mixed model results for analyzes of differences between zones for nest characteristics. With * * * P ≤ 0.001.

	Variables Comparisons	Df	t ratio	P
		Mound -Pit	58 -22.124 <0.001 * * *
	Depth	Mound -Control 58 -14.303 <0.001 * * *
		Pit -Control	58	7.821	<0.001 * * *
		Mound -Pit	58 16.282 <0.001 * * *
	Current	Mound -Control 58 11.301 <0.001 * * *
		Pit -Control	58	-4.980 <0.001 * * *

Table 5 .

 5 8. ANOVA results comparing frequency of selected traits between zones. With * P ≤ 0.05, * * P ≤ 0.01, * * * P ≤ 0.001. Macroinvertebrates were sampled using a Surber net (1/20 m 2 , 0,5 mm mesh) by stirring the entire top layer of the sediment. Three samples, one per zone, were collected on each nest. After collection the samples were stored in 70 • ethanol up to the determination. Most invertebrates were identified following AFNOR standard XP T 90-388 at the genus level except for Oligochaeta (subclass), Diptera (family) and some individuals for whom genus determination was not certain (determined at the family level). Macroinvertebrate traits were determined following[START_REF] Tachet | Invertébrés d'eau Douce, systématique biologie[END_REF] and expressed as the frequency of individuals belonging to a certain trait over the total number of individuals in the sample. We selected food type, mode of feeding, substrate preference and body size as these traits are likely to vary according to the physical characteristics of the nests. Food type and mode of feeding directly reflect the resources provided by a given environment. With different current and substrate characteristics those traits should vary between zones. As substrate will differ, substrate preferences may reflect the sorting made by spawners between zones, if the scale of the nest has an impact on macroinvertebrate spatial location. Finally, body size emphasizes the carrying capacity for smaller or bigger invertebrates, which completes the substrate preference.

		Trait	Df	F	P
		Detritivores	2 1.058	0.35
	Food	Herbivores	2 8.404	4.6e-4 * * *
		Predators	2 19.81 8.13e-08 * * *
	Mode of feeding	Collectors Filterers Predators Scrapers Shredders	2 7.796 7.69e-4 * * * 2 37.27 2.04e-12 * * * 2 3.196 4.58e-2 * 2 8.693 3.61e-4 * * * 2 6.359 2.64e-3 * *
		Slabs, blocks, stones, pebbles 2 30.76 7.89e-11 * * *
	Substrate	Gravels Litter Mud	2 43.31 8.83e-14 * * * 2 8.977 2.86e-4 * * * 2 11.63 3.34e-05 * * *
		Sand	2 52.46 1.13e-15 * * *
		Size <5 mm	2 38.07 1.33e-12 * * *
	Size	Size 5-10 mm Size 10-20 mm	2 35.36 5.77e-12 * * * 2 2.562 8.3e-2
		Size >20 mm	2 0.165	8.48e-1
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Chapter 3. Behavioural ecology: study of reproduction strategies and how they affect spawning success [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF]. It seems therefore that the benefit of collaborative building does not lie in bigger nests, which are supposed to provide better protection to embryos [START_REF] Gauthey | Brown trout spawning habitat selection and its effects on egg survival[END_REF][START_REF] Steen | Egg burial depth by sockeye salmon (Oncorhynchus nerka): Implications for survival of embryos and natural selection on female body size[END_REF]). An alternative benefit could be a faster construction of the nest when more individuals are involved. Indeed, nests can take up to three days to be completed [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF], which represents a substantial part of the individual reproductive lifespan. Observing the whole process of nest building, for example with video recording, would allow to test whether digging duration depends on the number of individuals. Such observations would also give access to the relative investment of each individual and interindividual interactions (aggression, mating), unveiling some aspects of the resolution of conflict around cooperation in a reproductive context [START_REF] Buston | Reproductive skew and the evolution of conflict resolution: A synthesis of transactional and tug-of-war models[END_REF]. Beyond the insights it gives and the questions it opens on the mating system and cooperative nest building in sea lamprey, our work may also inform managers who want to estimate population size via nest surveys. Nest counts can provide a relative estimate of population abundance [START_REF] Kynard | Long-term studies on restoration of Connecticut River anadromous sea lamprey, Petromyzon marinus Linnaeus 1758: Trend in annual adult runs, abundance cycle, and nesting[END_REF] and, based on the average number of individuals per nest between 2 and 2.5 [START_REF] Applegate | Natural history of the sea lamprey, Petromyzon marinus, in Michigan[END_REF][START_REF] Manion | Spawning behavior and fecundity of lampreys from the upper three Great Lakes[END_REF], some authors proposed to multiply the number of nests on a river by this factor to estimate the number of spawners [START_REF] Gracia | Suivi de la lamproie marine sur la Dordogne et la Garonne[END_REF][START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF]. Our results suggest that such a method would overestimate the number of spawners because the majority of them actually visit several nests (considering 202 nests and the factor of 2.46 used by Migradour in 2010, the population estimated in our case would be 497 individuals instead of 177 estimated with our model). Moreover, the absence of relationship between nest size and number of individuals (>1) indicates that nest volume is not usable to correct the number of individuals per nest when estimating sea lamprey population via nest survey.
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can however not be completely ruled out: Although we were not able to determine the precise age of eggs to check if eggs older than one day still drifted, some prolarvae (from stages prior to their natural downstream migration; [START_REF] Piavis | Embryological stages in the sea lamprey and effects of temperature on development[END_REF] were caught in the nets. In the field, overdigging can be accentuated by obstacles to migration and habitat loss that lead to spawning aggregation in suboptimal (e.g. sandy) habitat.

Overall, our results confirm the necessity to consider the spawning-site substrate as an important factor influencing lamprey egg retention in the nest and therefore egg survival and larvae hatching. As advocated by [START_REF] Lucas | Emerging conservation initiatives for lampreys: Research challenges and opportunities[END_REF], attention should be paid to the preservation or restoration of adequate substrate in areas suitable for lamprey spawning.
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Abstract

The habitat heterogeneity hypothesis states that increased habitat heterogeneity promotes species diversity through increased availability of ecological niches. We aimed at describing the local-scale (i.e. nest and adjacent substrate) effects of nests of the sea lamprey (Petromyzon marinus L.) as ecosystem engineer on macroinvertebrate assemblages. We hypothesized that increased streambed physical heterogeneity caused by sea lamprey spawning would modify invertebrate assemblages and specific biologic traits and promote reach-scale diversity. We sampled thirty lamprey nests of the Nive River, a river of the south western France with a length of 79.3 km and tributary of the Adour River, in three zones: the unmodified riverbed (upstream) and zones corresponding to the nest: the area excavated (pit) and the downstream accumulation of pebbles and cobbles (mound). The increased habitat heterogeneity created by lamprey was accompanied by biological heterogeneity with a reduced Chapter 5. Biodiversity and ecosystem processes 

Abstract

The sea lamprey (Petromyzon marinus L.) can be considered an ecosystem engineer, as it can substantially modify the river beds where it spawns. Sea lampreys dig nests by removing large volumes of cobbles to create a pit, and leaving them in a mound downstream, thus altering local bed morphology. Previous studies showed that sea lamprey nest-building behaviour increases riverbed heterogeneity in depth and water velocity, which in turn promotes macroinvertebrate diversity. Based on that finding, our study aimed at assessing whether these changes promoted ecosystem functioning. We measured multiple ecosystem functions (biofilm accretion, phosphate and ammonium uptake, and litter breakdown) on the pit and the mound of 30 lamprey nests, as well as on 30 unmodified sites. In spite of the physical heterogeneity, all processes measured showed no differences among sites, pointing towards a complex relationship between physical heterogeneity, biodiversity and ecosystem function.

Chapter 5. Biodiversity and ecosystem processes used for the bioassay and frozen at -20 • C. Later, biofilm carriers were thawed, placed in pairs in 100 mL plastic vials with 50 mL of 90% acetone and pigments were extracted at 4

• C for 12 hours [START_REF] Steinman | Chapter 17 -Biomass and pigments of benthic algae[END_REF]. Finally the vial contents were sonicated (Bandelin Sonorex; Bandelin Electronic GmbH and Co., Berlin, Germany) within 2 minutes of the biofilm carriers' removal. Tubes were then centrifuged for 10 minutes at 2000 RPM and the amount of chlorophyll-a (a proxy for algal biomass) was measured spectrophotometrically following [START_REF] Jeffrey | New spectrophotometric equations for determining chlorophylls a, b, c1 and c2 in higher plants, algae and natural phytoplankton[END_REF].

Litter breakdown

We measured the breakdown of black alder (Alnus glutinosa) leaves, a common riparian tree in the Nive River. Recently fallen alder leaves were collected in autumn, air-dried and stored in a dry, dark place. Before the experiment, batches were prepared containing 3 g of air-dried leaves and enclosed in either 0.1 mm mesh bags (fine, microbial decomposition only) or 1 cm mesh (coarse bags, total decomposition). Each fine bag was enclosed in a coarse bag to ensure they were subject to the very same environmental conditions. We tied one of these compound bags to each rebar, so we had 30 bags incubated per zone (control, pit and mound).

Bags were retrieved after 36 days of incubation, carried to the laboratory and the remaining material was washed under tap water. Leaves were dried at 70 • C for 48 h, weighed, ashed at 500 • C for 5 h and re-weighed to calculate ash-free dry mass. A subset of dry leaves was also dried and ashed to calculate the initial water and ash content, and the results were used to estimate the initial ash-free dry mass of leaves. Then, we calculated the exponential decay coefficient following [START_REF] Baerlocher | Methods to Study Litter Decomposition: A Practical Guide[END_REF].

Statistical analyses

All analyses were performed with R version 4.1.2 (R Core Team, 2021). The significance of differences between nest zones for chlorophyll-a accrual rate, phosphate and ammonium

Chapter 5. Biodiversity and ecosystem processes breakdown. In addition, we found an increased proportion of shredders in the pit (Dhamelincourt, Rives, Pons, Larrañaga, Tentelier and Elosegi, 2022), suggesting that they find suitable conditions such as an increased amount of plant debris. The lack of differences observed on litter breakdown rate may be due to this higher amount of litter, resulting a similar breakdown rate between zones in spite of a higher proportion of shredders in the pit.

Lamprey nesting activity might still affect other ecosystem processes such as water and nutrient exchange with the hyporheos. Fish nests have been shown to create a multi-scale hyporheic flow due to their structure [START_REF] Cardenas | Hyporheic flow and dissolved oxygen distribution in fish nests: The effects of open channel velocity, permeability patterns, and groundwater upwelling[END_REF], and sea lamprey nests in particular have important hydraulic consequences on egg retention [START_REF] Dhamelincourt | Habitat choice versus habitat transformation in a nest-building fish: Which matters most?[END_REF], suggesting modifications within the groundwater communities.

In addition, Boeker and Geist (2016) highlighted an increased oxygen availability and nitrate concentration in the interstitial water of microcosms supplied with lamprey larvae. These physical modifications were accompanied by a shift in microbial composition, with aerobe bacteria more prevalent than in control conditions. Similar results were found for other bioturbators such as A.anatina and E.danica (Boeker et al., 2016), showing that changes in physical conditions due to lamprey nesting and subsequent larval action may induce similar effects to other species classically considered as bioturbators. A protocol combining the effects of the physical and functional heterogeneity of surface and groundwater zones may therefore complete our results.

An unexpected result of our experiment was the tendency of biofilm carriers to release rather than take up NH + 4 and SRP. Nutrient retention bioassays with biofilm carriers are relatively novel and have so far been performed in laboratory conditions [START_REF] Price | Effects of experimental nutrient loading on phosphorus uptake by biofilms: Evidence for nutrient saturation in mid-Atlantic streams[END_REF][START_REF] Pereda | Impact of wastewater effluent pollution on stream functioning: A whole-ecosystem manipulation experiment[END_REF]. Nevertheless, they have consistently shown that biofilm carriers incubated in oligotrophic conditions have a strong tendency to take up nutrients, whereas those incubated in eutrophic conditions tend to release nutrients [START_REF] Pereda | Immediate and legacy effects of urban pollution on river ecosystem functioning: A mesocosm experiment[END_REF](Pereda et al., , 2020, 5., 5.2. Effects of sea lamprey nests on stream functionality 261 2021). The present study is to our knowledge the first experiment performing a biofilmcarrier bioassay fully in the field. The main difference with previous protocols is that we performed incubations in the dark to homogenize conditions. Bioassays incubating biofilm carriers in dark and light conditions (M. Atristain, University of the Basque Country, unpublished data) have shown that, even if light can affect the uptake rate of nutrients, it does not affect the patterns when comparing different sites. Therefore, even if the nutrient release rates measured in our experiment are a consequence of the specific conditions of our bioassay, the absence of differences between nest zones would probably be a more general pattern.

This paper provided a first assessment of ecosystem processes prone to be affected indirectly by the physical heterogeneity, and then biological and functional heterogeneity created by sea lamprey from its nest building behaviour. The fact that we found no differences between nest zones suggests a lack of functional effects on the Nive River, although we cannot discard effects on other processes or river zones, especially on the hyporheos.
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General discussion

Source: ©INRAE-GLISE 6.1. General remarks

Sea lamprey study: opportunities and difficulties

We saw that sea lamprey seems to be an interesting study model, notably due to the complexity of its mating system, hidden behind a behaviour described as simple in many studies.

Nevertheless, the species, although easily observable when active on nests, shows significant fluctuations in abundance between years. In addition, I encountered difficulties to find sites with enough nests to conduct a study. Apart from the sites presented during the thesis, other spawning areas often consisted of few nests and the use of these sites was particularly irregular from year to year. Figure 6.2 indicates the number of nests counted during a kayak survey realized on June 15, 2021. This indicates that the nesting zones are distributed throughout the area under consideration (between Saint-Martin-d'Arrossa and Cambo-les-Bains), but that there is no great aggregation, with a maximum of 12 nests counted. It is therefore difficult to monitor several spawning sites during the same day. In addition, many zones have a difficult access. Protocols such as video monitoring not restricted to a narrow zone are not likely to be impacted, or at least to a lesser extent. On the contrary, protocols requiring a repetition of measurements and installation of devices on spatially close nests (notably for practical reasons) can only be applied on zones with a relatively high nest number/density (around 30 nests if we consider the number of nests used for studies on communities and ecosystem processes).

The difficulty to observe important aggregations is notably due to the rarefaction of the species. An example highlighting this trend is the comparison between the sites occupied and the density observed by [START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 1/3, gaves et nives[END_REF][START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 2/3 : Affluents rive gauche de l'Adour[END_REF][START_REF] Migradour | Suivi de la reproduction de la Lamproie marine sur le bassin de l'Adour -Tranche 3/3 : Adour, affluents rive droite et Lèes[END_REF]. For the Nive basin, in spite of several investigations throughout the thesis, I did not observe nests in the Latsa nor in the Laurhibar despite counts finding 23 and 59 nests respectively in 2010. The 2020 spawning season appeared to have been a bad spawning season as I found only few nests on the Halsou spawning site, which forced the experiments to be applied on other zones. This decline, also 6.4. Sea lamprey study: opportunities and difficulties 279 observed in several studies [START_REF] Boulêtreau | High predation of native sea lamprey during spawning migration[END_REF][START_REF] Hansen | Population ecology of the sea lamprey (Petromyzon marinus) as an invasive species in the Laurentian Great Lakes and an imperiled species in Europe[END_REF] makes it necessary to understand the causes precisely, and to quantify it. For this reason, models such as those proposed in the thesis aim to address this issue.
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