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Abstract

Fish locomotion is a field at the interface of physiology, fluid and solid mechanics, and behavioral biology. Intermittent swimming is a widely used swimming strategy of many species that is characterized by sequences consisting of an "active" undulatory swimming phase directly followed by a passive "coast" phase.

Whereas they have been well understood as an energy-saving mechanism for big fish like cod, the sensory, neural and behavioral causes underlying these two-step sequences have not been disentangled in smaller species yet. This work's main objective is to provide a better understanding of fish intermittent swimming behavior and dynamics, in both individual and collective swimming, by direct experimental measurements, using multiple experiments and models gathering hydrodynamics, statistics and behavioral sciences. We aim to characterize the dynamics of intermittent swimming in small fish and unravel the underlying causes of this mechanism. Understanding intermittent swimming for a single fish will then help understand group locomotion, and fish exploratory behavior.

We built upon preliminary observations of rednose tetra fish (Hemigrammus bleheri) whose swimming speed was forced in a water flume. We demonstrated that tetrafish use the same gait of intermittent, burst-and-coast swimming at all speeds, and modulate a unique intrinsic cycle to sustain the demanded speed by modifying the bursting to coasting ratio while maintaining the duration of the cycle constant. We thus investigated how this intermittent swimming behavior emerges and evolves during the life cycle of the fish. We developed experimental setups and protocols to get relevant statistical data, then we created image processing and data analyzing tools to analyze it. For this experiment we used zebrafish (Danio rerio) as a model species. We measured how the intermittent swimming kinematic parameters evolve during the growth and life of zebrafish, from 7 to 160 days post fertilization (dpf). Fish reared in fixed standard conditions were observed with high-speed video recordings, swimming alone. We extracted kinematic characteristics from tracked video recordings. We developed a mechanical model to derive bending energy and stress from the fish body deformations. We observed a sharp transition in swimming kinematics at 21 dpf, characterized by the onset of variation in swimming speeds, during which the fish becomes able to tune the ratio of burst duration to bout period of its burst and coast cycle to reach a broader range of speeds. From 21 dpf onwards, the fish changes its velocity by making several tail beats per burst, but the bout period remains constant at all speeds and all ages after the transition. The velocity distributions and exploratory behaviors exhibit a transition at the same age, which corresponds to the transition between larval and juvenile stages, and a change in hydrodynamic regimes.

We also tackled the question of the link between swimming kinematics and collective motion for a pair of fish. We performed these experiments at the Friday Harbor Laboratories (University of Washington, USA), to analyze the effect of fish size on cohesion, speed adaptation and leadership in the interaction of a pair of fish. We used shiner perch (Cymatogaster aggregata) as a model for these experiments. We measured the effect of differences of fish sizes within a fish pair on cohesion and coordination of their swimming behavior, and on leadership, defined as the initiative of swimming motions, during collective swimming phases. In all of these experiments, we addressed the study of the trajectory of the fish and its exploratory behavior, linked with the kinematics of intermittent swimming. Our results can shed a new light on largely understudied fish swimming behaviors and help the understanding of collective motion and intermittent swimming. Keywords : Aquatic locomotion ; intermittent swimming ; collective swimming ; hydrodynamics ; fish ; animal swimming

Résumé en français

L'étude de la locomotion des organismes aquatiques se situe à l'interface entre la physiologie, l'éthologie, la mécanique des fluides et celle du solide. La nage intermittente est une stratégie de nage employée par de nombreuses espèces. Elle se caractérise par une alternance de phases de nage active (ondulations), suivies de phases passives où le poisson se laisse glisser sans action. Ce type de nage a été largement étudié et interprété en tant que mécanisme d'économie d'énergie lors de la nage rapide des espèces de poissons de grande taille. Cependant, les espèces de petite taille emploient ce mécanisme à vitesse de croisières, et les causes sensorielles et comportementales de cette stratégie de nage n'ont pas été élucidées.

L'objectif principal de cette thèse est de fournir une meilleure compréhension de la nage intermittente, d'un point de vue comportemental et dynamique, au travers de plusieurs expériences modèles, et de modélisations, en étudiant à la fois les aspects hydrodynamiques, statistiques et comportementaux. Nous cherchons à caractériser la dynamique de la nage intermittente pour les poissons de petite taille afin d'en comprendre les causes, et le rôle dans la nage collective et les stratégies d'exploration.

Ce travail s'inscrit dans la continuité de notre étude préliminaire de l'évolution des caractéristiques cinématiques de la nage intermittente avec la vitesse.

Dans un tunnel hydrodynamique permettant d'imposer leur vitesse de nage, les tétras que nous avions étudiés (Hemigrammus bleheri) utilisent la même allure de nage intermittente a toutes les vitesses, et adaptent leur vitesse en modifiant le ratio de temps passé en phase active (« burst ») ou passive (« coast ») au sein de cycles dont la durée reste la même.

Nous avons étudié l'ontogénèse de cette nage intermittente, et son évolution au cours de la vie du poisson, pour comprendre comment les paramètres de la nage évoluent avec l'age et la taille du poisson. Nous avons utilisé pour cela des poissons-zèbres (Danio rerio), suivis au cours de leur croissance de 7 a 160 jours post-fécondation, filmés à la camera rapide en nage libre individuelle. Nous avons développé des dispositifs expérimentaux et des protocoles pour acquérir un large échantillon de données statistiques. Nous avons traité et analysé les images et développé un modèle mécanique pour déduire l'énergie élastique et les efforts de courbure à partir des déformations du corps du poisson. Nous avons mis en évidence une transition dans la cinématique de nage à 21 jours, caractérisée par l'émergence de variations de vitesses lors desquelles le poisson est capable de faire varier le ratio entre phases de 'burst' et de 'coast' lors du cycle de nage, pour atteindre une gamme plus large de vitesses. La distribution de vitesses et les comportements d'exploration présentent aussi une transition au même âge, qui correspond à la transition entre les stades larvaire et juvénile, et à un changement de régime hydrodynamique. Nous avons ensuite étudié le lien entre cinématique de nage, taille du poisson et mouvement collectif pour l'interaction entre deux poisons. Ces expériences furent réalisées au laboratoire de Friday Harbor (Université du Washington). Nous avons analysé l'effet de la taille des poissons sur leur cohésion, l'adaptation de leur vitesse et de leur trajectoire, et la prise de décision dans la nage collective, en utilisant comme modèle la perche méné (Cymatogaster aggregata). Nous avons déterminé l'effet de la différence de taille sur la cohésion et la coordination des mouvements de nage des poissons, ainsi que sur l'initiative des mouvements de nage.

Mots-clés : Locomotion aquatique ; nage intermittente ; mouvement collectif ; hydrodynamique ; poissons ; nage animale Chapter 1 Fish swimming: context and principles

The science of fish locomotion

Animal locomotion in general, and fish swimming in particular, is an object of study for a broad array of scientific fields. Understanding why and how a fish selects a particular locomotion strategy involves biomechanics, fluid mechanics, but also physiology to get an insight into the energy transfers at stake. Evolution and natural selection link the technical aspects of physics and biology to the constraints of environmental factors.

Aquatic locomotion in the evolution of life

Aquatic locomotion in fish evolution. Life originated in water about 3 billion years ago [START_REF] Ben Kd Pearce | Constraining the time interval for the origin of life on earth[END_REF], and since then aquatic creatures have evolved, developing a vast array of locomotory strategies, involving various physical mechanisms, to move in water [START_REF] Maddock | The Mechanics and Physiology of Animal Swimming[END_REF].

Most modern metazoan phyla appeared during the Cambrian explosion, about 540 million years ago, including the first chordates -primitive fish that developed a notochord and primitive skull and vertebral column [START_REF] Paul | Major events in early vertebrate evolution: Palaeontology, phylogeny, genetics and development[END_REF]. Swimming was one of the dominant functions that led to the evolutionary radiation of fish [START_REF] Dj Mckenzie | Locomotion in primitive fishes[END_REF][START_REF] Paul | Locomotor patterns in the evolution of actinopterygian fishes[END_REF], especially during the Devonian period, often referred to as "the age of fishes" [START_REF] Randall F Miller | The oldest articulated chondrichthyan from the early devonian period[END_REF][START_REF] John | The rise of fishes. 500 million years of evolution[END_REF].

The number of fish species vastly expanded at that time, with the appearance of new locomotory functions such as bony skeletal structure, ray fins, pectoral fins, caudal peduncle [START_REF] Lu | The oldest actinopterygian highlights the cryptic early history of the hyperdiverse ray-finned fishes[END_REF][START_REF] Zhu | The oldest articulated osteichthyan reveals mosaic gnathostome characters[END_REF][START_REF] Zhu | A primitive fossil fish sheds light on the origin of bony fishes[END_REF]-leading to the great diversity of fish orders we know today. Until the middle Devonian (393-383 million years ago), fish were the only existing vertebrates. The evolution of fish locomotion led to the turning of lobe fins into limbs and the conquest of dry land by the first tetrapods [START_REF] Laurin | Early tetrapod evolution[END_REF].

However, fish locomotion kept evolving after tetrapods set foot on land. With the Permian-Triassic extinction event (252 million years ago), 90 percent of ma-rine species went extinct. Ray-finned fish thus underwent tremendous radiation to reconquer sea ecosystems [START_REF] Paul | Major events in early vertebrate evolution: Palaeontology, phylogeny, genetics and development[END_REF]. Throughout our present Cenozoic era, fish are still in the evolutionary process of significant diversification, the Cenozoic period being even referred to as the "second age of fishes" [START_REF] Thomas J Near | Resolution of ray-finned fish phylogeny and timing of diversification[END_REF]. As of today, more than half of vertebrate species are fish. Fish dominate the 3rd to 5th trophic levels (carnivores to apex predators) in the food chain of most aquatic environments [START_REF] Daniël Van Denderen | Global patterns in marine predatory fish[END_REF][START_REF] Elliott | Links between fish and other trophic levels[END_REF][START_REF] Konstantinos | Feeding habits and trophic levels of mediterranean fish[END_REF]. With over 32 000 species known today [START_REF] William N Eschmeyer | Catalog of fishes: genera, species, references[END_REF], fish have adapted to various environments and thus developed a wide array of locomotor strategies [START_REF] Maddock | The Mechanics and Physiology of Animal Swimming[END_REF], including undulatory and oscillatory swimming [START_REF] Alexander | Undulatory and oscillatory swimming[END_REF], jet propulsion [START_REF] Frank | Kinematics and power output of jet propulsion by the frogfish genus antennarius (lophiiformes: Antennariidae)[END_REF], and even gliding through the air, or undulating on wet land [START_REF] Dj Ellerby | Fast muscle function in the european eel (anguilla anguilla l.) during aquatic and terrestrial locomotion[END_REF][START_REF] Sandy | Propulsive forces of mudskipper fins and salamander limbs during terrestrial locomotion: implications for the invasion of land[END_REF].

Fish classification. To get a glimpse of fish locomotion diversity, it is essential to remind the place of fish in the tree of life, thus the evolutionary bases of fish phylogenetic classification. Scientifically, fish form a paraphyletic group -a group of species including all the descendants from a common ancestor except one subgroup. Fish can thus be defined as the group of all non-tetrapod craniates -or vertebrates. Thus, fish include many very different classes of vertebrateswhereas all other vertebrates such as mammals, reptiles, birds... form a single superclass, derived from a subclass of a class of fish [START_REF] Betancur-R | Phylogenetic classification of bony fishes[END_REF] (Fig. 1.1). Figure 1.1: Fish taxonomic tree of classification [START_REF] Betancur-R | Phylogenetic classification of bony fishes[END_REF][START_REF] Johanson | Phylogeny of lungfishes. The biology of lungfishes[END_REF][START_REF] Kemp | Evolutionary history of lungfishes with a new phylogeny of post-devonian genera[END_REF] The most ancient class of fish are agnatha -jawless vertebrates -of which the Cyclostoma are the only present-time members (hagfish and lampreys). These fish developed fin rays, and chevron-shaped muscles or myomeres. Undulation was their only form of locomotion [START_REF] Dj Mckenzie | Locomotion in primitive fishes[END_REF].

Then in the Devonian, jaws appeared, evolving from the support of gill arches.

The functions of swimming for fish

Swimming has influenced the evolution of fish in many ways because it plays a critical role in many biological functions of fish (Fig. 1.2). Locomotion is critical in foraging for most fish species. Some, like most pelagic species such as tuna and mackerel hunt their prey by swimming after them; other more benthic and cryptic species such as pike and rockfish are ambush predators that rely on sudden bursts of speed [START_REF] Daniël Van Denderen | Global patterns in marine predatory fish[END_REF]; others such as herring but also whale shark and basking shark are plankton filter feeders, which rely on generating a flow of water by swimming, to filter out the nectonic micro-organisms they feed on. Usually, prey are smaller than predators so they swim at lower speeds but have better turning radius and maneuverability. If the ratio between prey and predator size exceeds 10 -2 , fish are particulate feeders; if not, filter feeding becomes more efficient [START_REF] Domenici | The scaling of locomotor performance in predator-prey encounters: from fish to killer whales[END_REF]. Herbivore grazing fish, even though they represent a minority of fish species compared to carnivores [START_REF] Konstantinos | Feeding habits and trophic levels of mediterranean fish[END_REF], rely on swimming for foraging too [START_REF] Mustafizur M Rahman | Swimming, grazing and social behaviour of rohu labeo rohita (hamilton) and common carp cyprinus carpio (l.) in tanks under fed and non-fed conditions[END_REF].

Swimming needs and abilities thus impact the feeding strategies of fish.

Conversely, swimming is also critical to escape from predators, either by faststarts during a predator strike or during pursuit situations. Time of response, speed and maneuverability are then critical for survival [START_REF] Domenici | The visually mediated escape response in fish: predicting prey responsiveness and the locomotor behaviour of predators and prey[END_REF][START_REF] Howard | Optimal strategies for predator avoidance: the relative importance of speed and manoeuvrability[END_REF].

Swimming is also used by fish in social interaction. Courtship behavior often involves swimming [START_REF] Craig | Courtship and mate choice in fishes: integrating behavioral and sensory ecology[END_REF][START_REF] Kodric-Brown | Sexual selection, male quality and swimming performance. Fish Locomotion: An Eco-ethological Perspective[END_REF] as this allows to select fish with traits that are likely to cause good survival rates [START_REF] Nj Royle | Sexual selection, growth compensation and fast-start swimming performance in green swordtails, xiphophorus helleri[END_REF][START_REF] Paul F Nicoletto | The relationship between male ornamentation and swimming performance in the guppy, poecilia reticulata[END_REF]. Many species swim as they spawn, following sometimes complex swimming patterns that are necessary for the external fertilization of the eggs. Anadromous shads such as allis shad (Alosa alosa) are for example known to spawn while generating a vortex of water [START_REF] Baglinière | The allis shad alosa alosa: biology, ecology, range, and status of populations[END_REF]. Many non-reproductive social interactions of fish also rely on swimming, for example chasing intruders, schooling, and shoaling. Collective swimming in fish is a typical example of social interaction mediated by aquatic locomotion and will be discussed in detail later [START_REF] Lopez | From behavioural analyses to models of collective motion in fish schools[END_REF][START_REF] Butail | Collective response of zebrafish shoals to a free-swimming robotic fish[END_REF].

Exploring the environment and migrating to find food, mates or better water conditions is also a fundamental function of the aquatic locomotion of fish.

Anadromous fish such as salmon, and catadromous fish such as eels, spend various parts of their life in completely different environment, switching from sea to fresh water to accommodate their feeding and reproductive needs. [START_REF] George | Usage of anadromous, catadromous and allied terms for migratory fishes[END_REF] The adaptation of their swimming strategy is critical to make this migration possible. Many pelagic species are continually migrating in search of food. Bluefin tuna are known to be able to cross the Atlantic in 60 days [START_REF] Graves | Transatlantic movements of juvenile atlantic bluefin tuna inferred from analyses of organochlorine tracers[END_REF]. Daily depth change vertical migrations are also common, especially for mesopelagic fishes in the open ocean, following daily plankton motion [START_REF] Stephen M Bollens | Cascading migrations and implications for vertical fluxes in pelagic ecosystems[END_REF]. On a shorter length scale, swimming is used to explore and navigate often complex environments such as coral reefs [START_REF] Binning | Localised intraspecific variation in the swimming phenotype of a coral reef fish across different wave exposures[END_REF]. Figure 1.2: Different morphology and swimming strategies of fish : (a) Generalist archerfish (Toxotes chatareus) swimming in a complex environment (b) Benthic rockfish (Sebastes levis) resting on the substrate (c) Filter-feeding pelagic whale shark (Rhincodon typus) (d) Schooling behavior of giant trevally (Caranx ignobilis) to enhance feeding success

The need for a locomotory strategy or another is known to influence the morphology of fish. The shape of fish often depends on whether they swim all the time, spend most of their time without swimming, or are generalists and swim part of their time. Ecomorphology studies showed that pelagic predators, for instance, display slender bodies for hydrodynamic purposes, with an elongated front part making it easier to approach prey during predation, as they appear with a narrower visual angle. On the other hand, benthic species that are ambush predators are more adapted to fast strikes, and will display cryptic bodies less optimal for swimming [START_REF] Paul | Body form, locomotion and foraging in aquatic vertebrates[END_REF][START_REF] Paul | Form and function in fish swimming[END_REF].

History and state of the art of fish swimming research

Like flying birds, swimming fish have always fascinated humanity. The oldest reflection about how fish swim originated from India, 2500 years ago [START_REF] Paul | Form and function in fish swimming[END_REF]. In the western civilization, Aristotle set the first reflection on fish swimming science in his History of animals, circa 343 BC [START_REF]Aristotle Aristotle. History of animals[END_REF]. He thought all animals moved thanks to some "points of contact" with the world, for example the feet of humans. Thus, he explained that fished moved by "pushing" the water with 2 fins, 4 bends in the body, or a combination of both. Modern fluid dynamics proved that his intuition -albeit very speculative -was not too far from the current theory, as most fish indeed swim thanks to the combination of body bending, drag-based oscillation, and fin-mediated lift-based oscillation (cf. Fish locomotion dynamics section). His views prevailed until the rise of fluid dynamics in the 19th century because the subject of fish swimming is hard to analyze and quantify without photographic material. Early work by [START_REF] Borelli | On the movement of animals[END_REF] developed in further detail the ideas of Aristotle [START_REF] Borelli | On the movement of animals[END_REF]. [START_REF] Alexander | The history of fish mechanics. Fish biomechanics[END_REF] gives a good summary of the history of this science field [START_REF] Alexander | The history of fish mechanics. Fish biomechanics[END_REF].

In parallel to the scientific approach, mythological interpretations of fish swimming were numerous in all cultures. In ancient China, the ability of silver carp (Hypophthalmichtys molitrix) to jump over waterfalls was considered a sign of prosperity and academic success. Carp were thought to become dragons if they succeeded in jumping over some waterfalls, and this was a symbol of success at the civil service examinations, and social rise [START_REF] Johnston | Carp and goldfish as auspicious symbols and their representation in chinese popular prints[END_REF]. The swimming body of fish inspired many legendary water deities. In medieval Europe, it was firmly believed that each land creatures possessed an underwater equivalent swimming with a fishtail in the ocean [START_REF] Leclercq-Marx | L'idée d'un monde marin parallèle du monde terrestre: émergence et développements[END_REF]. However, most legends focused on the speculated consequences of fish swimming but did not try to explain the causes of the phenomenon.

At the end of the 19th century, new techniques in cinematography, fluid dynamics, and oceanography allowed a new understanding of fish swimming, as the concepts of thrust and drag began to be understood [START_REF] Paul | Form and function in fish swimming[END_REF]. In the 1930s, Charles M. Breder described and classified the kinematics of fish swimming [START_REF] Breder | The locomotion of fishes[END_REF].

James Gray described for the first time in 1933 the way the direction of a fish is changed by the propagation of muscular waves, in three classic papers [START_REF] Gray | Directional control of fish movement[END_REF][START_REF] Gray | Studies in animal locomotion: I. the movement of fish with special reference to the eel[END_REF][START_REF] Gray | Studies in animal locomotion: Iii. the propulsive mechanism of the whiting (gadus merlangus)[END_REF].

He provided the first dynamic explanation of a measured fish motion, using a homemade video recording with a system to precisely know the time between each photographic frame. He noticed that the body wave of deformation of a swimming fish traveled backward faster than the general forward motion of the fish itself. He was the first one to model the body of the fish as a sum of elementary plates, each having its own velocity and dynamics. He also had the intuition of applying hydrodynamic airfoil theory (measuring lift forces) to these segments of fish. As George Lauder reviews, it is remarkable that over 70 years later, this scientific paper is still a reference and a source of data for presenttime work [START_REF] George | Three gray classics on the biomechanics of animal movement[END_REF]. The plates of images of Gray's papers, showing the kinematics of swimming fish of various species, are still used and studied today. Then, during a quarter of a century, many studies arose on the various swimming abilities of fish species. The question of maximal speed, tough to measure especially for large pelagic fish, opened debates and fascination. Resistive and reactive-based models of propulsion were developed. There was a need for general laws and scaling methods, that Richard Bainbridge tried to fill with his paper about fish swimming speed scaling [START_REF] Bainbridge | The speed of swimming of fish as related to size and to the frequency and amplitude of the tail beat[END_REF]. He used circular swimming channels to record tail beat frequencies and amplitude for fish of various sizes. Bainbridge was the first one to normalize fish speed with body length, expressing it in body lengths per second, and noticing that it was then proportional to tail beat frequency. He derived from his data an empirical link between tail beat frequency F, fish length L and speed U, as:

U L ∝ 3 4 F
(known as the Bainbridge equation). According to the review of Webb [START_REF] Webb | Bainbridge sets the stage on scaling in fish swimming[END_REF], this study set the basis for most further energetic and dynamic analyses.

One of the main questions related to fish swimming was -and still is -how much is the energetic cost of swimming ? The question was initiated by Gray's paradox: Gray estimated in 1936 that the maximal muscle power output of a swimming dolphin was not enough to overcome the drag -he then used a model of stiff body to estimate the drag [START_REF] Gray | Studies in animal locomotion: Vi. the propulsive powers of the dolphin[END_REF]. Thus, biologists and physicists have been trying for decades to solve this paradox with a better modeling of the mechanical actions on swimming fish. This was all the more an intriguing question that, according to most measurements, swimming fish seemed to be less efficient than man-made underwater vehicles [START_REF] Bainbridge | Problems of fish locomotion[END_REF].

Gray's measurements were not accurate [START_REF] William | Power requirements of swimming: Do new methods resolve old questions?[END_REF]; they focused on a dolphin's short acceleration in the bow wake of a boat, and did not take into account hydrodynamic interactions with the boat. However, the general idea of his paper raised the interest in the question of how a swimming animal overcomes drag with thurst, and the initial paradox he measured was confirmed by posterior studies of fish swimming.

Boundary layer theories initiated by Prandtl [START_REF] Prandtl | On fluid motions with very small friction[END_REF] focused the study on swimming costs due to drag, to try to solve this question. Theoretical drag (defined as the drag on a similar rigid body) was found to overcome the maximal mechanical thrust that fish could produce [START_REF] Paul | Hydrodynamics and energetics of fish propulsion[END_REF]. Dead drag measurements [START_REF] Eliot | Locomotor forces on a swimming fish: three-dimensional vortex wake dynamics quantified using digital particle image velocimetry[END_REF][START_REF] Blake | Fish locomotion[END_REF] gave very varying results, because a high part of the measured drag came from the fluttering of the dead fish. However, the drag was once again found too high.

Moreover, boundary layer thinning theories [START_REF] James | Mathematical biofluiddynamics[END_REF] predicted that the drag would be even higher for swimming fish than for a stiff body. A swimming body makes movements perpendicular to the boundary flow, causing the boundary layer to be thinner than for a rigid body [START_REF] James | Large-amplitude elongated-body theory of fish locomotion[END_REF].

Using the previous works of Gray and Bainbridge, Lighthill formulated quantitative, mathematical theories about how fish generate thrust and overcome drag, and how their energy is released in the vortex wake [START_REF] Mj Lighthill | Hydromechanics of aquatic animal propulsion[END_REF][START_REF] James | Aquatic animal propulsion of high hydromechanical efficiency[END_REF]. Several models were developed to estimate thrust [START_REF] Blake | Fish locomotion[END_REF][START_REF] Ingram | Analysis of the swimming of long and narrow animals[END_REF][START_REF] Jeffrey | Mechanical performance of aquatic rowing and flying[END_REF], but without consistently providing a proof that it could overcome the modeled drag.

Looking at flow patterns provided alternative hypotheses. The presenceor not -of flow separation [START_REF] Paul | Hydrodynamics and energetics of fish propulsion[END_REF][START_REF] Yu G Aleyev | Nekton. the hague, the netherlands[END_REF] was debatable, but the fact that fish could benefit from opposite Von Karman vortices in their wake to overcome drag was an accepted hypothesis, as flow visualization allowed M. W. Rosen to observe these vortices [START_REF] William | Water flow about a swimming fish[END_REF] by layering milk in the bottom of a water tank -a precursor of the Particle Image Velocity (PIV) methods.

The intents of measuring the input power, or "shaft" power generated by fish muscles rather than the dynamic power output led to advances in understanding how fish react to effort [START_REF] Brett | The respiratory metabolism and swimming performance of young sockeye salmon[END_REF], but faced two major difficulties. The mechanical structures of fish muscles are complex and do not allow to assess the power losses due to internal transmission. Moreover, the measurement of oxygen consumption also takes into account all non-muscular metabolic functions, leading to too many uncertainties [START_REF] William | Power requirements of swimming: Do new methods resolve old questions?[END_REF].

The end of the XXth century saw the invention of a new method for visualizing flow velocity fields: PIV. This technique uses a 2D laser sheet and a water medium inseminated with particles. A high-speed camera (or three of them for 3D filming) records the motions of the particles and the velocity field of the fluid is thus reconstructed, computing a vector field for every pair of successive images. Volumetric images of the flow fields in the wake of swimming fish allowed us to visualize and understand the structure of the vortex rings shed by the tail.

However, the advances of Particle Image Velocity for flow visualization and Computer Fluid Dynamics for modeling did not much clarify the answer to the energetic question of the fish cost of transport, considered as "the troubled field of energetics in undulatory locomotion" [START_REF] Anderson | The boundary layer of swimming fish[END_REF]. Depending on the interpretation, the drag on a swimming fish was computed as lower than the fish power input to ten times higher. In 2002, Shultz and Webb [START_REF] William | Power requirements of swimming: Do new methods resolve old questions?[END_REF] proposed an interpretation of this confusing controversy. They suggested that for undulatory swimmers, drag and thrust cannot be separated and have no meaning if treated separately.

Thunniform and Ostraciiform fish that maintain a rigid body while swimming only by tail oscillation can be studied in the same way as a rigid submarine with a propeller, where the thrust comes from the propeller and the drag comes from the body. However, this is not the case of fish that undulate all or part of their body to move. They suggested that momentum gains and losses are co-mingled for undulatory self-propulsors, and that rather than trying to determine Froude efficiency, that would average out to zero over a swimming cycle, it is more relevant to measure power metabolic costs and achievable speeds. Numerous reviews and books are displaying an overview of fish swimming research and current knowledge, among which we can quote Maddock et al.

1994 [START_REF] Maddock | The Mechanics and Physiology of Animal Swimming[END_REF], Shadwick and Lauder 2006 [START_REF] Robert | Fish physiology: fish biomechanics[END_REF], and Domenici and Kapoor 2010 [START_REF] Domenici | Fish locomotion: an eco-ethological perspective[END_REF].

Recent works have taken new directions thanks to technological and theoretical advances. Many energetics studies focus on estimating locomotor costs from a "shaft power" physiological point of view. The century-old question of eel migration is a good example. Eels migrate 6000 km to spawn in the Sargasso Sea, without feeding. They have been measured to have a cost of transport considerably lower than the commonly measured costs of transport of swimming fish [START_REF] Vincent Van Ginneken | Eel migration to the sargasso: remarkably high swimming efficiency and low energy costs[END_REF]. Gait transitions -that will be discussed in detail later on -are also under a rising interest. Another subject of recent discoveries is how fish deal with turbulent flows. 3D PIV cast a new light on this field [START_REF] James | A review of fish swimming mechanics and behaviour in altered flows[END_REF] (Fig. 1.

(d)).

A promising field of kinematics is the study of the center of mass motion of fish. Most previous studies and data on the kinematics of swimming fish only take into account 2D motion, and very few measure the motion of the center of mass during swimming. This study may lead to discoveries impacting the present assumptions on fish swimming dynamics. In the field of terrestrial and flying locomotion, center of mass studies provided critical information on forces, and the same study apply to fish is expected to yield similar advances [START_REF] George | Fish locomotion: recent advances and new directions[END_REF][START_REF] Xiong | Center of mass motion in swimming fish: effects of speed and locomotor mode during undulatory propulsion[END_REF].

On the interface with materials science, the effects of fish skin structure on swimming performance is being more and more addressed. Fish skins are covered with various types of surfaces, including bony scales, naked skin, scutes, bony armor plates, and complex fine denticle structures [START_REF] Benjamin | Materials design principles of ancient fish armour[END_REF][START_REF] Castro | The sharks of north America[END_REF]. Analysis of the hydrodynamics of these skin structures, especially the shark skin denticles that have promising biomimicry applications, is a rising field of fish hydrodynamics.

These denticles have been shown to increase swimming performance by over 12 percent [START_REF] Oeffner | The hydrodynamic function of shark skin and two biomimetic applications[END_REF] and to reduce cost of transport by 5 percent [START_REF] Wen | Biomimetic shark skin: design, fabrication and hydrodynamic function[END_REF]. Biomimicry of fish applies to microscopic structures [START_REF] Wen | Biomimetic shark skin: design, fabrication and hydrodynamic function[END_REF], but also to swimming principles [START_REF] Ramananarivo | Elastic swimmer on a free surface[END_REF],

and to the whole fish, with the aim of building autonomous fish robots with a sensory to decision making channel and hydrodynamic fish-like locomotion [START_REF] Ryan M Shelton | Undulatory locomotion of flexible foils as biomimetic models for understanding fish propulsion[END_REF][START_REF] Raj | Fish-inspired robots: design, sensing, actuation, and autonomy-a review of research[END_REF][START_REF] Gibouin | Study of the thrust-drag balance with a swimming robotic fish[END_REF]. Passive elastic swimmers mimicking anguilliform swimming led to a better understanding of fish muscle action and body deformation wave propagation [START_REF] Ramananarivo | Passive elastic mechanism to mimic fish-muscle action in anguilliform swimming[END_REF][START_REF] Ramananarivo | Propagating waves in bounded elastic media: Transition from standing waves to anguilliform kinematics[END_REF] (Fig. 1.3 (c)). Some biomimetic models also aim at understanding the physics of flapping foils and fins [START_REF] George V Lauder | Passive robotic models of propulsion by the bodies and caudal fins of fish[END_REF].

Applications of fish swimming science

Fish play a vital role in ecosystems and are, directly and indirectly, an important resource for humans. Understanding the mechanisms of fish swimming -a trait that is critical for fish survival and in fish evolution -thus has many applications.

Fish muscle -the organ dedicated to fish swimming -accounts for 15 percent of the global protein intake of human populations. In some developing states such as Bangladesh, Indonesia, and Sierra Leone, it even reaches over 50 percent [START_REF] Belton | Review of aquaculture and fish consumption in bangladesh[END_REF]. In 2005, fish consumption in the world reached 107 million tonnes. The natural resources being finite, aquaculture plays an increasing role in satisfying the important global demand for fish consumption. It reached 47 percent of fish products in 2006. China is mainly responsible for this increase, as it traditionally focuses its aquaculture on herbivore species such as carp and tilapia that do not require wild fish protein to grow [START_REF] Serge | Food security and marine capture fisheries: characteristics, trends, drivers and future perspectives[END_REF]. Supplying mankind with fish protein is a major challenge for global policy leaders, industrials, and societies in the years to come. Growing demand led to the increase of overfishing [START_REF] Mansfield | Modern" industrial fisheries and the crisis of overfishing[END_REF][START_REF] Iudicello | Fish, markets, and fishermen: the economics of overfishing[END_REF][START_REF] Jackson | Historical overfishing and the recent collapse of coastal ecosystems[END_REF], depleting many fish stocks. Over 40 years has been a decrease of marine species stocks of 39 percent, and over 30 percent of commercial fish stocks are overfished and declining, according to the food and agriculture department of the United Nations (FAO) [START_REF] Davies | Defining and estimating global marine fisheries bycatch[END_REF]. Aquaculture is rarely considered a sustainable solution [START_REF] Naylor | Threats to aquatic environments: Is aquaculture a solution?[END_REF] as it generates pollution of the natural habitat of wild fish, and consumes wild fish as food for carnivore species [96, 97] [98]. The climate change effects add to this challenge [START_REF] Merino | Can marine fisheries and aquaculture meet fish demand from a growing human population in a changing climate?[END_REF]. Fish swimming science can help in both the design of more sustainable and efficient fishery methods [START_REF] Cs Wardle | Fish behaviour and fishing gear[END_REF], and in the breeding, growing and husbandry of fish raised in aquaculture (e.g. [101, 102] [103]). The more precise study of fish muscle also can potentially impact the development of food processing and conservation methods [START_REF] Ghaly | Fish spoilage mechanisms and preservation techniques[END_REF].

Other direct uses of fish by human beings include entertainment purposes.

Recreational fishing has been estimated to represent 1.2 billion dollars a year of economic impact in the region of the Everglades alone. In the USA, it was estimated by NOAA to contribute 39 billion dollars to the GDP in 2015 -exceeding the GDP contribution of commercial fishing -and supporting 472000 jobs. The display of fish to the public in aquaria is also very important for the economy, a large aquarium such as the Georgia Aquarium having contributed 1.9 billion dollars to its state's growth product between 2005 and 2016 according to an impact study from Bleaky Advisory Group. Private household aquaria keeping fish as pets is also an important commercial use of fish. In 1998, there were an estimated 23 million pet fish in France, aquaria being found in over 10 percent of French households [105].

A good knowledge of fish swimming needs and characteristics has effects in all these domains, through for instance the design of new recreational fishing equipment based on imitating fish hydrodynamic wakes [START_REF] Cs Wardle | Fish behaviour and fishing gear[END_REF][START_REF] John | Fishing lure having oscillating motion[END_REF][START_REF] Sargeant | The Tarpon Book: A Complete Angler's Guide[END_REF], the implementation of science-based release rules giving good survival rates to species of high recreational interest [START_REF] Stephen M Holland | An ecotourism perspective on billfish fisheries[END_REF][START_REF] Roger | Symposium review: catch-and-release fishing, a decade of experience[END_REF], or the design of aquaria flumes and flow systems allowing to keep exotic species with special swimming needs [110]. Fish also have a significant cultural role in mankind through art, religion and symbols.

Indirectly, fish are important through their contribution to ecosystems. Many species such as whales and albatrosses rely on fish stocks. On the North American Pacific coast, anadromous salmon (Oncorhynchus spp.) are known to play a critical role in soil fertilization when genitors bodies decompose after spawning [START_REF] Robert J Naiman | Pacific salmon, nutrients, and the dynamics of freshwater and riparian ecosystems[END_REF]. Allowing salmon to pass dams and swim up rivers is then of tremendous importance for unexpected forest nutrients reasons -and it requires a good knowledge of the swimming ability of the species.

In the ocean, fish swimming is thought to be of tremendous importance in ocean mixing, a key process in ocean dynamics. The motion of large biomass of fish during diel vertical migrations introduces a large amount of energy in the mixing of ocean water layers, with a sure impact on nutrients and temperature exchanges [START_REF] George | Fish locomotion: recent advances and new directions[END_REF][START_REF] Katija | Biogenic inputs to ocean mixing[END_REF][START_REF] William K Dewar | Does the marine biosphere mix the ocean[END_REF].

Fish physiology depends on the quality of water. The behavioral angle of fish swimming studies can be used to assess the quality of an ecosystem through the swimming characteristics of fish [START_REF] Judith | Pollutants and fish predator/prey behavior: a review of laboratory and field approaches[END_REF][START_REF] Heath | Water pollution and fish physiology[END_REF].

Of course, studying fish studies also has applications in connex science domains. Fish mechanics provides inspiration for underwater robots and the development of newly fish-inspired soft robotics methods [START_REF] Shintake | Soft biomimetic fish robot made of dielectric elastomer actuators[END_REF]. Fish locomotion is a commonly used vertebrate locomotion model for neuroscience [START_REF] William | The three-spined stickleback as a model for behavioural neuroscience[END_REF][START_REF] Allan V Kalueff | Towards a comprehensive catalog of zebrafish behavior 1.0 and beyond[END_REF], and it is thus important to precisely understand the mechanisms of swimming to be able to then look into their neurological onset. Understanding the underlying physics of fish swimming is also useful for ethological studies of animal behavior [START_REF] William | Studying visual cues in fish behavior: a review of ethological techniques[END_REF]. Fish collective swimming and exploratory behavior studies also have numerous scientific applications that will be discussed in the introductions of the dedicated parts.

Mechanical principles of fish swimming 1.2.1 Forces

Swimming involves a transfer of momentum between the fish and the surrounding water. Forces acting on any fish, either passive or swimming, are weight and buoyancy. When fish swims, additional forces acting on the fish are drag and thrust (on the direction of the motion), and lift (in a direction perpendicular to the motion) [START_REF] Sfakiotakis | Review of fish swimming modes for aquatic locomotion[END_REF] (Fig. 1.4).

Figure 1.4: Exterior forces acting on the center of mass of a fish: on a vertical axis are exerted the weight and the buoyancy, resultant of hydrostatic pressure (gravitary forces), and the lift, caused by the dynamic pressure. On the horizontal axis of the motion of the fish, are exerted the thrust and the drag (the precise mechanisms generating these forces will be described below).

Vertical forces. The water being 800 times denser than air, and fish body densities being close to that of water, most fish are neutrally buoyant, so the buoyancy counterbalances the effects of gravity. Most fish tune their buoyancy using their swim bladders [START_REF] Pelster | 5 buoyancy at depth[END_REF][START_REF] Mcneill | Buoyancy[END_REF], an internal organ filled with gas, of which they can change the volume by ingesting air at the surface, or by gaseous blood exchange. Most fish possessing a swim bladder have their center of buoyancy located under their center of mass. Without actively controlling their balance, they would end floating belly-up, which is the case of dead fish. This tipsy, unstable configuration is thought to give them better maneuverability. Some fish lack a swim bladder, either lost in the course of evolution for teleost bottom dwellers such as blennies or pelagic fish such as tunas, or simply never evolved, for chondrichtyans such as sharks and rays. Bottom dwellers do not need to achieve neutral buoyancy. Some chondrichtyans replace their swim bladder by the storage of oils that are less dense than water, to be neutrally buoyant. Some pelagic fish like lamnid sharks or tunas do not have a swim bladder but nevertheless live in open water. These negatively buoyant fish rely on lift mechanisms to counterbalance gravity, with pectoral fin profiles increasing lift forces like a hydrofoil [START_REF] John | Locomotion by scombrid fishes: Hydromechanics, morphology, and behaviour[END_REF]. These fish must thus swim all the time in order not to sinkor intermittently alternate phases of lift and passive descents [START_REF] Gleiss | Direct measurement of swimming and diving kinematics of giant atlantic bluefin tuna (thunnus thynnus)[END_REF][START_REF] Gleiss | Convergent evolution in locomotory patterns of flying and swimming animals[END_REF]. Weight support being of low importance, and easily mastered thanks to buoyancy or lift, the main challenge of fish swimming is horizontal propulsion. This has led fish to design various propulsion mechanisms over the course of evolution [START_REF] Lindsey | Form, function and locomotory habits in fish[END_REF]. Lift-based propulsion can be achieved by either the caudal fin (tunas, trevallies) (Fig. 1.5 (a)), usually using a large lunate tail [START_REF] Mg Chopra | Large amplitude lunate-tail theory of fish locomotion[END_REF], or by the median paired fins (labroid fish such as wrasse and parrotfish) (Fig. 1.5 (b)) [START_REF] Sfakiotakis | Review of fish swimming modes for aquatic locomotion[END_REF]. Each element of the fish body generates such a reactive force, and each of these elementary reactive forces have a component T in the direction of the motion of the fish's center of mass. These elementary force components add up to generate the thrust force of the fish. The lateral components -→ F l of the elementary forces that are perpendicular to the axes of the fish average out given the shape of the fish. This is the primary mechanism used by undulatory swimmers such as eels, that use a long amplitude body wave to swim. Fish can achieve this locomotion mechanism thanks to either body undulations (case of eels such as Anguilla an-guilla) or median fin undulations (case of bowfin, knifefish and gymnots). Some MPF motions can also use the reactive force caused by an acceleration of water backward to propel themselves.

Propulsion

Drag based propulsion.

Drag based swimming relies on drag as a driving force [START_REF] Godoy | On the diverse roles of fluid dynamic drag in animal swimming and flying[END_REF]. It can be accomplished by undulatory motions, in a similar way as the added mass-driven propulsion, but the force involved is a resistive force due to local transversal velocities instead of a reactive force generated by the acceleration of the surrounding fluid. This mechanism is most prevalent in viscous flow regimes. Even though the thrust-generating mechanism of inertial flow regime undulatory swimmers is most of the time described as the reactive term, the contribution of the resistive term often has an important effect, even for inertial flows for elongated fish such as anguilliform swimmers [START_REF] Piñeirua | Resistive thrust production can be as crucial as added mass mechanisms for inertial undulatory swimmers[END_REF]. Some fish achieve drag-based locomotion by flapping a median fin, moving water on the same axis as the fish's motion. This motion can be compared to rowing (Fig. 1.6 (b)).

During the recovery stroke, the fish turns its fin at another angle to minimize drag. This is the case of tetraodontiform swimmers for instance [START_REF] Sfakiotakis | Review of fish swimming modes for aquatic locomotion[END_REF][START_REF] Paul W Webb | The effect of size and swimming speed on locomotor kinematics of rainbow trout[END_REF].

Figure 1.6: (a) Body-caudal fin undulation swimming dynamics. Each propulsive element of the fish (in red) is subject to a drag or a reaction force -→ D, whose components T in the direction of the overall fish motion add up to generate the thrust of the fish. The magnitude of the thrust of a propulsive element increases towards the tail. Adapted from [START_REF] Paul | Form and function in fish swimming[END_REF]. (b) Median-Paired Fin propulsion, adapted from [START_REF] Sfakiotakis | Review of fish swimming modes for aquatic locomotion[END_REF]. During the power stroke, the fish propels itself forward; during the recovery stroke, it turns its pectoral fins in order to minimize the drag surface and thus the mass of water accelerated forward Many fish use a combination of several mechanisms to swim. There are few assessments of the relative importance of one or the other mechanism, and this relative importance depends on the type of body wave used during swimming (cf. fish locomotion classification section). In his 3rd 1933 paper, Gray gives the results of an experimental study of a whiting swimming with and without a tail [START_REF] Gray | Studies in animal locomotion: Iii. the propulsive mechanism of the whiting (gadus merlangus)[END_REF]. He notices that without the tail, the whiting is still able to swim but it reaches lower maximal speeds and has different body wave amplitude. He assesses that the tail accounts for 40 percent of the total thrust for this type of sub-carangiform swimming fish. This is the best estimate to date, as quoted by [START_REF] George | Three gray classics on the biomechanics of animal movement[END_REF] [START_REF] George | Three gray classics on the biomechanics of animal movement[END_REF].

Drag forces. In the opposite direction of the thrust forces, hydrodynamic actions on the fish can also add up to build a drag force, opposed to the motion of the fish. The main challenge of fish locomotion consists in overcoming the drag with the thrust. A general expression for the drag forces acting on an object is :

D = - 1 2 C d ρU 2 A -→ u v (1.1)
where A is the cross sectional area of the object, U is its velocity, ρ is the water volumic mass and -→ u v is a unit vector in the direction opposed to the object's motion. C d is the drag coefficient, and the expression of this coefficient depends on the origin of the drag [START_REF] George | An introduction to fluid dynamics[END_REF]. Drag forces have two main origins in fish locomotion: viscous friction, and inertial pressure effects. The Reynolds number, defined as :

Re = U L ν (1.2)
is a non-dimensioned number that measures the ratio of inertial and viscous forces. U is the typical velocity of the object, L is its typical length scale, and ν = µ ρ is the kinematic viscosity of water, of dynamic velocity µ and volumic mass ρ [START_REF] Guyon | Hydrodynamique physique[END_REF]. For low values of Re (typically Re < 100), we can consider we are in the viscous regime and only viscous drag dominates. For high values of Re (typically Re > 10000) we can consider we are in the inertial regime and only pressure drag dominates. Swimming fish operate through a wide range of Reynolds numbers, but are very often found in the intermediate regime.

Viscous drag comes from water viscosity. It originates from the molecular agitation of water, that transfers momentum in the direction perpendicular to the shear flow. For a Newtonian fluid like water flowing around an immersed object, viscosity forces on an element of surface are proportional to the rate of shear (local velocity gradient), and are tangential to the surface. The sum of these elementary forces thus depends on the surface of the object. Thus, a sphere is the shape that minimizes frictional drag as it minimizes surface, for a given volume. For viscous drag, C d is proportional to Re -1 , so the drag is linearly proportional to Re.

Viscous drag from equation (3.1) can rewrite as :

D = -KLµU -→ u v (1.3)
where K is a coefficient depending on the surface shape of the object.

Pressure drag, or inertial drag, appears when the flow becomes turbulent and creates pressure differences. The moving object then loses some energy in its wake. The underlying cause is not at the molecular level as in the case of friction drag, but is related to turbulence and stochastic fine-scale motion of the fluid at a near-microscopic level. For pressure drag, the drag coefficient is constant at high velocity, which means that the drag force is proportional to the square of the velocity. Shape is important for pressure drag, as it determines the occurrence of flow separation that will lead to pressure differences, and the formation of vortices causing the shedding of energy in the vortices. Slender, streamlined bodies will have less pressure drag than a sphere. The fineness ratio (ratio of long versus short dimension) of a slender body that has the lowest C d is 4.5 [START_REF] Von | Theory of flight[END_REF]. Typical streamlined objects have a blunt front and a tapered end.

This need for streamlined shapes is often seen in fish ecomorphology [START_REF] Paul W Webb | The effect of size and swimming speed on locomotor kinematics of rainbow trout[END_REF].

Fish locomotion classification

MPF and BCF swimming and Breder classification. From the functional biologist point of view, fish swimming is classified in swimming modes, depending on the types of appendages (fins) used by the fish to propel itself. The bases of the classification have been set by Breder [START_REF] Breder | The locomotion of fishes[END_REF] and the commonly used classification today is the one of Webb [START_REF] Paul | Body form, locomotion and foraging in aquatic vertebrates[END_REF].

There are two main fish swimming motion categories : Median-Paired Fin, and Body-Caudal Fin.

Fin anatomy of fish. It is useful to remind the fin anatomy of fish (Fig. 1.7).

Most fish have median fins: one or several dorsal fins on the back, and one or two anal fins located posterior to the anal vent. They also have 2 sets of paired fins: pectoral fins, just posterior to the gills, and pelvic fins, anterior to the anal vent.

On the tail, they have a caudal fin that can be either homocercal (two lobes of the same size, like on a tuna tail) or heterocercal (one lobe longer than the other, like on a shark tail). Heterocercal tail is a feature of the most primitive fish such as chondrichtyans; it is also found during the early development of fish that will get a homocercal tail at the adult age [START_REF] Dh Thorsen | Development of zebrafish (danio rerio) pectoral fin musculature[END_REF]. Fin rays structures vary greatly depending on fish classification. For bony Actinopterygii, fins are made of segmented rays that are able to actively resist fluid loading. Fin rays possess a bilaminar structure that allows one half of the ray to slide over the other, increasing or decreasing the curvature of the whole ray. This sliding can be actively controlled by the muscles located at the base of the rays (hemitrich). Pectoral and pelvic fin rays can also be used as a sensory system of proprioception [START_REF] George | Fish locomotion: recent advances and new directions[END_REF].

Body-Caudal Fin propulsion. Most fish achieve propulsion by moving their bodies into a backward-moving propulsive wave that extends to the caudal fin. This is called body-caudal fin (BCF) swimming. BCF swimming can thus rely on both drag-based undulations (with the body) and lift-based propulsion (with the caudal fin). Breder [START_REF] Breder | The locomotion of fishes[END_REF] classified BCF swimming fish in 4 swimming modes, depending on the amplitude envelope of the wave, and thus the part of Figure 1.7: Fish fin anatomy and commonly used terminology. There are two types of fins: the median fins (caudal, anal and dorsal) and the paired fins, symmetrical around the median plane of the fish (pectoral and pelvic fins). Depending on species, some fins can be missing, have various lengths or numbers. For example, percoids possess two dorsal fins -one with hard bony rays and one with soft rays. The hemitrich muscles at the base of the fin control differential sliding of the halves of fin rays, thus actively controlling the curvature of the fins.

the fish's body that is involved as a swimming appendage. This classification is relevant from a physics point of view as well, as the larger the proportion of the fish body undulates, the more the fish relies on drag-based undulation rather than lift-based propulsion [START_REF] Rg Bottom Ii | Hydrodynamics of swimming in stingrays: numerical simulations and the role of the leadingedge vortex[END_REF].

The fish that undulate their whole body are called anguilliform swimmers.

Eels, morays, but also many larvae of fish that then swim in other ways, are anguilliform swimmers. They mostly rely on drag-based undulation.

Fish whose posterior half undulates but whose anterior half remains stiff or slightly yaws are called sub-carangiform swimmers. This is the case of cod, salmon, seabass, and most "typical" fish that swim with BCF swimming.

Fish that undulate less than their posterior half portion are called carangiform swimmers. Caranx (jackfish), barracudas and spanish mackerals are carangiform swimmers. They usually only ondulate the posterior third of their body.

Carangiform swimmers ususally swim at Reynolds numbers higher than 10 4 [START_REF] Michael S Triantafyllou | Hydrodynamics of fishlike swimming[END_REF].

Lift-based propulsion is all the more important as fish are closer to carangiforms and further from anguilliforms.

Fish that move only their caudal fin and peduncle -thus oscillating it rather than undulating -are called thunniform swimmers. This is the case of scombrid fish such as tunas and bonitos, but also lamnid sharks by convergent evolution [START_REF] Jj Magnusson | Locomotion by scombroid fishes: Hydromechanics, morphology, and behaviour[END_REF][START_REF] Donley | Convergent evolution in mechanical design of lamnid sharks and tunas[END_REF]. These fish rely only on lift-based propulsion from their tails, as their body is stiff and does not undulate. The bulk of their body is made of muscle that are all connected by tendons to the tail peduncle. They have very stiff, lunar-shaped tails that act as a hydrofoil.

The category of ostraciiforms (boxfish) is somewhat similar to thunniform swimming in the fact that propulsion is achieved by undulation of a stiff tail and peduncle. However, the functions of swimming are very different as ostraciiforms are very slow swimmers, that are most of the time hovering with their median fins. Their body is rigid because it is covered by a bony armor structure to protect themselves from predators. This structure may create vortices that allow easier maneuverability and hovering. They thus can reach impressive maneuverability, and have been observed to perform complete turns with almost no turning radius [START_REF] Blake | On ostraciiform locomotion[END_REF][START_REF] Van Wassenbergh | Boxfish swimming paradox resolved: forces by the flow of water around the body promote manoeuvrability[END_REF].

Median-Paired Fin propulsion. For some particular species, or in particular conditions requiring high maneuverability for example in complex coral environments, fish achieve propulsion by using Median Paired Fin swimming (MPF). Breder [START_REF] Breder | The locomotion of fishes[END_REF] classifies median paired fin swimmers in various categories depending on the type of fin involved in the swimming (Fig. 1.8). Some fish use their pectoral fins, either with an undulatory, drag-based mechanism (diodontiforms) or a lift-based mechanisms (labriforms). The case of rays is particular as they swim with their "wings", pectoral fins that have evolved to form most of the body surface of the fish. Benthic stingrays and a few pelagic species such as the pelagic blue stingray (Pteroplatrygion violacea) use undulatory fin motions -often relying on fluid-structure interactions with the substrate [START_REF] Blevins | Swimming near the substrate: a simple robotic model of stingray locomotion[END_REF], their motion being called rajiform. Most pelagic rays such as Mobula spp. and manta rays are called mobuliform and use a lift-based way of "flying" [START_REF] Frank E Fish | Hydrodynamic performance of aquatic flapping: efficiency of underwater flight in the manta[END_REF]. Some fish swim by undulation of a median fin, either the dorsal or anal fin. An undulating wave travels backward through this long fin. This is the case of amiiforms (the bowfin Amia calva), that swim with their dorsal fin, and gymnotiforms (e.g. Gymnotus spp.), that swim with their anal fin. Anal and dorsal fin motions can also be used simultaneously. Fish can then rely on either undulatory motions (balistiforms such as triggerfish), or oscillatory motions (Tetraodontiforms), generating either drag-based rowing (pufferfish) or lift-based swimming (ocean sunfish) [START_REF] Watanabe | Functional dorsoventral symmetry in relation to lift-based swimming in the ocean sunfish mola mola[END_REF].

We must note that, as suggested by Lauder (2015) [START_REF] George | Fish locomotion: recent advances and new directions[END_REF], this Breder classification is only based on the 2D motion and deformations of the fish body. It does not take into account the motion in the vertical axis, and is subject to many exceptions.

Also, during the life history of a fish, or even depending on the conditions of swimming an individual encounters, fish often adopt several different swimming styles. Labriform swimmers often use sub-carangiform BCF swimming at times, to accelerate [START_REF] Jon C Svendsen | Partition of aerobic and anaerobic swimming costs related to gait transitions in a labriform swimmer[END_REF]. These changes between swimming styles can be considered a change of gait, and will be discussed further in the Fish swimming gaits section.

The case of marine mammals, which developed swimming strategies similar to the ones of fish by evolutive convergence, is interesting. The marine mammals that are the closest to terrestrial animals -such as otters -employ drag-based Figure 1.8: The Breder classification for fish swimming modes. Adapted from [START_REF] Paul | Form and function in fish swimming[END_REF][START_REF] Breder | The locomotion of fishes[END_REF][START_REF] Sfakiotakis | Review of fish swimming modes for aquatic locomotion[END_REF], with adds from recent literature. Areas shaded in blue are the ones that contribute to thrust generation. We make the difference between undulatory motion -based on the propagation of a deformation wave -and oscillatory motion -based on the back-and-forth motion of a stiff object.

propulsion with paddling appendages. Fully aquatic marine mammals rely on lift-based propulsion with oscillating hydrofoils. Evolution led marine mammals to develop lift-based propulsion to increase propulsive efficiency by over 50 percent [START_REF] Frank | Transitions from drag-based to lift-based propulsion in mammalian swimming[END_REF]. This can also be seen in reptiles : most freshwater turtles use drag-based paddling, and marine sea turtles rely on lift-based fin oscillating [START_REF] Davenport | A comparison of the swimming of marine and freshwater turtles[END_REF]. Sea snakes rely on drag-based undulations, marine iguanas on a mix between drag-based feet propulsion and undulation.

Fish swimming gaits

Animals adapt their locomotory strategy to the speed they need to use [START_REF] Alexander | Optimization and gaits in the locomotion of vertebrates[END_REF],

choosing among various gaits, such as walk, trot or gallop in the case of a horse.

Aquatic animals such as fish are no exception to this rule, and they are known to adapt their gait to the speed and constraints of their swimming environment.

Fish gait transitions

To study gait transitions, the classical experiments consists of forcing a fish to swim at a given speed in a swimming flume and varying the speed. Such experiments revealed some general characteristics of gait transitions.

For MPF swimmers, a gait transition is observed, with fish switching to BCF gait above a certain threshold speed. At low speed, MPF swimmers use their median/paired fin to propel themselves, and with increasing speed they supplement these motions with the caudal fin oscillation and body undulation.

Drucker reported and analyzed a gait transition for the surfperch (Embiotoca lateralis), a labriform swimmer. The MPF gait evolved with increasing speed, the frequency of fin beats increasing curvilinearly with speed. Then, past a certain pectoral-caudal gait transition speed U pc , the gait changed, as pectoral fin motions became supplemented by caudal fin motions [START_REF] Drucker | The use of gait transition speed in comparative studies of fish locomotion[END_REF].

Korsmeyer [START_REF] Keith E Korsmeyer | Energetics of median and paired fin swimming, body and caudal fin swimming, and gait transition in parrotfish (scarus schlegeli) and triggerfish (rhinecanthus aculeatus)[END_REF] showed a gait transition for ballistiform and labriform swimmers, that use a MPF swimming gait at low speeds and switch to a BCF gait at higher speeds. Hale [START_REF] Hale | Pectoral fin coordination and gait transitions in steadily swimming juvenile reef fishes[END_REF], observes this gait transition on 11 species of juvenile MPF swimming reef fish. Kendall [START_REF] Kendall | Mechanical and energetic factors underlying gait transitions in bluegill sunfish (lepomis macrochirus)[END_REF] cites bluegill as an example of MPF/BCF gait transition in freshwater species. Drucker [START_REF] Drucker | The use of gait transition speed in comparative studies of fish locomotion[END_REF] showed that the gait transition speed U pc is size-dependent for surfperch, but the evolution of gaits with speed, relatively to the gait transition speed, follows the same pattern for fish of all sizes, and even across different species. He thus suggests that U pc should be used as criteria for comparison between different species of fish, and a way to normalize speed. Differences of for different species can reflect the differences of habitat and behavior of fish species [START_REF] Mussi | Gait transition speed, pectoral fin-beat frequency and amplitude in cymatogaster aggregata, embiotoca lateralis and damalichthys vacca[END_REF][START_REF] Andrew | Functional morphology of endurance swimming performance and gait transition strategies in balistoid fishes[END_REF].

Another type of gait transition occurs within the BCF swimming style, when speed increases. Fish switch from a steady, continuous swimming style at low speeds, to an intermittent swimming style called burst-and-coast swimming at higher speeds [START_REF] Fish | Passive and active flow control by swimming fishes and mammals[END_REF][START_REF] Lawrence | The influence of temperature on muscle velocity and sustained performance in swimming carp[END_REF]. This transition occurs at a steady-burst gait transition speed U pc . As MPF swimmers are known to transition to BCF swimming past a certain speed, they can then do a steady-burst gait transition within the BCF swimming mode [START_REF] Alexander | Optimization and gaits in the locomotion of vertebrates[END_REF][START_REF] Bc | How swimming fish use slow and fast muscle fibers: implications for models of vertebrate muscle recruitment[END_REF]. This second gait transition has been showed to correspond to the recruitment of anaerobic muscle and it can thus be used as a measure of aerobic performance of fish [START_REF] Sj Peake | Gait transition speed as an alternate measure of maximum aerobic capacity in fishes[END_REF]. The MPF to BCF gait transition is not due to the recruitment of anaerobic muscle; this is however the case of the BCF steady to burst gait transition [START_REF] Jon C Svendsen | Partition of aerobic and anaerobic swimming costs related to gait transitions in a labriform swimmer[END_REF]. It is important to note the difference between burst locomotion -a term frequently used in the literature concerning swimming performance of fish, and burst-and-coast swimming. Burst locomotion is the metabolic state of fish that are relying on anaerobic muscle to swim. Burstand-coast swimming is a way of swimming by alternating bursts of propulsion and pauses. Technically, when fish are doing burst locomotion, most species do it with a burst-and-coast mode. But the reciprocal is not valid: some fish can do burst-and-coast at low speed [START_REF] Videler | Energetic advantages of burst-and-coast swimming of fish at high speeds[END_REF]. This will be an important point in our study of small fish locomotion.

Intermittent swimming

Intermittent locomotion is a widely observed strategy, for both terrestrial, air and water locomotion [START_REF] Gleiss | Convergent evolution in locomotory patterns of flying and swimming animals[END_REF]. It plays many roles in the life of animals : energy saving, decrease of detectability, stabilization of the sensory field [START_REF] Donald | The behavioral ecology of intermittent locomotion[END_REF]. It occurs in a wide array of taxa, including unicellular organisms (ciliates), crustaceans, insects, spiders, caphalopods, tetrapods [START_REF] Donald | The behavioral ecology of intermittent locomotion[END_REF]. For fish, intermittent swimming is characterized by an active swimming « burst » phase followed by a passive gliding « coast » phase.

Intermittent swimming energetics

Hydrodynamics and energy saving. This burst and coast swimming style has been widely studied as an energy saving mechanism for high speed swimming, in the context of gait transitions. Hydrodynamically, burst and coast swimming provides an energy advantage. Weihs [START_REF] Weihs | Energetic advantages of burst swimming of fish[END_REF] shows, using a dynamic model, that burst-and-coast swimming can diminish energy expenditures by up to half compared to continuous swimming at the same speed [START_REF] Videler | Energetic advantages of burst-and-coast swimming of fish at high speeds[END_REF]. His model is based on Lighthill's theory of boundary layer thinning reducing drag for a straight bodied fish compared to the same fish undulating [START_REF] James | Large-amplitude elongated-body theory of fish locomotion[END_REF]. A competing hypothesis was formulated by Webb [START_REF] Paul W Webb | The effect of size and swimming speed on locomotor kinematics of rainbow trout[END_REF], explaining the drag reduction by an inertial recoil. Experimentally, the energetic advantage of intermittent flapping compared to continuous flapping over a duty cycle was measured with a flapping foil by Floryan [START_REF] Daniel Floryan | Forces and energetics of intermittent swimming[END_REF]. Blake [START_REF] Blake | Functional design and burst-and-coast swimming in fishes[END_REF], computed the optimal fineness aspect ratio for the body of fish performing burst-and-coast swimming, and obtained a ratio corresponding to most sub-carangiform BCF swimmers. Computational fluid dynamics analyses confirm the fact that burst-and-coast swimming saves energy to a fish. Wu et al. [START_REF] Wu | Kinematics, hydrodynamics and energetic advantages of burst-and-coast swimming of koi carps (cyprinus carpio koi)[END_REF] analyzed the case of juvenile koi carp, and found out that there were two different burst modes, making a whole tail beat or a half tail beat. Chung [START_REF] Mh | On burst-and-coast swimming performance in fish-like locomotion[END_REF] made a complete computational simulation in the case of multiple whole tail beats, and refined Blake's calculation of the optimal aspect ratio.

Anaerobic muscle recruitment. Physiologically, burst locomotion allows

the fish to recruit different muscle fibers, to optimize energy consumption (Fig. 1.9 (a)).

When speed increases, it is a general trend among vertebrates to recruit faster muscle fibers in addition to -but not at the exclusion of -slower muscle fibers.

Fish have two main swimming muscle fibers : "red" aerobic muscle, which rely on blood-induced oxygen flow respiration, and "white" anaerobic muscle that take their energy from lactic fermentation of glycogen supply, and thus only work for short bursts of activity. These two types of muscle can be seen on a slice of fish meat, where the bulk of the flesh is usually while and the reddish parts that are red muscles are often found near the skin and lateral line [START_REF] Harder | Anatomy of fishes[END_REF]. For low speed steady swimming, fish will use slow, « red » muscle fibers, that are aerobic, whereas for higher speed, they will recruit faster, anaerobic white muscle [149, 168] [156, 169]. The recruitment of white muscle begins before the maximal level of red muscle recruitment is attained [START_REF] Bc | How swimming fish use slow and fast muscle fibers: implications for models of vertebrate muscle recruitment[END_REF] quantified the muscle activity of a swimming bluegill (Lepomis macrochirus) steady and burst-and-coast BCF swimming. When steady swimming (under 2BL/s), the fish only required the use of red muscle. At transitional speeds both muscle types were recruited, and the recruitment of red muscle decreased while the one of white muscle increased at high usteady speeds. They showed that the onset of intermittent swimming corresponded with the onset of white myotomal muscle recruitment. During burst locomotion where white muscle provide the power, fish can still recruit their red muscles to increase their body stiffness, to improve force transmission [START_REF] Margot Ab Schwalbe | Red muscle activity in bluegill sunfish lepomis macrochirus during forward accelerations[END_REF].

White muscle usually accounts for the bulk of fish muscular mass, as high speed burst locomotion is critical in predatory or escape acts for the survival of the fish [START_REF] Francois | Burstand-coast dynamics in steady swimming of tetrafish[END_REF]. Ecomorphology shapes the distribution of muscles types for a fish:

for example, pelagic fish that cruise all the time, such as tuna, have much more red muscle than ambush predators [START_REF] Walker | A survey of red and white muscles in marine fish[END_REF].

During fast escape responses of fish, both muscle types are recruited simultaneously by the neural control that activates all the muscles on one side of the fish at the same time [START_REF] Bc | How swimming fish use slow and fast muscle fibers: implications for models of vertebrate muscle recruitment[END_REF][START_REF] Bc | Red and white muscle activity and kinematics of the escape response of the bluegill sunfish during swimming[END_REF]. Fast escape response is a different behavior than fast swimming gait transitions, and thus should be analyzed separately.

Intermittent swimming of small fish: a new, undescribed swimming gait?

Burst-and-coast swimming has been thoroughly analyzed as an energy-saving mechanism for fish that usually speed continuously at cruising speeds. However, the role of burst-and-coast swimming has only been studied and understood for relatively big fish such as seabass, cod or saithe, of sizes over 10 cm in length [START_REF] Videler | Energetic advantages of burst-and-coast swimming of fish at high speeds[END_REF][START_REF] Weihs | Energetic advantages of burst swimming of fish[END_REF][START_REF] Marras | Individual variation and repeatability in aerobic and anaerobic swimming performance of european sea bass, dicentrarchus labrax[END_REF].

In the case of small fish, such as zebrafish or tetrafish, burst-and-coast swimming is observed at all speeds [START_REF] Francois | Burstand-coast dynamics in steady swimming of tetrafish[END_REF][START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF][START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF][START_REF] Muller | Hydrodynamics of unsteady fish swimming and the effects of body size: comparing the flow fields of fish larvae and adults[END_REF], including low cruising speed. The reason why small fish always swim in a burst and coast fashion has not yet been investigated, nor the precise kinematics and dynamics of this swimming style.

Understanding this swimming mode is important as it concerns a wide range of fish species, especially cohesive prey species that exhibit a collective behavior.

Burst-and-coast swimming has been shown to have consequences on the collective swimming strategies of small fish [START_REF] Frank E Fish | Burst-anccoast swimming in schooling fish (notemigonus cr ysoleucas) with implications for energy economy[END_REF]. Moreover, even fish that reach large sizes spend a part of their life with a small size and a behavior of burst-andcoast swimming at all speeds [START_REF] Dj Coughlin | Swimming and search behaviour in clownfish, amphiprion perideraion, larvae[END_REF]. In this work, we will address (in Chapters 2 and 3) the question of intermittent swimming of small fish and will describe and characterize this swimming gait, and its kinematic parameters. 

Intermittent swimming and sensing

Burst and coast swimming can be seen as a locomotory strategy for the fish to explore its environment. Fish use these two-steps dynamics to adapt their trajectory to their surrounding environment. The swimming sequences are based on a coupling between sensing-achieved through lateral line system and visionand decision. The mechanisms underlying this "sensing" to "decision-making" (S2D) process are still to be studied and modeled.

The sensory system of fish is made of sight (eyes), smell (through nostrils that are not linked to the respiratory system), taste (through taste buds and specific receptors [START_REF] John | The sense of taste in fishes[END_REF]), and mechanical senses : proprioception (mainly through the flexion of fin rays, analog to the proprioception of limbs in tetrapods [START_REF] Williams | The function of fin rays as proprioceptive sensors in fish[END_REF]), ac-celerometry (through the vestibular system, in the upper part of an organ called the labyrinth, made of the semicircular canal, sensing lateral accelerations, and the otoliths, sensing linear accelerations [START_REF] Ao Kasumyan | The vestibular system and sense of equilibrium in fish[END_REF]), flow-sensing (by neuromasts, especially on the lateral line [START_REF] Bleckmann | Role of the lateral line in fish behaviour[END_REF][START_REF] Bleckmann | Lateral line system of fish[END_REF]), and auditory sense (through the vibrations of the otoliths in the upper labyrinth and of various sonic organs such as the swim bladder). Other senses have appeared in some precise taxa, such as the sense of electric fields with Lorenzini's ampullae in elasmobranchs. To monitor swimming motion, the most directly concerned senses are sight, proprioception, vestibular system and flow sensing. The neuromasts map the flow velocity field around the fish thanks to a ciliate cell and a cupula connecting the cilia to the water surrounding the fish. Fish possess neuromasts along their lateral line but also on the head, trunk and tail fin. In the lateral line, neuromasts are found inside water canals [START_REF] Bleckmann | Lateral line system of fish[END_REF]. The lateral line gives the fish access to the position and vibration direction of flows induced by moving objects (dipole sources) [START_REF] Sand | The lateral line and sound reception[END_REF] (Fig. 1.9 (b)).

Fish are known to synchronize their sensory systems to their motions in order to improve sensing, in both continuous and intermittent swimming [START_REF] Straka | A new perspective on predictive motor signaling[END_REF].

Mandecki and Domenici (2015) showed that ocular sacades of shiner perch are coordinated with their intermittent labriform swimming motion in order to stabilize images during low acceleration phases, where they do not make eye saccades (eye saccades impair vision stability) [START_REF] Joanna | Eye movements are coordinated with pectoral fin beats during locomotion in a marine teleost fish[END_REF]. The flow caused by the fish's own swimming motion can be an important perturbation to the lateral line sensing.

Herring are known to optimize their yaw while continuous swimming, to improve lateral line sensing [START_REF] Dm Rowe | Head turning in herring and some other fish[END_REF].

Tan et al. (2011) [START_REF] Tan | Do blind cavefish have behavioral specializations for active flow-sensing[END_REF] linked burst-and-coast swimming to active sensing in the case of blind cave tetrafish, the fish using the low frequency signals of its swimming motions to probe its environment with its lateral line, in a kind of low-frequency echolocation. Akanyeti [START_REF] Venturelli | Hydrodynamic pressure sensing with an artificial lateral line in steady and unsteady flows[END_REF] studied how undulatory swimming optimises both sensing and respiration for fish.

Other aspects of intermittent swimming: foraging and respiration

Some types of intermittent swimming behaviors have been observed in fish as playing a role in foraging for planktivorous fish. This behavior is called by O'Brien (1990) a "saltatory search". The fish moves in a fast stop-and-go pattern to find its prey [START_REF] John | Search strategies of foraging animals[END_REF]. The kinematic parameters of the swimming pattern vary with the size of the prey.

The coupling between intermittent swimming and respiratory cycles is still to be detailed and understood in the case of small BCF intermittent swimmers. Several studies show a coupling between intermittent swimming (pectoral motion) and respiration (opercular pumping) in MPF swimmers. Tytell and Alexander (2006) showed that bluegill synchronize pectoral fin and operculum motions -even though these two motions do not have the same frequency: fish tend to ventilate every second or third pectoral fin beat. Thus, the opercular flow is expelled during the phase where the pecoral fin is abducted -and does not impair the swimming [START_REF] Eric | Bluegill lepomis macrochirus synchronize pectoral fin motion and opercular pumping[END_REF].

Description and nomenclature of intermittent swimming

In our study, we describe intermittent swimming with the following nomenclature. The fish alternates what we call swimming bouts, which are made of an active burst phase (called a « burst ») during which the fish beats its tail, and a passive gliding phase (called a « coast ») during which the fish passively glides.

Figure 1.10: Characteristic times of intermittent swimming. The curvature of the fish is one of the ways that can be used to visualize these characteristic times, and will be discussed in the next section.

The characteristic times periods of the different types of events will be named T Bout for the duration of a total bout period, T Burst for a burst period, and T Coast for a coast period as in the figure (Fig. 1.10).

Fish schooling and collective swimming

Collective motion is a standard animal behavior exhibited by various animal taxa.

It includes terrestrial animals -from ants to herds of large mammals -flying insects and birds, and swimming animals in all ranges of Reynolds numbers, from ciliate unicellular swimmers to large fish and cetaceans [START_REF] Lopez | From behavioural analyses to models of collective motion in fish schools[END_REF][START_REF] Vicsek | Collective motion[END_REF]. In fluid, this motion requires the coordination of animal individuals but also taking into account the interactions mediated by the fluid.

Collective motion is an important part of the life history of many fish species.

An estimated 25 percent of the 32000 species of fish swim in groups at the adult stage, and over half of all fish species exhibit collective swimming behavior at juvenile stages [START_REF] Shaw | Schooling fishes: the school, a truly egalitarian form of organization in which all members of the group are alike in influence, offers substantial benefits to its participants[END_REF]. Due to the great diversity of group swimming patterns observed, the definition of "schooling" remained a subject of debate for a long time. The word either described any type of fish collective behavior, or only polarized groups of fish swimming together in the same direction. Today, the commonly accepted terminology is the one of Pitcher (1983) [START_REF] Pitcher | Heuristic definitions of fish shoaling behaviour[END_REF] and Pavlov (2000) [START_REF] Ds Pavlov | Patterns and mechanisms of schooling behavior in fish: a review[END_REF] that calls a "shoal" any type of fish collective behavior and a "school" a group where there is mutual attraction of individual fish. Many shoals group together because of external stimuli and not because of the mutual attraction of the fish.

Schooling behavior roles in fish life history

Predator avoidance. Schooling behavior offers many benefits and can play many roles in fish life history. One of the main roles of schooling is protection against predators.

Collective behavior allows fish to have more eyes and lateral lines alert to detect the presence of predators, and the first individual to detect a cue could initiate the escape response transmitted to the whole group without all the individuals having to detect the cue themselves. The efficiency of the group is then increased as the probability of having individuals better at detecting predators increases with the size of the group, but also as each individual does not have to scan the whole spatial environment. Several studies demonstrated the efficiency of the group escapes increases with the size of a group [START_REF] David | Quorum responses and consensus decision making[END_REF][START_REF] Morgan | Antipredator benefits of schooling behaviour in a cyprinodontid fish, the banded killifish (fundulus diaphanus)[END_REF][START_REF] Gerlotto | Waves of agitation inside anchovy schools observed with multibeam sonar: a way to transmit information in response to predation[END_REF]. There is evidence for a division of labor allowing some highly vigilant individuals to care for the group decision-making and thus increase the efficiency of the group [START_REF] Ashley | Fast and accurate decisions through collective vigilance in fish shoals[END_REF]. Even in a simple group of fish at rest, the information is transferred between fish to trigger an escape response much faster than for an individual fish [START_REF] Paul | Does schooling reduce fast-start response latencies in teleosts?[END_REF]. The school can also adopt strategies against predation. Adopting a spherical shape can allow fish at the periphery to look more efficiently for predators coming from all directions [START_REF] Brian | The sensory basis of fish schools: relative roles of lateral line and vision[END_REF]. The darting of individuals in the school doing short excursions outside of the school also helps getting more information about the predators location, confusing the predator in its attack [START_REF] Elizabeth | Provenance, shoal size and the sociobiology of predator-evasion behaviour in minnow shoals. Proceedings of the Royal society of London[END_REF]. Various other shape effects are also used to keep a safe distance from the predator: a fish school can form a vacuole around the predator, or split into two groups, usually linked together in an "hourglass" shape, to then form the vacuole behind the predator. This transition is then called a "fountain effect", or "F-maneuver" [START_REF] Tony | Predator-avoidance behaviours of sand-eel schools: why schools seldom split[END_REF][START_REF] Vabø | An individual based model of fish school reactions: predicting antipredator behaviour as observed in nature[END_REF]. Another big advantage of fish schools is the ability to play on the "confusion effect" [START_REF] Carl | Experiments in group behavior of fishes[END_REF] that prevents the predators from focusing their attention on a particular prey. This effect is all the more successful as the prey forming the school are similar in size and color. The possibility that schools of prey fish may use their strength of numbers to perform collective predator mobbing was long considered a possible hypothesis, given the existence of such behaviors in other types of animals like birds [START_REF] Ds Pavlov | Patterns and mechanisms of schooling behavior in fish: a review[END_REF], but was only recently confirmed by observations to confirm this hypothesis, even though this behavior is not commonly seen in fish [START_REF] Lorenz | On aggression new york harcourt[END_REF][START_REF] Lachat | Novel mobbing strategies of a fish population against a sessile annelid predator[END_REF][START_REF] Ishihara | Effect of mobbing toward predators by the damselfishpomacentrus coelestis (pisces: Pomacentridae)[END_REF].

Models based on probabilistic search theories have provided estimations of the advantage of schooling for prey species. Brock and Riffenburgh (1960) [START_REF] Vernon | Fish schooling: a possible factor in reducing predation[END_REF] and Olson (1964) [START_REF] Fcw Olson | The survival value of fish schooling[END_REF] applied random walk searching models to predatory fish to get an order of magnitude of the advantage of schooling for a prey. Olson estimates that the probability of predation for a prey is considerably lower for a fish in a school than for a lone individual (5.10 -5 for a fish in a school of 20000 individuals, compared to 10 -1 for an individual alone) . Krause and Ruxton (2002) [START_REF] Krause | Living in groups[END_REF] give more details on the way this detectability changes depending on the senses involved (sight, olfaction...) to detect the group of prey and underline the need for more theory and experiments in this field. Zheng [START_REF] Zheng | Behavior pattern (innate action) of individuals in fish schools generating efficient collective evasion from predation[END_REF] demonstrated that in addition to probabilistic detection advantages, cooperative escape is more advantageous for avoiding predation than selfish escape or intermediate strategies, for a group of fish.

The cohesive trait of fish can be genetically inherited and selected for. Studies conducted on guppies (Poecilia reticulata) revealed that in high-predation area, the fish exhibit a more cohesive behavior than fish of the same species living in low-predation areas, and it is also the case of their offspring raised without predation [START_REF] Huizinga | The genetic and environmental basis of adaptive differences in shoaling behaviour among populations of trinidadian guppies, poecilia reticulata[END_REF].

Foraging. One of the main strategies of predators to overcome the school defensive methods is coordinated group feeding. This often occurs among large pelagic predators, using group hunting to break the school of prey. The case of sailfish is particularly interesting. Groups of individuals cooperates by attacking the group of prey one by one [START_REF] James | Proto-cooperation: group hunting sailfish improve hunting success by alternating attacks on grouping prey[END_REF]. Strongly lateralized individuals show a high rate of success. The group remains unpredictable by mixing a large number of individuals of opposed laterality [START_REF] Kurvers | The evolution of lateralization in group hunting sailfish[END_REF]. Some predators use schools to feed, separating small groups of prey from their main shoal, by using single file or crescent formations. Such complex cooperative foraging strategies were observed in cohesive species like yellowtail amberjack (Seriola lalandi) [START_REF] Russell | Cooperative foraging by yellowtail, seriola lalandei (carangidae), on two species of fish prey[END_REF], but also in solitary species that cooperate for hunting, like sailfish [START_REF] James | Proto-cooperation: group hunting sailfish improve hunting success by alternating attacks on grouping prey[END_REF]. Cooperative foraging is not limited to predatory species. Grazing herbivore fish such as parrotfish, wrasse and surgeonfish (Acanthuridae) use schooling to get access to coral territory otherwise under the guard of territorial species. They can thus feed on the algae that grow on the coral -or on the coral itself [START_REF] Barlow | Extraspecific imposition of social grouping among surgeonfishes (pisces: Acanthuridae)[END_REF][START_REF] Foster | Group foraging by a coral reef fish: a mechanism for gaining access to defended resources[END_REF][START_REF] Lee | Cooperation among unrelated individuals: reciprocal altruism, by-product mutualism and group selection in fishes[END_REF].

Reproduction. Reproduction causes aggregation of fish -either otherwise solitary species, such as grouper, or all-time shoaling fish such as herring. Spawning often requires large school motions and coordinated swimming patterns. The effects of spawning on schooling have been often described and thoroughly analyzed for herring (Clupea harengus), a species of commercial interest and whose big schools can be studied with sonar detection [START_REF] Nøttestad | Schooling dynamics of norwegian spring spawning herring (clupea harengus l.) in a coastal spawning area[END_REF]. Coral reef fish are also known for their spawning aggregations, that can be considered either transient (occurring for only a short period of time linked with fecundation events) -for lutjanids for instance -or resident (occurring for a whole spawning season) -for acanthurids for example [START_REF] Michael | Tropical reef fish spawning aggregations: defined and reviewed[END_REF]. These aggregations range from small groups to many tens of thousands of individuals. The main phenomena underlying these interactions are still poorly known as they occur during a short season in generally remote areas [START_REF] Sadovy De Mitcheson | Reef fish spawning aggregations: biology, research and management[END_REF]. The fast collective swimming that occurs during the laying of the gametes is a particularly interesting schooling phenomenon.

Migrations. For fish, migrations can occur to find suitable foraging grounds, spawning areas or mating partners. Many fish species are known to migrate several hundreds or thousands of kilometers. Schooling behavior can be directly linked to migratory behavior, for example in Atlantic salmon (Salmo salar),

where juvenile fish that are solitary and territorial become cohesive and form schools at the onset of smoltification (physiological changes that lead to migration towards the sea) [START_REF] Ds Pavlov | Patterns and mechanisms of schooling behavior in fish: a review[END_REF]. Some studies revealed that the large size aggregations of millions of individuals for migration of small pelagic schooling fish such as herring (Clupea harengus) and anchovy (Engraulis encrasicolus) consist in fact in a single school, that often extends on several tens of square kilometers. The aggregation of so many fish is known to considerably enhance efficacity on the choice of migration pathways, as the school detects like one giant individual some large scale gradients and variations of cue parameters such as salinity or temperature [START_REF] Pitcher | Functions of shoaling behaviour in teleosts[END_REF]. Schooling is also known to increase the precision of homing for Pacific salmon (Oncorhynchus spp.). The level of straying is inversely proportional to the size of migrating fish schools [START_REF] Thomas | Homing and straying in chinook salmon (oncorhynchus tshawytscha) from cowlitz river hatchery, washington[END_REF]. The savings of energy offered by schooling is also an important advantage of schools for migrations.

Swimming and energy saving. In a fish school, hydrodynamic interactions allow the fish to save energy while swimming. The effect of schooling has been first assessed by comparing the tail beat frequency of individuals swimming within a school and alone, at a given speed. The tail-beat frequency for shooling fish is lower than the one of single individuals [START_REF] Fields | Decreased swimming effort in groups of pacific mackerel (scomber-japonicus)[END_REF]. Within a school, the tail beat frequency is highest for the fish on the front of the school, and lowest for the ones in the back [START_REF] Herskin | Energy savings in sea bass swimming in a school: measurements of tail beat frequency and oxygen consumption at different swimming speeds[END_REF]. The oxygen consumption rate is also 9-23 percent lower for fish at the back of a school. The first hydrodynamic energy saving mechanism of schooling was hypothesized by [START_REF] Breder | Vortices and fish schools[END_REF] [START_REF] Breder | Vortices and fish schools[END_REF]. He postulated that fish in a school take advantage of the vortices shed by each other in their wakes. [START_REF] Weihs | Hydromechanics of fish schooling[END_REF] offered a two-dimensional model of the optimal schooling shape to take advantage of the vortices, known as the diamond-shaped pattern [START_REF] Weihs | Hydromechanics of fish schooling[END_REF]. Capturing the vortices shed by front fish diminishes the relative velocity of the flow for a rear fish. Weihs estimated the required swimming thrust force to be reduced by 2 or 3 times for a school in the diamond-shape pattern, compared to the same number of fish swimming individually. Marras (2015) measured tail beat frequency and amplitude on all individuals of a school of grey mullet (Liza aurata) and observed that all fish within the school saved energy compared to swimming alone at the same speed, regardless of their position in the school This energy saving was obtained in any spatial configuration of the pair when the followers were swimming with a tail beat phase difference that varied lin-early with their distance from the leader, in a behavior they called vortex phase matching [START_REF] Li | Vortex phase matching as a strategy for schooling in robots and in fish[END_REF].

Fish are known to adapt their gait to the Von Karman vortex streets generated by fluid-structure interaction with a fixed obstacle by generating larger body amplitudes and curvatures, and they are thus thought to be able to do the same with reverse Von Karman streets shed by other fish swimming [START_REF] James C Liao | The kármán gait: novel body kinematics of rainbow trout swimming in a vortex street[END_REF]. However, this behavior is very seldom observed in the wild [START_REF] Bl Partridge | Evidence against a hydrodynamic function for fish schools[END_REF], and usually fish tend to prefer other types of swimming formations than the diamond shaped school [START_REF] Nathaniel | Measurement of the size, shape and structure of atlantic bluefin tuna schools in the open ocean[END_REF]. The fact that the diamon-shaped model is a 2D model, and the other functions of schooling than energy saving may explain why this shape is not the preferred one of schooling fish.

Figure 1.12: Above view of a horizontal layer of fish in a school, in the diamondshaped pattern described by Weihs [START_REF] Weihs | Hydromechanics of fish schooling[END_REF]. The elementary lattice cell is described with dotted lines (diamond shape). Arrows near vortex streets show the direction of induced flow relative to the vortices.

Another energy-saving mechanism of schooling fish is the channeling effect.

When fish swim close together, their wake cannot fully expand in the lateral directions and it is thus accelerated in a narrowed channel between neighboring fish. This gives the swimming fish additional momentum. This effect makes line or rectangular configurations energetically advantageous for fish [START_REF] Daghooghi | The hydrodynamic advantages of synchronized swimming in a rectangular pattern[END_REF].

Challenging the idea that diamond-shaped conformation is the one preferred by fish, Ashraf (2017) [START_REF] Ashraf | Simple phalanx pattern leads to energy saving in cohesive fish schooling[END_REF] measured on a group of tetrafish (Hemigrammus bleheri) in a swimming flume that when swimming against high speed flows, fish prefer the phalanx or "soldier" conformation, in a row. Schooling then becomes advantageous because of tail beat synchronization of the neighbor swimmers.

In large schools of fish, the energy expanditure and availability is not homogeneously distributed. Hydrodynamic interactions cause the trailing fish to save more energy than the leading ones. But the oxygen level is also lower for them. Mc Farland and Moss (1967) [START_REF] William | Internal behavior in fish schools[END_REF] showed that in a large school of her-ring, oxygen levels are considerably higher on the front of the school than in the middle and back parts. The food is also more available on the front part of the school. This availability of energy supplies balances the higher energy needs of leading fish [START_REF] Domenici | The effect of progressive hypoxia on school structure and dynamics in atlantic herring clupea harengus[END_REF]. Hypoxia induced by schooling also sets a limit to the size of fish schools, and has an effect on their shape -this importance of hypoxia can cause changes in fish schooling behavior worldwide due to the decrease of water oxygen levels with global warming [START_REF] Domenici | The effect of hypoxia on fish schooling[END_REF].

Modelling fish schools

Fish school parameters. Fish schools can gather together from two or three individuals to several millions of fish. The various shapes and strategies of schooling have been described and studied, and it is interesting to remind a few highlights of the diversity of patterns observed, and the main parameters used to describe these collective motions.

The parameters used to describe fish schools are nearest neighbor distance (NND), angular momentum (M) and polarization (P). The nearest neighbor distance is defined as the mean distance between two nearest neighbor fish. It directly qualifies the cohesiveness of a fish group [START_REF] Tang | The shoaling behavior of two cyprinid species in conspecific and heterospecific groups[END_REF]. Angular momentum is defined as:

M = 1 N | N i=1 - → r i × - → v i |r i v i | |
This is also called the milling number. It gives an idea of the rotation of the school. It takes values between 0 (no rotation of the school)and 1 (strong rotation of the school) [START_REF] Daniel S Calovi | Collective response to perturbations in a datadriven fish school model[END_REF]. Polarization is defined as the magnitude of the mean movement vector of all members of the group [START_REF] Miller | From schooling to shoaling: patterns of collective motion in zebrafish (danio rerio)[END_REF]. For a school of N individual fish of speeds -→ v i , it writes as :

P = 1 N | N i=1 - → v i |
Polarization is a useful variable to distinguish schooling behavior from shoaling.

Schooling generally exhibits a high value of polarization.

Models.

Modeling fish schools as a self-organized structure has led to advances in the understanding and prediction of their dynamics. There have been many attempts to model the behavior of fish schools with mathematical models.

Usually, the models focus on 3 behavioral rules -known as the "3 A's rule" :

Avoidance (a fish avoids being too close to other fish), Attraction (fish tend to be attracted by other fish that are close enough, and up to a certain limit where avoidance takes over) and Alignment (the speed vectors of neighboring fish tend to align). There is thus a repulsion zone in the immediate neighborhood of a fish, and an attraction zone further away. One of the simplest models to have (2012) [START_REF] Gautrais | Deciphering interactions in moving animal groups[END_REF]. They took into account the response of the fish to an increased current velocity. They revealed the existence of a phase transition between milling and schooling. Their model described the fish behavior as a smooth random walk with an Ornsein-Uhlenbeck process acting on the fish angular velocity ω, to account for the attraction and alignment of the fish. The angular velocity followed the differential equation :

dω = -v( dt ξ (ω(t) -ω * (t)) + σdW )
where dW is the term of the Wiener process of the random walk -the exploratory "free will" of the fish, σ controls the noise intensity, ξ is a persistence length (derived from the experimental data). ω * (t) is the term accounting for the attraction and alignment of the fish due to its neighbors. It writes as :

ω * = 1 N i j⊂V i [k V vsin(φ ij ) + k P d ij sin(θ ij )]
Where V i are the N i Voronoi neighbors of the given fish (the fish that are in the Voronoi areas adjacent to the one of that given fish -Voronoi areas are, for a set of locations, the ensemble of points closer to a given location than any other), and the angles are defined in the figure. k V and k P account for the strengths of respectively the alignment and positional attraction. Fish school patterns. These models correspond to behaviors observed in the field. Moving schools often display high polarization and synchronicity between fish, and an elongated shape in the same direction as the motion. Foraging schools become more rounded and disorganized. The level of polarization drops, unless there is a preferred feeding direction (in the case of prey drifting in a water current for example). The resting school is even more dispersed, with individuals inactive in midwater. When facing a predator, the schools are also generally round-shaped but with much higher density and individual swimming speeds, and with most fish facing the outside of the school (lookout school) [START_REF] Ds Pavlov | Patterns and mechanisms of schooling behavior in fish: a review[END_REF].

The geometry of the school also depends on the species. Mullet species such as Liza aurata or Liza saliens are known for their 2-D horizontal schools [START_REF] Lefrançois | The effect of progressive hypoxia on spontaneous activity in single and shoaling golden grey mullet liza aurata[END_REF],

whereas many other species such as Gadus morhua do more spherical 3-D schools.

Pair interactions and effect of size. Understanding the interactions between two fish is a fundamental key to know the individual rules that underline collective motion and be able to model it. It is particularly important to understand how two fish modify their swimming kinematics to adapt it to each other to allow collective motion to happen [START_REF] Frank E Fish | Burst-anccoast swimming in schooling fish (notemigonus cr ysoleucas) with implications for energy economy[END_REF], and to take an energy advantage from it [START_REF] Ashraf | Simple phalanx pattern leads to energy saving in cohesive fish schooling[END_REF]. In this context, the effect of fish size is important, as differences of size in fish imply differences in swimming ability, and thus have an effect on schooling tendencies [START_REF] Hemelrijk | Density distribution and size sorting in fish schools: an individual-based model[END_REF]. Studying pair interactions is an interesting tool to establish the link between individual swimming abilities and collective motion.

Moreover, many fish school models and analyses make the assumption that all fish play equal roles within a school -an assumption now largely contradicted by ethological and behavioral observations [START_REF] Krause | Leadership in fish shoals[END_REF]. The analysis of fish pair interactions also allows to understand the fundamental rules of leadership in fish pairs -a key element to improve our understanding of fish collective motion. We will tackle these questions in Chapter 4, studying the effect of size on fish pair collective swimming and leadership.

Objectives and outlines of this work

Objectives. The main objective of this work is to better understand fish intermittent swimming behavior and dynamics, in both individual swimming and collective interactions, by direct experimental measurements. We aim to characterize the dynamics of intermittent swimming in small fish and unravel the underlying causes of this mechanism. Understanding intermittent swimming for a single fish will then help understand group locomotion, and fish exploratory behavior.

We focused on two main open questions of fish swimming. Our first goal was to understand the structure and kinematics of intermittent swimming, and how its characteristic parameters appear as the fish grow, and evolve with the size of the fish. Our second goal was to analyze the case of fish pair interactions between two swimming fish: how fish adapt their swimming kinematics when they interact and swim collectively, and how size differences may thus impact interactions, and leadership.

Outline. To achieve this study we need first to precisely understand the characteristics of intermittent swimming, and how it emerges and evolves durning the life history of the fish, using zebrafish as a model species. We had to develop experimental setups and protocols to get relevant statistical data, then to create image processing and data analyzing tools to study it. Our preliminary work of characterizing the evolution of the burst-and-coast swimming kinematics with fish speed is described in Chapter 2. The study of burst and coast swimming evolution with the age of the fish is then described in Chapter 3. Once the problematic is set and the experimental setup is presented in details, as well as the fish catering methods, we focus on the data analysis protocol and the theoretical model we developed. Our findings are then summarized, showing the evolution of the intermittent swimming kinematic and dynamic parameters along the life of the fish. We provide a brief conclusion, as well as a forecast of the findings of future works. In Chapter 4, we focus on interactions between two freely swimming intermittent swimmer fish, using shiner perch as a model species. We assess the impact of size on interactions, in both speed and distance adaptation, and leadership in group swimming.

Chapter 2

Forced swimming experiments on tetra fish intermittent swimming gaits

Abstract

This chapter reviews our experiments on burst-and-coast swimming of tetrafish in an imposed channel flow, described in Li et al. ( 2021) [START_REF] Li | Burst-and-coast swimmers optimize gait by adapting unique intrinsic cycle[END_REF]. The model species used in this part were red nose tetra fish (Hemigrammus bleheri). Fish whose swimming gait is forced in a water flume from low to high speed regimes are observed and filmed with high speed cameras. We used a full description of the fish kinematics and mechanics, and measured the values of the kinematic variables of the intermittent swimming regime. We first showed that fish modulate a unique intrinsic cycle to sustain the demanded speed, while staying in a burstand-coast regime. Fish tuned their speed by modifying the bursting to coasting ratio while maintaining a constant cycle period. Further numerical simulations revealed that the chosen kinematics correspond to values that are optimal in terms of cost of transport, for the given range of swimming speeds tested. The results of this study were published in [START_REF] Li | Burst-and-coast swimmers optimize gait by adapting unique intrinsic cycle[END_REF].

Introduction

Overview: gait transitions and burst locomotion

Intermittent swimming behaviors are observed in a wide variety of fish, that use it either permanently, or during short periods of high-speed swimming regimes.

Burst and coast has been addressed extensively from the angle of locomotion cost optimization. Starting from the early studies of Weihs, experimental and theoretical works have essentially investigated the relationship between the construction of the burst-and-coast cycle and the global swimming efficiency, when compared to continuous undulatory mechanisms. The model species used in these studies were all "big" fish, of lengths over 15 cm.

Intermittent swimmers minimize the energetic cost of swimming during the gliding phase, where they passively use inertia to coast without producing mechanical effort. Moreover, dissipation into the fluid is thought to be much lower during coasting than during active undulations, because of boundary layer thinning.

The energetically optimal working point at a given speed is then obtained by tuning the typical times spent in the burst and coast phases of the cycle (duty factor), balancing the advantage of the passive coasting phase and the energetic injection of the bursting phase to sustain the desired average speed.

Most studies have addressed this mechanism theoretically, reducing the problem of intermittent swimming to the optimization of a mechanical system, with very few insights on the physiological behavior. Overall, there is little data on experimental data and parametric studies concerning intermittent swimmers, making the question of gait adaption in real animals an open question. Moreover, there is, to our knowledge, no study or report on the way small fish, that are known to perform intermittent swimming at all speeds, adapt their gait and kinematics to be able to sustain swimming at the desired speed. The purpose of this work was to give a more detailed description and understanding of the way intermittent swimming evolves with speed, for a small intermittent swimmer.

Fish model species: Hemigrammus bleheri

The red nose or firehead tetra fish (Hemigrammus bleheri) is a species of Characiform fish that occurs in the wild in the Amazon Basin, especially in Rio Meta ing the flooding/flood periods, whereas during the dry season, the diet mainly consists in filamentous algae, chironomids and vegetal fragments [START_REF] Daniel | Biologia reprodutiva e hábitos alimentares do rodóstomo (hemigrammus bleheri) um peixe ornamental da bacia do médio rio negro, estado do amazonas, brasil[END_REF]. Red nose tetra fish have the ability to swim against the current while maintaining a fixed position against the flow. They are subcarangiform swimmers and are known for their burst-and-coast swimming. They are also known for the efficiency of their lateral line system and flow sensing [START_REF] Faucher | Fish lateral system is required for accurate control of shoaling behaviour[END_REF].

Fish housing

Red nose tetra fish (Hemigrammus bleheri) were bought from a local aquarium supplier (anthias.fr, France) (Fig. 2.1 (b)). The fish were reared in a 60 liters aquarium tank in PMMH laboratory, Paris, France. Water temperature was monitored at a temperature between 26-27 degrees Celsius using a resistive heater. Fish were fed 5-6 times a week with commercial flakefood (TetraMin flakes, Tetra Company, Germany).

For our experiment we selected fish of body lengths ranging between 3. 

Water channel

We used a shallow water tunnel of rectangular shape, with a test section of 2.2cm in depth and a swimming area of 20cm × 15cm (see also [START_REF] Ashraf | Simple phalanx pattern leads to energy saving in cohesive fish schooling[END_REF][START_REF] Ashraf | Synchronization and collective swimming patterns in fish (hemigrammus bleheri)[END_REF] where the same setup has been used for collective swimming experiments) (Fig. 2.1 (a)). The test section of the tunnel is covered from the top by using a transparent acrylic plate. The flow rate Q could be varied from 4 to 22 liters per minute, with a tap-like flow reducer, resulting in an average velocity of U = Q/S, where S is the cross-section, in the range between 2.7cm/s to 15cm/s. To characterize the flow in the channel, particle image velocimetry (PIV) measurements were carried out in the mid-plane of the channel and revealed a laminar, uniform flow with a mean turbulence intensity between 3 and 5 percent, seemingly independent of the flow rate. The velocity profile in the mid-section of the channel also remained unchanged for the different flow rates, and the wall effect region was limited to a distance smaller than the area within 3mm of the walls. The minimum distance between the fish and wall, when closest to the walls during our experiments, is 7 times the size of the wall effect region, and it is more than 14 times the size of the wall effect region for the other videos. The wall effect is therefore negligible, as are the flow profile and turbulence intensity observations.

Experimental procedure

Before starting each experiment, the fish were transferred with a hand net from the rearing tank to the test section of the swimming tunnel without any flow. The fish were left for about 1 hour in the channel for habituation to the conditions of the experiment, with the same lighting and water temperature as during the experiment. Water temperature was 26 degrees Celsius. Each swimming experiment was carried out for 2.5 seconds, after a gradual adjustment of the flow. The flow speed was gradually increased before the runs up to the desired speed, and from 0.5 BL/s to 3 BL/s. The experiments were performed on 4 different fish, with 3 to 5 observations for each velocity per fish, at 10 velocities.

The complete set of experiments corresponded to a total of 150 measurement points.

Image treatment

The images were acquired using Basler camera from top view visualzations with a background LED lighting panel, at 100 frames per second (fps) (see Fig. 2.1 (c)

for an example of image). The background of the image was removed and the image was binarized using an in-house MATLAB code that detected image boundary points and extracted the shape of the fish, and midline curvature (steps described in Fig. 2.2).

Results

Evolution of burst and coast kinematics

The first observation is that the swimming gait used by the fish remains the same regardless of the imposed swimming velocity (Fig. 2.3). The fish keeps alternating phases of burst and coast at all speeds. Moreover, the amplitude and duration of the tail beat remain visually similar. To adapt its speed, the fish increases the number of tail beats per burst phase, thus increasing the time spent in bursting phase, and decreasing the time spent coasting. However, the overall cycle period T bout of the swimming cycle remains constant. This observation is confirmed by all our measurements (Fig. 2.4). The fish motion is characterized by two internal times: T bout and T i = 1 F i , the internal tail beat period within the bursting phase. T bout seems to be independent of the swimming speed, and of the fish individual. Its values are constrained within the range from 0.2s to 0.4s for all our measurements. Fish do not modulate T bout to increase their speed. T i seems to be related to each specific individual, but does not tend to vary with the imposed swimming speed. It does not vary staistically over the range of velocities tested in the experiment. Fish thus do not modulate T i to increase their speed. The amplitude A of the tail beat increases with speed for slow velocities, between 0 and 1 BL/s, and then saturate at higher speeds.

For these velocities, the burst is short and thus the fish does not make more than half of a tail beat oscillation during the burst. It thus modulates its speed by accommodating the tail beat amplitude. At higher speeds, it modulates its speed by changing the number of tail beats per burst phases. This can be seen when looking at the evolution of the duty cycle DC (fraction of the bout during which the fish is actively swimming). DC increases linearly with the swimming speed and is thus the main parameter tuned by the fish to increase its speed. 

Mathematical modeling

We compared our experimental measurements to a numerical burst-and-coast swimming model developed by G. Li and D. Kolomenskiy. This model uses four parameters: frequency and amplitude of the burst phase, and upper / lower speed bounds. For a specified speed U, we searched for the point in this parameter space that guarantees the lowest cost of transport CoT, defined as : CoT = P mU , where P is the power expenditure of the fish swimming at an average speed U.

It was a constrained optimization problem involving a coarse discretization of the parameter space, and interpolation using a data base of different gaits with our discrete experimental values. The burst phases were simulated using the experimental data and CFD simulations, on a model fish of body length 2cm and a continuous sinusoidal undulatory motion with constant frequency and amplitude. 25 cases were simulated with 5 different frequencies and 5 different amplitudes. The data from all full burst process cases were low-pass filtered to remove the periodic fluctuation caused by the tail beat.

Using these 25 cases as interpolation nodes, one can quantify any arbitrary full burst process with some specified tail beat amplitude and frequency.

The coast phase motion and energetics data were obtained with the same CFD solver, letting the model fish stop undulating after reaching its maximal speed. During this coast phase, the body was held straight and the fish decelerated until the velocity dropped to almost zero. Note that the mechanical power consumption in the coast phase is zero. The full swimming cycle was obtained by concatenating the trimmed burst and coast time sequences considering that the transition between the burst and the coast phases is instantaneous. The procedure is then duplicated to produce a sawtooth wave time profile of the velocity.

For a given set of the four parameters, as long as the two speed parameters were within the acceptable speed range of burst and coast swimming, we obtained a unique burst-and-coast swimming gait. The average speed of the process was defined as U, and the for thecost of transport CoT = P mU , P is computed for the given kinematic parameters thanks to the CFD simulations, concatenating the power consumption of a full burst phase and the one of a full coast phase (no energy expenditure on this phase), at the given speed and with the given duty cycle. P is the sum of the inertial power of each element of the body of the fish, and the hydrodynamic work on the body surface of the fish. A MATLAB code was programmed to scan the four parameter dimensions in order to find an optimal burst-and-coast swimming gait that would meet the required speeds with the lowest cost of transport.

For each swimming velocity, the set of parameters that minimizes the cost of transport(CoT) was computed. The results of the optimization procedure are superimposed to the experimental data in (Fig. 2.4) (black squares). For moderate to high speeds between 1 BL/s and 3 BL/s, the parameters that minimize the energy cost of swimming closely match the experimental data. These speeds correspond to cruising speed locomotion. This result shows that fish in the range of cruise swimming speeds constantly optimize their CoT. Moreover, such optimization mainly consists in maintaining the tail-beat frequency and amplitude constant and modulating the time of bursting. However, the predictions of the optimization procedure fail to reproduce the observations in the low-speed range of 0 to 1 BL/s, where the optimization predicts a larger Tbout and a smaller CoT -a result which is consistent with the experimental observations as we noticed that the fish uses an increase of its amplitude to increase its speed at low speed.

Discussion

Our experiment shows that tetrafish repeat an intrinsic cyclic motion at all speeds (Fig. 2.3). The cycle consists in an active burst phase of undulation with constant frequency and a tail beat amplitude that increases with speed at low speed range, and saturates to a constant value at speeds over 1 BL/s. This active phase can be repeated as long as the fish needs to reach the desired speed, thus increasing the bursting time. This burst phase is followed by a passive coast time. Each burst-and-coast cycle is performed over a constant T bout time (Fig. 2.4 (a)). Thus, increasing the burst phase implies a decrease in the coast phase. This sets an upper limit to the achievable range of swimming speeds.

These observations differ from the general idea, commonly reported in the literature, that fish modulate their body wave kinematics to change speed. This idea stems from observations and measurements made on relatively large fish (over 10cm long) that are continuously swimming at all speeds. The mechanism we describe, that may be widely spread among species of small intermittent swimmers, has not been reported in the literature to our knowledge.

The T bout time we measured has typical values around 0.3s, which is of the same order-albeit slightly shorter-than the T bout time found in the literature for another tetra species, Hemigrammus rhodostomus [START_REF] Daniel S Calovi | Disentangling and modeling interactions in fish with burst-and-coast swimming reveal distinct alignment and attraction behaviors[END_REF] , and for Danio rerio zebrafish [START_REF] Muller | Hydrodynamics of unsteady fish swimming and the effects of body size: comparing the flow fields of fish larvae and adults[END_REF], of similar size.

The fish play on the ratio between burst and bout time to increase their speed. They keep a constant tail beat frequency during the bursts, and this frequency does not evolve with fish speed. This is consistent with physiology studies that reveal that fish muscles have an efficency that peaks at a certain frequancy. Rome et al. (1990) [START_REF] Lawrence | The influence of temperature on muscle velocity and sustained performance in swimming carp[END_REF] estimated that the efficiency of muscle contractions is near maximal when the fish is steadily swimming at intermediate speeds. Thus, the way for a fish to achieve slower speeds would be to keep this optimal contraction frequency but adopt an intermittent swimming style.

Intermittent swimming can thus be interpreted as a way to achieve slower speeds at optimal muscle contraction rates, to avoid having to continuously use muscle contractions at a suboptimal rate. In other words, the fish is able to achieve any speed under its maximum speed, with a single muscle frequency, by tuning the burst/bout duty cycle ratio. According to [START_REF] Lawrence | The influence of temperature on muscle velocity and sustained performance in swimming carp[END_REF] this behavior can occur for both red and white muscles. The coasting may help recovery as well.

We observed a bout of constant duration in our experiments. The exact reason of the presence of this natural time scale is still unknown. However, it seems that this time could be related to a neurobiological clock of the fish, linked to vital biological functions. Direct observation of the videos reveal that burst and coast phases are directly coordinated to respiratory motions of the fish mouth and gills, i.e., the respiratory period of the fish is linked to the T bout time.

This may increase water flow intake during active swimming (ram ventilation).

The hypothesis that this constant time is linked to sensing is also important.

The burst-and-coast regime is mostly studied as an energy saving mechanism.

However, fish are known to take benefit from intermittent swimming to improve their flow sensing with the lateral line system. Intermittent locomotion can make fish harder to detect by predators, as it makes their wake and motion harder to detect [START_REF] Donald | The behavioral ecology of intermittent locomotion[END_REF][START_REF] Martel | Influence of movement by coho salmon (oncorhynchus kisutch) parr on their detection by common mergansers (mergus merganser)[END_REF]. Feitl (2010) demonstrated that intermittent locomotion offers a sensory advantage for passive flow sensing [START_REF] Feitl | Are fish less responsive to a flow stimulus when swimming[END_REF]. Active sensing, that consists in using the fish's own flow to sense the surroundings is known to be used by blind tetrafish and might be used by non-blind species to some extend [START_REF] Tan | Do blind cavefish have behavioral specializations for active flow-sensing[END_REF].

The fact that fish do not increase T bout at low swimming speeds may have different possible explanations. It can be liked to the physiological constraints of muscle efficiency or the sensorimotor capacity necessary for maintaining the body orientation. But it may also be explained considering that CoT minimization might not be needed at such low swimming velocities due to the low energy consumption involved. These results are not necessarily specific to our model species Hemigrammus Hemigrammus bleheri, that are not a precise characteristic of this species. The aim of this study is to provide a general description of intermittent swimming in small fish and should describe the swimming of many burst and coast swimmers.

Future works should multiply experimental observations and produce a larger inventory of intermittent swimmers to determine if the burst-and-coast mechanism described here holds for other fish species. An interesting further work would be to determine the size range of fish that use this type of intermittent swimming cycles at all speeds. And analyzing fish that do burst-and-coast swimming at all speeds as juveniles, but become continuous swimmers at the adult age, to understand what physiological or ethological changes cause them to change their swimming gait.

Chapter 3

Ontogenesis of intermittent swimming in zebrafish (Danio rerio): Free swimming experiments 3.1 Abstract

Our goal is to examine the statistical distribution of the main characteristic times and parameters involved in burst-and-coast intermittent swimming for small fish. Having characterized the kinematic parameters driving the fish intermittent locomotory strategy, we wanted to go further and study how these parameters evolve during the growth of a fish.

In this part, we addressed the evolution of intermittent swimming kinematics during the growth of zebrafish (Danio rerio). Like most small fish, zebrafish swim in an intermittent way, alternating swimming phases of active "burst", and passive "coast". Whereas burst-and-coast has been well understood as an energy-saving mechanism for big fish, for smaller species that use it routinely, the sensory, neural and behavioral causes underlying the two-step sequences have not been disentangled yet. In this work, we investigate how the intermittent swimming kinematic parameters evolve during the growth and life of zebrafish, from 7 to 160 days post fertilization (dpf). We studied a zebrafish population sample raised in fixed conditions, from the hatched egg to the adult age, with a large statistical samples of 8 fish for each one-day age class, recorded during four sets of 100s each, to characterize more precisely the evolution of intermittent swimming with age in zebrafish, disentangling the various gaits that can be used by zebrafish depending on their age. These ages correspond to freely swimming fish, with their swim bladder inflated, that perform burst-and-coast intermittent swimming. Fish motion characteristics were measured through high-speed video recordings, image analysis and fish body shape mechanical fitting. We observed a sharp transition in swimming kinematics at 21 dpf or 10mm, characterized by the onset of variations of duty ratio within the burst-and-coast swimming gait.

From 21 dpf onwards, the fish changes its velocity by increasing the duty cycle ratio T Burst /T Bout of burst duration to bout period, making several tail beats per burst, but the bout period T Bout remains constant at all speeds and ages after the transition. The velocity distribution also exhibits a transition at the same age. These transitions correspond to the size when fish are exiting the viscous regime, which suggests that they become able to tune their duty cycle ratio as soon as they become able to use inertia to increase their speed over several swimming bouts.

Introduction

Intermittent locomotion occurs for both terrestrial, aerial and aquatic locomotion [START_REF] Gleiss | Convergent evolution in locomotory patterns of flying and swimming animals[END_REF]. For fish, the burst-and-coast swimming style has been widely studied as an energy saving mechanism for high speed [START_REF] Videler | Energetic advantages of burst-and-coast swimming of fish at high speeds[END_REF].

In the case of small fish, such as zebrafish or tetrafish, burst and coast swimming is observed at all speeds for routine swimming [START_REF] Francois | Burstand-coast dynamics in steady swimming of tetrafish[END_REF][START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF][START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF][START_REF] Muller | Hydrodynamics of unsteady fish swimming and the effects of body size: comparing the flow fields of fish larvae and adults[END_REF] and has consequences on the collective swimming strategies [START_REF] Frank E Fish | Burst-anccoast swimming in schooling fish (notemigonus cr ysoleucas) with implications for energy economy[END_REF]. The physiological and sensory reasons why small fish always swim in a burst and coast fashion have not yet been investigated. Studies done on blind cave tetrafish suggest a strong link between active and passive lateral line sensing, and intermittent swimming [START_REF] Tan | Do blind cavefish have behavioral specializations for active flow-sensing[END_REF].

The coupling between intermittent swimming and respiratory cycles is also still to be investigated [START_REF] Venturelli | Hydrodynamic pressure sensing with an artificial lateral line in steady and unsteady flows[END_REF].

The development of burst-and-coast swimming during the growth of the fish is thus an important stage of its development. It is however the subject of very few studies [START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF][START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF]. Zebrafish are widely studied as a model for physiological development but the evolution of locomotory strategies is not well known.

Intermittent swimming ontogenesis: general context and principles

Orders of magnitude of fish growth

Fish larvae are known as the smallest self-sustaining vertebrates. They thus provide an interesting example of how bodily functions of a vertebrate can be miniaturized and cope with a change of scale [START_REF] Wieser | Energetics of fish larvae, the smallest vertebrates[END_REF]. A newly hatched anchovy larva measures 2 mm in length and can weight 20 micrograms, and this order of magnitude of sizes is common to most fish larvae. At the adult age, teleost fish developed from such little larvae can reach a wide array of sizes, from 200mg for the dwarf goby (Pandaka pygmaea) [START_REF] Flindt | General: Size, weight, age[END_REF], to over 4400lbs for the ocean sunfish (Mola mola) [START_REF] Willis | Capture of an ocean sunfish[END_REF]. Fish size can increase for up to 10 orders of magnitude in weight and over 3 orders of magnitude in length during their development. This change is comparable to a "mouse-to-elephant" mass magnitude range, but within a same species, during ontogeny -which induces a difference in scaling exponents, compared to interspecific species [START_REF] Moran | Ontogenetic scaling of fish metabolism in the mouse-to-elephant mass magnitude range[END_REF]. The evolutionary reason of fish producing big numbers of very small offspring is still unclear but may be explained by the food chain: fish larvae and juvenile play a fundamental role in transferring the energy from microscopic secondary producers (zooplankton) to the top-of-the food chain, tertiary producers (adult fish). This may have allowed teleost fish to broaden their range of distribution in most pelagic ecosystems [START_REF] Nellen | A hypothesis on the fecondity of bony fish[END_REF].

Due to this tremendous size increase, fish undergo various physiological and morphological metamorphoses during ontogeny, to adapt to these drastic changes of scaling in the physics of their body. These changes concern various fundamental functions of their organism, including respiration, osmoregulation, metabolism, thermoregulation, and locomotion. Fish larvae switch from diffusive respiration to gill-driven respiration as the body surface evolves as L 2 but the body volume evolves as L 3 with the length L [START_REF] Weihs | Respiration and depth control as possible reasons for swimming of northern anchovy, engraulis mordax, yolk-sac larvae[END_REF].

In the same way, the main osmoregulatory site of larval fish is their skin tegument ionocytes, and osmoregulation switches from the skin to the gills as they develop during ontogeny. Then, kidney and urinary bladder allow further osmoregulatory capacities, along with the tuning of drinking rates. The main changes occur during the transition from larva to juvenile, and often induces migrations linked with salinity [START_REF] Varsamos | Ontogeny of osmoregulation in postembryonic fish: a review[END_REF].

The energy metabolism of early fish larvae is predominantly aerobic, and the anaerobic mechanisms appear only at the end of larval develoment [START_REF] Wieser | Energetics of fish larvae, the smallest vertebrates[END_REF]. The mass-specific metabolic rate is independent from the mass at early larval stages and starts to decrease with increasing body mass -as it is the case with most adult organisms [START_REF] Douglas | The 3/4-power law is not universal: evolution of isometric, ontogenetic metabolic scaling in pelagic animals[END_REF] -only at the end of larval development [START_REF] Oikawa | Ontogenetic change in the relationship between metabolic rate and body mass in a sea bream pagrus major (temminck & schlegel)[END_REF][START_REF] John | Metabolic ontogeny of teleost fishes[END_REF]. For species that are endothermic at the adult age -large, pelagic species -the onset of thermoregulation is not understood yet. Endothermic capacities are suspected to be linked with red muscle heat exchangers development, and to coincide with a change of diet implying deep dives under the thermocline [START_REF] Graham | A rapid ontogenetic shift in the diet of juvenile yellowfin tuna from hawaii[END_REF].

Onset of swimming in fish

During fish growth, the ontogenesis of swimming behavior is the consequence of both hydrodynamic conditions -linked to fish size, shape and surrounding water flow -and physiological conditions linked to fish development.

Most fish species are oviparous, and fish larvae hatch at a very small size, in the viscous flow regime. They then grow away from this viscous regime. Typical Reynolds numbers range from 10 0 to 10 1 , for fish larvae of a few millimeters long, to above 10 3 for adult small fish like Zebrafish [START_REF] Muller | Hydrodynamics of unsteady fish swimming and the effects of body size: comparing the flow fields of fish larvae and adults[END_REF], and even exceeding 10 7 for large, fast pelagic fish [START_REF] Sagong | Hydrodynamic characteristics of the sailfish (istiophorus platypterus) and swordfish (xiphias gladius) in gliding postures at their cruise speeds[END_REF]. The link between hydrodynamics and swim-ming kinematics has been investigated for very young fish [START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF][START_REF] Weihs | Energetic significance of changes in swimming modes during growth of larval anchovy, engraulis mordax[END_REF] but never continuously throughout fish ontogeny.

The first swimming motions, just after hatching, are described as bouts of continuous undulatory swimming, followed by resting periods of inaction [START_REF] Jhs T Blaxter | 4 development: Eggs and larvae[END_REF]. Hunter (1972) and Weihs (1980) citep [START_REF] Weihs | Energetic significance of changes in swimming modes during growth of larval anchovy, engraulis mordax[END_REF], focused on the swimming ontogenesis of larval anchovy (Engraulis mordax). During the first 3-4 days after hatching, larval anchovy keep swimming continuously, then after 5 days, more than 90 percent of their time is spent swimming in a beat-and-glide mode. This first transition coincides with the resorbtion of the yolk-sac, that increased the younger fish's drag area, and provided them with a food supply. After the resorbtion of the yolk-sac; foraging behavior of the fish becomes more important.

From a simple dynamic model, derived from the article of Weihs 1974 [START_REF] Weihs | Energetic advantages of burst swimming of fish[END_REF],

Weihs assesses the energetic reasons of the swimming style of fish larvae [START_REF] Weihs | Energetic significance of changes in swimming modes during growth of larval anchovy, engraulis mordax[END_REF].

He assumes that larvae under 4 days post hatching are in the viscous regime with a drag force

D = - 1 2 C d ρAU -→ u v
where C d is the viscous drag coefficient, ρ is water density, A is the fish surface area and U -→ u v is the fish speed vector. On the other hand, adult fish are in an inertial regime, with

D = - 1 2 C inert ρAU 2-→ u v
Weihs assesses that for the smallest larvae, when viscous effects dominate, continuous swimming is always energetically more efficient, as fish cannot take advantage of passively gliding because the effects of inertia are negiligible, whereas for higher Re, burst and coast swimming becomes more efficient as fish can use inertia to passively glide while both decreasing their drag and saving energy.

Flow visualisation during intermittent swimming of larval and adult zebrafish revealed differences in the structure of the flow [START_REF] Muller | Hydrodynamics of unsteady fish swimming and the effects of body size: comparing the flow fields of fish larvae and adults[END_REF]. Müller (2000) observed for larval fish large vortical flows due to viscosity, adjacent to the fish body, during the coasting phase. They contribute to the stopping of the larvae right after the end of the burst phase, and thus, to the high cost of intermittent swimming for larvae. These structures are not observed for adult fish swimming at higher Reynolds numbers. The measurements of Müller confirmed the idea of Weihs [START_REF] Weihs | Energetic significance of changes in swimming modes during growth of larval anchovy, engraulis mordax[END_REF] that intermittent swimming is made at high energetic costs for larvae, compared with adults for which it offers an advantage over continuous swimming. Müller explains that the reason why larval fish already swim in a burst-and-coast style even though it offers energetic disadvantage may be that doing so, they reach higher instantaneous speeds, and thus can exit the viscous realm earlier in their life.

Morphological traits can be linked to hydrodynamics and swimming ontogeny. Carp larvae have been shown to delay the development of their gut to keep their body flexible enough to generate large amplitude body waves that fit low Re locomotion [START_REF] Jwm Osse | Priorities during early growth of fish larvae[END_REF].

Importance of understanding the onset of swimming

Swimming is one of the most important changes that occur to developing fish.

Understanding fish swimming ontogeny has several applications in fish populations management, to understand their migrations and hydrodynamic needs [START_REF] Kynard | Ontogenetic behavior and migration of atlantic sturgeon, acipenser oxyrinchus oxyrinchus, and shortnose sturgeon, a. brevirostrum, with notes on social behavior[END_REF],

in order to adapt the engineering of river beds, dams and fish passes [START_REF] Beach | Fish pass design-criteria for the design and approval of fish passes and other structures to facilitate the passage of migratory fish in rivers[END_REF]. Dam obstacles can have a drastic impact on both migratory and non-migratory fish populations by impacting the swimming conditions of larvae [START_REF] Duan | Changes in abundance of larvae of the four domestic chinese carps in the middle reach of the yangtze river, china, before and after closing of the three gorges dam[END_REF][START_REF] Katano | Comparison of fish communities between above-and below-dam sections of small streams; barrier effect to diadromous fishes[END_REF][START_REF] Penczak | Threatened obligatory riverine fishes in humanmodified polish rivers[END_REF]. The populations of the species impacted by river engineering problems represent a big economic weight, and a primary protein source for mankind at the global scale [START_REF] Patrick J Dugan | Fish migration, dams, and loss of ecosystem services in the mekong basin[END_REF][START_REF] Clausen | Global biodiversity decline of marine and freshwater fish: a cross-national analysis of economic, demographic, and ecological influences[END_REF].

A better knowledge of fish metabolic needs linked with swimming behavior is also fundamental in the development of aquaculture methods, for both human consumption and sustaining of wild populations. It is a key challenge in the breeding of some sensitive species [START_REF] Shigeru | Ontogenetic change in oxygen consumption of bluefin tuna, thunnus thynnus[END_REF]. Understanding the ontogenesis of fish swimming would also allow to disentangle some of the least understood points of fish ecology: larval migrations. Many species of reef fish are demersal, but lay pelagic eggs and their larvae drift freely in open water. The way larvae manage to reach the coast, actively or passively, is not yet understood, as the evolution of their exact swimming abilities is still unclear [START_REF] Domine L Clark | Swimming ontogeny of larvae of four temperate marine fishes[END_REF][START_REF] Jeffrey | Behaviour as input for modelling dispersal of fish larvae: behaviour, biogeography, hydrodynamics, ontogeny, physiology and phylogeny meet hydrography[END_REF]. The same interrogations exist concerning migratory species such as catadromous eels, which larvae can swim up to 6000 km to reach rivers [START_REF] Gp Barbin | Behaviour and swimming performance of elvers of the american eel, anguitta rostrata, in an experimental flume[END_REF] . From a physics point of view, growing fish larvae provide an interesting example of locomotory strategies in flows of varying Reynolds numbers. It is also a field where scaling laws, hydrodynamics and biology approaches interact strongly [START_REF] Hunt | Effects of temperature on larval fish swimming performance: the importance of physics to physiology[END_REF].

Intermittent swimming ontogenesis in zebrafish

Zebrafish natural history

Zebrafish are a small cyprinid teleost fish. They belong to the Rasborinae clade, of the subfamily Leuciscinae, and the family Cyprinidae, in the order Cypriniformes. [START_REF] Meyer | The phylogenetic position of the zebrafish (danio rerio), a model system in developmental biology: an invitation to the comparative method[END_REF] They inhabit shallow rivers of South Asia, their main natural range spreading through Northern India and Nepal (Fig. 3.1 (a),(d)). They have been reported to live in a range of temperatures from 12 to 39 degrees Celsius, salinities of between 0.01 and 0.8, and pH levels of 5.9 to 9.8. Their typical habitat is made of shallow streams and still pools with little or no current. They tend to prefer complex habitats with immersed branches, aquatic vegetation and overhanging tree cover [START_REF] David | The natural history of model organisms: Advancing biology through a deeper understanding of zebrafish ecology and evolution[END_REF]. Zebrafish thrive in man-made habitat of rice paddies, and artificial canals. They are active during daylight hours [START_REF] Mark W Hurd | Circadian rhythms of locomotor activity in zebrafish[END_REF]. 2) male wild zebrafish from two different Indian streams [START_REF] David | The natural history of model organisms: Advancing biology through a deeper understanding of zebrafish ecology and evolution[END_REF], (3) male zebrafish of "nacre" strain from the IBPS aquatic facility, (4) male zebrafish of "leopard" strain from the IBPS aquatic facility. (c) Sexual dimorphism of wild-type AB strain zebrafish from the IPBS aquatic facility. The main differentiating characters are body shape, color, and size. (d) Locations were wild zebrafish studies have been conducted since 1868 [START_REF] Raymond E Engeszer | Zebrafish in the wild: a review of natural history and new notes from the field[END_REF].

Their main diet consists of insects fallen in water, but they are omnivorous and can feed on zooplankton, algae and plant material. Larvae feed on small zooplankton. They have a lot of natural predators, including Snakehead fish, Knifefish, Catfish, predatory birds, and dragonfly larvae [START_REF] Arunachalam | Natural history of zebrafish (danio rerio) in india[END_REF]. The reproduction of Zebrafish occurs in the wild during summer monsoons, and spawning occurs at dawn in shallow waters. The spawning occurs in the first hour following sunrise [START_REF] Spence | Mating preference of female zebrafish, danio rerio, in relation to male dominance[END_REF]. The male defends a spawning territory where the female will lay her eggs, then eggs and hatchlings are left unattended with no parental care [START_REF] Spence | Male territoriality mediates density and sex ratio effects on oviposition in the zebrafish, danio rerio[END_REF]. The number of eggs laid by a female is very variable but usually around a few hundreds. The eggs hatch at 72 hours post fertilization. The fish mature as early as 3 months old in the lab, but it can take 6 months in the wild. The exact pattern of growth of Zebrafish, and their age of maturity has been thoroughly studied in the lab, but is not known in nature [START_REF] Spence | The behaviour and ecology of the zebrafish, danio rerio[END_REF].

As a general rule, Zebrafish are well studied as a system, but are lesser known as an organism, in a natural habitat.

Zebrafish were first bred as a model system by Hungarian-born American geneticist George Streisinger in 1972 [START_REF] Varga | The doctor of delayed publications: The remarkable life of george streisinger (1927-1984)[END_REF]. He did not choose the species for particular behavior reasons but because they were easy to breed and had a fast growing, transparent embryo. The use of Zebrafish as a vertebrate model system spread quickly, and today, Zebrafish have a sequenced genome, thousands of genetically modified mutants, and as of 2013, they were studied by over 5000 researchers, in 450 labs in 31 countries [START_REF] Kinth | Mapping of zebrafish research: a global outlook[END_REF]. The main fields of Zebrafish research are gene expression and development [START_REF] David | Headwaters of the zebrafish-emergence of a new model vertebrate[END_REF]. However, Zebrafish have been used

to study other fields of biology, including behavioral models [START_REF] Miklósi | The zebrafish as a model for behavioral studies[END_REF] , neural aspects of simple behavioral responses, especially linked with drugs [START_REF] Rihel | Behavioral screening for neuroactive drugs in zebrafish[END_REF], genetic effects on behavior [START_REF] Harold | The neurogenetic frontier-lessons from misbehaving zebrafish[END_REF] , learning capabilities [START_REF] Noam | Shoaling in zebrafish: what we don't know[END_REF]. However, little is known about the swimming behavior of Zebrafish and its evolution with the growth and ageing of the fish -apart from biomechanical considerations and measurements of flow patterns during swimming [START_REF] Mwaffo | Zebrafish swimming in the flow: a particle image velocimetry study[END_REF].

Zebrafish ontogeny

We give here an overview of the main stages and milestones of the ontogeny of zebrafish, that is useful to locate the following study in the context of the growth of zebrafish.

Embryonic development of zebrafish has been thoroughly studied, and precise tables exist to describe the embryonic development [START_REF] Charles | Stages of embryonic development of the zebrafish[END_REF]. Zebrafish eggs hatch The transition between fish larval stage and juvenile stage can take various forms, depending on the species. It can be a sharp change, a metamorphosis in which the organs of the larva are replaced by the organs of the adult. Or it can occur more directly and continuously, making the boundary between larval and juvenile stages more fuzzy [START_REF] Balon | Alternative ways to become a juvenile or a definitive phenotype (and on some persisting linguistic offenses)[END_REF]. For Zebrafish, a few thresholds of development have been described and used by biologists to define developmental stages. Basing these stages on age is not consistent because development can be faster or slower depending on breeding conditions. Thus, the criteria are mostly staged on fish length to normalize post-embryonic maturation [START_REF] Singleman | Growth and maturation in the zebrafish, danio rerio: a staging tool for teaching and research[END_REF] (Fig. 3.

2).

The traits studied by biologists for Zebrafish developmental staging include swim bladder, fins development, skin pigment patterns, scale formation, and skeleton ossification.

One of the first interesting stages is the dorsal bending of the posterior notochord, that initiates the development of the caudal fin. This bending begins at 4.5mm and ends at 6.5mm. In parallel, the caudal fin rays start to develop, shows that it transitions from a dorso-ventral continuous skin fold to a heterocercal partially ossified ray fin, and then a homocercal ray fin with ossified rays.

Adapted from [START_REF] Singleman | Growth and maturation in the zebrafish, danio rerio: a staging tool for teaching and research[END_REF].

and they are completed and ossified at 6.4mm. The anal and dorsal fins develop shortly afterwards, emerging from the median fin fold. All rays are developed at 8.5mm. At 6.4mm, a notch indicates the resorption of the median fin fold, and at 7.7mm it is already almost completely resorbed. The pelvic fins are the last to develop, ending their ossification around 10mm [START_REF] David M Parichy | Normal table of postembryonic zebrafish development: staging by externally visible anatomy of the living fish[END_REF]. This is a significant change in the geometry of propulsive surfaces [START_REF] Ulrike | Swimming of larval zebrafish: ontogeny of body waves and implications for locomotory development[END_REF]. Pectoral fin musculature also evolves during the larval stage, and their development correspond to a functional switch from a locomotory role coordinated with body undulations in the larval stage to a maneuvering role in adults [START_REF] Dh Thorsen | Development of zebrafish (danio rerio) pectoral fin musculature[END_REF]. The locomotory system neural control keeps developing throughout the larval stage [START_REF] Drapeau | Development of the locomotor network in zebrafish[END_REF]. The lateral line is the time spent actively swiming by the fish within a bout, at an early larval stage, before 5mm, where the fish swims continuously in a viscous regime, then it increased with fish length, as the fish routinely swims in a burst-and-coast way. The 'resting' phase time, corresponding to a gliding or immobile fish, was decreasing with fish length and age. They measured that the rate of time spent actively swimming within a swimming bout was increasing as fish grew older, and model this increase as linear. However, they do not investigate on the variability of the swimming regimes for fish, looking only at average values. They also noticed, without quantifying it, that the fish wait until complete stop before starting a new bout at larval stages and start a new bout without stopping at adult age, raising the question of hydrodynamic effects.

McHenry and Lauder (2005) [START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF] investigated more the hydrodynamic aspect, analyzing the scaling of coasting (time spent gliding by the fish, after actively swimming and before stopping). They found a surprisingly large increase in burst initial speed in the growth between juvenile and adult stages, and no correlation between the coasting time and fish age. They explained the differences in coasting performance between adults and larvae / juvenile as primarily due to the body mass and initial speed rather than the change of hydrodynamic regime.

Materials and methods

Fish housing

We performed experiments on the AB lineage of zebrafish, to ensure we were using fish with a wild type and consistent genotype and phenotype. Zebrafish 

Experimental protocol

Fish were studied swimming in an area made of a Petri dish of a radius varying with the size of the fish (Fig. 3.5 and 3.12 ). Fish of ages 7 days until 14 days were put in boxes of 90mm radius and water depth 10mm. Fish of 17 days until 31 days post fertilization, fish were put in a Petri dish of 135mm radius and water depth 15mm. At age 38 days post fertilization, until 45 days post fertilization, fish were put in a Petri dish of 190mm radius and water depth 20mm. After that age they were put in an acrylic round area of radius 400mm and water height 40mm.

Boxes edges were treated against reflections to avoid the fish seeing its own reflection on the edge, and to avoid the image artifacts capturing the reflection of the fish. Before starting each run, the fish selected for the experiment were For each measurement, we recorded a series of 4 runs of 5000 images each, of resolution 2048 x 2048 pixels. These large quantities of data were saved on a 10To hard drive with SSD connection to enhance image acquisition and treatment time.

Image treatment

Images were processed to obtain data on the kinematics of the fish and deduce its dynamics from shape measurement. We designed in-house codes for both data processing and analysis. Images were processed and fitted with Python language, using JetBrains PyCharm editors, then results were analyzed and post-processed on Matlab R2018a, The MathWorks, inc. 

Image processing

The image processing followed several steps to treat, track and analyze the images.

The first step of image processing consisted in background suppression (Fig. 3.7

(1),( 2),( 3)), to isolate the image of the fish from the images of the background.

Background image (Fig. 3.7 ( 2)) is obtained by averaging the light intensity of each pixel of the image over the whole recorded run. Assuming that the fish has moved during the recording, its image is averaged out and disappears from the background image.

Then the 8-bit image is binarized using a threshold set by hand for each recording run, using the image pixel values histogram to set the threshold just before the peak corresponding to the pixels that belong to the fish (Fig. 3.7 ( 4)).

The lighting and camera aperture were tuned thanks to this histogram to get saturated white pixels for most of the background pixels. This allows to get the finest details of the fish silhouette (especially the thin, dim caudal fin). Only the largest object (the fish) is kept on the image, and we kept only the pixels in a square window around the fish, of approximately 2 times the length of the fish in side length.

In order not to lose the fish during this tracking process, the program was fine-tuned with the following safety feature: in the first image, the fish size, main axis angle and position was measured and put by hand as an input of the program. For each following image of the image sequence, if there were several objects of pixel values exceeding the threshold, the one closest in position, size and angle, to the previous image of the fish, was selected. This first step of image processing already gave us information on the fish kinematics: its center of mass position and its main axis angle. 3) is thus extracted. Then a threshold is applied to binarize the image ( 5) and get the final binary image ( 6). ( 4) shows the histogram of the image. We notice that there is a limit under 50 bits, due to the sensitivity limit of the camera, and the luminosity gets saturated for most of the background pixels at 256 bits. The threshold is thus set just under this saturation level, at 250 bits.

Data processing

The next step of image treatment consisted in getting the characteristic times of intermittent swimming from the images. We started by extracting the position of center of mass of the image of the fish and plotting its speed, analyzing the bursts of speed to derive T Bout . Unfortunately, this method did not allow us to capture some small amplitude movements where the fish almost does not move, but still makes a swimming bout. It also failed to spot the motions where the fish only turns on itself, making a swimming bout without speed modulus variation:

if the fish perform some motions such as changing direction by turning on itself, the center of mass will not move but the fish will have performed a swimming motion (burst). A precise understanding of the fish swimming kinematics cannot rely only on the center of mass position.

Thus, we developed another method, aiming to model and fit the shape of the fish to get access to its curvature.

We derived the coordinates of the midline of the fish from the images, then using this midline we fitted on it a geometric model based on the fish mechanics.

Theoretical Model

Goal

The model aims to describe the fish muscular energy, assuming that the fish muscles provide the energy needed to bend its body. Thus, we need to model the curvature of the fish, which varies along its body, and to derive from this curvature function, an elastic energy.

Geometry

We model the fish as a variable section beam. It has a constant length L0, measured directly from the images, given their length scale. Along the fish midline is computed the curvilinear abscissa s. Local height h (which is the half thickness of the fish: a radius) is modeled as

h(s) = as + b
θ is the angle between the horizontal axis and the local angle of the tangent to the fish midline. 

Local bending length increase

When the fish bends, its outer edge is stretched and its inner edge is compressed.

Thus, the bending of the fish induces an elastic energy due to this length difference (according to Hooke law).

By geometric considerations (Fig. 3), if we consider a section of fish of length at rest L 0 and thickness h(s), and we bend it with a local radius of curvature R(s), the inner part of the fish section -of length Lint -is compressed whereas the outer part -of length Lext -is expanded, generating a difference ∆L = L ext -L int , thus we have

∆L = (R + h 2 )θ -(R - h 2 )θ
that can rewrite as:

∆L = hθ
Also, L 0 = Rθ by definition of the curved arc length; thus the length increase rewrites as: ∆L = hL 0 R , So the relative length increase rate can be written as:

ε = ∆L L 0 = h R
If we name K the radius of curvature 1 R , we have :

ε = k = Kh

Elastic energy

According to Hooke's law, the elastic bending energy writes as:

E B = L 0 E.ε 2 (s).W.h(s).ds
where W.h(s).ds is the element of volume of a fish section Thus, the energy can be rewritten as:

E B = 1 2 E.W. L 0 h 3 (s).K 2 (s)ds
By definition of the stress, σ = K.E.h

Thus we rewrite the energy as:

E B = 1 2 W E L 0 h.σ 2 ds
And in our model, σ has a propagative expression with : σ(s) = σ 0 sin(ks+Φ) and φ = Φ 0 + ct Thus,

E B = 1 2 σ 2 0 W E L 0 h(s). sin 2 (ks + φ)ds
Given the shape of the fish in our model: h = as + b

we have:

E B = 1 2 σ 2 0 W E L 0 (as + b) sin 2 (ks + φ)ds
We computed the integral analytically, and we obtained:

E B = 1 2 σ 2 0 W E sin(2(kL + φ)). - 1 4 b k - aL 4k + sin(2φ). b 4k - a 8k 2 . cos(2(kL + φ)) + a 8k 2 cos(2φ) + Lb 2 + aL 2 4 
The shape of the deformed fish at any time is modeled as:

θ(s) = σ 0 sin(Φ + ks) h
the phase term contains the propagating term Φ = Φ 0 + ct k is the wave vector (and will be found to be close to π/2)

Fit model

The fish deformation mechanics were fitted by considering a, b, k, L as global parameters, independent of time, that are the same for each fish -thus each series of images. Φ and σ 0 depend on the fish kinematics on each image (they are functions of time). The values are computed with a Python program developed in the lab, and a gradient-descent fit relying on this mechanical model.

Characteristic times measurement

Because of the high resolution of the images, we needed to optimize the fitting program to treat the data fast enough. It needed to rely on GPU performances of the computer and once optimized, it still took on average 50 hours for a series of 4 fish of 4 5000-image films each.

Combining the analyses of speed peaks, angle change inflexion points, and bending-induced stress peaks, we had a robust method to track all swimming events from fish motion time series.

The noise levels being extremely low, we can identify without errors the burst events from the value of elastic stress energy, by calibrating a threshold for peak finding on Matlab (low-pass filter and amplitude minimum filter, adapted for each fish). This method only fails when the fish is making long bouts of continuous swimming, as there are several curvature stress peaks per burst, and a very Figure 3.9: Speed and elastic energy evolution with time for a 14 dpf zebrafish.

The arrows indicate the measurement method of T Bout , T Burst and T Coast , short period between two bursts. For these cases, we had to base our analysis on another criteria: speed exponential decrease, and angular orientation exponential decrease. When these two criteria met, we identified the corresponding period as a coast period. We thus used the combination of both criteria to determine the times of beginning and end of burst and coast periods. Bout time T Bout is defined as the time between two bursts. Burst time T Burst is obtained through the elastic energy calculations and is estimated to be the width of a peak of elastic energy (Fig. 3.9). The coast phase needed to display a curvature energy under the threshold, but aslo an angular orientation and speed monotonous decrease, to distinguish it from artefacts caused by the oscillations of the curvature during a long burst.

Results

Fish growth

To understand the evolution of the characteristics of fish swimming, we can look at it through two different parameters: age, and standard length. These two parameters are linked by the non linear growth curve (Fig. 3.10) we measured, which is similar in shape to the ones described in the literature. However, the growth curve of zebrafish is known to be able to vary greatly depending on their environment (temperature, population density, feeding and water quality) [START_REF] David M Parichy | Normal table of postembryonic zebrafish development: staging by externally visible anatomy of the living fish[END_REF].

During zebrafish embryogenesis, some discrete staging criteria exist, such as the number of somites, and they allow to define growth stages, but for zebrafish hatched larvae, these stages are not well defined [START_REF] Singleman | Growth and maturation in the zebrafish, danio rerio: a staging tool for teaching and research[END_REF]. Thus, fish length, combined with some staging maturation traits, is considered by biologists a better way to assess zebrafish maturity than age itself. Parichy et al. ( 2009) [START_REF] David M Parichy | Normal table of postembryonic zebrafish development: staging by externally visible anatomy of the living fish[END_REF] developed a complete table describing growth and development of post-embryonic zebrafish. Studying groups of fish raised at varying temperatures and population densities, thus having varying growth rates, they demonstrated that the relationship between the development of typical maturation phenotypal traits (e.g. swim bladder lobes, fin ossification, scales, melanophore patterns) and size shows better correlation than the between these phenotypal traits and age.

They thus showed that length is a more relevant criteria than age for staging.

However, their studies ackowledge the fact that even the relationship between length and developmental traits is highly variable with the rearing conditions. Ontogenesis and scaling. The evolution of fish swimming kinematic parameters can either be studied as a function of the age of fish, or as a function of its size. The age gives access to the time scales of the ontogenesis of fish swimming, whereas the size is more relevant in terms of physical scaling. Biologists agree that development staging is correlated to fish length rather than age. Our data points were gathered as age groups for experimental reasons, but for the analysis of hydrodynamically relevant parameters, the scaling of zebrafish growth is what most interests us, so we made the choice to study the evolution as a function of the fish length. For parameters that are more linked with the type of swimming itself, we discussed their evolution as a function of both length and age to have better insight into the ontogenesis of swimming motion characteristics.

Burst-and-coast swimming

Zebrafish were found to routinely swim with burst-and-coast intermittent swimming at all ages, alternating phases of active swimming and passive gliding (Fig. 3.11). However, the kinematic structure of the intermittent swimming evolved throughout their growth, as well as the speeds they reached (Fig. 3.12).

In the earliest life stages, the burst-and-coast swimming style was very intermittent, with single tail flicks, followed by passive periods, that very quickly came to a complete stop. Most of the "coast" time was actually spent stopped.

When the fish grew, it became able to do multiple tail beats per bout, sometimes reaching an almost continuous swimming style, but with always some short pauses of coasting. Most or all of the coast time was now spent gliding, because of inertia. This change of behavior can be observed when analyzing the time series of yaw angle, that give an idea of the fish's head orientation, and thus of The effects of inertia changes can be seen on the speed time series. For small fish, the speed rapidly reaches a 0 value after the end of the burst, whereas for larger fish, it decreases more slowly and even never reaches a 0 value between two bouts, for fish older than 21 dpf (Fig. 3.14).

Bout and burst period

Bout period. The burst-and-coast cycle period T Bout decreases with age during the larval stage from 0.8s to 0.3 s, until reaching a plateau of slowly increasing values after 21 dpf, with nearly constant values between 0.35s and 0.45s. The standard deviation of T Bout also decreases, with this period becoming more regular at a higher age (Fig. 3.15 (a)). This decrease suggests that during the larval stage, the fish are not always swimming, and make some resting pauses, measured as part of a longer bout.

Burst period. The durations of bursts T Burst have a nearly constant value that does not evolve with the age or size of the fish between 0 and 21 dpf.

Between 21 and 50 dpf we notice a slight increase in the standard deviation of T Burst , then after 50 dpf the average T Burst also reaches a plateau value with an average of 0.3s and a standard deviation of 0.2s. The value of the starts constantly increasing once the fish reaches a length of 10mm, whereas it remains at a constant, low value for smaller sizes. The hypothesis that this T Burst standard deviation increase is due to a change in the intrinsic duty cycle ratio of the burst and coast cycle is confirmed by the analysis of this ratio (Fig. 3.17 and Fig. 3.18).

Duty cycle ratio

The observation of the time series of burst-and-coast kinematics, whether they consist in speed (Fig. 3.14), curvature-derived elastic energy (Fig. 3.9), or fish heading angle (Fig. 3.16 (a)), reveal that the fish is using burst-and-coast swimming at all speeds, and modulates the same intermittent gait that consists in alternating active and passive swimming phases. The period of these cycles is the T Bout period that does not significantly evolve with age. The intrinsic modulation within a cycle however evolves with the age of fish.

For larval fish of ages under 21 dpf and lengths under 10mm, the T Burst /T Bout ratio can only occupy a narrow range of low values. The burst time never accounts for more than 30 percent of the total bout period. The fish are making only single tail-beats.

For higher ages and sizes, the fish become able to tune its T Burst /T Bout ratio, in order to tune its speed. At these sizes, zebrafish are still capable of doing single-beat, regular burst-and-coast locomotion, but they can also switch to longer burst phases to reach higher speeds (Fig. 3.18 (a) and (b)). They do so by increasing the number of tail beats per burst, as can be seen on Fig. 3.16

(a), where the 21 dpf fish exhibits a strong variation in the number of tail beats Figure 3.15: Evolution of cycle period T Bout and burst time T Burst with fish length (mm). We notice a dimimution of T Bout until 21 dpf, where it reaches a limit constant value. Before 21 dpf (10mm), T Bout displays a higher, decreasing average value.

per burst. For these larger fish, the ratio T Burst /T Bout has a more widespread distribution than for larvae (Fig. 3.17 (b)), with a standard deviation that is nearly doubled (Fig. 3.18 (b)). The average value of this ratio is higher than 0.5, meaning that the fish are spending on average most of their time in the burst phase. This reaches such an extent that the "coast" pauses become at times extremely short, and the fish can almost be considered as continuously swimming. However, these pauses still exist, suggesting that they may have a biological utility. After 21 dpf or 10 mm, zebrafish are able to tune their T Burst /T Bout ratio and thus spend an increasing rate of their their swimming bouts in a gait with T Burst > T Bout /2 (Fig. 3.17 (c)). On the contrary, larval fish between 7 and 21 dpf (under 10mm) spend less that 10 percent of their time with T Burst > T Bout /2, doing almost exclusively regular single-beat burst-and-coast 

Coasting hydrodynamics

This transition of swimming kinematics at 21 dpf follows a sharp hydrodynamic change of flow regime. The consequences of the change of flow regime can be observed on fish speed time series (Fig. 3.14) where we notice the effects of inertia for the larger juvenile fish that keeps a significant speed at the end of its coasting phase, whereas this speed is negligible for the smaller, larval fish. This change of hydrodynamic conditions can also be measured by measuring the evolution of the Reynolds number Re = U.L ν over the growth of the fish -an assessment of the ratio between inertial and viscous forces (Fig. 3.19 (a) and 3.22).

For larval fish smaller than 10 mm (ages under 21 dpf), over 95 percent of all recorded swimming bouts occurred at Reynolds numbers lower than 300 over their whole range (see the examples of Reynolds number times series of Fig. 3.21 (b)). This value of 300 is considered in the literature as the upper limit of the regime where viscous effects are predominant for coasting fish [START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF][START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF] (see Discussion). The Reynolds number is then slowly increasing with fish age. T Bout ratio with fish age. The ratio diplays a peaked value around 0.25 for larval stages before 21 dpf, and reaches a 0 probability for bursts longer than 0.6 T Bout and then becomes more widespread and reaches higher values, while still keeping significant probabilities for single tail beats (low ratios).(b) TBurst/TBout ratio evolution with fish length : the standard deviation increases, indicating the ability for the fish to explore various swimming regimes. (c) Rate of bursts where T Burst > T Bout /2 evolution with fish length. Longer bursts (relatively to the total bout time) do not exist at the larval stage. They become the main cruising gait as the fish grows, reaching half of the fish swimming bursts at 75 dpf. We notice that for small sizes, the main swimming regime is long bouts with short burst times (single tail beats), whereas for larger fish, longer bursts with multiple tail beats become more common. (b) Chosen 2D slices of the scatter plot. The increase becomes very sharp at 21 dpf (10mm), where 75 percent of swimming events are still occurring at Re<300. For all ages higher than 45 dpf, less than one third of the bursts occur in the regime of Re<300 (Fig. 3.20). Our values were slightly higher than the values of McHenry and Lauder (2005) [START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF] but well within their error bars, and our results corroborated their measurements showing that for larval fish, all the swimming occurs in the viscous regime, and after 45 dpf, nearly all the swimming is at Re>300. Figure 3.20: Relationship between the average proportion of time spent with Re<300 (T v ) during the coast periods (T Coast ), and the age of the fish. We see that a transition occurs at 21 dpf, before which all the coasting events were occurring in the viscous regime, and after 45 dpf, all the coasting events occur at Re>300. Also, the speed in viscous regime for larvae, reaches 0 at the end of each coast period, whereas in the inertial regime, for bigger fish, the speed is not reaching 0 any more during a coast phase (Fig. 3.14). The larger fish glide without stopping over a bout time (Fig. 3.21 (a)).

To characterize this change of behavior between a "burst and stop" swimming motion for fish under 10mm and a "burst and glide" motion for fish over 10mm, we derived some kinematic parameters describing coasting, by fitting the fish position measurements with kinematic equations.

We first approximated the decrease of speed after the burst period as an exponential decrease: U (t) = U 0 e -t τ . We computed the values of τ through nonlinear curve fitting with the Gauss-Newton least squares method on Matlab. This characteristic time is linked to the viscous drag coefficient for a viscous regime, as for a fish coasting in a viscous regime, the speed vector obeys the following equation

m. d U dt = - 1 2 C d ρA - → U
which solves as:

U (t) = U 0 e -t τ with τ = 2m C d ρA
At the transition between larval and juvenile stages, the values of τ reach the range of values of T Bout (Fig. 3.22), which shows that the fish does not stop any more between two bursts.

We also used a second model of inertial drag swimmer, according to the method of Bilo and Nachtigall 1980 [START_REF] Bilo | A simple method to determine drag coefficients in aquatic animals[END_REF], to model the coasting kinematics with the other extreme model situation of a purely inertial drag (Fig. 3.23). For a swimmer gliding in the inertial regime, the drag D is :

- → D = -C D A ρ 2 V 2-→ u V
The inverse of the speed 1 V is thus solution of the differential equation (derived from the equation of motion):

d( 1 V ) dt = C D A ρ 2m
So it obeys the following relationship with time:

1 V (t) = ht + V 0 where h = C D A ρ 2m
We observed a change in the slope of h around 10mm (Fig. 3.23), that might be linked with the fact that it corresponds to the moment when inertial effects become dominant. However, the R 2 parameter of the fit was not considerably higher for larger fish than for juveniles. 

Discussion and perspectives

Results discussion

Intermittent swimming at all speeds. Analysis of our data revealed that zebrafish swim at all speeds and ages under study with a burst-and-coast cycle, and always make some small, coast-like "pauses" at a period T Bout , that can be visualized either with the angle direction series (Fig. 3.16), or the elastic energy evolution (Fig. 3.9), two parameters linked to the fish body curvature.

The speed time series are not the relevant parameter to measure the pauses of activity of the fish, as when the fish is able to glide without actively swimming, especially for the larger fish (Fig. 3

.14).

T Bout is constrained to a range between 0.25 and 0.8s (Fig. 3.15). The physiological role of the pauses between bouts is still to be investigated. Observations suggest that they are linked to respiratory motion, as we observe that the burst events coincide with a respiratory water flow intake of the fish on video recordings from adult fish. The zebrafish might synchronize its respiratory motion with the burst and coast swimming motion to improve ram ventilation, but there is no clear evidence of a causality link between the two motions. Zebrafish intermittent pauses at high speeds might also be linked with active or passive sensing, as it is the case with blind tetrafish [START_REF] Tan | Do blind cavefish have behavioral specializations for active flow-sensing[END_REF], that need coasting pauses to be able to perceive their active sensing lateral line signal without motor nervous signal interfering with the flow sensing signal, and most importantlty without the fish swimming flow perturbating the flow sensing signal.

Intermittent swimming ontogenesis.

We have shown that the duty cycle period of intermittent swimming, T Bout , follows a non linear transition in the swimming gait of fish during their growth (Fig. 3.15). This transition is seen in all parameters of intermittent swimming and can be interpreted at the moment when the fish becomes able to modulate the duty cycle ratio within a bout.

Duty cycle ratio evolution. At 21 dpf or 10mm in length, the fish start to be able to tune their T Burst /T Bout ratio, to reach a wider array of speeds. They can make several tail beats per burst rather than just one (Fig. 3.16). This result has not been yet described in the literature. We can see a parallel between this result and our results on tetrafish, focusing on the evolution of the intermittent swimming of tetrafish with imposed speed [START_REF] Li | Burst-and-coast swimmers optimize gait by adapting unique intrinsic cycle[END_REF]. The tetrafish of that study (see Chapter 2) were found to tune the duty ratio of their intrinsic burst-andcoast swimming style to reach given speeds. They increased the T Burst /T Bout ratio when speed increased. The juvenile and adult zebrafish exhibited the same behavior of being able to tune the intermittent swimming duty cycle ratio, during our free swimming experiment (Fig. 3.17 and 3.18). This behavior was shown for tetrafish to be a way to increase speed, and to be energetically optimal. Our results on zebrafish suggest that this way of increasing speed is used by zebrafish as well, as the range of speeds attainable for zebrafish relatively to their size greatly increases when the duty ratio becomes more variable (Fig. 3.19). This result suggests that this behavior may be common to a wide range of intermittent swimming species.

Hydrodynamic effects and speed increase. This change of swimming behavior corresponds to a sudden increase in Reynolds number, where the fish gets out of the Reynolds number range commonly considered as the limit of viscous swimming regimes in previous studies, which is of Re=300. There are very few experimental tests on the hydrodynamic scaling of small fish swimming. Weihs (1980) [START_REF] Weihs | Energetic significance of changes in swimming modes during growth of larval anchovy, engraulis mordax[END_REF] proposed that larval anchovy (Engraulis mordax) swam in a viscous regime for Re < 10 and in an inertial regime for Re>200, based on scalings de-rived from rigid bluff bodies, from engineering literature. This scaling was more precisely studied by [START_REF] Fuiman | What a drag it is getting cold: partitioning the physical and physiological effects of temperature on fish swimming[END_REF] [START_REF] Fuiman | What a drag it is getting cold: partitioning the physical and physiological effects of temperature on fish swimming[END_REF], who found studying larval herring (Clupea harengus) that the correlation between stride length (distance covered during a bout) and viscous drag product (U Lµ) was linear for Re < 300 and became disrupted at values of Re over 300, and deduced that this proved the presence of a significant effect of viscous drag up to a limit value of Re=300. However, they did not link this observation to hydrodynamic predictions. Mc Henry and Lauder (2005) [START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF] predicted the changes of hydrodynamic regimes with a theoretical model, by studying the coasting of zebrafish and measuring the evolution of viscous drag coefficient and inertial drag coefficient with Reynolds number. They found that the upper limit of inertial regime (viscous drag coefficient constant with Re) was located at Re = 300 as suggested by [START_REF] Fuiman | What a drag it is getting cold: partitioning the physical and physiological effects of temperature on fish swimming[END_REF], but their study also revealed that the lower limit of a fully inertial regime was located at Re = 1000, with a transitional regime for 300 < Re < 1000.

Our study showed that the fish completely swim within the viscous regime for lengths under 10mm. They get out of the viscous regime between 21 and 45 dpf -a transition that coincides with the transition of duty ratio variations we observed. Before 21 dpf, the fish almost exclusively swim at Reynolds numbers under 300, and after 45 dpf, they almost exclusively swim at Reynolds numbers over 300 (Fig. 3.19) and Fig. 3.20. The fact that larval fish stop immediately after a burst whereas larger fish keep gliding for a longer time is explained by the effect of hydrodynamic regime. Complex vortical fow structures contribute to reducing coasting distances for larvae [START_REF] Muller | Hydrodynamics of unsteady fish swimming and the effects of body size: comparing the flow fields of fish larvae and adults[END_REF].

We can relate our two measured transitions: the Reynolds number transitioning in accordance to the values described in the literature, and the fish swimming behavior transitions, and hypothesize that the fish start using acceleration techniques (increasing T Burst /T Bout ratio) as soon as these techniques allows them to gain momentum thanks to inertia, at the point when the velocities at the end of burst events become significant. In the viscous regime, a longer burst would not make the fish go any faster at the end of the bout. In the inertial regime, each tail beat makes the fish gain inertia over the whole bout, and a longer burst implies more inertia. These results can shed a new light on the study of ontogenetic changes in intermittent swimming. Fish actually use inertia as soon as they can, to increase their speed range and maneuverability.

Fish swimming evolution and biological development. The 21 dpf age at which this transition occurs corresponds in our study to a length of 9.4 mm. This age and length correspond to the end of the larval stage, and beginning of juvenile stage, i.e. maturity of all functional organs except reproductive ones, as described in previous studies. At that age, median fin fold of larvae is completely resorbed and transformed into median fins, and the ossification of fin rays is finished, implying changes in propulsive area. The lateral line is fully developed for flow speed sensing. [START_REF] David M Parichy | Normal table of postembryonic zebrafish development: staging by externally visible anatomy of the living fish[END_REF] Pectoral fins undergo a functional switch, from a propulsive function, coordinated with body undulations, to a maneuverability role, as in adults [START_REF] Dh Thorsen | Development of zebrafish (danio rerio) pectoral fin musculature[END_REF].

These morphological transitions are likely induced by a peak of hormones [START_REF] Singleman | Growth and maturation in the zebrafish, danio rerio: a staging tool for teaching and research[END_REF]. The levels of thyroid hormone T3 peaks at 10 dpf and the levels of thyroid hormone T4 peaks at 21 dpf. T3 hormone is thought to regulate the transition between embryonic stage and larval stage, and the T4 hormone to peak at the transition between larva and juvenile [START_REF] Chang | Changes in thyroid hormone levels during zebrafish development[END_REF]. The inhibition of this hormone is known to prevent the transformation into a juvenile [START_REF] Donald D Brown | The role of thyroid hormone in zebrafish and axolotl development[END_REF].

Further studies describing the ontogeny of swimming focused on particular aspects of the fish locomotory cycle, but none of them really focused on this cycle itself during the whole ontogeny of the fish. Danos and Lauder (2007) also found a behavioral transition at this age by studying turning events between two bouts. They found that turn angle and angular velocity during routine turns follow a bimodal evolution with fish age. This transition also corresponds to the transition between larval and juvenile stages [START_REF] Danos | The ontogeny of fin function during routine turns in zebrafish danio rerio[END_REF].

Similar transitions have been observed in functions that are not directly linked to locomotion, at the same development stage. The fish switches from skin-based, diffusive respiration [START_REF] Weihs | Respiration and depth control as possible reasons for swimming of northern anchovy, engraulis mordax, yolk-sac larvae[END_REF] and osmoregulation [START_REF] Varsamos | Ontogeny of osmoregulation in postembryonic fish: a review[END_REF] to active processes driven by the gills. Its metabolic rate evolves proportionally to the mass at the larval stage and as M 3/4 at the juvenile and adult stages. The metabolism of the larvae is primarily aerobic, whereas for the adults, anaerobic metabolism appears [START_REF] Wieser | Energetics of fish larvae, the smallest vertebrates[END_REF], linked with the ability to perform high-speed burst locomotion with white muscle.

The transition we measured in intermittent swimming strategy may be linked to this developmental milestone implying many changes in the behavior of the fish, and broadening its scope of possible behaviors. The ethological and evolutionary significance of this transition should be better understood with ecological studies to assess the impact of this swimming strategy change on the fish behavior and fitness.

Perspectives

Zebrafish are an example of fish that routinely do burst-and-coast swimming.

This trait seems to be common to most fish of small size (less than 10 cm) whose swimming has been investigated in the litterature [START_REF] Blake | Functional design and burst-and-coast swimming in fishes[END_REF][START_REF] Tan | Do blind cavefish have behavioral specializations for active flow-sensing[END_REF][START_REF] Weihs | Energetic significance of changes in swimming modes during growth of larval anchovy, engraulis mordax[END_REF]. Larger fish usually swim continuously at cruising speeds [START_REF] Alexander | Optimization and gaits in the locomotion of vertebrates[END_REF] and use burst-and-coast only for maneuvering purposes or as a means to save energy in critical feeding or predation escape situations [START_REF] Weihs | Energetic advantages of burst swimming of fish[END_REF]. In further studies, we shall analyse the same parameters as we already did, for another species such as Cyprinus carpio, that display a burst and coast behavior at the larval and juvenile stage, but not at the adult stage, in order to view the onset of continuous swimming at cruising speeds. Investigating the link between fish size and routine swimming style seems promising, and no large scale study has been done to prove a correlation between the size of fish and their tendency to swim continuously. Also, both this study and our study on tetrafish forced swimming revealed the same intrinsic cycle modulation; measuring how zebrafish adapt their swimming cycle when forced to swim at given speeds would provide evidence of the generality of the behaviors described, over various species of intermittent swimmers. Measuring the characteristics of intermittent swimming on a wider array of fish species would also help get insight into the generality of this behavior among taxa, its evolutionary origin, and the size limits induced by its scaling.

Chapter 4

Pair interactions: Effect of fish size and gaits on collective swimming

Abstract

In animals, group motion can be highly organized in oriented and polarized structures. In fish, such movement is referred to as schooling behavior, and while a large body of literature has focused on characterizing this behavior in relation to group size, the implications of having individual differences in body sizes on group cohesion and coordination are unexplored, despite the fact that heterogeneity in group size can be found in nature. This study focused on this knowledge gap and investigated characteristics pertaining to swimming behavior in shiner perch (Cymatogaster aggregata) based on pairs of similar and dissimilar size (i.e., groups of two large individuals, two small individuals, or one large and one small individual). We analyzed the swimming speed of both individuals, nearest neighbor distance (NND), and characterized the cohesion, synchronization and leadership within interacting groups by analyzing the speed vector's cross-correlation functions. Results showed that pairs of fish of similar sizes are more cohesive than pairs of dissimilar sizes. The analysis of speed showed that while individuals of different size classes tend to adopt group swimming for shorter time periods than when paired with individuals of a same size class, they are also able to adjust their respective swimming speeds during such periods of interaction to reach a compromise speed and maintain group swimming. We showed that larger fish tend to go slower when paired with a smaller fish, and smaller fish tend to go faster when paired with a larger individual. The existence of such tradeoffs could explain the capacity of smaller individuals to remain in shoals and schools of mixed size classes. By cross-correlation function analyses, we showed that when fish are interacting, the leadership, defined as the initiation of turning and speed variation events, is evenly distributed among the two fish for pairs of similar sizes, whereas the larger fish is the leader most of the time for pairs of fish of dissimilar sizes.

Introduction

Effect of size in collective swimming

A lot of attention has been given to the effect of group size on schooling [START_REF] Partridge | The three-dimensional structure of fish schools[END_REF][START_REF] Leem | Quantitative analysis of fish schooling behavior with different numbers of medaka (oryzias latipes) and goldfish (carassius auratus)[END_REF], but much less on individual size within a group. Due to the constraining nature of synchronized swimming, schooling fish are usually assorted by size class [START_REF] Pitcher | Schooling mackerel and herring choose neighbours of similar size[END_REF]. This size-sorting is also favored because it facilitates the coordination of movement [START_REF] Christopher W Theodorakis | Size segregation and the effects of oddity on predation risk in minnow schools[END_REF], it groups fish having the same biological needs [START_REF] Pitcher | Size-segregative behaviour in minnow shoals[END_REF], and it reduces the visual "oddity effect" that facilitates predation [START_REF] Landeau | Oddity and the 'confusion effect'in predation[END_REF]. However, within-school size differences are also common in nature, and reported in many taxa [START_REF] Partridge | Internal dynamics and the interrelations of fish in schools[END_REF][START_REF] Dj Hoare | Body size and shoaling in fish[END_REF].

It is important to understand the individual rules that govern the effect of size on collective swimming as it allows to model size-sorting for large groups of fish.

Several models have been developed based on various assumptions of the attitude of fish, and modeling the way fish react differently towards each other depending on their size would allow to add more data-based imput to these models [START_REF] Hemelrijk | Density distribution and size sorting in fish schools: an individual-based model[END_REF]. [START_REF] Kunz | Artificial fish schools: collective effects of school size, body size, and body form[END_REF] modeled a fish school and demonstrated that the turning rates and NNDs of individual fish depend on their position within the school, even if the fish are identical [START_REF] Kunz | Artificial fish schools: collective effects of school size, body size, and body form[END_REF]. The turning rate is highest at the front of the school. We can suppose that, given the fact that the natural abilities of fish turning rates depends on their size, these inequalities caused by the schooling have some effects in the size-sorting of fish in the schools as well. The turning rate decreases with fish body length and turning radius increases -in other words, their maneuvrability in space and time decreases with body length [START_REF] Domenici | The scaling of locomotor performance in predator-prey encounters: from fish to killer whales[END_REF].

Another major effect of size on schooling is due to the effect of size on fish characteristic speeds. The gait transition speeds of fish depend on their size [START_REF] Mussi | Gait transition speed, pectoral fin-beat frequency and amplitude in cymatogaster aggregata, embiotoca lateralis and damalichthys vacca[END_REF].

The optimal speed of the fish, defined as the speed that makes its energetic cost of transport minimal, is also a function of their size [START_REF] John | Fish swimming[END_REF]. The scaling of fish sizes thus implies scaling of their swimming abilities and cost, that may have consequences on their collective swimming tendency.

Leadership in collective swimming

Most fish collective motion analyses rely on the assumption that fish all play equal roles in a school and that there is no leader in the self-organized structure -a simplifying assumption that was a common belief for a long time [START_REF] Marcus | Studies on the structure of the fish school[END_REF].

However, ethological and behavioral ecology work has revealed that there are complex social interactions between fish, and often very different individuals -in terms of size, age, nutritional state and even species -can be found in the same school. Front fish usually appear to have directional power and trailing fish to follow [START_REF] Krause | Leadership in fish shoals[END_REF]. Linking reliable observations of leadership rules to modelling of fish schools is a key challenge in improving the efficiency of models. Leadership has been observed to emerge from the possession of knowledge that could benefit the group, such as information on a food source [START_REF] Nakayama | Initiative, personality and leadership in pairs of foraging fish[END_REF] or a predator [START_REF] Marras | Schooling fish under attack are not all equal: some lead, others follow[END_REF], or on the nutritional state and position in the school of an individual (especially motion towards the rear end of the school of individuals just after feeding) [START_REF] Krause | Leadership in fish shoals[END_REF], and metabolic scope, as these post-feeding motions are linked with digestion and metabolism [START_REF] Mclean | Metabolic costs of feeding predictively alter the spatial distribution of individuals in fish schools[END_REF]. [START_REF] Marras | Schooling fish under attack are not all equal: some lead, others follow[END_REF] showed in schools of Liza aurata that the fish initiating escape responses, thus "leading" the escape, tend to always be the same individuals. It can also be linked with personality traits of the fish such as boldness [START_REF] Jolle | The role of social attraction and its link with boldness in the collective movements of threespined sticklebacks[END_REF], and vary with the external environment [START_REF] Burns | Consistency of leadership in shoals of mosquitofish (gambusia holbrooki) in novel and in familiar environments[END_REF].

The trajectory of individuals trailing behind a leader hinges on the tradeoff between the capacity to outrun the target and the anticipation of its trajectory.

A similar compromise happens in the case of a predator trying to keep track of a prey, which involves a similar need for trajectory adaptation. In the case of predator-prey dynamics, the two individuals differ largely in size and thus have different speed and turning radius capacities [START_REF] Howard | Optimal strategies for predator avoidance: the relative importance of speed and manoeuvrability[END_REF][START_REF] Talia | Outrun or outmaneuver: Predator-prey interactions as a model system for integrating biomechanical studies in a broader ecological and evolutionary context[END_REF]. The predator adapts its trajectory to improve the performance of catching the prey, with strategies such as deviated pursuit (keeping an offset bearing angle to anticipate the prey trajectory), and maybe even parallel navigation (steering directly at the point of interception) even though it is unclear if fish have the locomotor control and sensing abilities required to perform parallel navigation on an accelerating target [START_REF] Matthew | The pursuit strategy of predatory bluefish (pomatomus saltatrix)[END_REF]. Thus, investigating only two fish is interesting because they might exhibit similar anticipatory tactics. Although each individual initially pursues a separated random search path, initiating group swimming will affect the follower -meaning that its path might be correlated to the leader's path -and size difference will drive the adjustment of one individual to the other [START_REF] Butail | Model-free informationtheoretic approach to infer leadership in pairs of zebrafish[END_REF].

The link between leadership, size difference and intermittent swimming is thus particularly interesting because it links collective motion with the more general problem of adapting trajectories, in animal locomotion.

Hypotheses

In the present section, we aim at understanding better the effect of size difference on fish swimming trajectory and behavior by investigating locomotion variables (nearest neighbor distance, relative position as leader or follower, swimming speed) in shiner perch (Cymatogaster aggregata), a gregarious labriform swimmer, allowed to swim freely in pairs of similar or dissimilar size. We expect same size conspecifics to maintain high cohesion and coordination, whereas fish of different sizes should be less cohesive and would have to adjust several variables pertaining to their locomotion to maintain group swimming. Conforming to the other fish might thus be characterized by observing either i) changes in the fish speed, where either the bigger fish, or the smaller fish would adapt their speed to the one of their neighbor, or both of them would have to change their speeds to a compromise speed, or ii) changes in the trajectory of smaller fish that would, akin to aforementioned predatory strategies, anticipate the other fish's trajectory, especially in turns, cutting corners to keep up with the larger fish without necessarily going faster.

For the leadership distribution within a pair, we can expect that the leadership is either shared among the fish or that there is a leader initiating turns and speed changes most of the time. Our analysis of cross-correlation functions solved this question of leadership.

Materials and methods

Fish model species: Cymatogaster aggregata

We ran experiments on shiner perch (Cymatogaster aggregata), a species whose swimming performances and dynamics had been often studied [START_REF] Paul | Efficiency of pectoral-fin propulsion of cymatogaster aggregata[END_REF][START_REF] Van Der Hoop | Turbulent flow reduces oxygen consumption in the labriform swimming shiner perch, cymatogaster aggregata[END_REF][START_REF] Emil Af Christensen | Effects of salinity on swimming performance and oxygen consumption rate of shiner perch cymatogaster aggregata[END_REF].

Cymatogaster aggregata biology overview. The Shiner perch (Cymatogaster aggregata Gibbons) is a member of the Embiotocidae, a family of perciform fish that inhabit the coastal waters of the Pacific Ocean in North America.

They are a deep-bodied fish with silvery sides and a pattern combining fine horizontal bars with three broad yellow vertical bars. The breeding males get a darker color at spawning season. These fish are very common in coastal waters throughout their range, and their typical habitat includes bays, estuaries, eelgrass beds and piers. They thus have developed a generalist swimming mode adapted to the diversity and structural complexity of their habitat, but also to the strength of tidal currents. They live in shallow inshore waters but have been recorded to a maximal depth of 146m during the winter [START_REF] Edwin | The freshwater fishes of Alaska[END_REF]. They are a cohesive, gregarious species.

One of their particularities is that they are a viviparous species [START_REF] John P Wiebe | The reproductive cycle of the viviparous seaperch, cymatogaster aggregata gibbons[END_REF] (Fig. 4.1 (a)). Male courtship behavior is a spring and summer event. Males are mature at birth and juvenile females soon after birth [START_REF] Shaw | Evidence of sexual maturation in young adult shiner perch, cymatogaster aggregata gibbons (perciformes, embiotocidae)[END_REF]. The spawning generally occurs in early summer, but the fertilization is delayed by the female. The gestation takes 5-6 months, and leads to the birth of 36 young fish are born in June or July the following year. The fish can be considered fully-formed juveniles (and not larvae) and are almost mature right after birth [START_REF] Douglas | Aspects of the life-history of Cymatogaster aggregata Gibbons[END_REF]. Cymatogaster aggregata swimming characteristics. Cymatogaster aggregata are labrifrom swimmers [START_REF] Webb | Kinematics of pectoral fin propulsion in cymatogaster aggregata[END_REF]. At cruising speeds, they swim by a liftbased mechanism oscillating their pectoral fins (Fig. 1.5). This swimming type involves sequences of beats followed by passive gliding refractory periods, similar to the case of undulating burst-and-coast swimmers. The distance traveled during one bout is known as the stride length.

Cymatogaster aggregata perform a gait transition from a MPF labriform swimming to BCF swimming at a gait transition speed U pc . [START_REF] Mussi | Gait transition speed, pectoral fin-beat frequency and amplitude in cymatogaster aggregata, embiotoca lateralis and damalichthys vacca[END_REF] summarize the evolution of the gait transition speed with fish length [START_REF] Mussi | Gait transition speed, pectoral fin-beat frequency and amplitude in cymatogaster aggregata, embiotoca lateralis and damalichthys vacca[END_REF] (Fig. 4.2).

The scaling of the optimal swimming speed U opt of Cymatogaster aggregata has also been studied in the literature. It is useful to remember here the definition of U opt and its measurement. This physiology approach is different from the one of Chapter 2 (based on physical scaling only) concerning CoT. The optimal swimming speed is the speed that minimises cost of transport CoT . The cost of transport is obtained in respirometry experiments, for aerobic swimming, by The value U opt that makes the cost of transport minimal thus verifies dCoT dU (U opt ) = 0 which rewrites as:

dAM R dU (U opt )U opt -AM R(U opt ) = 0 (4.2)
This corresponds to the intersection between the AM R(U ) (or r O 2 (U )) curve and its tangent that passes by (0,0). This method and typical examples of r O 2 (U )

and CoT (U ) curves can be seen on (Fig. 4.3).

As these parameters are linked with the fish metabolism and energy consumption, they are mostly studied in terms of their scaling with fish mass. Videler (1993) [START_REF] John | Fish swimming[END_REF] gives tables of the variation of U opt with fish mass, and found for Cymatogaster aggregata the relationship :

U opt = 1.10M -0.14 (m.s -1 ) (4.3)
U opt ; adapted from [START_REF] John | Fish swimming[END_REF] We checked this method to determine U opt on the experimental data of Webb [START_REF] Paul | Efficiency of pectoral-fin propulsion of cymatogaster aggregata[END_REF] and found a predicted result U opt

As we only have access to the length of the fish in our experiments, we needed an estimate of their mass to be able to estimate their U opt . We can derive the mass of the fish from their length by using the relationship established by Siegle et al. (2014) [START_REF] Matthew R Siegle | The effect of region, body size, and sample size on the weight-length relationships of small-bodied fishes found in eelgrass meadows[END_REF] (with L in cm and M in g), for fa population of Cymatogaster aggregata of the same geographic area:

Ln(M ) = 3.224Ln(L) -4.655 (4.4) 
We thus have access to relevant estimates of the scaling of U pc and U opt with fish length: the Mussi equations [START_REF] Mussi | Gait transition speed, pectoral fin-beat frequency and amplitude in cymatogaster aggregata, embiotoca lateralis and damalichthys vacca[END_REF] for U pc and the Videler equation ( 6.3) with the length-weigth relationship (6.4) of Siegle for U opt . These are the methods used later to determine U pc and U opt for our data. 

Fish housing

Experimental protocol

Individuals were measured for total length (TL) that is from snout to tip of the tail (cm), with a specially designed measuring device that we created to be able to measure the fish without removing it from the water (Fig. 4.4 (b)). Fish were arranged by size-class, with fish of TL < 70 mm considered as 'small', and of TL > 90 mm considered as 'big'. TL ranged from 42 to 72 mm TL for small individuals (55 ± 6 mm TL), and from 86 to 135 mm for big individuals (104 ± 11 mm TL). For the schooling behavior experiment, fish were grouped as pairs according to the size ratio of the two individuals, calculated as: Size ratio = LB / LS, with LB: total length of bigger fish, LS: total length of smaller fish. Three types of pairs were constituted: two types of same-size pairs, with a size ratio of 1.10 ± 0.05: small-small (S-S), big-big (B-B); and one type of different size pairs:

small-big (S-B), with a ratio of 2.00 ± 0.15. We made our measurements on 20 pairs of each type. Removing series that underwent experimental difficulties of power failures, we had in the end 16 pairs of S-B fish, 17 pairs of B-B an 20 pairs of B-B available for analysis.

We named Fish 0 the smallest fish of the pair and Fish 1 the largest fish of the pair. For pairs of S-B fish, the difference between fish was easy to see in the images. For the homogeneous B-B and S-S pairs, the fish are sometimes of equal size so we can consider Fish 1 and Fish 0 then represent a random fish of the pair. However, we ensured through the image tracking analysis that a tracked fish remained the same throughout the experiment and we did not switch fish in our data series. The lengths of the fish used are summarized in Fig. 4.5.

Each pair was kept in isolated tanks for a minimum of 9 hours prior to the experiment and was starved. The experimental tank was constituted of a round tank of 2.24 m diameter and a smaller island shape tank (0.74 m diameter) placed in the center to create a circular water channel, with a water depth of 15 cm (Fig.

(c)

). The experimental tank was protected by a tent, and water flow was kept constant but low so as not to affect swimming behavior during the trials.

Each pair was introduced into the tank at the same time, and left to acclimate in the experimental tank for one hour, and then left to swim spontaneously for two hours.

Image acquisition

Movement and behavior were recorded for three hours with a wide angle camera (GoPro Hero 4) mounted 2.7 m above the tank with a 2.7 k resolution, linear field, at 30 frames per second . Trials were conducted on 20 pairs of each type once, accounting for a total of 60 pairs. Lighting was provided by two 6W LED lamps (540 lumen), and the walls of the tanks were covered by a layer of cotton fabric to avoid parasite reflections at the triple interface between water, air and wall. The fish were optically isolated from the outside with bedsheets and kept in a room with no human presence to avoid acoustic or vibration stimuli.

Image treatment

Videos were converted into image sequences using Video to JPG Converter software (https://www.dvdvideosoft.com/products/dvd/Free-Video-to-JPG-Converter.htm) and processed with MATLAB R2018a (https://www.mathworks.com) to adjust contrasts. Because all the pairs of the study were moderately active, images were extracted and tracked at a rate of 10 frames per second, which did not hinder tracking. Traces of trajectories were extracted using FastTrack v4.8.3 (http://www.fasttrack.sh). As fish often overlap their trajectories during their interactions -and then their images merge into one-we checked all the data manually to make sure the same fish was tracked during the whole experiment and fish were not confused during the tracking. Then we verified this checking automatically by making sure the time series of fish surface linked with fish length (thus characteristic of a fish individual) were continuous during each experiment.

Distances were computed from the images, using the known dimensions of the swimming area as a reference.

Trajectory analysis

From the images, the first parameter that we extracted was the fish positions time series, thus we could analyze the trajectories of the fish. We analyzed the trajectories of the fish center of mass (X Body (t),Y Body (t)), defined as the coordinates of the center of mass of the binary image of the fish. We chose to study the trajectory of the center of mass to minimize the effects of yaw and tail undulations. The trajectories revealed a wide array of fish behaviors, with the exploration of the whole surface of the tank, thigmotaxis towards the external and internal edges of the tank, and few resting phases. These behaviors are illustrated by the random sample of trajectories (Fig. 4.6).

The 3D visualization of trajectories gives an idea of the speed variations and the frequent changes of behavior of fish. In Fig. 4.7 the fish pair exhibit several The space between points is 1s. We note changes of behavior of fish along the trajectory.

Results

The relationship between NND and size difference

To assess the tendency of fish to interact with each other within a pair, we first analyzed the statistics of the distance between two fish -we named this distance NND, nearest neighbor distance as it is the name used in the literature for studies on larger groups of fish. This distance was defined and computed as:

N N D(t) = (X Body 1(t) -X Body 0(t)) 2 + (Y Body 1(t) -Y Body 0(t)) 2
In Fig. 4.8 we show an example of two Big-Small fish pair 100s-long trajectories, and the corresponding NND time series. The pair where fish trajectories clearly reveal interaction has a relatively constant, low value of NND that is constrained between L 0 and L 1 , whereas the fish pair that do not interact reveals highly varying values of NND that take a wide array of possible values (constrained between 0mm and 2240mm for geometrical reasons).

The statistical distribution of NND is shown in Fig. 4.9. We measured a peak value of 63.8 mm for Small-Small fish pairs, 82.16 mm for Big-Big pairs and 110.9 mm for Big-Small pairs. This corresponds to 1.16 BL for Small-Small pairs, 0.79 BL for Big-Big fish pairs, and for the Big-Small pairs, 2.02 BL (for the small fish length) or 1.07 (for the big fish length). The NND is thus significantly higher in a Big-Small pair than in a pair of fish of similar sizes.

Moreover, the shape of the NND distribution reveals a sharp peak in the distribution for pairs of fish of similar sizes, with a gaussian peak of half-height width of the order of 1 BL, and a multimodal distribution with a peak and a wider uniform end for the Big-Small pair. As we can see later, these peaks can be interpreted as corresponding to fish interacting with each other (see Fig. 4.13).

We compared our results with a simulated non-interacting fish experiment, obtained by computing the NND for simulated pairs of non-interacting fish. We created these pairs by taking Fish 0 from one series and Fish 1 from another, different serie, and computing the NND between these two independent fish. We picked 20 such random pairs of different series from our dataset from which to pick fish, and checked that the statistical data distribution converges for this number of random simulated series. This result allowed us to visualize the random distribution of NND given the biases of fish distribution within the channel (effects of thigmotaxis for instance) but getting rid of the effects of interactions.

The random NND control distribution (dashed green line in Fig. 4.9) presented no peak at low NND distances. It showed that the peaked distributions observed in the fish pair NND distributions are the consequence of interaction between the fish.

The percentage of time fish of a pair spent within 2 BL of each other is a good indicator of the cohesiveness of a fish pair, as this distance is of the same order as the width of the interaction peaks in the NND distribution. This distance may correspond to the attraction zone described in fish schooling models.

We computed this percentage of time that fish spend within a threshold distance of each other, corresponding of 2 times the average body length of the two fish of the pair. For Small-Small fish pairs, this percentage is on average 51 percent (STD 36 percent) and for Big-Big fish pairs, it is of 88 percent (STD 10 percent). For Big-Small pairs, it is only 16 percent (STD 27 percent).

The relationship between speed and size difference

The fish speed was computed from the position data, as the derivative of body center of mass position data. We computed the speed with a step of every 15 video frames, thus at a frequency of 2fps, to get rid of the noise.

A typical speed trajectory is shown in the inset of Fig. 4.10. The average speed over all the experiment for Small-Small pairs was found to be smaller than the average speed for Big-Big pairs, in absolute speed (42 mm/s for SS and 50 for B-B). However, it is not the case when speed is normalized by the fish length, and expressed in body lengths per second (BL/s) (0.75 BL/s for SS and 0.50 BL/s for B-B), the big fish being slower relatively to their length, albeit faster in absolute speed. In Big-Small fish pairs, the small fish have intermediate speed 

Leadership and synchronicity

Principle. To determine which fish is the leading fish in a pair, we studied cross correlations of fish speed vector angular directions (with respect to a given direction). The speed vector angle was more relevant than the body angle to know the heading direction of a fish, as it is independent of yaw and body undulations.

The cross correlation function between the angular directions θ 0 and θ 0 of the speed vectors of Fish 0 and Fish 1 respectively, for a time series of length t M ax is defined as:

φ θ 0 θ 1 (τ ) = K 1 t M ax t M ax t=1 θ 0 (t + τ )θ 1 (t)
Where K is a normalization coefficient. We normalized this cross correlation function so that the autocorrelations at τ = 0 are maximal -to give us correlation values that are independent of the amplitude of the signals and give us a generic way of assessing cross correlation of signals. Thus we chose:

K = 1 φ θ 1 θ 1 (0)φ θ 0 θ 0 (0)
The cross correlation functions gave us access to an assessment of the tendency of two fish to interact, and the leadership of one fish over the other during the interaction. In Fig. 4.11 we can visualize the cross correlation function for a 50s time sample where the fish 1 is leading the fish 0. Highlighted points of Fig. 4.11 (a) and the time serie signals of Fig. 4.11 (b) reveal that the fish 1 is leading turn events before the fish 0. The cross correlation functions shows a peak centered around a maximum value of τ = 0.3s, which corresponds to the fish 1 having an advance of 0.3s over the fish 0. The advantage of this method to determine which fish is leading is that it can detect a leading event even when the leading fish is located behind the following fish, which is the case for example of the point (1) in Fig. 4.11(a), a situation that has been often observed.

Speed vector correlation functions. To get a more complete indicator of trajectory correlation, we analyzed the speed vector correlation functions, defined as:

φ-→ V 0 -→ V 1 (τ ) = K 1 t M ax t M ax t=1 -→ V 0 (t + τ ). -→ V 1 (t)
With the normalization coefficient:

K = 1 φ-→ V 1 -→ V 1 (0)φ-→ V 0 -→ V 0 (0) 
These functions take into account both the correlation of angular directions and of speed modulus. The analyses of both angle and speed vector correlation functions yielded similar results, which could be expected as these two data are linked, but the correlation peaks were more pronounced and easier to detect on the speed vector correlation functions, so these are the functions we chose to use to assess trajectory correlations in the rest of this study.

Assessment of interaction cohesion. We used the speed vector cross correlation function to discriminate whether fish pairs are interacting or not. In Fig. 4.12, we notice that for a pair that shows interactions (interactions were both observed directly in the video recordings and measured through NND distribution (a)), the speed vector cross correlation function (b) exhibits a narow peak centered around the characteristic time lag of the interaction, whereas for a theoretic non-interacting pair (simulated with the position data of two fish from different pairs (e), like we did on Fig. 4.9), the cross correlation function reveals no peak (f). For a pair that displays very little interaction (c), we notice a very small peak of interaction at the characteristic time lag of the interaction, but the overall interaction signal is very weak (d).

The interaction can be either revealed by the NND distribution, that shows the cohesion of the fish positions, or by the cross correlation function peak, that reveals synchronicity in swimming events. We can observe a link between these Assessment of coordination and leadership. The lag τ 0 at which we observe the peak of angular cross correlation functions corresponds to the delay between the leading fish angular orientation changes and the follower fish angular orientation changes. Fig. 4.14 shows a tendency for the Big-Small fish pairs to have the largest fish leading. The Small-Small and Big-Big pairs show no such tendency, and their delay between angular time series is positive but very close to zero and the lags seem evenly distributed around zero, and much closer to 0, which can mean either a very little delay between the 2 fish or a leadership that alternates. We demonstrated that it was an alternating leadership by segmenting the data into smaller time series and looking at the distributions of the correlation peaks.

To assess the consistency of leadership throughout the time series and understand how the leadership is distributed along the time of a time series, we segmented our time series in 50s time segments (corresponding to an average of 3 turning events). We thus computed the cross-correlation functions of all the points corresponding to these segments, and computed the lags τ M of the peaks of cross-correlation functions of each segment. Fig. 4.15 shows the distribution of these lags and the corresponding values of the correlations, for a typical Big-Small fish pair (a) and a typical Big-Big fish pair (b). We notice that most of the points correspond to positive time lags for the Big-Small pair, showing that the Fish 1 (the bigger fish) is leading most of the time (93 percent of the points in our displayed serie), whereas for the Big-Big fish pair, the values are evenly distributed around zero, with a leadership fluctuating between the two fish (49 percent of the points for leading fish 1). In the case of Small-Small fish pairs, the results were similar to the ones observed with Big-Big fish pairs.

We measured that on average, for a Big-Big pair, the Fish 1 (chosen as the largest of the pair) is leading 51 +/-15 percent of the total time; for a Small-Small pair, the Fish 1 is leading 49 +/-15 percent of the time. For a Big-Small pair, the Fish 1 is leading 72 +/-23 percent of the time (this average was computed on all the 50s points with an interaction peak over 0.2, for each fish). These results are displayed on Fig. 4.16 (b), where T 1 is the time spent with fish 1 leading, and T T ot is the total time of the experiment.

Discussion

In this study, we investigated swimming behavior and trajectory among pairs of fish of similar and dissimilar size, focusing on group cohesion and coordination.

Assessment of interaction cohesion. Nearest neighbor distance measurements (Fig. 4.9), cross-correlation functions analyses (Fig. It is possible that fish of different sizes may have intentionally avoided each other. While bigger fish can be perceived as advantaged competitors by smaller ones (Hoare et al., 2000 [START_REF] Dj Hoare | Body size and shoaling in fish[END_REF]), we assume the benefits of group swimming might outweigh the perception of the other fish as a competitor, especially in the lack of resource to compete for in a trial. Group swimming benefits include hydrodynamic interactions that allow saving energy [START_REF] Breder | Vortices and fish schools[END_REF], but also increased vigilance to detect predators [START_REF] Ashley | Fast and accurate decisions through collective vigilance in fish shoals[END_REF]. We can hypothesize that the main cause of lack of cohesion in dissimilar sized pairs is the differences in swimming speeds. The range of speeds used by our fish being very far from gait transition speed U pc , but much closer to optimal speed U opt , we may interpret the lack of cohesion of heterogeneous size fish pairs as a matter of energetic costs rather than swimming abilities.

Each pair was isolated prior to the trial, so that the two fish would be familiar with each other before introduction in the experimental tank. Familiarity in fish usually develops gradually and has been measured to take up to 12 days to develop in Poecilia reticulata [START_REF] Siân | Familiarity in schooling fish: how long does it take to acquire?[END_REF]. Our pairs were put together for only 9 hours.

We can thus guess that the cohesion results would be different if the fish had been put together for a longer time to familiarize themselves with each other.

Synchronization and leadership. The use of speed cross-correlation functions allowed us to detect synchronization in swimming trajectories of the fish (Fig. 4.12). It revealed that the cohesive fish were doing group swimming , synchronizing their trajectories, whose speed signals were highly correlated. The more a fish pair was cohesive (small NND), the more it was synchronized (correlated speed vectors)(Fig. 4.13). The work of [START_REF] Bl Partridge | The effect of school size on the structure and dynamics of minnow schools[END_REF] on minnows suggests that in the case of groups of fish larger than 2 individuals, the synchronicity might be higher [START_REF] Bl Partridge | The effect of school size on the structure and dynamics of minnow schools[END_REF], but the leadership effects then decrease.

With speed cross-correlation functions, we measured latencies between leading and following fish that ranged between 0 and 5s, most of them being under Perspectives. A further analysis of these data will focus on the sinuosity of the trajectory, to uncover the potential existence of anticipatory tactics in the way the following fish follows the leader. This will be particularly interesting for the trailing fish. Such tactics have been observed in predator-prey interactions. The prey being generally smaller than the predators, they often have a higher turning rate and lower speed than the predators. Thus, they use more turns and less straight line escapes to disorient the predator. The predator thus anticipates the trajectory of the prey, with a less sinuous trajectory. We can expect the trajectories of small fish following faster, larger fish to display such anticipative smoothing of the turns, to keep up with the leading fish.

Studying a wider variety of types of leadership situations (fast escapes, accelerations, choice of path in a complex environment) would also allow to disentangle the various processes involved in leader-follower sensing to decision making processes, especially as we can expect some of these situations may have different response latencies and be linked with different sensing and decision making physiological pathways.

ratios would allow to more precisely determine how cohesiveness and leadership tendencies evolve with the size difference. Studying the ontogenesis during fish early life history of leadership behavior could help understanding these evolutions. We showed that size differences have an important effect on these two aspects of collective swimming; the natural next step would be to understand the thresholds and limits of these effects, and their biological and/or physical origins.

Of course, the natural next steps would concern assessing the generality of these results among fish taxa.

Chapter 5

General conclusion and perspectives

The goal of this thesis was to investigate physical aspects of fish intermittent swimming and better characterize the mechanisms involved in this type of locomotion. Our investigation was performed by means of experiments conducted on three model fish species. The idea that has driven this work was that intermittent locomotion is the known main cruising gait of many species of fish, but very little is known about the way intermittent swimmers adapt their speed, how their swimming evolves during life history, or the link between these particular kinematic constraints and their individual and collective behavior. Thus, we chose to focus our study on these questions.

Our questions on this topic were inspired by our preliminary work made on tetrafish that focused on understanding the way a BCF intermittent swimmer adapts its gait to change speed, studying Hemigrammus bleheri as a model species. Our main hypothesis was that tetra fish perform burst-and-coast swimming at all speeds, and adapt the intrinsic characteristics of their swimming cycles to the desired speed. To test this hypothesis, we had measured the characteristics of intermittent swimming cycles of Hemigrammus bleheri fish swimming against a flow at various speeds. This analysis showed us that tetra fish do keep a burst-and-coast swimming style at all speeds. Moreover, they keep a constant duty cycle period T Bout at all speeds. They adapt their speed by tuning the proportion T Burst T Bout of time they spend actively swimming within a bout. We thus confirmed that tetra fish keep the same intermittent swimming gait at all speeds, and continuously adapt the intrinsic duty ratio of the cycle to adapt their speed, without a gait transition. Further studies made on this data revealed that the intermittent swimming characteristic times correspond to energetically optimal gaits. Intermittent swimming as a cruising gait being widespread across a vast number of fish taxa, we can hypothesize that this behavior is general to many species of intermittent swimmers, and is especially observed in the case of small fish of a few centimeters long. The question of the link between this swimming style and the size of fish led us to focusing on the ontogenesis of intermittent swimming.

We thus tackled the question of the onset and evolution of intermittent swimming during a fish's life history. Our objective was to understand how the characteristics of intermittent swimming are developed, to describe their evolution with time and link this evolution with the size of the fish and its physiological development. To do so, we used Danio rerio zebrafish that we could easily raise in fixed conditions, and are a fish very similar in size, habitat and behavior to Hemigrammus bleheri. We built an experimental setup and data analysis protocol that allowed us to study a large sample of zebrafish throughout their life history, from the onset of swimming to the adult age. Our study confirmed that zebrafish are performing burst-and-coast swimming all the time from 7 dpf to the adult age. We observed a transition in the intermittent swimming behavior around 21 dpf or 10mm. Younger larvae perform a very regular intermittent swimming with short bursts of a single tail beat. Older fish become able to make several tail beats per burst, and are thus able to tune their duty ratio within a cycle. This way, they become able to broaden the range of speeds they can reach.

Our study also showed that at this transition, fish cross the limit of Re = 300 often discussed in the literature as the threshold between dominant viscous effects and the onset of inertial effects. We measured that in the range of ages and sizes where we observed the transition of intrinsic swimming cycle modulation, the characteristic time of speed decrease during the coast reached of the same order of magnitude as the duty cycle period T Bout . Indeed, for young larvae, fish speed decreased very rapidly after a burst and most of the "coast" time was spent stopped. As the fish grew, an increasing part of the "coast" time was being spent gliding, and after the transition, most fish were gliding during the whole "coast" time. Thus, zebrafish start boing able to tune their intermittent swimming duty ratio at the point where they become able to use the speed they kept from one bout thanks to inertia to increase their speed on the next bout. Physiological studies of zebrafish show that this transition coincides with the border between the larval stage and the juvenile stage -at which all the swimming features of the zebrafish are mature.

As suggested in the literature -although it had never been fully studied yet -the fish we studied exhibited intermittent swimming at all ages [START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF][START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF], but also at all speeds, which is a new result. We showed that their ability to adapt the characteristics of intermittent swimming to changing swimming speeds is something they develop with age as soon as their size and range of speeds allows them to escape the realm of viscosity. We thus set the lower boundaries of intermittent swimming in terms of size. The physiological underlying causes of this intermittent swimming behavior remain to be investigated. Our observations suggest that the intermittent swimming motions are linked with respiration, but the coast phases may also be crucial to improve flow sensing [START_REF] Tan | Do blind cavefish have behavioral specializations for active flow-sensing[END_REF]. These two hypotheses require further analysis.

Further work on this topic should also test our findings on a wider range of taxa, to assess their generality, and understand how they evolved, if it is a case of convergent evolution or if all these behaviors emerge from a single ancestor.

Furthermore, new investigations studying the case of fish that exhibit intermittent swimming at low ages and continuous swimming as they grow older, may allow us to understand effects that may set an upper size limit to intermittent swimming. Our experiments having been performed in a laboratory context, it would also be interesting to compare our findings with the study of fish intermittent locomotion in some natural situations for the fish, such as prey capture, collective interactions or predator escape, to understand how the fish uses its intermittent locomotion abilities in an ethological context.

Our work also focused on the effect of size and of intermittent swimming on collective locomotion. We aimed to answer the general question of leadership in fish collective motion, by adapting the image analysis methods we had developed to analyze the collective swimming of fish pairs, and understand the effect of fish size on collective swimming. Our main question was how size differences affect the cohesiveness and synchronization of a fish pair, and the repartition of leadership during synchronized swimming events. To answer this question, we used another model species, Cymatogaster aggregata, which was readily available in the Friday Harbor laboratory where we ran our experiments, and whose life cycle make it available in two very distinct size classes. These fish are labriform swimmers, so their locomotion mode shares significant characteristics with intermittent BCF swimming as it follows the same principles of alternating phases of thrust generation and phases of passive gliding (refractory periods). Our results highlighted that fish pairs are more cohesive when they are made of fish of similar sizes than when they are heterogeneous in size. Moreover, when interacting in a heterogeneous size fish pair, each fish adapts its speed to keep up with the other.

We used speed vector cross-correlation functions as a tool to assess the tendency of fish pairs to follow each other and synchronize their swimming motions. Analyzing the time lag of correlation peaks, we showed that there is no clear leading fish in pairs of fish of similar size, where leadership alternates between one fish and the other. On the opposite, in pairs of fish of dissimilar size, the larger fish had a strong tendency to be the leading fish -in over 70 percent of the time.

This result gives us new insight on the rules that underlie fish schooling, and may be applied to understand the size-sorting phenomena in a larger group of fish, and eventually in a fish school. Further work could include more precisely understanding the way fish cohesiveness and synchronization evolves with fish size difference, to try and understand the causes of this evolution. Linking the synchronization of trajectories with the individual intermittent swimming characteristics of each fish would also give us new insight into the strategies the fish use to follow each other -for example anticipating the leader's trajectoryand into the mechanisms that favor or impair fish collective swimming. This will involve comparing the tortuosity of the leading and following fish trajectories, and will be the subject of future work as our findings on the subject are still in a preliminary stage.

In conclusion, our study gave us new insights to understand the way intermittent locomotion is used by fish, and the effects of fish size on both individual and collective fish locomotion. As we better characterized and understood these swimming behaviors, numerous new questions have emerged, that need further analysis, and could reveal unknown mechanisms underlying the fascinating locomotion strategies of fish.

Lexique en français

Ici, je liste les mots et concepts importants de cette thèse avec des tentatives de traduction ou d'explication en français. En effet, une grande partie du vocabulaire employé est en anglais, et n'a pas d'équivalent direct en français... se pencher sur ces questions de "lingustique" peut en réaliter cacher de véritables questions scientifiques.

Bout: Dans la nage intermittente, le "Bout" est l'élément de base du cycle de nage. On pourrait donc le traduire en "cycle".

Burst: Phase active lors du cycle de nage.

Coast: Phase passive lors du cycle de nage. Passive ne veut pas dire immobile...

Duty Cycle Ratio:

On pourrait parler de "rapport cyclique", ou, plus simplement, de "proportion du cycle en phase active".

Leadership: Mot difficile à traduire; on pourrait parler de "prédominance" ou de fait d'être le "chef", ou de "guider" le mouvement. Mais le plus juste est de parler d'"initiative", car dans la définition du leadership que nous employons, c'est le poisson qui est en avance (dans le temps) qui est considéré comme le leader.

with some experimental work with awesome motivation and often great ideas: Delphine Fourteau, Alicia Gimenez, Nicolas Cattaud, Alexandre Zanoni and Baptiste Vauleon. The teachers and researchers with whom I had the opportunity of exchanging awesome ideas, and who greatly motivated me, especially Etienne Guyon, Etienne Reyssat, Mederic Argentina Philippe Claudin. The teachers of FHL: Paolo Domenici, Jakob Johansen and John Steffensen for their help designing the Cymatogaster project and all the fascinating science insights they taught me -a moment of reaserch I will for sure always remember. My team in the Big fish -Small Fish lab: Lisandrina Mari and Chi-Ju Yu, for these excellent times doing this project, waking up at 6am to film fish, staying up late to analyze data or to speak and laugh and enjoy this amazing moment of life together. The technical and administrative teams of PMMH who did a great job to make complicated things simple, whether paperwork or DIY work. The administrative team of FHL for their support in the grant application and foreign affairs visa procedures. And, of course, all the fish of various species that were the main actors of this work !
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 13 Figure 1.3: Experiments from various fields of fish-swimming science, using different approaches : (a) Steffensen swim tunnel and respirometer for an experiment with a blue tang (Paracanthurus hepatus) (b) Robotic fish pectoral fin, experiment from Tangorra et al. 2011 [71] (c) Biomimetic elastic swimmer with an oscillating head and a passive elastic tail, moving on a free surface -fluorescein dye visualization of the wake, experiment by Ramananarivo 2014 [72] (d)PIV reconstitution of the vortices induced by the swimming of a cichlid (Pseudotropheus greshakei)[START_REF] Brooke E Flammang | Volumetric imaging of fish locomotion[END_REF] 

  thrust-generating mechanisms. From a physicist perspective, fish thrust is generated by either drag-based propulsion or lift-based propulsion mechanisms (two extreme mechanisms of a continuum), depending on the type of fish and swimming conditions. Many fish use a combination of both mechanisms to achieve locomotion. Lift based mechanism. Drag and lift are the two components of the mechanical action of a fluid on a moving body, along the axis parallel to the motion (for the drag) and the axis perpendicular to it in the vertical plane (for the lift).Lift-based swimming is achieved by oscillating a fin normally to the axis of motion. A lift force L is then generated by pressure difference between one face of the fin and the other, as the water is flowing faster along one face. This lift force has a component T in the direction of the motion. Lift based mechanisms are usually seen in larger, faster animals than drag-based propulsion[START_REF] Michael S Triantafyllou | Review of experimental work in biomimetic foils[END_REF][START_REF] George S Triantafyllou | Optimal thrust development in oscillating foils with application to fish propulsion[END_REF].

Figure 1 . 5 :

 15 Figure 1.5: (a) Body-Caudal Fin Lift-based swimming for a thunniform swimmer, adapted from [120]. The tail fluke (in blue) acts as an hydrofoil. Dynamic pressure difference betwwen one side and the other generates a lift force L in the direction perpendicular to the path of the tail fluke. The drag on the tail fluke is D. The resulting force is noted -→ F r and its component in the direction of the motion is the thrust of the fish, T . The vertical components of -→ F r average out over a swim cycle. (b) Median/Paired fin lift-based swimming for a labriform swimmer. The pectoral fin (in blue) plays the same hydrofoil role. It follows an upstroke / downstroke cyclic motion and is thus subject to lift forces L, and drag forces D, in directions respectively perpendicular and parallel to its path. The resulting force is noted -→ F r, and its in the direction of the motion is the thrust of the fish, T . The vertical components of -→ F r average out over a swim cycle.
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 19 Figure1.9: Locomotory and sensing features of fish. (a) The fish muscle system is made of myomeres, V-shaped and W-shaped muscle structured in layers, with a conic forward-pointing end. These muscles are linked by tendons to the the caudal peduncle, especially for thunniform swimmers. The two types of muscles can be distinguished by the color on a slice of fish. The relative position of red and white muscle within a fish depends on the type of swimmer. Adapted from[START_REF] Douglas | Red muscle function in stiffbodied swimmers: there and almost back again[END_REF] (b) The speed/pressure sensing system of neuromasts in a fish. There are individual neuromasts and the lateral line systems where neuromasts are located within an uderskin water canal, with pore openings. Adapted from[START_REF] Xu | Modeling and simulation of a fish-like swimmer in an ideal flow with lateral-line flow sensors[END_REF] (c) Skematic view of the velocity field of Von Karman vortices shed by a fish during swimming. Swimming fish shed a reverse Von Karman street, i.e., vortices in the reverse way of the ones shed by an obstacle in a flow. These vortices play an important role in drag reduction for both individual and collective swimming. Adapted from[START_REF] James | A review of fish swimming mechanics and behaviour in altered flows[END_REF] 

Figure 1 . 11 :

 111 Figure 1.11: Example of schooling behaviors with different biological functions. (a) Chromis viridis schooling for social interaction, group feeding and protection against predators. (b) Chelon labrosus schooling to take benefit from the hydrodynamic advantages of collective swimming (photo: B. Soulard). (c) Caranx sexfasciatus aggregating to spawn and feed collectively (Photo: O. Aburto) (d) spawning aggregation of Lutjanus cyanopterus attracting whale sharks (Rhincodon typus) that feed on the spawned eggs (Photo D. Seifert)[START_REF] Erisman | Fish spawning aggregations: where well-placed management actions can yield big benefits for fisheries and conservation[END_REF]. We note that all these fish exhibit different structures of collective swimming: (a) and (b) are schooling; (c) are milling and (d) are swarming. These phases are described and modeled below[START_REF] Filella | Hydrodynamic interactions influence fish collective behavior[END_REF] 
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 233 . Flow visualization and electromyography studies on individual fish confirmed the finding of Weihs that fish save energy by exploiting vortex wakes -a behavior known as the Karman gait [234, 235]. Li et al. (2020) measured the energy expenditure of biomimetic robotic fish swimming in pairs, and measured that follower fish obtained an energetic advantage compared to swimming alone.

  been developed is the Viczek model(1995). It is based only on alignment and reveals the existence of a transition from a disorganized chaotic uncorrelated state to a state of global spontaneous aligned motion[START_REF] Vicsek | Novel type of phase transition in a system of self-driven particles[END_REF]. The Aoki-Couzin model (1982)[START_REF] Aoki | A simulation study on the schooling mechanism in fish[END_REF][START_REF] Iain D Couzin | Self-organization and collective behavior in vertebrates[END_REF] uses the 3 A rules and is able to model more varied fish school behaviors. Calovi et al. (2014) established the phase diagram of a school of fish, based on a model derived from observations of a group of barred flagtails (Kuhlia mugil) in a quasi-2D environment [250], using the model developed from Gautrais et al.

Filella

  et al. (2017) went further and took into account in the model the effect of hydrodynamic interactions, adding in the model these interactions[START_REF] Filella | Hydrodynamic interactions influence fish collective behavior[END_REF]. The flow induced by a fish is modeled as the flow field of a dipole and thus adds an additional drift term. Four phases emerge from the model, depending on the relative importance of three parameters: alignment intensity, noise intensity and dipole intensity. When noise dominates, there is a disordered swarming phase with no orientation or polarization. When the alignment dominates, there is a schooling phase, where all the fish tend to swim in the same direction. When alignment and attraction are comparable, a milling phase appears, of high M value, where fish are turning in small circles, following a "vortex". Taking into account the hydrodynamics effect makes a new phase appear: a turning phase, where fish follow a large circular trajectory.

Figure 1 .

 1 Figure 1.13: (a) (A) Angle notations used in the model from Gautrais (2012)[START_REF] Gautrais | Deciphering interactions in moving animal groups[END_REF] i is the focal fish. Neighboring fish j is at distance d ij from fish i, and their heading directions make an angle φ ij for the heading. Their angular positions make an angle θ ij . The parameters d W and φ iW are respectively the distance between the focal fish and the wall, and the impact angle between the heading of the focal fish and the wall. They are used in Gautrais' paper to take into account the effect of the walls -a part of the model we did not present here. (B) shows the Voronoi neighborhoods of the focal fish. Fish headings are indicated by arrows. (b) Representation of the fish positions and associated streamlines (dipolar field) from Filella's paper. Four different phases are observed depending on the dipole intensity and noise intensity: swarming, schooling, milling and turning. [217] (c) Phase diagram derived from the same model, using the value of the polarization P and the milling number M as a color code. The phases obtained depending on alignment term and noise intensity (for a fixed value of the dipolar interaction) are shown for three cases of the fluid induced rotation: no fluid / a fluid with no induced rotation, and a fluid with significant induced rotation.

and

  Rio Negro blackwater tributaries in Colombia and Brazil, and in Peru. It is a commonly found species in the aquarium trade, where the majority of specimens are bred in captivity. They are very cohesive and need to be kept in schools of at least 10 to 15 individuals [256]. In nature, their behavior and biology are linked to the river activity. Females get mature at the flooding season between December and May and most of the spawning occurs at the end of the flood, between March and May. Rednose tetrafish are omnivorous. Their basic diet consists in both vegetal and animal organisms. Stomach content analyses revealed seasonal variations in the diet compositions, with microcrustaceans dur-

5 and 4

 4 cm and heights between 0.5 and 0.6cm. The experiments performed in this study were conducted under the authorization of the Buffon Ethical Committee (registered to the French National Ethical Committee for Animal Experiments no. 40).

Figure 2 . 1 :

 21 Figure 2.1: (a): Schematic diagram of the swimming channel. An external pump drives the flow, which is directed toward the test section after a convergent ramp and through a honeycomb section to minimize swirling motions. The test section is covered from the top by using acrylic plate. The top view camera is installed to track the fish. (b): lateral view of a Hemigrammus bleheri tetrafish (photo: Lars Simonsen) (c): top view of a Hemigrammus bleheri in our swimming channel.

Figure 2 . 2 :

 22 Figure 2.2: Process of our image treatment and analysis protocol on the fish image (a). The computed background (b) is obtained by averaging all the images of the video. As the fish is moving during the video, the image of the fish thus averages out. (c): image of the fish with the background subtracted. (d): binary image, obtained by thresholding the image with a threshold fixed with the histogram of the image. (e): estimation of the boundary points of the fish, from the binary image. (f): extraction of the midline of the fish, from the boundary points.

Figure 2 . 3 :

 23 Figure 2.3: (a), (b) Time steps of typical swimming cycles for two different imposed swimming speeds, respectively at 1.15 BL/s and 1.9 BL/s. The main difference in kinematics between the two gaits (a) and (b) is the time ratio between the burst and coast phases. Colored contours correspond to the fitted fish shape with the elastic model we used for computations. (c), (d), (e): Typical tail-tip kinematics extracted from video analysis for three different imposed swimming velocities: (c) 0.66BL/s, (d) 1.15BL/s and (e) 1.9BL/s. The intrinsic characteristics of the active burst cycle (in red color) share the same properties whatever the imposed gait. The frequency and amplitude of the basic tail beat are similar and imposed velocity is sustained just by increasing linearly the burst time with respect to the pause time

Figure 2 . 4 :

 24 Figure 2.4: Evolution of the fish kinematic parameters with the swimming speed U. Each point color corresponds to one measured group of fish. (values averaged on the group) (a): bout duration T bout . (b): duty cycle ratio DC = T burst T bout . (c) frequency F i of the tail beats during a bursting phase (d): amplitude A of the tail beat during a bursting phase, normalized by the length of the fish (e): Cost of transport CoT (optimal values for each speed, derived from our simulations). Different marker colors correspond to different individuals. Error bars are standard deviations. The optimization results obtained from the burstand-coast model based on 3D numerical simulations of an artificial swimmer are superimposed to the experimental data in filled black square symbols. In gray are figured the low speed range, during which the fish tunes its speed by increasing tail beat amplitude. Thick solid and dashed straight lines correspond to the linear mixed-effects model fits having, respectively, statistically significant and insignificant slopes. Panels (a) and (d) show global fits (thinner lines) and local piecewise fits (thicker lines).

Figure 3 . 1 :

 31 Figure 3.1: Zebrafish natural biology. (a) Natural habitat of the Danio rerio in India in the Senpoh stream, a high elevation stream in northern Meghalaya [290]. (b) Various strains of zebrafish: (1),(2) male wild zebrafish from two different Indian streams[START_REF] David | The natural history of model organisms: Advancing biology through a deeper understanding of zebrafish ecology and evolution[END_REF], (3) male zebrafish of "nacre" strain from the IBPS aquatic facility, (4) male zebrafish of "leopard" strain from the IBPS aquatic facility. (c) Sexual dimorphism of wild-type AB strain zebrafish from the IPBS aquatic facility. The main differentiating characters are body shape, color, and size. (d) Locations were wild zebrafish studies have been conducted since 1868[START_REF] Raymond E Engeszer | Zebrafish in the wild: a review of natural history and new notes from the field[END_REF].

after 48 -

 48 72 hours post fertilization, and first muscular contractions can occur as early as 21 hours post fertilization. The newly hatched fish is considered a larva until all of his vital functions have reached the same level of development as an adult, except the reproductive organs. Then it is called a juvenile until sexual maturity.

Figure 3 . 2 :

 32 Figure 3.2: Staging of zebrafish during their growth. A few examples showing the evolution of the morphology of zebrafish. Detailed pictures of the caudal finshows that it transitions from a dorso-ventral continuous skin fold to a heterocercal partially ossified ray fin, and then a homocercal ray fin with ossified rays. Adapted from[START_REF] Singleman | Growth and maturation in the zebrafish, danio rerio: a staging tool for teaching and research[END_REF].

Figure 3 . 4 :

 34 Figure 3.4: Zebrafish housing protocol. (a) View of the zebrafish IBPS aquatic organisms facility in UPMC, Paris. (b) Preparation of the reproductory tank, involving separation of males and females with a transparent glass. Males and females are kept separated during one night and the separation is removed at a given known time, after 12 hours. (c) An example of spawning tank, with a variable depth. Fecundation occurs in the shallow part. The eggs fall under the grid to avoid predation of eggs by the adults after spawning. (d) Sorting of eggs under the microscope. Only fecundated eggs are kept, with a number of 20 for each Petri box. They incubate at a 26 degrees Celsius temperature. (1) Pre-gastrulation stage (2 hours post-fertilization-hpf) (2) Segmentation period (20 hpf) (3) Organogenesis (48hpf) (4) Hatched fish larva (100 hpf)
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 35 Figure 3.5: Experimental setup used for our free-swimming experiments. The swimming of zebrafish was studied by capturing images from above with a high speed camera. The contrast of the images was achieved using a LED light panel. Room and water temperatures were monitored at 25 degrees Celsius.

Figure 3 . 6 :

 36 Figure 3.6: An example of image extracted from the video sequences, for a 52 dpf zebrafish.

Figure 3 . 7 :

 37 Figure 3.7: Image treatment protocol: To the image (1) from a video sequence is subtracted the background (2) obtained by averaging all the images of the sequence. The image of the fish (3) is thus extracted. Then a threshold is applied to binarize the image (5) and get the final binary image (6). (4) shows the histogram of the image. We notice that there is a limit under 50 bits, due to the sensitivity limit of the camera, and the luminosity gets saturated for most of the background pixels at 256 bits. The threshold is thus set just under this saturation level, at 250 bits.

Figure 3 . 8 :

 38 Figure 3.8: Geometry of the modeled fish

  [START_REF] Singleman | Growth and maturation in the zebrafish, danio rerio: a staging tool for teaching and research[END_REF] used the results of Parichy to define 4 simply separated developmental stages, based on external traits of the fish, so easy to use for in vivo experiments. Our growth curve of zebrafish covered the three stages of post-embryonic zebrafish life described by Singlemann: larvae, juveniles and adults.

Figure 3 .

 3 Figure 3.10: (a) typical morphologies of zebrafish of ages: (top to bottom )7 dpf, age of the onset of regular swimming; 12 dpf larva; 25 dpf juvenile; 96 dpf young mature fish, (b) growth curve of zebrafish, 8 fish for each age class were randomly measured among a set of 50 fish.
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 311312 Figure 3.11: Example of a burst-and-coast swimming trajectory, for a 17 dpf fish. The interval between each point is 0.05s. The color indicates instantaneous speed of the fish.

Figure 3 . 13 :

 313 Figure 3.13: Examples of a time series of speed and yaw angle (measured for a fixed direction reference), for a fish of 10 dpf (a), a fish of 45 dpf (b) and a fish of 159 dpf (c).

Figure 3 . 16 :

 316 Figure 3.16: Time series of the heading angles of the fish during locomotion, measured compared to a fixed angle direction. The yaw of fish heading angle reveals each locomotory undulation motion and is a good way to visualize swimming motions. (a): fish larva: example of a 7 mm (12 dpf) angle time series, where the fish does not change the number of tail beats per bout (b): examples of 2 11mm (25 dpf) angle direction time series, where the fish can increase the number of tail beats per bout, thus increasing the ratio T Burst /T Bout , (c): example of a 20 mm (96 dpf) time series, where the fish changes its duty cycle ratio and makes uch longer continuous series of tail beats.

Figure 3 .

 3 Figure 3.17: (a) Evolution of the statistical distribution of the T BurstT Bout ratio with fish age. The ratio diplays a peaked value around 0.25 for larval stages before 21 dpf, and reaches a 0 probability for bursts longer than 0.6 T Bout and then becomes more widespread and reaches higher values, while still keeping significant probabilities for single tail beats (low ratios).(b) TBurst/TBout ratio evolution with fish length : the standard deviation increases, indicating the ability for the fish to explore various swimming regimes. (c) Rate of bursts where T Burst > T Bout /2 evolution with fish length. Longer bursts (relatively to the total bout time) do not exist at the larval stage. They become the main cruising gait as the fish grows, reaching half of the fish swimming bursts at 75 dpf.

Figure 3 .

 3 Figure 3.18: (a) Scatter Plot representing the evolution of T Burst and T Bout with fish length. Each point corresponds to a recorded bout event.We notice that for small sizes, the main swimming regime is long bouts with short burst times (single tail beats), whereas for larger fish, longer bursts with multiple tail beats become more common. (b) Chosen 2D slices of the scatter plot.

Figure 3 .

 3 Figure 3.19: (a) Evolution of speed distribution statistics with fish length. The speed is averaged on each bout. We notice that the youngest fish have a very peaked distribution of speeds, centered around their main speed, whereas older fish after 21 dpf broaden this distribution to reach a wider array of possible speeds, both in absolute speed value and relatively to their length (see dotted lines corresponding to speeds in BL/s). (b) Reynolds number evolution with fish length. For each age class, the red line is the median value; boxes represent the interval between first and third quartiles, and the whiskers represent maximum and minimum data. The data in yellow dots are the median values from Mc Henry and Lauder (2005), Fig. 7.
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 7 Figure 3.19: (a) Evolution of speed distribution statistics with fish length. The speed is averaged on each bout. We notice that the youngest fish have a very peaked distribution of speeds, centered around their main speed, whereas older fish after 21 dpf broaden this distribution to reach a wider array of possible speeds, both in absolute speed value and relatively to their length (see dotted lines corresponding to speeds in BL/s). (b) Reynolds number evolution with fish length. For each age class, the red line is the median value; boxes represent the interval between first and third quartiles, and the whiskers represent maximum and minimum data. The data in yellow dots are the median values from Mc Henry and Lauder (2005), Fig. 7.

  Figure 3.19: (a) Evolution of speed distribution statistics with fish length. The speed is averaged on each bout. We notice that the youngest fish have a very peaked distribution of speeds, centered around their main speed, whereas older fish after 21 dpf broaden this distribution to reach a wider array of possible speeds, both in absolute speed value and relatively to their length (see dotted lines corresponding to speeds in BL/s). (b) Reynolds number evolution with fish length. For each age class, the red line is the median value; boxes represent the interval between first and third quartiles, and the whiskers represent maximum and minimum data. The data in yellow dots are the median values from Mc Henry and Lauder (2005), Fig. 7.
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 321 Figure 3.21: Examples of coasting speed and Reynolds number time series for different ages.

Figure 3 . 22 :

 322 Figure 3.22: Evolution of characteristic time τ of speed exponential decrease, bout period TBout and Reynolds number Re with fish age (a) and fish length (b).

Figure 3 .

 3 Figure 3.23: (a) To account for the effects of inertial drag, we used a second model of inertial drag swimmer, according to the method of Bilo and Nachtigall 1980 [312]. For a swimmer gliding in the inertial regime, the drag D is C D A ρ 2 V 2 , thus the inverse of the speed V obeys the following relationship with time: 1 V (t) = ht+V 0 where h=C D A ρ 2m (b) Results of this fit model: evolution of the coefficient h with the length of fish.
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 41 Figure 4.1: (a) Cymatogaster aggregata: picture of a specimen and cut view of a pregnant female. (b) Location of our fish sampling in Friday Harbor, Washington (48 • 31 N 123 • 0 W). (c): Beach seine, the device used for capturing the fish. The beach seine is let out by a boat about 150 m offshore, and then towed towards the bank by two groups of people, on each of the handling ropes. The fish are blocked by the lateral surfaces of the net, and driven towards the fine meshed cod end. Image adapted from [343] (d): an image of the beach seining action and fish collecting in Friday Harbor. Fish are collected and put in oxygenated tanks for transportation to the lab (Photo: Chi-Ju Yu).

Figure 4 . 2 :

 42 Figure 4.2: The relationship between fish length and gait transition speed U pc in cm/s (a) and relatively to the fish body length L S (b), data from [154].

Figure 4 . 3 :

 43 Figure 4.3: Method for determining U opt from the AM R (proportional to r O 2 (U )); adapted from[START_REF] John | Fish swimming[END_REF] 

  Shiner perch were caught at Jackson Beach and Argyle Lagoon, Friday Harbor, San Juan Island, Washington (48 • 31 N 123 • 0 W, Fig. 1) between 24 July 2019 and 14 August 2019 using a beach seine (headline 31.67 m, 48 floats, stretched mesh size 2 cm) -see Fig. 4.1 (b),(c) and (d). This method allowed fast capture of fish, keeping them in the water at all times. They were immediately put in oxygenated water wells before transfer to the laboratory. Fish were brought back to the laboratory and immediately transferred to flow-through community tanks (1.04 m diameter, water depth 20 cm) at Friday Harbor Laboratories, in San Juan Island. Sea water flow was kept constant in the tanks and water temperature were 11.97±0.15 • C to 13.9±0.96 • C. Fish were exposed to a natural 14:10 light/dark cycle (Fig. 4.4 (a)). Fish were fed with fish-based flake food and shrimp on a daily basis, except during isolation and starvation times before experiments.

Figure 4 . 4 :

 44 Figure 4.4: (a) Fish were kept in a tank with a mesh separating fish of different sizes and were fed daily with shrimp and fish based comercial food. The tanks were filled with a constant flow of water directly from the sea, with a monitored temperature. (b) Prior to each experiment, the total length of the fish was measured on the live individuals with a special device. (c) The experimental setup was a swimming ring of external diameter 240cm and internal diameter 74cm.

Figure 4 . 5 :

 45 Figure 4.5: (a) Lengths of fish in the fish pairs used in our experiment. We named L 0 the length of fish 0, the smallest fish of the pair, and L 1 the length of fish 1, the largest fish of the pair. (b) Fish size ratio L 0 L 1 frequency distribution.
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 46 Figure 4.6: Trajectory examples over a 50 s period for 5 fish pairs of each type, randomly picked in the set of data. Fish 0 in blue colors and fish 1 in red colors.

Figure 4 . 7 :

 47 Figure 4.7: A 3D visualization of the evolution of a trajectory with time, for a Big-Big fish pair (L 1 = 105 mm, L 1 = 97 mm),where fish interact all the time.The space between points is 1s. We note changes of behavior of fish along the trajectory.

Figure 4 . 8 :

 48 Figure 4.8: Examples of NND time series for given trajectories of 2 fish that interact (a) and (b) (L 1 = 104mm and L 0 = 56mm)and a non-interacting pair (b) and (c) (L 1 = 105mm and L 0 = 56mm), during 100s. The Fish 1 trajectory is in red, Fish 0 in blue.

Figure 4 . 9 :

 49 Figure 4.9: NND statistical distribution for the 3 types of fish pairs: Big-Big, Big-Small and Small-Small. The histograms represent all our measured data on all the pairs of each type. The control reference green dash line is obtained by computing the NND of a random set of 20 pairs, each pair made of Fish 1 of a given pair and Fish 0 of a different pair. Histograms are displayed normalized by their maximum value.
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 410 Figure 4.10: Average and standard deviation of active (filtered) swimming speed V s , for all fish pairs. Insert figure shows a trajectory with our sampling rate used to compute the speeds.

Figure 4 . 11 :

 411 Figure 4.11: Fish pair interaction analysis with angular direction cross correlation, for a 50s time sample. (a) Trajectory of an interacting fish pair. The 2 pairs of (1) and (2) red dots correspond to the same time. The arrows are the speed direction vectors. (b) Corresponding angular direction of the fish speed -the red arrows correspond to the red points highlighted in (a). (c) Cross-correlation function of the two angle time series.

Figure 4 . 12 :

 412 Figure 4.12: Comparison between angular cross correlation functions and NND statistical distributions for 3 typical fish pairs: an interacting pair (a),(b) (L 1 = 65 mm, L 1 = 60 mm), a weakly interacting pair (L 1 = 54 mm, L 1 = 50 mm)(c),(d), and a non-interacting theoretical pair, obtained by analyzing a simulated pair made of Fish 1 of one pair and Fish 0 of another pair (e),(f).
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 413 Figure 4.13: Height of the maximum of the cross correlation function, as a function of the proportion of time spent within a 2 BL distance of the other fish, for our pairs of experimental points.

Figure 4 . 14 :

 414 Figure 4.14: Assessment of fish leadership: distribution of the time lag τ 0 of the peak in speed cross-correlation function for our studied series. We present here the series that were spending more than 5 percent of their time in interaction (peak of correlation function higher than 0.05). (a) Height of the correlation function maximum as a function of the time lag τ 0 of this maximum (delay between Fish 0 and Fish 1). A positive time lag indicates that the larger fish's changes of speed and orientation are in advance compared to the one of the one of the smaller fish. (b) Average values and standard deviations of the time lag τ 0 for each group of fish pairs under study.

  4.13)) and qualitative observation of trajectories (Fig.4.6) did reveal that individuals of similar size tend to adopt group swimming more easily, whereas heterogeneous pairs preserved their individuality most of the time. Considering the width of the interaction peaks of (Fig.4.9), we can assess that pairs of fish interact together (i.e. within a distance of each other that corresponds to the NND distribution peak characteristic of interactions) more than 50 percent of the time for pairs of similar size, whereas the pairs of dissimilar sizes are only cohesive 16 percent of the time on average. This measurement is consistent with the interaction cross-correlation measurements (Fig.4.13).Cohesion and schooling tendency. When heterogenous pairs exhibited group swimming, which occurred a minority of the time (16 percent of the time), both individuals seemed to adapt their speed to keep up with the other, both in absolute speed values and in body length normalized sppeds, in comparison to the situation in which they are with a fish of similar size (Fig.4.10), where the larger fish then tend to go faster and the smaller fish slower.

Figure 4 . 15 : 2

 4152 Figure 4.15: 2 Examples of distributions of correlation function peaks for a a typical Big-Small fish pair (a) (L 1 = 105mm, L 0 = 56mm) and a typical Big-Big fish pair (b)(L 1 = 96mm L 0 = 95mm). A positive time lag indicates that Fish 1 is leading. Each point corresponds to a 50s slice of the data. τ is the value of the time lag of the peak.

Figure 4 .

 4 Figure 4.16: (a) Probability density function histograms of the time lags of speed correlation functions, for each type of fish pairs.τ M are the values of the time lags of the peaks for each 50s slice of time series. (b) Average and STD values of the proportion of time with Fish 1 leading in an interaction (defined as the proportion of 50s slices of events with an interaction peak over 0,2, that display a positive time lag τ M for the interaction peak.

3s.

  Our values of latencies spreaded to much larger values than what Hunter et al. (1969)[START_REF] Hunter | Communication of velocity changes in jack mackerel (trachurus symmetricus) schools[END_REF] found for the speed adjustment of Jack mackerel (Trachurus symmetricus), who found values between 0.04s and 0,5s. However, in their experiment, Hunter et al. study much faster fish (typical swimming speeds of about 400mm/s) and they focus on the response to a shock stimulus that triggers escape for the "leader" fish. These conditions may imply faster responses than in the case of spatial exploration with no need for a fast escape.The correlation functions also allowed us to get insight into the roles of each fish during collective swimming (leader or follower) (Fig.4.11). For interacting fish, the pairs of fish of similar size exhibited no lasting leadership; the initiative of turning events was evenly shared between the two fish (average rates of time with larger fish as a leader of 51 percent for Big-Big pairs and 49 percent for Small-Small pairs). On the other hand, fish pairs of dissimilar sizes exhibited a strong tendency of leadership of the largest fish (71 percent of the time on average (Fig.4.15, 4.16 and 4.14)).
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 [START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF] [START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF]on times and distances spent actively swimming and resting (either stopped or gliding). (b) Results of Mc Henry and Lauder (2005) [START_REF] Matthew | The mechanical scaling of coasting in zebrafish (danio rerio)[END_REF] on the coasting parameters of 3 life stages of zebrafish (larval, juvenile and adults).

There are very few studies investigating the kinematic parameters of intermittent swimming of zebrafish and their evolution during zebrafish growth. [START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF] [START_REF] Lee | Ontogeny of routine swimming activity and performance in zebra danios (teleostei: Cyprinidae)[END_REF] have qualitatively investigated the evolution of these parameters on 6 age classes and a data set of unknown size. They noticed that average values -on average 46 mm/s which corresponds to 0.91 BL/s. The small fish goes faster in average when paired with a larger fish. The large individual of Big-Small fish pairs exhibits no significant changes in its speed when we consider the average over all our data points: its average speed is 52mm/s or 0.52 BL/s, which is even slightly faster than when paired with a large fish of similar size.

But these data take into account all the behavior changes of the fish, including the times when fish are at rest without swimming, inducing a very high standard deviation of the values (of the order of the average values of absolute speeds).

To get a better estimate of the fish swimming speeds, we filtered the speed data to only keep the values when the fish were swimming at a speed above 0.25 BL/s, to get rid of the phases during which the fish were motionless. Applying this criteria as a criteria for "active swimming", we found that fish were actively swimming 59 percent of the time on average for Small-Small pairs, and 69 percent of the time for Big-Big pairs, and 56 percent of the time for Big-Small pairs. The impact of phases during which fish are considered inactive is thus important, and only filtered speed values, over 0.25 BL/s, should be considered as active swimming speeds.

The true relevant speed data to estimate active swimming speed is this filtered speed, called V s , expressed in BL/s. We found that both fish within a pair of heterogeneous sizes reach a compromise speed compared to their average speed when paired with a fish of similar size. In Small-Small pairs, the average speed of fish is 1.16 BL/s whereas when paired with a big fish, small fish go on average at 1.25 BL/s. In Big-Big pairs, fish swim on average at 0.89 BL/s whereas when paired with a small fish, big fish go at an average speed of 0.83 BL/s. These average values tend to suggest that both fish adapt their speeds in similar proportions to maintain collective swimming when paired with an individual of dissimilar size. In a pair with a large and small fish, the smaller fish tends to go 7,7 percent faster than it would when paired with a fish of similar size, and the larger fish tends to go 7,2 percent more slowly.

All our speed values correspond to cruising speeds in which the fish are using a labriform intermittent locomotion. We are far from the U pc value of gait transition. The average speed of small fish in our experiment is lower than 20 percent of their U pc and for big fish it is lower than 14 percent of U pc , according to the U pc values measured by [START_REF] Mussi | Gait transition speed, pectoral fin-beat frequency and amplitude in cymatogaster aggregata, embiotoca lateralis and damalichthys vacca[END_REF] [START_REF] Mussi | Gait transition speed, pectoral fin-beat frequency and amplitude in cymatogaster aggregata, embiotoca lateralis and damalichthys vacca[END_REF] (Fig. 4.2).

We also measured the expected U opt for each of our fish with the method of [START_REF] John | Fish swimming[END_REF] based on length-weight relationship estimates from Siegle. We found an average U opt of 1.95 ± 0.09BL/s for big fish and 2.54 ± 0.13BL/s for small fish. This means that the fish swim at an average speed of 60 percent of their U opt for large individuals and 33 percent of U opt for large fish.