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Adaptive evolution of butterfly wing shape: from morphology to behaviour
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Morpho butterflies as a case-study

Butterflies display extreme variation in wing shape, colour and flight behaviour associated with a tremendous ecological diversity. Despite the central role that flight likely played in their diversification, the selective pressures shaping the diversity of flight behaviours and morphologies of butterflies remains largely unknown. This is mainly because flight is a highly complex phenotype involving suites of integrated behavioural and morphological traits, evolving under the influence of multiple and sometimes conflicting selective pressures. Flight behaviour is moreover challenging to quantify in natural -and relevant ecological -situations, preventing drawing straightforward links to fitness. During my PhD, I first reviewed the literature to question how evolutionary and aerodynamic knowledge may be combined to further understand the evolutionary processes shaping the evolution of butterfly wing shape and flight (Chapter 1). Then, focusing on Amazonian butterflies from the genus Morpho, I combined evolutionary field studies and biomechanical approaches to study the evolution of flight behaviour, wing shape and colours in this iconic but yet understudied group of butterflies. I experimentally tested the effect of fine wing shape variation by taking advantage of naturally damaged Morpho butterflies, revealing how flight behaviour can be adjusted in response to wing shape alteration, and identifying wing parts under stronger aerodynamic constrains (Chapter 2). I then questioned the role of habitat specialization on flight behaviours (Chapter 3 and 4). I first showed that microhabitat specialization has resulted in the adaptive divergence of flight behaviour and wing shape, opposing efficient gliding flight in species living in the canopy to powerful flapping flight in species living in the understory (Chapter 3). I further investigated the influence of microhabitat on the evolution of performance during evasive climbing flight, showing that canopy species achieve higher climbing efficiency through changes in wingbeat kinematics and morphology (Chapter 4). Finally, I questioned the mechanisms enabling coexistence among closely-related mimetic Morpho species living in the same microhabitat. By quantifying patrolling activity, contest and courtship flight behaviours in fully-natural conditions, I showed that the similarity in colourful signal emitted by patrolling butterflies promote both interspecific territoriality and temporal segregation (Chapter 5). Altogether, my work sheds light on the multifarious ecological pressures driving the evolution of flight behaviours and morphology in Morpho butterflies and more generally pinpoints mechanisms involved in the diversification of flying animals.

Evolution du vol et diversification en sympatrie : les papillons Morpho comme cas d'étude

Les papillons présentent une très grande variation de formes et de couleurs d'ailes ainsi que des comportements de vol très variables, en lien avec une diversité écologique exceptionnelle.

Malgré le rôle probablement central que joue le vol dans l'évolution des papillons, les pressions de sélection influençant la diversité de leurs comportements de vol et de leurs morphologies restent largement méconnues. Le vol est en effet un phénotype très complexe, impliquant l'intégration de nombreux traits comportementaux et morphologiques, qui évolue sous l'effet de pressions de sélection parfois opposées. Le vol est de plus difficile à quantifier en conditions naturelles et écologiquement pertinentes, limitant l'établissement de liens directs avec la fitness. Dans cette thèse, j'ai d'abord réalisé une revue de la littérature qui examine comment la biologie évolutive et l'aérodynamique peuvent être combinées pour mieux identifier les processus sélectifs affectant la forme des ailes et le comportement de vol chez les papillons (Chapitre 1). En focalisant mes recherches sur le genre Morpho, j'ai ensuite combiné études évolutives de terrains et approches biomécaniques pour caractériser l'évolution des formes, des couleurs et du comportement de vol dans ce groupe de papillons iconique, pourtant encore peu étudié. Dans une étude expérimentale, j'ai testé l'effet des variations de formes d'ailes liées à leur dégradation naturelle. Ce travail a montré comment le comportement de vol peut être ajusté suite à l'altération des formes d'ailes, et permis d'identifier les zones des ailes subissant des contraintes aérodynamiques particulièrement fortes (Chapitre 2). J'ai ensuite analysé le rôle de la spécialisation dans des micro-habitats contrastés sur les comportements de vol planés (Chapitre 3) et ascendant (Chapitre 4). J'ai ainsi démontré que la spécialisation dans différents micro-habitats a résulté en une divergence adaptative du comportement de vol et des formes d'ailes, opposant un vol plané efficace chez les espèces vivant en canopée, et un vol battu puissant chez les espèces vivant dans les sous-bois (Chapitre 3). J'ai également étudié l'influence du micro-habitat sur l'évolution des performances de vol d'échappement ascendant, et montré que les individus des espèces de canopée sont plus efficaces lors de ce vol d'échappement, notamment du fait d'une cinématique de battements d'ailes et d'une morphologie différente (Chapitre 4). Finalement, j'ai étudié les mécanismes permettant la coexistence entre espèces de Morpho fortement apparentées et phénotypiquement similaires vivant dans un même micro-habitat. En quantifiant l'activité de patrouille, les comportements de vol d'interactions mâle-mâle et mâle-femelle en conditions naturelles, j'ai montré que la similarité du signal coloré émis lors du vol de patrouille favorise l'émergence de la territorialité interspécifique et d'une ségrégation temporelle entre espèces (Chapitre 5). Dans son ensemble, mon travail nous renseigne sur les diverses pressions de sélection influençant l'évolution du comportement de vol et de la morphologie des papillons Morpho, et nous éclaire plus généralement sur les mécanismes impliqués dans la diversification des animaux volants.

Introduction

Both behavioural change and morphological variation are important sources of novelty that may fuel evolutionary diversification. Studying the combined evolution of behaviour and morphology is thus crucial to understand the processes shaping trait diversity in animals. Trait variation is generally most obvious between species, and can be explained for a large part by neutral divergence during phylogenetic history [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioral traits are more labile[END_REF]. Selective processes can also strongly influence the evolution of traits, sometimes overcoming historical phylogenetic patterns [START_REF] Losos | Contingency and determinism in replicated adaptive radiations of island lizards[END_REF][START_REF] Mccracken | Data set incongruence and correlated character evolution: an example of functional convergence in the hind-limbs of stifftail diving ducks[END_REF][START_REF] Wiens | When are phylogenetic analyses misled by convergence? A case study in Texas cave salamanders[END_REF]. The evolution of morphology and behaviour can be influenced by the environment in complex ways through selective pressures related to physical factors (such as climate, [START_REF] Hoffmann | Climate change and evolutionary adaptation[END_REF], habitat structure (influencing for example locomotion, Losos, 2011), feeding resources [START_REF] Burress | Adaptive radiation in labrid fishes: a central role for functional innovations during 65 My of relentless diversification[END_REF], and ecological interactions among species [START_REF] Hembry | Ecological Interactions and Macroevolution: A New Field with Old Roots[END_REF]. Relative contribution of these processes are often provided by phylogenetic comparative studies highlighting correlations between species traits and ecology [START_REF] Harvey | The comparative method in evolutionary biology[END_REF]. While these correlations point at putative adaptations to the environment, they remain however insufficient to understand how natural selection act on the diversification of traits. Indeed, selection does not operates on traits themselves, but on their consequences on individual fitness (Arnold, 1983). One trait will be favoured over another in a population if it confers an increased ability during crucial behaviours such as escaping from predators, exploiting feeding resources or mating, leading to higher survival or reproductive success. Many, if not all phenotypes however involve a suites of integrated morphological, physiological and behavioural traits. Studying adaptive evolution hence often requires examining many traits and their interactions, and how they evolve in response to multiple, and sometimes conflicting selective pressures [START_REF] Irschick | New directions for studying selection in nature: studies of performance and communities[END_REF][START_REF] Irschick | How does selection operate on whole-organism functional performance capacities? A review and synthesis[END_REF]. The emergence of novel traits can also open up new ecological opportunities, potentially initiating speciation and promoting the diversification of lineages [START_REF] Schluter | Ecological causes of adaptive radiation[END_REF][START_REF] Losos | Lizards in an evolutionary tree: ecology and adaptive radiation of anoles[END_REF][START_REF] Burress | Adaptive radiation in labrid fishes: a central role for functional innovations during 65 My of relentless diversification[END_REF]. Questioning how phenotypic traits evolve thus lies at the nexus of micro-evolutionary processes and macro-evolutionary patterns of phenotypic diver-

INTRODUCTION

sity. Embracing an integrated approach of phenotypic evolution in considering the joint evolution of behaviour and morphology is crucial to understand animal diversification, and is a great challenge of evolutionary biology.

Studying adaptive evolution: the morphology-performancefitness relationship

How can we measure the effect of natural selection on specific aspects of morphology and behaviour? Almost forty years ago, Stevan J. Arnold published a seminal paper addressing this compelling problem (Arnold, 1983). He proposed combining laboratory measurements of variation in morphology and performance with evolutionary field studies assessing how performance affects fitness in the wild. While functional and evolutionary biologists traditionally worked separately, Arnold's unifying framework greatly stimulated interactions between these scientific communities, and became a well-established part of integrative and evolutionary biology (Kingsolver & Huey, 2003). After several decades, the morphology-performance-fitness paradigm remains a cornerstone principle in the study of adaptation, and is often recombined with new ideas and approaches (Wainwright & Reilly, 1994;[START_REF] Ghalambor | Multi-trait selection, adaptation, and constraints on the evolution of burst swimming performance[END_REF][START_REF] Irschick | New directions for studying selection in nature: studies of performance and communities[END_REF], see the litterature review reported in Chapter 1).

Morphology Performance Behaviour

Habitat

Interspecific interactions Fitness Fig. 1. Modified version of Arnold paradigm (adapted from Garland Jr & Losos, 1994).

Performance is generally defined as an organism ability to do something when pushed to its morphological, physiological, or biochemical limits (Garland Jr & Losos, 1994).

Functional morphology studies typically allow assessing the limits imposed by morphology on performance. For instance, how locomotor system sets limits on sprint speed (Bonine & Garland Jr, 1999), or how jaw structure limits biting force (Wain-INTRODUCTION wright, 1987). Because performance measurements are usually conducted in controlled conditions, independently from the natural environment and behaviour of the studied organism (e.g. Berwaerts et al., 2002;[START_REF] Husak | Bite-force performance predicts dominance in male venerable collared lizards (Crotaphytus antiquus)[END_REF][START_REF] Bomphrey | The typical flight performance of blowflies: measuring the normal performance envelope of Calliphora vicina using a novel corner-cube arena[END_REF], they do not necessarily inform on the adaptive value of morphological variation. Natural selection most often acts on the combination of morphology and its use through natural behaviour, i.e. on what animals actually do (e.g. escaping from predator, finding mates). Moreover, animals may rarely run, fly or swim as fast as they can because of trade-off between several aspects of performance (e.g. speed, manoeuvrability, energy consumption) [START_REF] Hertz | Time budgets, thermoregulation, and maximal locomotor performance: are reptiles olympians or boy scouts?[END_REF][START_REF] Wilson | Introduction to the symposium: towards a general framework for predicting animal movement speeds in nature[END_REF]. Ecological approaches in natural populations are thus essential to acquire behavioural knowledge, and then pointing out which aspects of performance are relevant in terms of fitness. Studying maximum speed in the context of predator escape, or maximum bite force among individuals eating hard preys, for instance, allows assuming a direct effect of performance on fitness. For many behaviours however, the relationship between performance and fitness is more complex. Selection may for example favour the ability to fly slowly in migrating animals because it reduces energy consumption. Relationships between performance and fitness may also depend on the habitat. In the lava lizard Tropidurus albemarlensis for example, individuals show contrasted habitat preferences associated with different escape tactics: individuals living in open environment run faster and start running earlier when threatened than those living in the dense vegetation [START_REF] Snell | Intrapopulation variation in predator-avoidance performance of Galapagos lava lizards: the interaction of sexual and natural selection[END_REF]. In such a case, contrasted behavioural strategies associated with habitat use result in different selection regimes acting on escape speed. Behaviour can thus be seen as a filter through which performance is related to fitness [START_REF] Garland | Heritability of locomotor performance and its correlates in a natural population[END_REF]) (Fig. 1).

While the importance of integrating behaviour in modern eco-morphological research may seem obvious, behavioural variation as compared to morphology is generally more challenging to quantify than morphological variation, and is thus far from systematically considered. Behaviours constantly change with ecological situations as well as over individual lifetime, making it inherently dependent on the environmental context. Field studies investigating natural behaviour, and aiming at identifying context-dependent performance metrics, are thus essential in the study of adaptation.

Although a challenging task requiring long-term studies, the analysis of the complex links between morphology, performance and fitness has been conducted in details in a few model systems. Among the best studied examples is the adaptive radiation
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of islands lizards: species specialized on distinct vegetation substrates (narrow twigs vs. larger trunks) were shown to repeatedly diverge in limb morphology and locomotor performance in different islands of the Greater Antilles [START_REF] Losos | Contingency and determinism in replicated adaptive radiations of island lizards[END_REF][START_REF] Irschick | Do lizards avoid habitats in which performance is submaximal? The relationship between sprinting capabilities and structural habitat use in Caribbean anoles[END_REF][START_REF] Calsbeek | The quick and the dead: correlational selection on morphology, performance, and habitat use in island lizards[END_REF][START_REF] Losos | Lizards in an evolutionary tree: ecology and adaptive radiation of anoles[END_REF]. Similarly in coral reef fishes, morphological diversity has been extensively studied in relation to locomotion and feeding performance [START_REF] Wainwright | Biomechanical limits to ecological performance: Mollusccrushing by the Caribbean hogfish, Lachnolaimus maximus (Labridae)[END_REF][START_REF] Walker | Performance limits of labriform propulsion and correlates with fin shape and motion[END_REF][START_REF] Collar | Integrated diversification of locomotion and feeding in labrid fishes[END_REF], enabling to uncover the evolutionary processes underlying their remarkable adaptive radiation [START_REF] Burress | Adaptive radiation in labrid fishes: a central role for functional innovations during 65 My of relentless diversification[END_REF]. Given that living organisms have diversified in virtually all environments, much remains to be learned in studying the effect of natural selection on traits evolution.

Bridging trait evolution and the diversification of flying animals

Flight is one of the most fascinating coevolution between morphological and behavioural traits, attracting the curiosity of both biologists and physicists [START_REF] Hart | The World of Leonardo da Vinci: Man of science, engineer and dreamer of flight[END_REF]Ellington, 1984a;Dudley, 2002;[START_REF] Bomphrey | Insect and insect-inspired aerodynamics: unsteadiness, structural mechanics and flight control[END_REF]. Powered (flapping) flight has evolved independently in insects and in three vertebrate taxa (birds, bats and Pterosaurs), and has likely played an important role in their diversification in providing ecological opportunities largely inaccessible to many other taxa [START_REF] Dudley | Animal aloft: the origins of aerial behavior and flight[END_REF]. Indeed, bats comprise about one-fifth of all mammals with more than 1300 species [START_REF] Simmons | Evolution of ecological diversity in bats[END_REF], birds include about 10 000 species [START_REF] Hertz | Time budgets, thermoregulation, and maximal locomotor performance: are reptiles olympians or boy scouts?[END_REF], while there are more than a million of flying insects species (Dudley, 2002). Besides, unpowered flight (i.e. gliding) has also evolved in other groups like lizards, squirrels or fishes [START_REF] Davenport | How and why do flying fish fly?[END_REF]Dudley et al., 2007;[START_REF] Ord | Gliding dragons and flying squirrels: diversifying versus stabilizing selection on morphology following the evolution of an innovation[END_REF]. Although flight is often viewed as a trait promoting species diversification [START_REF] Grimaldi | Evolution of the Insects[END_REF][START_REF] Simmons | An Eocene big bang for bats[END_REF][START_REF] Price | Speciation in birds[END_REF], our understanding of the evolutionary processes generating the diversity of flight behaviours and associated morphologies remains limited.

How did flying animals diversify? Answering this question requires to finely describe the behavioural and biomechanical traits underpinning the diversity of flight, and to identify which and how selective pressures act on these traits. Ultimately, this should shed light on the role of trait evolution in the diversification of flying species.

INTRODUCTION

Identifying the influence of selection on flight behaviours and associated morphologies

In flying animals, the ability to exploit resources and to survive often crucially depends on specific aspects of flight performance. For example, strong acceleration and high manoeuvring capacities may be promoted in aerial predators (e.g. dragonflies, Combes et al., 2012) but equally in their escaping preys (e.g. fruit flies, [START_REF] Muijres | Flies evade looming targets by executing rapid visually directed banked turns[END_REF](Fig. 2). Good hovering capacities might be favoured in animals using stationary flight to feed on nectar sources (e.g. moths, nectar-feeding bats, hummingbirds, [START_REF] Casey | Flight energetics of sphinx moths: power input during hovering flight[END_REF][START_REF] Winter | Energetic cost of hovering flight in a nectar-feeding bat measured with fast-response respirometry[END_REF][START_REF] Jr | Hummingbirds fuel hovering flight with newly ingested sugar[END_REF] (Fig. 3), while animals performing long-distance migration (e.g. monarch butterflies, albatrosses, [START_REF] Gibo | Flight strategies of migrating monarch butterflies (Danaus plexippus L.) in southern Ontario[END_REF][START_REF] Akesson | Avian long-distance navigation: experiments with migratory birds[END_REF], or continuously flying in search for mates (e.g. patrolling butterflies, Scott, 1974) Although flight behaviour is relatively plastic (i.e. most flying animals are able to manoeuver, accelerate or hover to some extent), selection exerted on particular flight performance may result in adaptive changes in morphology. A specific flight style as-INTRODUCTION sociated with migratory or feeding habits may strongly influence the evolution of wing shape (Norberg & Rayner, 1987;Rayner, 1988). For instance, birds flying over long distance in open air (e.g. albatrosses, sterns) show particularly long, slender wings that reduce the cost of transport. In contrast, birds foraging in cluttered habitats (e.g. owls, songbirds) show rather short and broad wings enabling higher manoeuvrability (Rayner, 1988). However, eco-morphological patterns among flying animals often involve simultaneous changes in several morphological traits. A large wing area relative to body weight combined with elongated wings for example allows performing slow gliding flight (Norberg, 2002). Such morphology and associated behaviour is typical of soaring birds and bats exploiting moving air masses, thereby reducing flight cost [START_REF] Norberg | Soaring and nonsoaring bats of the family Pteropodidae (flying foxes, Pteropus spp.): wing morphology and flight performance[END_REF][START_REF] Hedenström | Adaptations to migration in birds: behavioural strategies, morphology and scaling effects[END_REF]. 
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Flight behaviour often jointly evolves with other traits, such as colour pattern.

Wing and body colouration often acts as a signal, playing roles during courtship [START_REF] White | Signal design and courtship presentation coincide for highly biased delivery of an iridescent butterfly mating signal[END_REF][START_REF] Simpson | It's not just what you have, but how you use it: solarâpositional and behavioural effects on hummingbird colour appearance during courtship[END_REF] or in predators deterrence [START_REF] Stevens | Anti-predator coloration and behaviour: a longstanding topic with many outstanding questions[END_REF].

It can thus be part of dynamic displays that include changing postures, orientations and movements [START_REF] Hutton | Dynamic color communication[END_REF]. During hummingbirds courtship for example, flight speed and trajectory amplify the transmission of a colourful signal to the receiver [START_REF] Hogan | Synchronization of speed, sound and iridescent color in a hummingbird aerial courtship dive[END_REF]. The selection related to a particular ecology thus most likely influences the evolution of a suite of morphological but also behavioural and cognitive traits in association with flight [START_REF] Altshuler | Resolution of a paradox: hummingbird flight at high elevation does not come without a cost[END_REF][START_REF] Baliga | Range of motion in the avian wing is strongly associated with flight behavior and body mass[END_REF].

The evolution of traits associated with flight behaviour may respond in a complex way to selection. As illustrated in Figure 2, flying animals feeding on nectar sources may converge in hovering flight performance [START_REF] Voigt | Energetic cost of hovering flight in nectar-feeding bats (Phyllostomidae: Glossophaginae) and its scaling in moths, birds and bats[END_REF]. While sustained hovering flight at flower-height is what is promoted by natural selection, the underpinning morphological and behavioural traits enabling it can be strikingly different among species. Hummingbirds and sphingid moths show remarkable similarity in wing and body proportions, as well as in physiological properties of flight muscles, resulting in comparable hovering flight kinematics [START_REF] Jr | Hummingbirds fuel hovering flight with newly ingested sugar[END_REF]. In contrast, nectar-feeding bats achieve good hovering capacities with markedly distinct morphology and associated flight kinematics [START_REF] Voigt | Energetic cost of hovering flight in nectar-feeding bats (Phyllostomidae: Glossophaginae) and its scaling in moths, birds and bats[END_REF]. This highlights that traits evolution in response to a similar selective pressure can strongly vary among species, probably because of differences in developmental and anatomical constraints and potential trade-offs with other selective pressures. Considering how suites of morphological and behavioural traits may evolve together-and differently among species -in response to selection is thus critical in the study of flight evolution.

Identifying the multiple selective pressures acting on the evolution of flight behaviour is also essential. Ideally, comparative morphological investigations should be complemented by detailed behavioural and ecological knowledge. This is often the case in well-studied groups such as birds and bats, in which variation in feeding habits or in courtship flight behaviours are richly-documented, enabling to investigate their influence on morphological evolution (Norberg & Rayner, 1987;[START_REF] Hedenström | Morphological adaptations to song flight in passerine birds: a comparative study[END_REF][START_REF] Hedenström | Adaptations to migration in birds: behavioural strategies, morphology and scaling effects[END_REF][START_REF] Lovette | Handbook of bird biology[END_REF][START_REF] Baliga | Range of motion in the avian wing is strongly associated with flight behavior and body mass[END_REF]. However, in most species, particularly in insects, natural flight behaviour remains poorly or undocumented (Dudley, 2002), challenging the adaptive interpretation of their morphological INTRODUCTION diversity (Wootton, 1992). Contrasting with the huge number of flying insect species, flight has been comprehensively studied in only a handful of them, mostly with the aim to understand the aerodynamic mechanisms involved (e.g. in moths, flies, Willmott & Ellington, 1997;[START_REF] Muijres | Flies evade looming targets by executing rapid visually directed banked turns[END_REF][START_REF] Dickinson | The aerodynamics and control of free flight manoeuvres in Drosophila[END_REF][START_REF] Zhang | An integrated study of the aeromechanics of hovering flight in perturbed flows[END_REF]. Although providing precious predictions on flight mechanics (Sane, 2003), such experiments remain however of limited ecological and evolutionary relevance as they are often performed in small laboratory enclosures and generally consider only few, if not a unique species. Some studies have quantified the diversity of flight behaviours in natural setting (Betts & Wootton, 1988;[START_REF] Rüppell | Kinematic analysis of symmetrical flight manoeuvres of Odonata[END_REF]Dudley & Srygley, 1994), but rarely investigated its evolution in a phylogenetic comparative framework (Tercel et al., 2018). Further understanding of the selective processes driving the evolution of flight behaviours and associated morphologies should emerge from the combination of detailed functional studies of flight and comparative phylogenetic analyses.

Biomechanical studies performed in a comparative framework may be especially informative in revealing patterns of convergence/divergence in flight performance among species, and whether they are achieved through similar or distinct morphologies and flight kinematics [START_REF] Wainwright | Many-to-one mapping of form to function: a general principle in organismal design?[END_REF]. [START_REF] Baliga | Range of motion in the avian wing is strongly associated with flight behavior and body mass[END_REF] recently showed that, across 61 birds species, the variation in flight behaviours (categorically defined: e.g. flapgliding, thermal soaring, bounding) was better accounted for by the range of achievable wings positions (i.e. dynamic shape adjustments), rather than by the variation in wing static morphology. In this study, dynamic wing morphology was moreover phylogenetically less conserved, suggesting that it may respond faster to selection. Likewise, several studies suggested that the three-dimensional properties of insects wings are tightly linked to aerodynamic performance (Young et al., 2009;Percin et al., 2011;[START_REF] Zheng | Time-varying wing-twist improves aerodynamic efficiency of forward flight in butterflies[END_REF]. Wing movements and deformability and their consequences on flight performance may thus represent an unsuspected component of traits diversity in flying animals (e.g. [START_REF] Meresman | Morphological diversification has led to inter-specific variation in elastic wing deformation during flight in scarab beetles[END_REF], largely ignored in traditional comparative morphological investigations.

Comparative investigations should not necessarily focus on strikingly different, and often phylogenetically distant species, because of limited power in detecting the selective processes involved in the evolution of flight. Distantly related species may indeed have substantially diverged in many -and often unknown -ecological traits, making it challenging to precisely identify the selective pressures at play. In contrast, compar-INTRODUCTION isons of closely-related species with contrasted ecologies may more readily shed light on the evolutionary processes driving divergence in flight behaviour and on the morphological changes enabling such behavioural evolution [START_REF] Hedenström | Morphological adaptations to song flight in passerine birds: a comparative study[END_REF][START_REF] Marchetti | Correlates of wing morphology with foraging behaviour and migration distance in the genus Phylloscopus[END_REF]Johansson et al., 2009;DeVries et al., 2010). Quantifying variation in flight behaviour among closely-related species with contrasting ecologies is thus crucially needed to understand how natural selection influences the evolution of flight.

Because flight is a highly complex biological trait (Chin & Lentink, 2016), acquiring a detailed characterization of flight behaviours across many species or individuals is particularly demanding (see Chapter 1 for more details). Comparative evolutionary studies of flight thus most often rely on simple aerodynamic assumptions based of wing and body morphologies (Altizer & Davis, 2010;[START_REF] Perrard | Wasp waist and flight: convergent evolution in wasps reveals a link between wings and body shapes[END_REF], or on qualitative field observations (DeVries et al., 2010;[START_REF] Baliga | Range of motion in the avian wing is strongly associated with flight behavior and body mass[END_REF] to characterize flight behaviours.

The progress in machine-vision based video-tracking now allows collecting and analysing large flight data sets (Hedrick, 2008;Dell et al., 2014;[START_REF] Wei | Behavioral tracking gets real[END_REF], enabling to perform large and quantitative comparative flight studies (e.g. [START_REF] Crall | Spatial fidelity of workers predicts collective response to disturbance in a social insect[END_REF][START_REF] Combes | Kinematic flexibility allows bumblebees to increase energetic efficiency when carrying heavy loads[END_REF]. Furthermore, novel portable videography systems open new areas of study in a wide variety of field contexts (Theriault et al., 2014;Jackson et al., 2016), allowing to study flight in relevant ecological situations (e.g. [START_REF] Clark | Courtship dives of Anna's hummingbird offer insights into flight performance limits[END_REF]Combes et al., 2012;Shelton et al., 2014). Because (i) most flying species cannot be easily maintained or trained in captivity, and (ii) laboratory settings often prevent observing ecologically relevant behaviours, technical progress in flight quantification in the wild should allow embracing a much larger part of the existing behavioural and biomechanical diversity.

Similarly, the last decades have seen considerable advances in methods of shape quantification, particularly with the use of geometric morphometrics (Rohlf & Marcus, 1993;Adams et al., 2004Adams et al., , 2013)). Although geometric morphometrics has proven remarkably well-suited to finely describe wing and body shape variation (Breuker et al., 2010;[START_REF] Wang | The evolution of avian wing shape and previously unrecognized trends in covert feathering[END_REF]Chazot et al., 2016;[START_REF] Perrard | Wasp waist and flight: convergent evolution in wasps reveals a link between wings and body shapes[END_REF], its use in association with flight measurements remains very limited (Ray et al., 2016;Fraimout et al., 2018). An increased level of detail in both morphological and biomechanical quantification should hold great promise for future studies of flight evolution.
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Understanding speciation and diversification of flying species

How does variation in flight behaviour contribute to the diversification of flying species? Adaptation to distinct ecological niches can lead to divergence between populations, ultimately resulting in the emergence of new species [START_REF] Schluter | Evidence for ecological speciation and its alternative[END_REF]. Shift into novel ecological niches is often thought to be initiated by a change in behaviour [START_REF] Mayr | Animal Species and Evolution[END_REF][START_REF] West-Eberhard | Phenotypic plasticity and the origins of diversity[END_REF][START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioral traits are more labile[END_REF][START_REF] Duckworth | The role of behavior in evolution: a search for mechanism[END_REF]. Such a shift may also trigger -or possibly be enabled by -morphological adaptations.

An obvious characteristic of flying animals is their high movement capabilities that enhance the likelihood of colonizing new ecological niches and increase geographical isolation between populations [START_REF] Glor | Remarkable new evidence for island radiation in birds[END_REF][START_REF] Jønsson | Major global radiation of corvoid birds originated in the proto-Papuan archipelago[END_REF], albeit dispersion may in turns also facilitate gene flow [START_REF] Weeks | Dispersal has inhibited avian diversification in Australasian archipelagoes[END_REF]. Variation in migratory strategy is a striking example of behavioural change leading to population divergence in flying animals (Altizer & Davis, 2010;[START_REF] Gomez-Bahamon | Speciation associated with shifts in migratory behavior in an avian radiation[END_REF]. Divergence in migration routes [START_REF] Irwin | Speciation: new migratory direction provides route toward divergence[END_REF], or loss/gain of migratory behaviour [START_REF] Gomez-Bahamon | Speciation associated with shifts in migratory behavior in an avian radiation[END_REF] can promote reproductive isolation and divergence in a suite of traits.

For instance, populations of European blackcaps that breed in sympatry but migrate in different wintering sites were shown to diverge both genetically and phenotypically [START_REF] Rolshausen | Contemporary evolution of reproductive isolation and phenotypic divergence in sympatry along a migratory divide[END_REF]. Individuals migrating in more distant areas exhibited more elongated wings as well as a larger beak, suggesting the adaptive evolution of a low energetic cost of flight and contrasted feeding resources in their respective wintering habitats.

Because of their ability to exploit three-dimensional space, flying animals may also specialize into distinct ecological niches on a small spatial scale. Complex habitats such as tropical forests or mountainous areas show striking vertical variation in vegetation density, light, temperature and species communities, representing distinct microhabitats among which populations may segregate (e.g. [START_REF] Mayr | Birds on islands in the sky: origin of the montane avifauna of northern Melanesia[END_REF]. Niche partitioning involving fine-scale differences in habitat, vertical zonation among forest strata or temporal segregation in response to competition for resources (e.g. food, space or mates) can play an important role in the speciation process [START_REF] Bürger | The conditions for speciation through intraspecific competition[END_REF][START_REF] Norman | Speciation dynamics in the Australo-Papuan Meliphaga honeyeaters[END_REF][START_REF] Svanback | Intraspecific competition drives increased resource use diversity within a natural population[END_REF], contributing to the diversification of flying animals in sympatry or "micro-allopatry" [START_REF] Weber | Coexistence in close relatives: beyond competition and reproductive isolation in sister taxa[END_REF]. Indeed, up to 110 species of bats coexist in some habitats, exceeding by far any other mammalian group [START_REF] Simmons | An Eocene big bang for bats[END_REF]. Similarly, highly diverse communities of butterfly species are segregated verti-INTRODUCTION cally in tropical forests [START_REF] Devries | Species diversity in vertical, horizontal, and temporal dimensions of a fruit-feeding butterfly community in an Ecuadorian rainforest[END_REF]DeVries & Walla, 2001), and typically show diverging flight behaviours and morphologies associated with microhabitat use (DeVries et al., 2010;Cespedes et al., 2015). Three-dimensional space partitioning thus enables the coexistence of flying animals species, which may importantly contribute to their diversification.

Insights on the behavioural changes involved in the diversification of flying species may also be predicted from variation within species. For instance, mate-locating flight behaviour vary among butterfly species, with males continuously patrolling in search for mates in some species, while in other species, males fly little and wait in restricted areas (Scott, 1974). These distinctive flight behaviours have been shown to occur within species as well (Shreeve, 1992), and were linked to morphological divergence in wing and body morphology at both the inter-and intraspecific level (Wickman, 1992;Van Dyck et al., 1997), suggesting a role for mate-locating behaviour in speciation.

Although within species variation in flight behaviour provides good opportunity to investigate how it influences the evolution of other traits and possibly cause reproductive isolation, such variation generally remains low and hard to detect. Macroevolutionary patterns of diversity may nonetheless also point at the influence of particular flying habits in driving adaptive radiation. Some groups of flying insects have evolved highly specialized predatory flight behaviours (e.g. dragonflies, robber flies), characterized by a remarkable flight agility, enabling them to catch their preys in mid-air (Combes et al., 2012;[START_REF] Wardill | A novel interception strategy in a miniature robber fly with extreme visual acuity[END_REF]. Robber flies for instance are a highly diverse family of predatory Diptera (∼ 7000 species), and widely vary in predation tactics and prey preferences [START_REF] Mccravy | Diversity, seasonal activity and habitat associations of robber flies (Diptera: Asilidae) in west-central Illinois[END_REF], whereas their non-predatory and morphologically less diverse close relatives (blow flies) only include about 1000 species [START_REF] Rognes | Blowflies (Diptera, Calliphoridae) of Fennoscandia and Denmark[END_REF]. This strongly suggests that specialized flying habits may bolster species diversification.

Investigating how ecological traits such as dispersion, foraging activity, habitat use and intra/interspecific interactions influence the evolution of flight behaviours and suites of associated morphological traits is key to bridge the gap between natural selection and the diversification of flying animals.
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Morpho butterflies as a model system "When it comes sailing along, it occasionally flaps its wings, and then the blue surface flashes in the sunlight, so that it is visible a quarter of a mile off."

Henry Walter [START_REF] Bates | The naturalist on the river Amazons[END_REF] describing a Morpho butterfly.

Anyone venturing in the Amazonian forest has probably been dazzled by the blue gleams and elusive flight of Morpho butterflies. This group of large butterflies is among the most spectacular in South America, mainly because of the distinctive blue structural colouration of some species that can range from deep azure to intense blue-violet [START_REF] Blandin | The Genus Morpho: The subgenera Iphixibia, Cytheritis, Balachowskyna and Cypritis[END_REF](Blandin, , 1988[START_REF] Blandin | The Systematics of the Genus Morpho, Fabricius, 1807:(Lepidoptera Nymphalidae, Morphinae)[END_REF]Debat et al., 2018). The Neotropical butterfly genus Morpho (Nymphalidae: Satyriinae) comprises 30 species varying widely in wing colouration, but also in wing shape and size (Blandin, 1988[START_REF] Blandin | The Systematics of the Genus Morpho, Fabricius, 1807:(Lepidoptera Nymphalidae, Morphinae)[END_REF] (Fig. 4a). Morpho also exhibit important variation within-species, notably in wing colour pattern with about 220 geographical sub-species [START_REF] Blandin | The Systematics of the Genus Morpho, Fabricius, 1807:(Lepidoptera Nymphalidae, Morphinae)[END_REF]. Despite their emblematic status as representatives of the Neotropical forest, their popularity and abundance in Museum's and amateurs' collections, surprisingly little is known about their ecology and evolution (Debat et al., 2018) (Box 1).

Morpho butterflies are found throughout the entire Neotropical region (Fig. 4b), from sea level up to 2500 m high for some species, inhabiting different environments ranging from lowland forest to mountainous areas (cloud forest) [START_REF] Blandin | Evolution and diversification of Neotropical butterflies: Insights from the biogeography and phylogeny of the genus Morpho Fabricius, 1807 (Nymphalidae: Morphinae), with a review of the geodynamics of South AAmerica[END_REF], with a differentiated vertical distribution in the forest strata observed among sympatric species (DeVries et al., 2010). The contrasted selective pressures faced by butterflies living in different microhabitats may result in important differences in flight behaviour and performance between species. Previous phylogenetic studies and field observations suggest that the two groups within the Morpho genus differ in flight behaviour and flight height: the understory group consists of butterflies that fly through the INTRODUCTION Box 1: Life history traits and ecology of Morpho butterflies Morpho are part of the largest family of butterflies, the Nymphalidae. This family is characterized by reduced front legs (not used for walking). Like many Nymphalids, adult Morpho butterflies feed on decaying fruits using their long and flexible proboscis to imbibe fluids (panel a). They are also occasionally seen feeding at the margins of puddles or rivers, searching for sodium-rich minerals [START_REF] Beck | Mud-puddling behavior in tropical butterflies: in search of proteins or minerals?[END_REF]. The life cycle of Morpho lasts about six months (from egg to adult), but largely varies among species [START_REF] Ramírez | The ecology and life cycle of the Amazonian Morpho cisseis phanodemus Hewitson, 1869, with a comparative review of early stages in the genus Morpho (Lepidoptera: Nymphalidae: Morphinae)[END_REF]. Two or three generations can thus possibly occur within a year. Most of our knowledge on Morpho life cycle comes from rearing experiments in captivity, but personal data from mark-recapture experiment suggest that Morpho adults may live for several months in the wild (Fig. 5). Specialization on particular host plants is variable among species. For example, females from the species M. helenor lay their eggs on almost any Fabaceae [START_REF] Blandin | Premières observations de la chenille de Morpho achilles: comparaison avec Morpho helenor et Morpho granadensis (Lepidoptera, Nymphalidae, Morphinae)[END_REF], while individuals M. sulkowskyi specialized on a bamboo species (Chusquea scandens) from highelevation cloud forest [START_REF] Heredia | Biología y conservación de Morpho sulkowskyi en Colombia (Lepidoptera: Nymphalidae: Morphinae)[END_REF]. Depending on species, larvae are either solitary or gregarious. Caterpillars of Morpho are colourful (although less in the latest instars) and covered with stinging hair-like structures (Ramírez et al., 2014) (panel d, e, f). Chemical defences have however not been reported in adult Morpho butterflies. The main predators of Morpho butterflies are insectivorous birds such as jacamars [START_REF] Pinheiro | Butterfly predators in the neotropics: which birds are involved?[END_REF][START_REF] Pinheiro | The responses of wild jacamars (Galbula ruficauda, Galbulidae) to aposematic, aposematic and cryptic, and cryptic butterflies in central Brazil[END_REF], but other predators like lizards, praying mantis or spiders probably also feed on Morpho. 
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to glide extensively when patrolling [START_REF] Michael | Lebensweise und Gewohnheiten der Morpho des Amazonasgebietes[END_REF]DeVries et al., 2010) (Fig. 4c and4d).

Subsequent investigations have linked this difference in microhabitat to wing shape divergence between species of the understory and canopy groups (DeVries et al., 2010;Chazot et al., 2016). Both studies have detected more elongated wings in canopy species, and more rounded wings in understory species. Chazot et al. (2016) showed in particular that this difference stands even when controlling for phylogenetic and allometric effects, suggesting a significant role of habitat selection on the evolution of wing shape.

While many behavioural observations have been gathered through a century of field expeditions [START_REF] Fruhstorfer | Family: Morphidae[END_REF][START_REF] Otero | Borboletas: Livro do naturalista[END_REF][START_REF] Neild | The butterflies of Venezuela, Part 1 and 2[END_REF] Interestingly, the evolution of flight in Morpho butterflies has also been suggested to be associated with their distinctive blue colouration. Morpho are indeed known to rep-
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resent hard-to-catch, edible prey, and the evolution of the bright blue iridescent colours displayed by some species might contribute to escaping abilities [START_REF] Young | Wing coloration and reflectance in Morpho butterflies as related to reproductive behavior and escape from avian predators[END_REF]Debat et al., 2018;[START_REF] Murali | Now you see me, now you don't: Dynamic flash coloration as an antipredator strategy in motion[END_REF]. Conspicuous blue colouration on their dorsal wing surfaces strikingly contrasts with the cryptic colour pattern found on their ventral surface.

Coupled with their fast and erratic flight trajectory, flying Morpho butterflies produce spatially scattered blue flashes, making their capture very challenging for both human and avian predators (Pinheiro, 1996;[START_REF] Murali | Now you see me, now you don't: Dynamic flash coloration as an antipredator strategy in motion[END_REF] (Fig. 6). While those dynamic changes in colouration may contribute to their difficulty of capture by confusing predators, it was moreover suggested that such a conspicuous colouration signal might signal to predators the butterfly high escape capacities [START_REF] Pinheiro | Both palatable and unpalatable butterflies use bright colors to signal difficulty of capture to predators[END_REF]Debat et al., 2018;[START_REF] Murali | Now you see me, now you don't: Dynamic flash coloration as an antipredator strategy in motion[END_REF]. A discouraging effect associated with the blue signal was notably suggested by frequent sight-rejection of Morpho butterflies by wild jacamars, which are important butterfly predators [START_REF] Pinheiro | The responses of wild jacamars (Galbula ruficauda, Galbulidae) to aposematic, aposematic and cryptic, and cryptic butterflies in central Brazil[END_REF]. Although no empirical demonstration attests for the so-called "escape mimicry" hypothesis in Morpho (but see [START_REF] Gibson | The role of escape in mimicry and polymorphism: I. The response of captive birds to artificial prey[END_REF][START_REF] Páez | Hard to catch: Experimental evidence supports evasive mimicry[END_REF], [START_REF] Llaurens | in press) Convergence in sympatry: evolution of blue-banded wing pattern in Morpho butterflies[END_REF] recently showed that sympatric

Morpho species locally converge in colour pattern across their geographical range in much the same way as chemically-defended mimetic butterflies [START_REF] Jiggins | The ecology and evolution of Heliconius butterflies[END_REF]. Consistent with the escape mimicry hypothesis, local convergence among Morpho species might be driven by positive frequency-dependent selection favouring similar phenotypes in sympatric species.

The colourful signal emitted by flying Morpho butterflies may also play a role in sexual communication. Males Morpho patrol extensively along open corridors (such as rivers or roads) in search for females, while also vigorously defending space against conspecifics and congeners (Young, 1971, C.L.R., pers. obs.). Although sexual selection was suggested to promote such conspicuous colouration [START_REF] Young | Wing coloration and reflectance in Morpho butterflies as related to reproductive behavior and escape from avian predators[END_REF][START_REF] Silberglied | Visual communication and sexual selection among butterflies[END_REF][START_REF] Vukusic | Quantified interference and diffraction in single Morpho butterfly scales[END_REF]Debat et al., 2018), the significance of iridescent blue signal carried by Morpho butterflies in inter-and intraspecific communication has never been experimentally investigated. Colour-based mate choice has yet been widely studied in butterflies, emphasizing the importance of bright iridescent-UV patterns in female preferences [START_REF] Sweeney | Polarized light as a butterfly mating signal[END_REF]Robertson & Monteiro, 2005;Kemp, 2007), and in male-male interactions [START_REF] Silberglied | Visual communication and sexual selection among butterflies[END_REF][START_REF] Brunton | Ultraviolet colours in butterflies: intra-or inter-specific communication[END_REF]. high territoriality (Young, 1971, C.L.R., pers. obs.), so that coexistence may promote the emergence of negative interactions among species, involving either reproductive interference and/or aggressive territorial behaviours [START_REF] Gröning | Reproductive interference between animal species[END_REF][START_REF] Grether | Causes and consequences of behavioral interference between species[END_REF]. These interactions may influence the evolution of patrolling flight behaviour and potentially of wing colouration if involved in territorial signalling.

The ecological pressures shaping the diversity of Morpho butterflies are multifarious, influencing the evolution of flight behaviour, wing shape and colour in contrasted and possibly in conflicting directions. Morpho thus provides a particularly interesting model system to study the evolution of traits underpinning the diversification of flight.

INTRODUCTION

Main questions and objectives of the thesis

In this thesis, I asked how flight behaviour co-evolves with morphology, and questioned the role of flight behaviour in the diversification of species. To do this, I focused on a largely understudied group, the butterfly genus Morpho, thereby also increasing our knowledge of these iconic Neotropical insects. ........................................................................... 9 (7) Three-dimensional wing shape .. ..................................................................... 9 III. Flight measurements and behavioural characterization .................................................. 9 ( 

I. INTRODUCTION

Studies on morphological evolution generally focus on the role of adaptation and face two main challenges: first, devising neutral expectations for complex traits is not straightforward, and second, precisely estimating the effect of morphological changes on fitness is difficult.

Morphological variation is usually studied at the macro-evolutionary scale using phylogenetic comparative methods: departure from neutral divergence along tree branches implies putative adaptive evolution (e.g. Cespedes, Penz & DeVries, 2015;Chazot et al., 2016;[START_REF] Penz | Did adult diurnal activity influence the evolution of wing morphology in Opoptera butterflies?[END_REF]. Within species, comparing morphological divergence with neutral divergence at molecular loci (F ST /Q ST studies) enables the detection of adaptive micro-evolution [START_REF] Koskinen | Contemporary fisherian life-history evolution in small salmonid populations[END_REF][START_REF] Leinonen | Q ST-F ST comparisons: evolutionary and ecological insights from genomic heterogeneity[END_REF][START_REF] Schäfer | Geographic in wing morphology relate to colonization history in New World but not Old World populations of yellow dung flies[END_REF]. Deviations from neutral expectations, however, remain insufficient to ascertain the contribution of selection to morphological divergence. They nevertheless lead to the formulation of hypotheses on the selection regime involved, driven by ecological context, and allow the development of experimental tests on the effect of morphological variation on individual fitness. This often requires studying the consequences of morphological variation on performance and its impact on an individual's ability to perform fitness-related behaviours (e.g. escape from predators or mating) [START_REF] Wainwright | Ecomorphology: experimental functional anatomy for ecological problems[END_REF]Garland & Losos, 1994;Bonine & Garland, 1999). Morphology imposes limits on behavioural capabilities (i.e. performance), which in turn constrains realized behaviour (Fig. 1). For example, wing morphology in butterflies sets limits on flight manoeuvrability, which might constrain escape behaviour. Behaviour is however more plastic than morphology [START_REF] West-Eberhard | Phenotypic plasticity and the origins of diversity[END_REF], allowing some compensation for morphological differences. Insects with damaged wings, for example, can compensate for the reduced lift through changes in body and wing kinematics [START_REF] Fernández | Neuromuscular and biomechanical compensation for wing asymmetry in insect hovering flight[END_REF]Muijres et al., 2017). Nevertheless, natural selection acting on flight behaviour is also likely to result in adaptive changes in morphology: fitness peaks differing between species or populations will then generate divergent morphological and behavioural evolution, likely involving suites of interacting traits (e.g. wing morphology, colour pattern and body size). Links between morphological variation and associated behaviours have been investigated using studies of functional For both populations, some morphology allows high fitness, but through contrasting behaviour; in Population 1 the fitness values are limited by the maximum performance allowed by the morphology, so that extreme behaviours allowing maximal performance would be expected to be frequent. Selection for increased performance might be constrained by physical properties of the morphology, fixing the upper performance limit. Most individuals from Population 2 reach the fitness peak, using a behaviour that does not maximize performance.

and ecological morphology [i.e. ecomorphology (see Arnold, 1983;Garland & Losos, 1994;Wainwright & Reilly, 1994;Kingsolver & Huey, 2003)].

The evolution of flight-related traits has been comprehensively studied using ecomorphological approaches in vertebrates (Norberg & Rayner, 1987;Rayner, 1988;Norberg, 2012;[START_REF] Tanalgo | Wing ecomorphology and flight performance of bats in Pisan Caves, Kabacan, North Cotabato, Philippines[END_REF], providing general predictions for the link between wing shape and flying capacities in different environments. In insects however, while the functional morphology of flight has received much attention [START_REF] Ellington | The aerodynamics of hovering insect flight. II. Morphological Parameters[END_REF][START_REF] Dudley | Biomechanics of flight in neotropical butterflies: morphometrics and kinematics[END_REF]Dudley, , 2002;;[START_REF] Wootton | The mechanical design of insect wings[END_REF]Wootton, , 1992;;Sane, 2003;[START_REF] Wang | Dissecting insect flight[END_REF], relatively little is known regarding the selective pressures acting on flight and associated wing shape (Betts & Wootton, 1988;[START_REF] Outomuro | Antagonistic natural and sexual selection on wing shape in a scrambling damselfly[END_REF].

Among flying insects -and perhaps all flying animals -butterflies possess the largest wing area relative to body mass [START_REF] Ellington | The aerodynamics of flapping animal flight[END_REF]. Their two highly developed wing pairs and typical flap-gliding flight distinguish them from other flying insects. Butterfly wings are covered by scales, and are frequently coloured due to pigments and/or micro/nanostructures [START_REF] Ghiradella | Ultraviolet reflection of a male butterfly: interference color caused by thin-layer elaboration of wing scales[END_REF][START_REF] Vukusic | Structural colour: colour mixing in wing scales of a butterfly[END_REF]Debat et al., 2018), resulting in a tremendous diversity of colour patterns. The evolution of these diverse colour patterns is likely to interact with the evolution of wing shape and size. In contrast to our extensive knowledge of butterfly wing colour-pattern development and evolution (e.g. [START_REF] Nijhout | The Development and Evolution of Butterfly Wing Patterns[END_REF]Merrill et al., 2015;[START_REF] Zhang | Genetic basis of melanin pigmentation in butterfly wings[END_REF], the evolution of butterfly wing shape has received considerably less attention. Yet, butterflies display an extreme diversity of wing sizes and shapes associated with their tremendous ecological diversity. For example, some species migrate across continents and natural selection may therefore have promoted wing shapes that minimize the cost of long-distance flight (Altizer & Davis, 2010). Within habitats, species can be segregated either spatially (e.g. between the canopy and understorey) (DeVries, Penz & Hill, 2010), or temporally (e.g. with different activity peaks during the day) [START_REF] Penz | Did adult diurnal activity influence the evolution of wing morphology in Opoptera butterflies?[END_REF]. Spatial and temporal niches are characterized by differences in abiotic (temperature, light) and biotic (plant and predator community) environments, exerting contrasting selective pressures on flight behaviour. Some butterflies can escape predators because of their great agility and/or flight speed, while others are protected by their wing colour pattern, whether aposematic (Sherratt & Beatty, 2003) or cryptic [START_REF] Suzuki | Gradual and contingent evolutionary emergence of leaf mimicry in butterfly wing patterns[END_REF]. While colour pattern is known to play a role in mate choice (Robertson & Monteiro, 2005), wing shape likely also contributes to sexual selection as many butterflies perform complicated flight manoeuvres during courtship [START_REF] Scott | Mating of butterflies[END_REF]. Variation in mate-locating strategies among male butterflies may also require contrasting flight performance, driving divergence in wing morphology within species (Van Dyck, Matthysen & Dhondt, 1997;Berwaerts, Aerts & Van Dyck, 2006). Butterfly wing shape and colour thus are directly involved in various fitness-related behaviours, potentially providing a model to investigate how selective forces drive morphological evolution. Phylogenetic relationships are moreover well resolved for many taxa (Penz & DeVries, 2002;[START_REF] Braby | Molecular phylogeny and systematics of the Pieridae (Lepidoptera: Papilionoidea): higher classification and biogeography[END_REF][START_REF] Kristensen | Lepidoptera phylogeny and systematics: the state of inventorying moth and butterfly diversity[END_REF]Barber et al., 2015;[START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF]. Reliable phylogenies allow the investigation of macro-evolutionary processes acting on wing shape through comparative studies (e.g. Chazot et al., 2016;[START_REF] Penz | Did adult diurnal activity influence the evolution of wing morphology in Opoptera butterflies?[END_REF]. Estimating the influence of morphological variation among species on flight performance is challenging, particularly because of interactions with other traits that also diverge among species (but see Tercel, Veronesi & Pope, 2018). By contrast, studies conducted at the population level have allowed demonstrations of how flight performance relates to behaviour and fitness [e.g. in Danaus plexippus (Altizer & Davis, 2010) and Pararge aegeria (Berwaerts, Van Dyck & Aerts, 2002;[START_REF] Hughes | Evolutionary trade-offs between reproduction and dispersal in populations at expanding range boundaries[END_REF]Berwaerts et al., 2006;[START_REF] Berwaerts | Take-off flight performance in the butterfly pararge aegeria relative to sex and morphology, a quantitative genetic assessement[END_REF]].

The general goal of this review is to assess the importance of adaptive processes in the diversification of butterfly wing morphology and associated flight behaviours. We first review current knowledge on flight performance associated with different wing morphologies, highlighting the remarkable complexity of insect flight. We specifically discuss the morpho-functional links established through biomechanical studies, and estimate their relevance to understanding the evolution of flight behaviour and morphology in butterflies. Second, we review the methods used to characterize flight behaviour in controlled and natural environments. Finally, we report the documented associations between wing shape and environmental/ecological variables and discuss how our functional knowledge may help us to understand adaptive processes at both the macro-and micro-evolutionary scales.

II. HOW DOES MORPHOLOGICAL VARIATION AFFECT FLIGHT PERFORMANCE?

We here present an overview of the morphological parameters known to affect insect flight performance, with an emphasis on butterfly flight.

There is a large body of literature investigating the flight of insects, partly driven by applied research on biomimicry [e.g. the development of bioinspired micro-air-vehicles [START_REF] Floreano | Science, technology and the future of small autonomous drones[END_REF][START_REF] Liu | Biomechanics and biomimetics in insect-inspired flight systems[END_REF]]. Although anchored in biomechanics and not driven by evolutionary questions, it provides useful predictions on the links between wing morphology, kinematics and flight behaviour. Linking wing morphology to fitness indeed requires studying the effects of morphological variation on flight performance.

Flight is biomechanically defined as any locomotor behaviour in the air involving active control of aerodynamic forces (Dudley et al., 2007). Lift and drag forces can be regulated by behaviour through changes in wing orientation and movement. The typical gliding and flapping phases observed in butterfly flight lead to different aerodynamic expectations. During equilibrium gliding (i.e. when postural adjustments are omitted), a constant speed and orientation can be assumed, so that lift and drag forces do not vary with time (steady-state conditions). By contrast, flapping flight involves active wingbeats with extensive variation in wing velocity and orientation. The forces generated by air flow interacting with the wing vary greatly with time (unsteady conditions) (Dudley, 2002). Specific flight behaviours like take-off, climbing, or complex manoeuvres rely on the use of the unsteady flow induced by flapping wings. Estimating the aerodynamic forces involved is thus more difficult for flapping than for gliding flight, limiting our capacity to predict the effect of morphological variation on flapping performance using simple aerodynamic models. Although butterfly flight is generally composed of a series of alternating flapping and gliding phases, predicting the aerodynamic consequences of wing shape variation is usually carried out separately for gliding and flapping sequences. Below, we review general predictions for the association between wing shape and flight performance, highlighting the importance of choosing an estimate of flight performance relevant to the hypothetical selective regime.

(1) Gliding flight

Gliding flight is widespread in butterflies [START_REF] Kingsolver | Aerodynamics, thermoregulation, and the evolution of insect wings: differential scaling and evolutionary change[END_REF], although the proportion of gliding to flapping phases varies extensively among species (Altizer & Davis, 2010;DeVries et al., 2010). The use of gliding flight greatly limits metabolic costs relative to powered flight, and may thus be advantageous in species that fly large distances, promoting wing morphologies that maximize gliding performance. Engineers seeking to optimize the energy budget of gliding devices have studied the aerodynamic consequences of wing shape variation (e.g. Park et al., 2010) and highlighted the key role of wing aspect ratio (AR), computed as the ratio of wingspan to mean wing width (i.e. chord). A high-AR characterizes long and narrow wings, whereas low-AR wings are short and broad (Fig. 2A). At a constant velocity and orientation (assumed in equilibrium gliding), a high-AR wing reduces the magnitude of wing-tip vortices (i.e. yielded airflow inherent to lift production), thus reducing the drag induced by these vortices, and the energy required to overcome this drag (Vogel, 1994;Dudley, 2002) (Fig. 2A). High-AR wings allow gliding for a longer distance relative to height lost (i.e. minimizing the glide angle). The glide angle is inversely related to the lift-to-drag ratio: the smaller the glide angle, the higher this ratio, and the better the gliding performance [START_REF] Ennos | The effect of size on the optimal shapes of gliding insects and seeds[END_REF].

Using numerical simulations and wind-tunnel experiments, Ancel et al. (2017) compared the lift-to-drag ratio for four butterfly wing models (Fig. 3A) with different shapes. As expected theoretically, higher values were associated with the highest AR. They also showed that gliding performance increased when the wing orientation maximized wing span. Butterfly wing shape can be modified behaviourally by adjusting the position of the wings during a glide, inducing changes in aerodynamic forces as observed in gliding birds [START_REF] Lentink | How swifts control their glide performance with morphing wings[END_REF]. Field observations generally agree with expectations based on wing morphology: a high AR is often associated with longer periods of gliding in butterflies (Betts & Wootton, 1988;DeVries et al., 2010). That a reduced flight cost will accompany a high AR has been empirically validated in birds [START_REF] Ricklefs | The relationship between basal metabolic rate and daily energy expenditure in birds and mammals[END_REF]: estimates of flight metabolism for species with extremely high AR such as performance-gliders like swifts [START_REF] Lentink | Gliding swifts attain laminar flow over rough wings[END_REF] shows that energy expenditure during flight is low compared Wings that are long relative to the mean wing width have a higher aspect ratio than shorter wings of equal area. At a constant velocity and orientation, wings with a high aspect ratio generate smaller wingtip vortices than low-aspect-ratio wings, limiting the energy required to generate comparable lift forces. (B) Two butterfly forewings with different moments of area. The moment of area of a wing depends on the distribution of the chord (i.e. wing width) along the wing axis and therefore varies with wing shape [see [START_REF] Ellington | The aerodynamics of hovering insect flight. II. Morphological Parameters[END_REF] for further details on wing moments and their formulae]. Larger wing chords are represented by darker grey shades. The more wing area is located distally relative to the wing base (symbolized as a black dot), the higher is the moment of area. During flapping flight, the distally located area moves air with a larger speed than that located more basally, and thus generate higher aerodynamic forces per unit area. Wings with a high moment of area are thus associated with more efficient flapping flight than wings with a lower moment of area.

to species of similar size but smaller AR [START_REF] Hails | A comparison of flight energetics in hirundines and other birds[END_REF]. Similar biomechanical predictions can be made for butterflies (DeVries et al., 2010;[START_REF] Jones | Wing shape variation associated with mimicry in butterflies[END_REF]Cespedes et al., 2015), but have not yet been experimentally quantified. Measurements of AR have been suggested to be inadequate to describe the complex shape of butterfly wings (Betts & Wootton, 1988;[START_REF] Ennos | The effect of size on the optimal shapes of gliding insects and seeds[END_REF]. For instance, very wide wings with a low AR may still have a pointed wing tip (such as a triangular wing), reducing the drag associated with wing-tip vortices and therefore improving gliding performance. Measurements focusing on wing-tip shape rather than the overall wing plan used to describe vertebrate wings (Norberg & Rayner, 1987;[START_REF] Lockwood | Avian wingtip shape reconsidered: wingtip shape indices and morphological adaptations to migration[END_REF]) may be more relevant to gliding flight in Fig. 3. Methods used to quantify the effect of wing shape variation on flight performance in butterflies. (A) Artificial wing models allow testing aerodynamic performance associated with different wing shapes (Ancel et al., 2017). (B) Tethered-flight experiments (here for Melitaea cinxia) in laboratory conditions have been used to measure flight endurance [START_REF] Niitepõld | Flight metabolic rate has contrasting effects on dispersal in the two sexes of the Glanville fritillary butterfly[END_REF]. (C) Vanessa atalanta flying freely in a wind tunnel. The smoke stream allows visualization of unsteady flows produced by the butterfly [START_REF] Srygley | Unconventional lift-generating mechanisms in free-flying butterflies[END_REF]. (D) Morpho achilles flying freely in a large insectary (8 m × 4 m × 2.5 m). The three-dimensional flight trajectory can be reconstructed by filming simultaneously with several cameras. (E) Measurement of natural flight speed of butterflies while crossing a lake (Dudley & Srygley, 1994). Photograph credits: A, Mirko Kovak; B, Rebecca Nesbit; C, Robert Srygley and Adrian Thomas; D, Camille Le Roy; E, Marcos Guerra.

butterflies. Other morphological parameters, such as the second moment of wing area, which estimates the distribution of area along the wing axis, are more relevant to flapping flight, and are discussed in Section II.2.

Other aspects of morphology are known to influence gliding ability. Forked tails in swallows increase the lift to drag ratio and improve stability during gliding flight [START_REF] Balmford | Aerodynamics and the evolution of long tails in birds[END_REF][START_REF] Thomas | How natural selection shapes birds' tails[END_REF]. The presence of hindwing tails in swallowtail butterflies has been shown to have similar aerodynamic consequences using a model tested in a wind-tunnel (Park et al., 2010). Including the presence/absence and shape of hindwing tails in comparative studies of butterfly flight might thus improve our understanding of gliding flight performance and associated morphology.

Because butterflies switch from gliding to flapping flight, the evolution of wing morphology might result from a trade-off between performance in these two flight modes (see Section II.2).

(2) Flapping flight

Flapping flight is energetically costly relative to gliding flight but enables crucial behaviours like take-off, hovering, climbing, and the execution of complex manoeuvres. Despite its ecological significance, the aerodynamic properties of flapping flight are poorly known (Chin & Lentink, 2016), probably because this flight mode does not meet the general assumptions used in aeronautics. Flapping wings generate unsteady conditions: lift and drag forces vary during the wingbeat, limiting the application of classical aerodynamic models (Dudley, 2002).

To apply such models, instantaneous forces on a flapping wing can be calculated independently from previous movements, to allow forces to be predicted using instantaneous kinematic parameters such as velocity, acceleration and orientation of the wing. Such 'quasi-steady' models (see Ellington, 1984a;Sane, 2003;Chin & Lentink, 2016) allow aerodynamic forces to be estimated when both morphological and wingbeat kinematics data are available (e.g. Dudley, 1991;Willmott & Ellington, 1997b;[START_REF] Sane | The aerodynamic effects of wing rotation and a revised quasi-steady model of flapping flight[END_REF]Ray et al., 2016). Ellington's (1984a,b,c,d,e) seminal work on various insects demonstrated the effect of wing shape on the aerodynamic forces generated by flapping wings using a quasi-steady model, and in particular the relevance of moments of wing area to infer flapping flight efficiency. Moments of wing area describe the distribution of area along the wingspan and are linked to wing rotation around the body axis during the wingbeat (Fig. 2B). Because the wing tip moves faster than the wing base, the distribution of area along the wing will strongly influence the aerodynamic forces produced. Wings with a high moment of area (i.e. with a large fraction of wing area located distally) produce higher aerodynamic forces during a wingbeat. The second moment of area is especially informative regarding lift force [see [START_REF] Ellington | The aerodynamics of hovering insect flight. II. Morphological Parameters[END_REF] for formulae; Muijres et al., 2017].

However, the quasi-steady analysis has been shown to be inadequate to explain the lift required to compensate insect weight [START_REF] Ennos | The effect of size on the optimal shapes of gliding insects and seeds[END_REF]Zanker & Götz, 1990;Dudley, 1991). Unsteady mechanisms are necessary to account for the observed lift, which mainly arises from vortices produced during the wing stroke and additional circulation built up by dorsal contact between the wings [START_REF] Weis-Fogh | Quick estimates of flight fitness in hovering animals, including novel mechanisms for lift production[END_REF][START_REF] Srygley | Unconventional lift-generating mechanisms in free-flying butterflies[END_REF][START_REF] Birch | The influence of wing-wake interactions on the production of aerodynamic forces in flapping flight[END_REF] (see Fig. 3C). Various unsteady mechanisms have been observed in butterflies to interact during successive wing strokes [START_REF] Srygley | Unconventional lift-generating mechanisms in free-flying butterflies[END_REF]. Identifying how morphological variation in the wing (shape, vein architecture or flexibility) might affect the efficiency of such unsteady mechanisms remains a challenge, but would help us to understand wing evolution. A recent focus on the aerodynamic consequences of wing shape variation in the fruit fly Drosophila hydei has considered the effect of unsteady mechanisms using a robotic wing (Muijres et al., 2017): large variations in the second moment of wing area due to simulated wing damage resulted in changes in the measured aerodynamic forces. These results indicated that the quasi-steady approach remains relevant, and validates the use of moments of area by evolutionary biologists to infer flapping efficiency from wing shape variation in butterflies (Penz & DeVries, 2002;Mendoza-Cuenca & Macías-Ordóñez, 2005;DeVries et al., 2010;[START_REF] Jones | Wing shape variation associated with mimicry in butterflies[END_REF]Cespedes et al., 2015).

Moments of area and AR can be used to estimate potential trade-offs between flapping and gliding performance associated with different wing shapes. For example, Papilionidae tend to have a large AR and a low moment of area, suggesting better gliding performance, whereas Lycaenidae have a lower AR and relatively high moment of area suggesting better performance in flapping flight (Fig. 4). However, some groups do not show this pattern: for instance, most Hesperiidae have a high AR combined with relatively large moments of area. The widely diversified family Nymphalidae show a large range in AR and moments of area (Fig. 4), preventing general conclusions on a putative gliding/flapping trade-off. More studies investigating flight behaviour among butterfly species, focusing in particular on their relative use of gliding and flapping flight, could help to clarify how this may relate to wing shape variation.

(3) Roles of the forewings and hindwings during flight

Different roles of the fore-and hindwings in flight behaviours have been documented in many insects, suggesting that different selective regimes may act on fore-and hindwing evolution (Dudley, 2002). Some insects predominantly use their forewings during flight (i.e. anteromotoric flight) and have comparatively smaller hindwings (e.g. Hymenoptera), while others have enlarged hindwings and use posteromotoric flight (e.g. Orthoptera) [START_REF] Brodsky | The Evolution of Insect Flight[END_REF]. Butterflies are mostly anteromotoric flyers but nevertheless possess two highly developed wing pairs (Wootton, 1992). During gliding flight, the two wing pairs overlap to form a continuous aerodynamic surface. Fore-and hindwing shape is thus generally considered as a single wing planform when investigating the effect of wing shape variation on gliding performance (e.g. Park et al., 2010;Ancel et al., 2017). During flapping flight, the two wing pairs of butterflies beat synchronously with the forewing partially overlapping the hindwing. The extent of overlap may vary during the wingbeat as there is generally no mechanical connection between the two wing pairs. In some moths, however, the fore and hindwings are physically coupled by a set of fused hair-like scales [START_REF] Tillyard | The panorpoid complex. Part i. The wing-coupling apparatus, with special reference to the Lepidoptera[END_REF][START_REF] Braun | The frenulum and its retinaculum in the Lepidoptera[END_REF], the hindwings may be significantly reduced in size (e.g. Sphingidae, Sesiidae, Arctiidae), and the coupled wings are moved at a relatively high wingbeat frequency (Dudley, 2002). This stands in sharp contrast to other butterflies and moths which tend to have partially decoupled movements of similarly sized fore-and hindwings [START_REF] Grodnitskii | Functional morphology of the wing apparatus and flight peculiarities in primitive moths (Lepidoptera: Micropterigidae, Eriocraniidae)[END_REF]. That the two wing pairs of butterflies and moths have different roles in flight is clear: while removal of the forewings renders butterflies flightless, ablation of the hindwings causes significant reduction in linear and turning acceleration (Jantzen & Eisner, 2008). The action of the forewings essentially drives butterfly flight, while the hindwings serve both as an extended airfoil during gliding flight, and to provide additional power during rapid manoeuvres in flapping flight. Understanding the different roles of each wing pair in flight performance is thus essential to understanding the evolution of their morphologies.

(4) Body-wing interactions

Interactions between wing area and body mass also affect flight performance [START_REF] Ennos | The effect of size on the optimal shapes of gliding insects and seeds[END_REF]. Wing loading (WL), i.e. body mass relative to wing area, has been shown to affect flight performance in butterflies (e.g. Berwaerts et al., 2002). Wings generate lift due to the flow of air over the wing surface. For a given body mass larger wings move more air, so that low WL provides more lift at any given speed. Animals with low WL can fly slowly and still produce the necessary lift, whereas heavier flying animals need to fly faster. Experimental studies on butterfly flight have shown a positive association between flight speed and WL [START_REF] Dempster | The status of the swallowtail butterfly in Britain[END_REF]Betts & Wootton, 1988;Chai & Srygley, 1990;[START_REF] Dudley | Biomechanics of flight in neotropical butterflies: morphometrics and kinematics[END_REF]Dudley & Srygley, 1994), as previously found for vertebrate flight (Norberg & Rayner, 1987;Rayner, 1988).

More precise predictions can be drawn from WL, for both gliding and flapping flight: in equilibrium gliding (i.e. moving at a constant airspeed and glide angle), flight speed is proportional to the square root of WL [START_REF] Norberg | Vertebrate Flight: Mechanics, Physiology, Morphology, Ecology, and Evolution[END_REF]. In flapping flight, larger force production is required for high-WL animals, who thus use a higher wingbeat frequency [START_REF] Ahmad | Comparative study on flight surface and aerodynamic parameters of insects, birds and bats[END_REF][START_REF] Byrne | Relationship between wing loading, wingbeat frequency and body mass in homopterous insects[END_REF] predictions of flight performance can be made considering the relationship between AR and WL (Fig. 5). A combination of high AR and low WL (top left on Fig. 5) allows slow, inexpensive flight. By contrast, high AR and high WL (top right on Fig. 5) are often associated with fast flight. These variations can be extreme, with examples such as the long-winged giant African swallowtail butterfly (Papilio antimachus) displaying extensive gliding (Sáfián, 2013), and the high-AR-WL sphingid moths being among the fastest flying insects [START_REF] Stevenson | Cage size and flight speed of the tobacco hawkmoth Manduca sexta[END_REF]. Flight performance depends not only on wing dimensions, but also on physiological properties: muscle contractions powering wing movements are energetically costly. Muscular power is linked to muscle mass and by extension to body weight [START_REF] Dudley | Biomechanics of flight in neotropical butterflies: morphometrics and kinematics[END_REF]. Butterflies with high WL frequently possess a greater proportion of muscle mass, allowing powerful flight (Berwaerts et al., 2002). Such morphologies involve a high cost of flight and limit the capacity for slow flight because a sufficient flight speed is required to generate lift. In a large sample of moth species, oxygen consumption during flight was shown to increase with thoracic mass and WL [START_REF] Bartholomew | Oxygen consumption of moths during rest, pre-flight warm-up, and flight in relation to body size and wing morphology[END_REF]. The larger amount of energy required for flight in heavy flyers may thus limit flight duration compared to lower WL slower flyers.

The minimum energy required to fly, just like maximum flight speed, is another metric of flight performance because it represents the limit imposed by morpho-physiological traits. However, there are strong trade-offs between these two flight performance components (Chai & Srygley, 1990;Dudley, 2002;Norberg, 2002): wing morphologies associated with low energy expenditure mainly involve slow gliding flight, whereas wings enabling rapid powerful flight are most often associated with active, energetically costly flapping flight.

(5) Manoeuvrability and agility

Escaping predators, avoiding obstacles or performing acrobatic sexual displays depends on the ability to perform complex flight manoeuvres. Previous studies focusing mostly on vertebrates have generated predictions of the effects of wing morphology on manoeuvrability.

Manoeuvrability can be defined as the space required to alter the flight trajectory while flying at a fixed speed, and can be estimated as the minimum angle of turn (Rayner, 1988). Turning angle generally increases with body mass and wing loading [START_REF] Pennycuick | Mechanics of flight[END_REF]. Manoeuvrability is therefore expected to be higher for low WL animals, as observed in bats (Aldridge, 1987). Comparisons of flight kinematics Fig. 5. Plot of aspect ratio (AR) versus wing loading (WL) (logarithmic scales) and their association with flight speed in various butterflies. Grey shading in circles corresponds to flight speed. Unpalatable species are highlighted with a red outline: their low wing loading combined with a high aspect ratio allows slow, inexpensive flight. Conversely, high wing loading allows faster flight (regardless of aspect ratio), associated with higher energetic costs. Although this morphology may be favoured in palatable species which are more prone to predation, variation in wing loading is large among palatable butterfly species. Data obtained from Betts & Wootton (1988) and Dudley & Srygley (1994). Species are shown at their relative sizes. across butterflies of similar size and shape but differing in WL show similar trends (Betts & Wootton, 1988): the ability to make sharp turns seems greater in slow-flying low-WL butterflies, whereas the fast flight in high-WL butterflies makes sharp turns more challenging, resulting in limited manoeuvrability.

By contrast, agility refers to the speed with which an individual can alter its flight trajectory, as estimated by the maximum roll acceleration during initiation of turns (i.e. rotational acceleration around the body axis; Norberg & Rayner, 1987). Differential twisting, or unequal flapping of the two wings produces aerodynamic roll moment (torque). The effect of morphology on agility will depend on flight speed. Functional studies in birds and bats show that slow-flying individuals can achieve a faster turn with broad wings and rounded wing tips (Rayner, 1988;[START_REF] Norberg | Wing design, flight performance, and habitat use in bats[END_REF], because this wing morphology maximizes aerodynamic torque. Fast flyers have smaller and narrower wings (high WL), potentially limiting their agility. However, aerodynamic torque increases with the square of velocity such that fast flyers can achieve a high rolling moment: shorter wings are easier to beat because their mass is mostly located nearer the wing base, producing a high rolling moment that allows rapid flight path alteration even when flying at high speeds.

High-WL butterflies have limited manoeuvrability because of their elevated flight speed, but the higher wingbeat frequency favoured by shorter wings allows for rapid changes in direction and hence agility [START_REF] Norberg | Wing design, flight performance, and habitat use in bats[END_REF]. As a result, selection favouring high flight speeds may promote morphologies that constrain manoeuvring capacities (i.e. high WL). A low-WL morphology by contrast, although allowing both manoeuvrability and agility, necessarily limits flight speed.

A low AR has been used as predictor of good manoeuvrability and agility in butterflies (Betts & Wootton, 1988;DeVries et al., 2010;Cespedes et al., 2015). This association can be justified by the physical encumbrance of long wings in a cluttered environment, rather than by a functional link between AR and manoeuvrability. The centre of body mass may be a more reliable predictor of manoeuvrability in butterflies: manoeuvrability measured as the percentage of successful escapes from a bird predator could be predicted accurately by the position of the centre of body mass in 27 Neotropical butterfly genera (Srygley & Dudley, 1993). A centre of body mass close to the wing base will reduce the moment of body inertia, increasing body responsiveness and overall manoeuvrability [START_REF] Ellington | The aerodynamics of hovering insect flight. II. Morphological Parameters[END_REF].

Although the effect of WL and body morphology on flight performance seems well understood, further comparative studies measuring manoeuvrability and agility in butterflies with contrasting wing morphologies could clarify the role of wing shape.

(6) Fine-scale shape variation

In spite of their aerodynamic significance, morphological predictors of flight performance such as AR or moments of wing area do not accurately explain variations in wing shape within and among species. The aerodynamic consequences of subtle wing shape variations (e.g. wing outline) have been little studied.

Geometric morphometrics is a powerful tool with which to describe insect wing shape variation (e.g. [START_REF] Debat | Allometric and nonallometric components of Drosophila wing shape respond differently to developmental temperature[END_REF]Outomuro, Adams & Johansson, 2013a), including butterflies (e.g. Breuker et al., 2010;[START_REF] Klingenberg | Evolution and development of shape: integrating quantitative approaches[END_REF]Chazot et al., 2016) but have rarely been used with reference to flight performance. Fine-scale variations in wing shape have been associated with predation risk in dragonflies (Outomuro & Johansson, 2015), potentially via an effect on escape performance. Other studies have associated wing shape variations with ecological factors such as habitat use (Chazot et al., 2016), mimicry [START_REF] Jones | Wing shape variation associated with mimicry in butterflies[END_REF] and mating strategy [START_REF] Johansson | Insect wing shape evolution: independent effects of migratory and mate guarding flight on dragonfly wings[END_REF]. Although these studies often struggle to provide satisfactory explanation for the observed patterns (see Section IV), they should stimulate further work on the functional consequences of fine-scale wing shape variation. Correlations between multivariate parameters characterizing wing shape with independent aerodynamic measurements may allow testing of how subtle shape variations affect flight performance [see Fraimout et al., 2018 andRay et al., 2016 for applications to Drosophila spp.]. It will require substantial work to gather precise shape parameters and aerodynamic measurements for a sample large enough to capture within-species variation, or variation at a phylogenetic scale. Alternatively, one could use numerical simulations of flight [i.e. Computational Fluid Dynamics (CFD); see Sane, 2003] to study the aerodynamic properties of virtual wings of different shapes. For flapping flight, prior knowledge of the wingbeat kinematics is required to simulate realistic three-dimensional wing motions. Even though the use of CFD to date has been restricted to the study of individual flight performance (e.g. Liu & Kawachi, 1998;Young et al., 2009), future work might consider it in comparative approaches (e.g. Ancel et al., 2017).

An alternative and less computationally intensive method for investigating the functional consequences of wing shape variation is the experimental manipulation of the wings of living individuals (Vance & Roberts, 2014;Fernández, Driver & Hedrick, 2017). This approach allows measuring the aerodynamic consequences of different types and locations of damage to the wings, thereby revealing their relative importance to flight performance (e.g. Jantzen & Eisner, 2008). Previous work has mostly focused on the effects of gross shape variation such as symmetric versus asymmetric (Fernández et al., 2017), or spanwise versus chordwise damage (Muijres et al., 2017). Conducting similar experimental manipulations for a greater diversity of damage forms may allow a more precise identification of the wing regions that are most crucial to flight performance.

(7) Three-dimensional wing shape

The wings of butterflies are seemingly planar. Their effective shape during flight, however, is highly three-dimensional. Even at rest, butterfly wings are slightly cambered. This camber enhances lift production during flight, and is common to many effective airfoils (Vogel, 1994). During a wing stroke, the large wings of butterflies undergo dramatic deformations largely controlled by vein architecture (Wootton, 1981;Combes & Daniel, 2003a,b;[START_REF] Mountcastle | Aerodynamic and functional consequences of wing compliance[END_REF]. These deformations are thought to be aerodynamically advantageous, as they may allow dynamic adaptation to the variable requirements of force production over the course of a wingbeat (Dudley, 2002). Recent work using a computational model supports this hypothesis. A model of flight aerodynamics in the Painted Lady (Vanessa cardui) obtained from a detailed kinematic analysis of wing deformation has shown greater lift force generation compared with a model assuming a non-deformable wing [START_REF] Zheng | Time-varying wing-twist improves aerodynamic efficiency of forward flight in butterflies[END_REF]. Efficiency improvements in deformable wings may stem from wing twisting or cambering causing amplification of unsteady aerodynamic mechanisms (Young et al., 2009). Well-described unsteady lift-generating mechanisms used by butterflies such as the leading edge vortex (Ellington et al., 1996) or the clap and fling [START_REF] Weis-Fogh | Quick estimates of flight fitness in hovering animals, including novel mechanisms for lift production[END_REF][START_REF] Srygley | Unconventional lift-generating mechanisms in free-flying butterflies[END_REF] have been shown to be linked to flexibility in a dynamically scaled wing model (Percin et al., 2011;[START_REF] Zhao | Modulation of leading edge vorticity and aerodynamic forces in flexible flapping wings[END_REF]. Because wing flexibility is thus intimately linked with aerodynamic performance (at least in flapping flight), investigations of the effect of wing shape variation on flight performance should also consider the three-dimensional properties of the wings. The use of three-dimensional landmark coordinates could allow depiction of variations in wing shape during flight to be associated with measurements of flight performance.

III. FLIGHT MEASUREMENTS AND BEHAVIOURAL CHARACTERIZATION

Flight performance for a given wing shape will vary depending on the flight sequence and the flight behaviour considered (e.g. take-off, escape, or courtship), with different consequences on individual fitness. The significance of morphological variation should therefore be estimated on live animals performing natural behaviours. Methods of flight measurement, however, are often of limited relevance to individual behaviour in the wild. Below we discuss the advantages and limitations of the various methods of flight quantification with reference to understanding the adaptive value of wing shape variation.

(1) Methods of flight quantification: what do laboratory analyses tell us about natural behaviours?

Flight can be quantified at different scales, ranging from the analysis of few wingbeats (e.g. [START_REF] Zheng | Time-varying wing-twist improves aerodynamic efficiency of forward flight in butterflies[END_REF], to a whole flight trajectory of an animal in its environment (e.g. Skowron [START_REF] Volponi | Moving like a model: mimicry of hymenopteran flight trajectories by clearwing moths of southeast Asian rainforests[END_REF] (Fig. 3). Measurements of flight performance have mostly been carried out using tethered flying insects (i.e. with the body position fixed; see [START_REF] Magnan | La locomotion chez les animaux[END_REF][START_REF] Weis-Fogh | Biology and physics of locust flight II. Flight performance of the desert locust (Schistocerca gregaria)[END_REF]Berwaerts et al., 2002) or on free-flying insects in a small laboratory enclosure (Willmott & Ellington, 1997a;[START_REF] Srygley | Unconventional lift-generating mechanisms in free-flying butterflies[END_REF]. Experimental manipulations of wing shape carried out with artificial models (Park et al., 2010;Ancel et al., 2017), and simulations using robots [START_REF] Birch | The influence of wing-wake interactions on the production of aerodynamic forces in flapping flight[END_REF]Muijres et al., 2017), offer a promising way of linking wing shape variations with flight performance. These approaches provide controlled conditions allowing repeated measures. Extending these results to natural flights is however questionable, given the large spectrum of behaviours displayed by butterflies in the wild. Experiments conducted in large insectary or in nature will allow us to gain insights into variation in flight patterns within and among species (Betts & Wootton, 1988;[START_REF] Volponi | Moving like a model: mimicry of hymenopteran flight trajectories by clearwing moths of southeast Asian rainforests[END_REF], or to focus on a particular behaviour (e.g. escape flight, see Combes et al., 2012).

Associations between wing morphology and aerodynamic performance are most useful when the tested performance matches behavioural observations in nature: field experiments are thus needed to validate predictions obtained in laboratory conditions. Dudley & Srygley (1994) measured the flight speeds of a dozen Neotropical butterfly species in both a small insectary and in the wild (when crossing a lake; see Fig. 3E). Natural flight speed was twice as high in nature relative to the insectary for the same species. Similarly, monarch butterflies have been reported to fly more slowly in the laboratory (on a tethered-flight mill) than in the wild [START_REF] Davis | The redder the better: wing color predicts flight performance in monarch butterflies[END_REF]. Such differences between controlled and natural conditions highlight that flight performance can be affected by laboratory settings. It should be noted that laboratory conditions may also affect insect physiology (e.g. fat and muscle mass, hydration), which could result in an altered morphology. For example, a comparison of data for the same species recorded flying in the wild and in an insectary [START_REF] Dudley | Biomechanics of flight in neotropical butterflies: morphometrics and kinematics[END_REF]Dudley & Srygley, 1994) shows lower wing loadings in the laboratory study (Fig. 6). This difference is presumably due to a lower body weight in captive-bred individuals, which might explain their lower flight speeds. Although the speed range observed in the insectary may not reflect natural conditions, the positive covariation found in natural flights between flight speed and WL was replicated by the insectary data (Fig. 6) (Dudley & Srygley, 1994) and thus appears robust. Flight measurements in natural or semi-natural conditions focusing on other aspects of flight performance, such as manoeuvrability, are crucially needed.

(2) Flight kinematics as a measure of flight behaviour diversity High-speed cameras can precisely capture flight behaviours and allow the quantification of relevant flight parameters through kinematic analysis (e.g. [START_REF] Sridhar | Instantaneous lift and motion characteristics of butterflies in free flight[END_REF]. Kinematic analysis has mostly been applied to short flight sequences recorded in laboratory settings, and has provided precise descriptions of wing and body movements in many insect species [START_REF] Ellington | The aerodynamics of hovering insect flight. III. Kinematics[END_REF]Dudley, 2002). But kinematics can also be used to quantify the complex three-dimensional movements of butterflies in their environment, hence documenting ecologically significant behaviours [see Combes et al., 2012 for the kinematic description of aerial predation in dragonflies]. Although standardization is challenging due to variations in temperature, light intensity or air movement, kinematic analysis under natural or semi-natural conditions is of considerable interest. Characterizing whole flight trajectories is possible, allowing more realistic measurements in ecological situations. The analysis of an unperturbed flight trajectory may for example allow us to quantify natural variation in the extent of gliding versus flapping phases within and among species. Variation in kinematic parameters such as speed, acceleration or trajectory sinuosity can be analysed together, allowing a quantitative description of flight behaviour that can be related to morphological variation [see Fraimout et al., 2018 for an example on Drosophila suzukii]. The versatile flight of butterflies, however, will result in large variation even within individuals, making it more difficult to detect clear patterns. Individuals or species should be compared during similar flight modes (i.e. in gliding, flapping flight, rapid or slow forward flight, climbing or hovering), or focusing on specific aspects of flight performance. Extracting the smallest turning angle or the highest turning acceleration over the trajectory for instance, could provide a metric of manoeuvrability and agility, respectively.

The most informative measurements are often those obtained when individuals are pushed to their performance limits (Wainwright & Reilly, 1994;Dudley, 2002;Losos, Creer & Schulte, 2002), especially where maximal performance is expressed in an ecologically relevant context. Kinematic analysis of escape behaviour may for example allow the link between speed or manoeuvrability and survival to be established (Chai & Srygley, 1990). Manoeuvring capacity can be pushed to its limit using obstacle courses, mimicking a cluttered environment [e.g. for bumblebees (Crall et al., 2015)]. Conducting experiments in the presence of females or competing males [START_REF] Bergman | Mating success of resident versus non-resident males in a territorial butterfly[END_REF]Kemp, 2013) may allow the exploration of the effect of flight performance on reproductive success. A kinematic depiction of aerial contests performed by territorial butterflies could help to identify the aspects of flight performance involved in male-male competition [START_REF] Imafuku | Analysis of coordinated circling and linear flights of a lycaenid butterfly species[END_REF]. Fig. 6. Flight speed versus wing loading (WL) for eight Neotropical butterfly species either measured in free flight over a Panamanian lake (Dudley & Srygley, 1994), or inside an insectary (3.4 [START_REF] Dudley | Biomechanics of flight in neotropical butterflies: morphometrics and kinematics[END_REF]. While the speed range observed in the insectary was below that in the wild, the observed positive covariation between flight speed and wing loading found in natural flights is replicated by the insectary data.

m × 3 m × 2.1 m)
Recent progress in multi-camera three-dimensional videography usable in the field opens new experimental perspectives [Hedrick, 2008;Theriault et al., 2014;Jackson et al., 2016;see Dell et al., 2014 for a review]. Three-dimensional tracking under natural conditions was used to describe tandem flight in swallows (Shelton, Jackson & Hedrick, 2014), courtship behaviour in hummingbirds [START_REF] Clark | Courtship dives of Anna's hummingbird offer insights into flight performance limits[END_REF], and inter-tree gliding in flying squirrels [START_REF] Bahlman | Glide performance and aerodynamics of non-equilibrium glides in northern flying squirrels (Glaucomys sabrinus)[END_REF]. Similar three-dimensional quantification of natural flight behaviours could be applied to butterflies to investigate links between morphology and performance in an ecologically relevant context. More generally, acquisition of kinematic data in a greater variety of taxa is needed to characterize the functional consequences and behavioural implications of the morphological diversity of butterflies.

IV. WHAT SELECTIVE FACTORS INFLUENCE FLIGHT AND ASSOCIATED WING MORPHOLOGY?

Both selective and neutral factors are likely involved in the evolution of the wide diversity of wing size and shape exhibited across butterfly species. Morphological evolution may be influenced by both biomechanical constraints and trade-offs between different selective pressures. Investigating how flight performance associated with wing variations affects the resource acquisition, survival, or reproductive success of individuals could shed light on the evolutionary forces involved in wing diversification. Within species, linking variation in morphology with differences in fitness-related behaviours could demonstrate the influence of selection. In most cases however, morphological variation within species is low, and contrasting morphologies are mostly observed among species with different ecologies. Such ecomorphological patterns observed at the macro-evolutionary scale may result either from selection or from neutral divergence during their phylogenetic history. As discussed below, support for adaptive evolution is often obtained through correlations between wing shape and ecological factors, although identifying the precise causal factors underlying such correlations is often a major challenge. Here we review the evidence for natural and sexual selection driving wing shape evolution in butterflies. We specifically evaluate whether a significant departure from neutral evolution has been detected and whether specific adaptive mechanisms have been identified.

(1) Microhabitat

Habitat is often mentioned as a factor influencing the evolution of wing morphology [START_REF] Outomuro | Habitat variation and wing coloration affect wing shape evolution in dragonflies[END_REF]Cespedes et al., 2015;Chazot et al., 2016). Ecological niches differ among habitats (e.g. predators, vegetation density, resource availability, etc.), likely generating contrasting selection on flight abilities. Some striking differences in habitat can be associated with wing shape variation in butterflies. Species inhabiting Neotropical forests are often segregated vertically (Devries & Walla, 2001) and wing shape tends to differ among those microhabitats. For example, in the butterfly genus Morpho, differences in wing morphology are found between species that fly mostly at the canopy level, and those typically seen in the understorey. Measurements of moment of wing area and AR (DeVries et al., 2010) as well as landmark-based geometric morphometric analyses (Chazot et al., 2016) revealed that canopy species exhibit a wing morphology that enhances gliding capacity, while the wings of understorey species may be more efficient in manoeuvres and flapping flight. Wing shape differences between the two microhabitats were stronger than expected under neutral phylogenetic divergence, suggesting adaptive divergence in these microhabitats. A cluttered environment such as the understorey may indeed favour morphological and behavioural adaptations that improve manoeuvrability, in contrast to the open canopy which allows extensive periods of gliding flight. The precise nature of the selective pressure(s) involved however remains hypothetical. A morphometric comparison was conducted across satyrine taxa known from field observations either to glide close to the ground or to use flapping flight above the forest floor (Cespedes et al., 2015). Gliding behaviour is advantageous close to the ground because of up-wash generated via a mirroring effect (i.e. the 'ground effect'; [START_REF] Rayner | On the aerodynamics of animal flight in ground effect[END_REF]. Convergence of wing shape towards typical glider morphology was observed among distantly related satyrine taxa displaying gliding behaviour, as well as morphological divergence from closely related species with different flight behaviours. No biomechanical study however has yet described the 'ground effect' in gliding insects. Further focus on satyrine gliding behaviour should help us to understand the mechanisms underlying this observed association between wing morphology and flight.

The spatial complexity of a habitat and its variation among forest strata undoubtedly constrain flight behaviour in butterflies. A less-often considered factor is the wind environment. While the forest floor is relatively free of wind, there is a gradual increase in wind velocity and variability nearer to the canopy [START_REF] Allee | Measurement of environmental factors in the tropical rain-forest of Panama[END_REF][START_REF] Kruijt | Turbulence statistics above and within two Amazon rain forest canopies[END_REF]. Butterflies flying at the canopy level or in open areas, while less affected by environmental cluttering, are exposed to air movement instabilities. [START_REF] Combes | Turbulence-driven instabilities limit insect flight performance[END_REF] showed experimentally that turbulence variations impact flight performance in orchid bees, particularly affecting maximum flight speed and stability. Interestingly, active stabilization via hindleg extension was observed in response to increased flow speed and variability. Similarly, the kinematic responses of hawkmoths flying through artificially generated turbulent flow led to a reduced flight speed [START_REF] Ortega-Jimenez | Hawkmoth flight stability in turbulent vortex streets[END_REF]. Butterflies inhabiting more open environments with their inherent airflow instability may therefore display morpho-behavioural adaptations to wind. Vertical stratification in the rainforest appears to be an important factor driving the evolution of wing shape in butterflies although further investigations are needed. Quantifying flight behaviour among species living in different forest strata, or assessing flight manoeuvrability in experimentally cluttered (e.g. Crall et al., 2015) or windy (e.g. [START_REF] Combes | Turbulence-driven instabilities limit insect flight performance[END_REF] environments, for example, could clarify the role of spatial configuration on flight behaviour.

Other ecological factors that differ among habitats may also influence flight behaviour and wing shape evolution. Variation in daily activity period will result in differences in exposure to sunlight, which is important in butterflies for warming up flight muscles. Diurnal species are less constrained in their time of activity (Freitas et al., 1997), and may thus spend more time flying than crepuscular species, and exhibit wing shapes associated with reducing the energy requirements of flight. [START_REF] Penz | Did adult diurnal activity influence the evolution of wing morphology in Opoptera butterflies?[END_REF] investigated whether diurnal or crepuscular behaviour was reflected in wing morphology across species of Brassolini. Accounting for phylogenetic divergence, they found that wings of diurnal species had a significantly higher AR and lower wing moment of area than wings of crepuscular species, implying that the temporal niche indeed may affect butterfly wing morphology. Whether diurnal species do spend more time in flight relative to crepuscular species remains to be shown, and the influence of other ecological factors influencing flight duration (e.g. mate-locating strategy, see Sections IV.5 and 6) should also be investigated to identify the nature of selection.

Differences in spatial or temporal niche may also be associated with variation in food resources. Hall & Willmott (2000) found a link between feeding preferences and wing morphology among Neotropical Riodinidae. Species preferring sodium-rich substrates (like rotting fish or moist surfaces) had a significantly higher WL. A similar effect was observed among European nectar-feeding butterflies, where species with high WL forage mainly on aggregated or unusually nectar-rich flowers, while low-WL species were more likely to include solitary or less nectar-rich flowers in their diet [START_REF] Corbet | Butterfly nectaring flowers: butterfly morphology and flower form[END_REF]. It is unclear whether the higher WL observed in species relying on nutrient-rich resources reflects increased selection on flight performance in species with intensive foraging activities or conversely selection on resource acquisition in species with a high WL. A high WL indeed characterizes fast and powerful flyers with high metabolic rates, for which a high energy intake will be necessary to maintain high levels of neuromuscular activity [START_REF] Arms | Sodium: stimulus for puddling behavior by tiger swallowtail butterflies, Papilio glaucus[END_REF]. Specific constraints may be imposed on flight behaviour by feeding habits. For example, the exceptional hovering abilities found in sphingid moths have probably co-evolved with their nectar-feeding habits, resulting in their adapted wing morphology (i.e. high AR and high WL).

Identifying the selective forces affecting wing shape in relation to habitat ultimately requires a detailed description of feeding resources, habitat configuration, spatial distribution of host plants, and assessment of variations in fitness-related traits in these different environments.

(2) Predation

Wing morphology not only directly determines escape abilities but the wings also represent the main visual cue attracting the attention of predators: butterfly wings are particularly large and conspicuous relative to most insects. Their flight trajectory is typically erratic and unpredictable, potentially making them harder to catch. Interestingly, Jantzen & Eisner (2008) showed experimentally that butterfly hindwings play an important role in their typical zig-zag, evasive flight. Such erratic flight conferred by the hindwings likely plays a role in escaping from predators; it might even contribute to discouraging predators by advertising their evasiveness [START_REF] Humphries | Protean defence by prey animals[END_REF]. Particularly visible aspects of the wings may also contribute to deceiving predators. Many butterflies display more or less extended tails on the hindwings. These tails have been shown to deflect attacks away from vital body parts (Barber et al., 2015). For example, some lycaenid species have tails that closely resemble the butterfly's head (e.g. among the Eumaeini tribe). Robbins (1981) showed that this resemblance led to frequent damages on the tails caused by deflected predator attacks. These lycaenid species perform a typical behaviour consisting of alternate back and forth movements of the hindwings -and thus of the head-like tails -possibly reinforcing the deceptive effect [START_REF] Robbins | The Lycaenid false head hypothesis: historical review and quantitative analysis [Lepidoptera][END_REF]López-Palafox, Luis-Martínez & Cordero, 2015). However another experimental test using mantids as predators did not detect any survival advantage associated with the presence of tails (López-Palafox & Cordero, 2017), suggesting that the proposed deflection role of the lycaenid tail may be dependent on the predator involved. Hindwing tails can be very elongated in some butterflies (e.g. Papilionidae) and moths. An anti-predation effect against bats has been demonstrated in the nocturnal moth Actias luna: wing tails deflect attacks away from essential body parts, increasing survival relative to individuals whose tails were experimentally removed (Barber et al., 2015). Longer hindwing tails have been shown to increase their deflecting effect (Rubin et al., 2018). It should be noted however, that tailless individuals also displayed a higher wingbeat frequency, potentially required to compensate for reduced lift or weaker gliding capacity, implying that damage to the wing tails does carry a cost. As discussed above, hindwings tails improve gliding performance (Park et al., 2010), so this morphology might have evolved in response to several selective pressures.

Predator communities may vary across habitats, leading to different selection pressures on wing shape and flying abilities. Quantifying variations in predator community and putative predation risk in different environments is a challenging task, and data on butterflies' predators are scarce. A recent study (Willmott et al., 2017) showed that encounter rates between insectivorous birds and butterflies (mostly from the Ithomiini tribe) differed significantly between forest strata. Butterflies living in the understorey may be more prone to attacks from reptiles or mantids, which may select for specific flight abilities (e.g. rapid take off). Investigating escape abilities in butterfly species occupying different forest strata may shed light on the effects of variation in predator types. Interestingly, heavy predation may not necessarily select for enhanced escape ability as other morphological and behavioural adaptations such as immobility in cryptic species may be more effective.

Chemical defenses have evolved in some butterfly species, associated with warning colour patterns (i.e. aposematism). By quantifying flight pattern among 53 Neotropical species, Chai & Srygley (1990) showed that palatable butterflies are generally fast and erratic flyers, while unpalatable ones display slower and more predictable flight. Experimental trials with birds showed that palatable species had a greater escape success (Chai & Srygley, 1990;Pinheiro, 1996). Morphological comparisons suggested contrasting energy investments between palatable and unpalatable butterflies, either into thorax muscles or abdominal mass, respectively (Srygley & Dudley, 1993;[START_REF] Srygley | Locomotor mimicry in butterflies? The associations of positions of centres of mass among groups of mimetic, unprofitable prey[END_REF][START_REF] Srygley | The aerodynamic costs of warning signals in palatable mimetic butterflies and their distasteful models[END_REF]. Such divergence in flight behaviour and body morphology among palatable and unpalatable butterflies has likely been accompanied by changes in wing morphology. Many unpalatable species typically show both a high AR and high second moment of area (i.e. elongated wings with most of the wing area located distally) such as in the Heliconiini or Ithomiini tribes for example (upper right in Fig. 4). Their elongated wing shape and low WL (upper left in Fig. 5) results in slow flight and a lower energy cost of flight relative to palatable species [START_REF] Srygley | The aerodynamic costs of warning signals in palatable mimetic butterflies and their distasteful models[END_REF]. This energy may be re-allocated into chemical protection achieved via sequestering toxic substances from their host plants or neo-synthesis [START_REF] Nishida | Sequestration of defensive substances from plants by Lepidoptera[END_REF], or into larger guts and ovaries [START_REF] Marden | Aerial predation and butterfly design: how palatability, mimicry, and the need for evasive flight constrain mass allocation[END_REF] allowing greater fecundity. The evolution of unpalatability in butterflies might thus have triggered a shift in energy allocation from flight muscles towards the synthesis of toxins and reproductive tissues.

Wing toughness, resulting from thickness and venation, has been shown to be greater in unpalatable relative to palatable butterflies in several African species [START_REF] Devries | Differential wing toughness in distasteful and palatable butterflies: direct evidence supports unpalatable theory 1[END_REF][START_REF] Devries | Tough African models and weak mimics: new horizons in the evolution of bad taste[END_REF]. Protected species are then more likely to survive after being released by predators deterred by noxious substances. The greater fragility of wings in palatable species is suggested to favour wing breaking, which may allow them to escape when grasped by a predator [START_REF] Srygley | Locomotor mimicry in butterflies? The associations of positions of centres of mass among groups of mimetic, unprofitable prey[END_REF] and is probably due to the presence of fewer wing venation elements near the wing tips. In addition, palatable species have an extended area at the base of the hindwing covering their abdomen. This wing position, as opposed to the exposed abdomen of unpalatable species, may reduce the risk of injury during an attack by a predator (Chai & Srygley, 1990), although it may simultaneously provide an aerodynamic advantage by creating a continuous aerofoil, theoretically reducing drag during gliding [START_REF] Ellington | The aerodynamics of hovering insect flight. II. Morphological Parameters[END_REF], or enhance conservation of heat [START_REF] Wasserthal | The role of butterfly wings in regulation of body temperature[END_REF][START_REF] Kingsolver | Aerodynamics, thermoregulation, and the evolution of insect wings: differential scaling and evolutionary change[END_REF]. Morphologies favouring the maintenance of a high body temperature might be promoted in palatable species, with their higher energy requirements for flight. Srygley & Chai (1990) showed that palatability is positively associated with body temperature across distantly related lineages. Palatable butterflies may thus be constrained to warmer microhabitats with easier access to sunlight, or to restrict activity to the hottest hours of the day. This trend was noticed by Wallace (1865), who described fast-flying species as 'sun-lovers', and slower ones as being active in the shade. The striking behavioural and morphological evolutionary divergences observed between palatable and unpalatable butterflies thus illustrate the evolution of contrasting wing morphologies in response to predation pressure.

(3) Morpho-behavioural convergence: when mimicry goes beyond colour pattern Convergence of wing colour pattern between unpalatable butterflies, i.e. Müllerian mimicry, is promoted because sharing a common signal of unpalatability allows sharing the cost of predator education, and therefore reduces individual risk of predation [START_REF] Müller | Ituna and Thyridia: a remarkable case of mimicry in butterflies[END_REF]Sherratt & Beatty, 2003). Distantly related butterfly species living in sympatry therefore frequently converge toward a single warning signal, forming so-called mimicry rings. Palatable species can also display mimetic wing colour patterns, therefore benefiting from the protection associated with locally known warning signal without paying the cost of carrying the chemical defence (i.e. Batesian mimicry; [START_REF] Bates | XXXII. Contributions to an insect fauna of the Amazon Valley. Lepidoptera: Heliconidae[END_REF]. Batesian mimics however do not contribute to predator education and therefore increase the predation risk for the mimicked models. In addition to the well-documented visual resemblance among butterfly species within mimicry rings, there is also convergence in flight pattern. In Müllerian mimic pairs of the genus Heliconius, kinematic parameters (such as wingbeat frequency and wing elevation relative to the body) were found to be more similar among distantly related co-mimics than among non-mimetic sister species [START_REF] Srygley | Locomotor mimicry in Heliconius butterflies: contrast analyses of flight morphology and kinematics[END_REF]. In Papilio polytes, females are polymorphic, with one morph resembling an unpalatable sympatric toxic butterfly (Pachliopta aristolochiae), while the other morph resembles its conspecific non-mimetic male (i.e. female-limited Batesian mimicry). The two female morphs were shown to have significantly different flight trajectories, with the female Batesian mimic flying more similarly to its unpalatable model than to its non-mimetic conspecific morph [START_REF] Kitamura | Behavioural mimicry in flight path of Batesian intraspecific polymorphic butterfly Papilio polytes[END_REF]. More recently, the flight trajectory of bee-mimicking and wasp-mimicking moths (Sesiidae) was shown to differ, with a flight behaviour closer to their respective model species than to more closely related species [START_REF] Volponi | Moving like a model: mimicry of hymenopteran flight trajectories by clearwing moths of southeast Asian rainforests[END_REF]. Such 'locomotor mimicry' is thought to enhance the protection associated with mimetic warning coloration [START_REF] Srygley | Locomotor mimicry in butterflies? The associations of positions of centres of mass among groups of mimetic, unprofitable prey[END_REF].

Convergence in flight behaviour among mimetic species will likely affect wing morphology. Morphological comparisons between mimetic pairs in the genus Heliconius indeed showed that the position of the centre of body mass as well as wing shape were more similar within than among mimetic pairs [START_REF] Srygley | Locomotor mimicry in butterflies? The associations of positions of centres of mass among groups of mimetic, unprofitable prey[END_REF][START_REF] Srygley | Discrimination of flying mimetic, passion-vine butterflies Heliconius[END_REF][START_REF] Jones | Wing shape variation associated with mimicry in butterflies[END_REF], suggesting coevolution between wing shape, colour pattern and possibly flight behaviour. Batesian mimics, however, do not deter predators and are thus not released following capture, generating a trade-off between mimetic flying abilities and escape capacity (Srygley & Chai, 1990;[START_REF] Srygley | Locomotor mimicry in butterflies? The associations of positions of centres of mass among groups of mimetic, unprofitable prey[END_REF]. [START_REF] Srygley | The aerodynamic costs of warning signals in palatable mimetic butterflies and their distasteful models[END_REF] estimated the aerodynamic cost of flight of three Batesian mimics and their unpalatable models, and two non-mimetic sister species: flight cost was higher in Batesian mimics relative to their model, but also higher than their non-mimetic sister species. Analysis of wingbeat kinematics revealed slower wing motion in the cheater relative to its non-mimetic sister species. Unpalatable models can thus allocate more in abdominal mass and have greater energy reserves than palatable Batesian mimics having more powerful flight muscles. Benefiting from accurate flight similarity to its model while having a 'maladapted' morphology may thus be achieved at a higher energy cost. Further studies on a larger range of species could confirm the generality of this result and clarify which features are responsible for the added cost of flight in the cheater.

(4) Long-distance flight in response to fluctuating environments

Many flying animals migrate over long distances in response to temporal or spatial changes in environment [START_REF] Dingle | Migration. In Encyclopedia of Insects[END_REF]. The ability to migrate is often linked to higher survival and reproductive success [START_REF] Holland | How and why do insects migrate?[END_REF], potentially inducing strong selection for wing morphology that reduces flight energetic costs. Although no macro-evolutionary studies focusing on the effect of migration on wing morphology have been conducted in butterflies, evidence for adaptation of wing shape to long-distance flight has been found at the intraspecific level. Several studies have compared migratory and non-migratory populations of the monarch butterfly (Danaus plexippus) (Arango [START_REF] Velez | Stabilizing selection in migratory butterflies: a comparative study of queen and monarch butterflies[END_REF]Dockx, 2007;Altizer & Davis, 2010). Monarchs flying thousands of kilometres across North America from breeding to overwintering sites have a significantly larger AR and a less-variable forewing length than those from populations remaining year-round in Caribbean islands. Migrant monarchs use gliding flight extensively during migration [START_REF] Gibo | Soaring flight of monarch butterflies, Danaus plexippus (Lepidoptera: Danaidae), during the late summer migration in southern Ontario[END_REF], therefore benefiting from wings with a large AR. Consistent with this finding, in the agricultural pest diamondback moth (Plutella xylostella), transocean migrants have a very high AR [START_REF] Chu | The migration of diamondback moth[END_REF][START_REF] Chen | Numerical simulation for changes in aerodynamic characteristics along the spanwise of ''diamond back'' wing[END_REF], as does the diurnal moth Urania fulgens which performs massive migrations from Mexico to Ecuador [START_REF] Williams | The Migration of Butterflies[END_REF]. Behavioural adaptations have also been highlighted in migrating species: the long-winged moth Autographa gamma that migrates between the UK and North Africa [START_REF] Hill | Phenotypic plasticity and geographical variation in the pre-reproductive period of Autographa gamma (Lepidoptera: Noctuidae) and its implications for migration in this species[END_REF] has been shown actively to select the fastest airstreams, thereby maximizing migration speed and distance [START_REF] Chapman | Wind selection and drift compensation optimize migratory pathways in a high-flying moth[END_REF]. Such associations between migratory behaviour and wing morphology documented in few species indicate that it would be productive to investigate the link between migratory behaviour and wing morphology across a larger number of species. Interestingly, a large AR is not found in all migrating butterflies: sulfur butterflies (Phoebis sennae) for example, migrate over the Caribbean Sea but have rather compact wings [START_REF] Brown | Jamaica and Its Butterflies[END_REF]. Selection for migratory ability associated with the evolution of elongated wings may thus conflict with selective pressures acting on other flight abilities (e.g. manoeuvrability in cluttered environments) and trade-offs between these may explain the variations in AR known among migrating butterfly species.

In the diamondback moth, wing length is negatively correlated with fecundity, and positively correlated with flight duration capacity [START_REF] Muhamad | Influences of wild crucifers on life history traits and flight ability of the diamondback moth, Plutella xylostella (Lepidoptera: Yponomeutidae)[END_REF], suggesting a fecundity-migration trade-off [see [START_REF] Roff | The evolution and genetics of migration in insects[END_REF] for a general discussion in insects]. [START_REF] Pellegroms | Larval food stress differentially affects flight morphology in male and female speckled woods (Pararge aegeria)[END_REF] showed that Pararge aegeria females raised under poor nutritive conditions had more elongated wings. The production of a morphology associated with a reduced cost of flight when resources are limited could be interpreted as adaptive plasticity.

(5) Sex-specific behaviours Male and female butterflies have different life-histories [START_REF] Wiklund | Sexual selection and the evolution of butterfly mating systems[END_REF] and may thus differ in flight behaviours. Striking divergence in flight behaviour and/or microhabitat between the sexes is implied by the scarcer observations of females in the field and their under-representation in Museums collections. The available data suggest higher flight activity in males relative to females: flight duration from field observations was higher in males from Heodes virgaureae [START_REF] Douwes | Activity in Heodes virgaureae (Lep., Lycaenidae) in relation to air temperature, solar radiation, and time of day[END_REF], Euphydryas phaeton [START_REF] Gilchrist | The consequences of sexual dimorphism in body size for butterfly flight and thermoregulation[END_REF] and from four Colias species [START_REF] Kingsolver | Thermoregulation and flight in Colias butterflies: elevational patterns and mechanistic limitations[END_REF]. Lower flight activity in females might be due to their more cryptic behaviour, i.e. preferring denser vegetation, searching for potential host plants. Males, by contrast, spend long periods patrolling to search for mates, and are thus more likely to be seen [START_REF] Devries | The Butterflies of Costa Rica and their Natural History. Volume I: Papilionidae, Pieridae, Nymphalidae[END_REF][START_REF] Shreeve | The mate location behaviour of the male speckled wood butterfly, Pararge aegeria, and the effect of phenotypic differences in hind-wing spotting[END_REF]Wickman, 1992). Interestingly, experimental estimations of flight endurance do not reflect this. For example, some studies of Pieris brassicae reported higher flight endurance in females relative to males [START_REF] Ducatez | Flight endurance and heating rate vary with both latitude and habitat connectivity in a butterfly species[END_REF][START_REF] Reim | Successful despite poor flight performance: range expansion is associated with enhanced exploratory behaviour and fast development[END_REF]. Thus, the generally lower flight activity observed in females may not reflect weaker flight capacity, but could simply reflect behavioural adjustments to save energy. Females are generally heavier (due to greater abdominal mass and eggs), but are also larger, probably because of natural selection promoting increased fecundity [START_REF] Gilchrist | The consequences of sexual dimorphism in body size for butterfly flight and thermoregulation[END_REF]. A higher weight will result in higher flight costs, potentially translating into shorter periods of slower flight. Males by contrast, have a greater thoracic mass, resulting in more flight muscles per unit body mass and allowing them greater flight power and acceleration [START_REF] Karlsson | Increase in reproductive effort as explained by body size and resource allocation in the speckled wood butterfly, Pararge aegeria (L.)[END_REF]. The relatively small size of males has been suggested to result from sexual selection favouring rapid development leading to early emergence and increased mating opportunities (Wiklund & Fagerström, 1977;[START_REF] Gilchrist | The consequences of sexual dimorphism in body size for butterfly flight and thermoregulation[END_REF]. Alternatively smaller size might mitigate the higher predation risk associated with their extensive flight activity [START_REF] Allen | Evolution of sexual dimorphism in the Lepidoptera[END_REF]. Studies estimating predation risk from beak marks in natural populations [START_REF] Ohsaki | Preferential predation of female butterflies and the evolution of Batesian mimicry[END_REF][START_REF] Ide | Sexual and seasonal differences in the frequency of beak marks on the wings of two Lethe butterflies[END_REF] suggest that females are attacked significantly more often, a result consistent with the better escape ability conferred by male morphology, and higher predictibility of female behaviour.

Differences in body morphology and flight behaviour between the sexes are likely to influence the evolution of wing morphology, resulting in wing sexual dimorphism. Females tend to have a larger wing area relative to males, probably compensating for their greater body weight, although their WL generally remains higher than that of males [START_REF] Gilchrist | The consequences of sexual dimorphism in body size for butterfly flight and thermoregulation[END_REF]. In species where males spend significantly more time flying relative to females, a wing morphology optimizing flight cost, such as a larger AR, may be favoured. A larger AR in males is known in Pararge aegeria (Berwaerts et al., 2002), in the potato pest moth Tecia solanivora [START_REF] Hernández | Wing shape variations in an invasive moth are related to sexual dimorphism and altitude[END_REF], and in several Neotropical butterfly species (Mendoza-Cuenca & Macías-Ordóñez, 2005;DeVries et al., 2010;Cespedes et al., 2015). In monarch butterflies, a higher AR was found in migrant females relative to residents, while no such difference was detected among males, possibly because both migrating and resident males are adapted to long flight periods due to their patrolling behaviour (Dockx, 2007). As discussed above, AR does not encompass all aspects of wing shape, so that males and females may exhibit different wing shapes but still have a similar AR. For example, a study of Heliconius numata detected significant wing shape dimorphism using geometric morphometrics, with no difference in AR [START_REF] Jones | Wing shape variation associated with mimicry in butterflies[END_REF]. Males exhibited a broader wing base due the presence of the androconial patch (a pheromone-disseminating organ near the forewing base), decreasing the moment of wing area. Geometric morphometrics also highlighted wing shape dimorphism in the genus Morpho, and variation in its extent among species (Chazot et al., 2016). Although sexual dimorphism could result from natural selection acting differently on male and female wing morphology due to contrasting flight behaviours, sexual selection may also be involved.

(6) Sexual selection

Female mate choice based on male wing coloration has been documented in several butterfly species (Robertson & Monteiro, 2005;[START_REF] Costanzo | The use of chemical and visual cues in female choice in the butterfly Bicyclus anynana[END_REF]Kemp, 2007Kemp, , 2013)), but inter-sexual selection on wing shape is relatively understudied. One study using paper models to investigate mating behaviour in Graphium sarpedon failed to detect any effect of variation in wing shape on the frequency of male approaches [START_REF] Kato | Visual stimuli affecting male mating behavior of Graphium sarpedon (Lepidoptera, Papilionidae)[END_REF], but whether females adjust their choice according to male wing shape has not been tested. The role of wing morphology in inter-sexual selection may also be considered in the context of aerial courtship. In birds, there is morphological divergence between species in which males perform song flights and those who do not (Hedenström & Møller, 1992). Elaborate aerial interactions are commonly observed in butterflies [e.g. Argynnis paphia [START_REF] Magnus | Beobachtungen zur Balz und Eiablage des Kaisermantels Argynnis paphia L.(Lep., Nymphalidae) 1[END_REF]; Hipparchia semele [START_REF] Tinbergen | Die Balz des Samtfalters, Eumenis (= Satyrus) semele (L.)[END_REF]]. Although these also occur between males in the form of contest or 'erroneous courtship' (Takeuchi, 2017), aerial interactions between males and females are thought to place the male scent organ close to the female antennae [START_REF] Scott | Mating of butterflies[END_REF]. Successful mating is likely favoured by high manoeuvring and hovering abilities and associated wing morphology. These aspects of flight performance will also be advantageous in other situations (e.g. escape from predators, flight in cluttered habitats, etc.), and therefore likely to be subject to both natural and sexual selection. Comparative studies investigating wing morphology among butterfly species with different courtship behaviours would be informative.

In contrast to inter-sexual selection, the effect of intra-sexual selection on the evolution of butterfly wing morphology is well documented (Scott, 1974;[START_REF] Shreeve | Habitat selection, mate location, and microclimatic constraints on the activity of the speckled wood butterfly Pararge aegeria[END_REF][START_REF] Shreeve | The mate location behaviour of the male speckled wood butterfly, Pararge aegeria, and the effect of phenotypic differences in hind-wing spotting[END_REF]Wickman, 1992;Berwaerts et al., 2006;[START_REF] Estrada | Sex-specific chemical cues from immatures facilitate the evolution of mate guarding in Heliconius butterflies[END_REF]. Male-male competition occurs in many butterfly species, and can result in different mate-locating behaviours. In some Heliconius species, males monitor female pupae until emergence, thereby increasing their chances of mating with virgin females (i.e. 'pupal-mating', see [START_REF] Estrada | Sex-specific chemical cues from immatures facilitate the evolution of mate guarding in Heliconius butterflies[END_REF]. Interestingly, in H. charitonia, some males have been reported to adopt an alternative strategy known as patrolling: they fly continuously in search for females [START_REF] Mendoza-Cuenta | Mating strategies in Heliconius charitonia (Lepidoptera: Nymphalidae): factors involved in pupal mating evolution[END_REF]. The different mate-locating strategies are associated with morphological differences: pupal-mating males are larger than patrollers, which is thought to confer an advantage during scramble competition (i.e. when several males simultaneously occupy a female pupa) [START_REF] Deinert | Mate location and competition for mates in a pupal mating butterfly[END_REF]. The smaller patrolling males have a larger AR relative to their conspecific pupal-maters, likely reducing the cost of sustained flight on which they rely to find mates (Mendoza-Cuenca & Macías-Ordóñez, 2005). Patrolling behaviour is widespread in many butterfly taxa, along with another strategy known as perching (Scott, 1974;Rutowski, 1991;Wickman, 1992). Perching males typically sit and wait in sunlit vegetation patches, and take off rapidly to intercept conspecific males and females with a circling flight [START_REF] Shreeve | The mate location behaviour of the male speckled wood butterfly, Pararge aegeria, and the effect of phenotypic differences in hind-wing spotting[END_REF]Wickman, 1992). Because for each strategy the flight performance improving mating success will be different (i.e. low-cost sustained flight versus rapid acceleration), selection may have favoured contrasting morphology (wing shape, flight muscles and thorax size) in perchers versus patrollers. Investigating 42 butterfly species with known phylogenetic relationships and mate-locating behaviour, Wickman (1992) showed that percher species have a relatively larger thorax compared to patrollers, in agreement with selection on flight morphology promoting rapid take-off and high acceleration. Interestingly, variation in mate-locating behaviour also occurs within butterfly species (Shreeve, 1992). In Pararge aegeria, field observations (Van Dyck et al., 1997) suggest marked intraspecific behavioural divergence. Morphological comparisons showed that perchers have heavier thoraxes than patrollers, mirroring the pattern previously observed at the macro-evolutionary scale. Finally, [START_REF] Berwaerts | Take-off flight performance in the butterfly pararge aegeria relative to sex and morphology, a quantitative genetic assessement[END_REF] showed that acceleration during take off has a significant heritable component in male but not in female P. aegeria. Clearly, different flight behaviours can lead to divergent morphological evolution both within and among species.

The link between body morphology and mate-searching behaviour is well established, however its co-evolution with wing morphology is still poorly understood. Elongated wings are expected in patrollers because they are predicted to reduce flight cost. Nevertheless, perchers tend to exhibit a higher wing length and AR than patrollers (Wickman, 1992;Van Dyck et al., 1997). In Pararge aegeria, a higher AR was correlated with higher acceleration capacity, body mass, thorax mass, forewing area, forewing length, and centre of forewing area (Berwaerts et al., 2002(Berwaerts et al., , 2006)), preventing a straightforward identification of the functional links. Such discrepancies between aerodynamic expectations and realized behaviours question the use of AR as a predictor of flight performance, and emphasize the need to quantify wing shape variations and their interactions with body morphology.

V. CONCLUSIONS

(1) We documented interactions between wing morphology, behaviour and ecology in butterflies and reviewed current knowledge on the selective forces driving wing shape diversity.

(2) At the macro-evolutionary level, comparative analyses have identified deviations from neutral expectations, suggesting correlations between wing shape variables and ecological factors. However, most correlations with ecological factors (such as flight height or time of activity) do not allow us to identify the underlying selective forces. The macro-evolutionary trends detected should motivate field studies characterizing flight behaviour, predator community, mating strategy and feeding habits among butterfly taxa. Ecological and behavioural studies are needed to estimate the effect of wing shape variations on fitness-related traits in different environments. Experimental tests of putative selective mechanisms acting on the evolution of flight and associated wing shape within species might provide useful insights on wing shape evolution at a larger scale, although variations in both behaviour and morphology are generally smaller within species.

(3) Habitat, predation and sex-specific behaviours are likely to be major selective forces acting on wing shape evolution. The most convincing cases of morphological divergence reported in the literature are usually related to the evolution of body morphology, and more particularly to the relative investment in flight muscles, rather than to wing shape. Two hypotheses could account for this trend. (i) Body morphology might respond faster to selection acting on flight than wing shape. As previously highlighted, both wing shape and thorax morphology will result from a complex trade-off between several selective pressures but flight muscle can be flexibly used while wing shape is fixed. Wing shape evolution might thus be more subject to deleterious pleiotropic effects than thorax morphology, whose modifications might be buffered by behaviour. For example, genetic manipulation of wing shape in Drosophila melanogaster was found to improve flight agility but increased the cost of flight (Ray et al., 2016). This higher flight cost was suggested to result from a disjunction between wing shape and muscle morphology: wing shape alteration that is not accompanied by changes in the musculoskeletal apparatus may be detrimental. Clearly, wing shape and body morphology should be considered together as an integrated phenotype. Alternatively, (ii) a significant association between wing shape and flight performance may be reported less frequently because of methodological challenges involved in wing shape quantification. Simple parameters such as AR can be misleading, preventing us from fully understanding morpho-functional links. The advent of powerful morphometric methods allowing the detailed quantification of wing shape (e.g. Rohlf & Marcus, 1993;Bookstein, 1997;[START_REF] Klingenberg | Evolution and development of shape: integrating quantitative approaches[END_REF] and the wide availability of morphometrics tools (e.g. [START_REF] Claude | Morphometrics with R[END_REF][START_REF] Klingenberg | MorphoJ: an integrated software package for geometric morphometrics[END_REF]Adams & Otárola-Castillo, 2013;Rohlf, 2015) might facilitate the identification of wing shape variations relevant to flight performance. Ongoing methodological advances also allow the analysis of insect flight through kinematic and aerodynamic force measurements with increased precision (Hedrick, 2008;[START_REF] Sridhar | Instantaneous lift and motion characteristics of butterflies in free flight[END_REF]Ancel et al., 2017). Combining these approaches with the precise quantification of wing shapes should help us to understand the effects of wing shape variations on aerodynamic performance.

(4) Investigating flight behaviour in natural conditions is required to identify the adaptive roles of morphological variations. Field studies characterizing butterfly flight behaviour in detail will allow a better understanding of the adaptive processes shaping butterfly wing diversity.

(5) Finally, our review highlights the interest of combining results from ecology and aerodynamics. A better understanding of the evolutionary mechanisms driving wing shape diversity requires precise knowledge of the functional consequences of morphological variation. While new insights on the functional morphology of insect flight have arisen from engineering studies on bio-inspired flight systems [START_REF] Liu | Biomechanics and biomimetics in insect-inspired flight systems[END_REF], these still remain distant from ecological research approaches. We advocate a higher level of interaction between these research fields. Camille Le Roy 1,2, ‡ , Raphaël Cornette 1 , Violaine Llaurens 1, * and Vincent Debat 1, * ABSTRACT Flying insects frequently experience wing damage during their life. Such irreversible alterations of wing shape affect flight performance and ultimately fitness. Insects have been shown to compensate for wing damage through various behavioural adjustments, but the importance of damage location over the wings has scarcely been studied. Using natural variation in wing damage, we tested how the loss of different wing parts affects flight performance. We quantified flight performance in two species of large butterflies, Morpho helenor and Morpho achilles, caught in the wild and displaying large variation in the extent and location of wing damage. We artificially generated more severe wing damage in our sample to contrast natural versus higher magnitude wing loss. Wing shape alteration across our sample was quantified using geometric morphometrics to test the effect of different damage distributions on flight performance. Our results show that impaired flight performance clearly depends on damage location over the wings, pointing to a relative importance of different wing parts for flight. A deteriorated forewing leading edge most critically affected flight performance, specifically decreasing flight speed and the proportion of gliding flight. In contrast, the most frequent natural damage, deteriorated wing margin, had no detectable effect on flight behaviour. Damage located on the hindwingsalthough having a limited effect on flightwas associated with reduced flight height, suggesting that the forewings and hindwings play different roles in butterfly flight. By contrasting harmless and deleterious consequences of various types of wing damage, our study highlights different selective regimes acting on morphological variations of butterfly wings.

INTRODUCTION

Understanding the evolution of wing morphology requires estimating the impact of wing shape variation on fitness-related behaviours. In butterflies, the capacity to fly enabled by wing morphology is crucial throughout adult life during many key behaviours involved in survival, such as resource foraging (Hall and Willmott, 2000) or escaping from predators (Barber et al., 2015;Chai and Srygley, 1990), and in reproduction, such as male-male contest (Berwaerts et al., 2006;Wickman, 1992) or courtship (Scott, 1974). Wing shape directly affects various aspects of flight performance, ranging from the energy budget (Ancel et al., 2017) to the aerodynamic forces produced during wingbeats (Ellington, 1984;Muijres et al., 2017). Investigating the consequences of wing shape variation on these different components of flight performance may shed light on the forces driving wing shape evolution within and across species (Arnold, 1983;Norberg and Rayner, 1987;Le Roy et al., 2019). For example, selection acting on wing shape has been evidenced by comparing migrating and non-migrating populations of monarch butterflies: migrating individuals exhibit a more elongated wing shape, probably reducing flight cost and hence benefiting their long-distance migration (Altizer and Davis, 2010;Dockx, 2007). However, the consequences of wing shape variation on flight performance are poorly documented, preventing the precise identification of the selective pressures acting on wing shape evolution (Chazot et al., 2016;Johansson et al., 2009;Outomuro and Johansson, 2015).

To investigate the effect of wing shape variation on flight performance, most previous studies have involved experimental manipulation of wing shape. For example, experimental wing clipping in butterflies has highlighted the importance of the hindwings for linear and turning acceleration in Lepidoptera (Jantzen and Eisner, 2008). Artificially modified wings have been used to investigate how insects compensate for changes in wing morphology by altering their behaviour. The loss of wing surface has been shown to induce an increase of wingbeat frequency in bees [START_REF] Hedenström | Predator versus prey: on aerial hunting and escape strategies in birds[END_REF]Vance and Roberts, 2014), flies (Muijres et al., 2017) and butterflies [START_REF] Kingsolver | Experimental analyses of wing size, flight, and survival in the western white butterfly[END_REF]. In hawkmoths, asymmetrical wing loss causes the insect to flap its damaged wing with a larger amplitude, correcting for the unequal force production [START_REF] Fernández | Neuromuscular and biomechanical compensation for wing asymmetry in insect hovering flight[END_REF]. In flies, compensation for asymmetrical wing loss involves a body roll towards the damaged wing and changes in wing motion (Muijres et al., 2017). Although behavioural adjustments in response to wing damage may have evolved in some insects, a significant fitness cost of wing damage has nevertheless been documented in some studies. Field studies on bumblebees have shown a reduced foraging efficiency in damaged individuals [START_REF] Higginson | Accumulating wing damage affects foraging decisions in honeybees (Apis mellifera L.)[END_REF] as well as a lower life expectancy [START_REF] Cartar | Morphological senescence and longevity: an experiment relating wing wear and life span in foraging wild bumble bees[END_REF]. In dragonflies, reduction of hindwing area significantly decreases capture success [START_REF] Combes | Dynamics of animal movement in an ecological context: dragonfly wing damage reduces flight performance and predation success[END_REF]. In butterflies, however, a mark-recapture study found no effect of wing surface reduction on survival [START_REF] Kingsolver | Experimental analyses of wing size, flight, and survival in the western white butterfly[END_REF].

In the studies mentioned above, wing alterations were typically generated by clipping the wings, and usually consisted of a symmetric versus asymmetric reduction of the wing surface [START_REF] Fernández | Neuromuscular and biomechanical compensation for wing asymmetry in insect hovering flight[END_REF](Fernández et al., , 2017;;[START_REF] Haas | Robust flight performance of bumble bees with artificially induced wing wear[END_REF]Vance and Roberts, 2014), or a gradual reduction in the wing surface (Muijres et al., 2017;Vance and Roberts, 2014). But these artificial alterations may not reflect the natural wing damage experienced by insects in the wild. The spatial distribution and extent of damage on the wings of wild insects have rarely been quantified in natural populations (but see [START_REF] Higginson | Accumulating wing damage affects foraging decisions in honeybees (Apis mellifera L.)[END_REF]). In the wild, a frequent source of wing damage is collision with obstacles [START_REF] Foster | What causes wing wear in foraging bumble bees?[END_REF]. Accidental collisions may rip the wing in various degrees and directions, although this is somewhat constrained by the vein architecture [START_REF] Mountcastle | Biomechanical strategies for mitigating collision damage in insect wings: structural design versus embedded elastic materials[END_REF]Wootton, 1992). Collisions may also occur during agonistic interactions with conspecifics [START_REF] Alcock | Male size and survival: the effects of male combat and bird predation in Dawson's burrowing bees, Amegilla dawsoni[END_REF][START_REF] Carvalho | Territorial clashes in the Neotropical butterfly Actinote pellenea (Acraeinae): do disputes differ when contests get physical?[END_REF]. Failed predator attacks can also cause significant damage in different wing locations [START_REF] Carpenter | The relative frequency of beak-marks on butterflies of different/edibility to birds[END_REF][START_REF] Edmunds | Significance of beak marks on butterfly wings[END_REF]Robbins, 1981;[START_REF] Shapiro | Beak-mark frequency as an index of seasonal predation intensity on common butterflies[END_REF]. As a result, flying insects have to cope with a wide diversity of damage during their life, varying in both extent and location. While some damage may have too harsh a consequence on flight to even be observable in the wild, most frequently observed damage is probably less deleterious, or more easily compensable. Studying wing damage in wild-caught individuals that probably has a limited impact on survival capacity should allow characterization of wing shape variation with a diversity of effects on fitness, from neutral to severely deleterious. This situation is therefore relevant to the investigation of the consequences on flight of a biologically realistic range of damage, as a step towards inferring the selective pressures acting on wing shape.

In this study, we used natural and artificially accentuated damage on butterfly wings to test how modification of different wings and different wing areas affects flight performance. We studied wildcaught individuals of two species of large butterflies, Morpho helenor and Morpho achilles (Nymphalidae, Satyrinae), exhibiting a large variation in wing damage. We first quantified their flight performance using three-dimensional videography. We then precisely determined the frequency and spatial location of damage over the four wings using geometric morphometrics, allowing us to estimate and compare the effects of natural and artificially accentuated damage on flight performance. Although the initial cause of wing damage in the wild is not known, our study captures part of the range of naturally occurring wing shape alteration. The reported effects on flight performance are thus expected to reflect typical challenges that butterflies face in the wild throughout their adult life. By generating more severe wing damage in our sample, we aimed at contrasting naturalpresumably non-lethaldamage, with damage of higher magnitude that would more strongly threaten survival in the wild.

MATERIALS AND METHODS Study sites and sampled specimens

Field sampling was performed in July and August 2016, in the middle basin of the Río Huallaga (San Martín Department, Peru), near the city of Tarapoto, along the Rio Shilcayo (06°27′07″S, 76°2 0′47″W; ca. 450 m a.s.l.) and the village of San Antonio de Cumbasa (06°24′24″S, 76°24′25″W; ca. 470 m a.s.l.). We sampled a total of 63 Morpho, including 32 individuals from the species Morpho helenor (Cramer 1776) and 31 from the species Morpho achilles (Linnaeus 1758). These two species are nearly identical phenotypically (Blandin, 1988) and are thought to have similar flight behaviours (DeVries et al., 2010). Only three females were caught, largely because of their cryptic flight behaviour, contrasting with the extensive patrolling displayed by males. Half of the captured specimens were undamaged, while the rest had their wings at least slightly damaged. In order to increase the variation of wing damage in our sample, 25 of the captured specimens were stored in a mesh-cage (4 m×2 m×1.8 m) for 3 days so as to generate collisioninduced wing damage. The final sample was composed of 31 undamaged individuals and 32 individuals for which the extent of damage ranged from a small amount to half of the wing surface missing. Out of the 32 damaged individuals, 13 came from the wild and 19 from the cage.

Filming

Butterflies were filmed in a large outdoor insectary (8 m×4 m×2.5 m) built close to the sampling sites, in a sheltered spot where no wind was detectable. Each specimen was released from a shaded side of the cage, and generally flew towards the sunniest part of the cage. Two video cameras (GoPro Hero4 Black set at 60 images per second) mounted on a tripod at fixed height were used to record the films. In order to capture most of the flight path, the camera zoom lens was set on wide angle (focal length: 14 mm), thereby allowing coverage of the entire volume of the cage when combining the two camera views.

A successful sequence was defined as a flight path moving through the entire field of view of the two cameras. Multiple trials were performed until a minimum of three successful sequences were obtained for each individual. We recorded a total of 227 successful sequences with a mean duration of 1.4±0.89 s, ranging from 0.6 to 6.8 s. After being filmed, specimens were placed in a -20°C freezer, ensuring subsequent morphological measurements exactly matched the state in which butterflies had flown.

Flight analysis

Sequences of the same flight obtained from the two cameras were first synchronized with respect to a reference frame. The frame distortion (fisheye effect) due to wide-angle settings was corrected without limiting the wide view angle, using the DWarp Argus package (Jackson et al., 2016) implemented in Python 2.7. To recover exact distances from films, cameras were calibrated with the direct linear transformation (DLT) technique (Hartley and Sturm, 1995; http://www.kwon3d.com/theory/dlt/dlt.html) by digitizing an object of known length (here a wand) moved throughout the experimental cage. The wand tracking and DLT coefficient computation were performed using DLTdv5 (Hedrick, 2008) and easyWand (Theriault et al., 2014) Matlab program, respectively. To facilitate the tracking of the filmed butterflies, a background subtraction algorithm (KaewTraKulPong and Bowden, 2002) was applied to each video via Python 2.7. Trajectory points were digitized for each frame at the centroid of the butterfly. Wingbeats were quantified by manually digitizing a point on the butterfly within frames containing the highest upstroke positions and those containing the lowest downstroke positions transcribing the spatial and temporal position of each wing stroke along the flight trajectory (Fig. 1). Based on the temporal wing stroke position, gliding flight phases along the trajectory were defined as at least 10 consecutives frames (representing 0.16 s) without any wing stroke. The other parts of the trajectory were considered to be flapping phases (Fig. 1). By reducing wing surface, wing damage can limit the gliding capacity of the observed butterflies: this can be behaviourally compensated by a reduction in the length of the gliding phases and/ or an increase in wing beat frequency during the flapping phases. To distinguish these two types of behavioural compensation, we computed both the total wing beat frequency through time and the wing beat frequency within the flapping phases. Flight trajectories were then smoothed using a low-pass Butterworth filter (order 4, critical frequency 0.5) [START_REF] Butterworth | On the theory of filter amplifiers[END_REF], removing the high-frequency movements, i.e. the steep gaps artefactual movements within trajectories, stemming from tracking noise (see Fig. S1). Using a custom-written R script, we calculated the following parameters for each flight trajectory: flight velocity, sinuosity (computed as the ratio of the actual distance covered over the distance between start and end position), wingbeat frequency, gliding proportion and flight height. These nonredundant parameters were chosen for their relevance in describing flight behaviour. They were computed as the mean value over the flight trajectory. We also extracted the maximal duration of gliding and flapping phases, and the smallest turning angle of each trajectory as a measure of manoeuvrability (Rayner, 1988). We summarized the flight performance of each individual by retaining the mean and maximum values out of the three flight sequences analysed per individual.

Capturing spatial variation in wing damage

The forewings (FWs) and hindwings (HWs) were photographed in dorsal view using a Nikon D90 camera in controlled light conditions. The spatial variation of damage within and between wings, but also between naturally and artificially damaged individuals, was visually assessed by generating a heat map (Fig. 2; see also Figs S2 andS3). This was done by superimposing standardized images of the wings from all specimens using EBImage (R package; [START_REF] Pau | EBImagean R package for image processing with applications to cellular phenotypes[END_REF]) so as to count the missing area at the pixel scale. The heat map was built from a matrix summing the occurrences of missing pixels, and plotted with autoimage (R package; French, 2017).

As our goal was to capture the different distribution of damage throughout the wings, we considered damage variation as a wing shape alteration, and quantified it using a landmark-based geometric morphometric method (Adams et al., 2004;Bookstein, 1997). This method has proven to be well suited for studying variation in butterfly wing shape and venation (e.g. Breuker et al., 2010;Chazot et al., 2016;[START_REF] Zhong | Quantifying wing shape and size of saturniid moths with geometric morphometrics[END_REF], although it has never been used to quantify variation in wing damage. Because vein architecture differed between specimens depending on wing damage, we did not use it to place fixed landmarks. Instead, we used 300 semi-landmarks equidistantly spaced along the (more or less damaged) wing outline. Semi-landmarks can be used when identifiable landmarks are unavailable. To remove the variation along the outline due to a lack of homology, the semilandmarks are allowed to slide along the local tangent to the curve in an iterative process (Gunz and Mitteroecker, 2013). Once slid, they can be treated as regular landmarks in the analyses. We also placed one fixed landmark at the wing base, fixing the overall landmark configuration with respect to this homologous position available for all specimens. The procedure was applied to both the left-and rightreflected FWs and HWs. All landmarks were digitized using TpsDig2 (Rohlf, 2015).

In order to obtain variables describing shape alteration between specimens, we then performed a generalized procrustes analysis (Rohlf and Slice, 1990) on the landmark configurations of each of the four wings using geomorph (R package; Adams and Otárola-Castillo, 2013). This procedure extracts the shape information from landmark positions by removing the extraneous variations; namely, the position, size and orientation (Adams et al., 2004). Variation in the newly obtained procrustes coordinates then only reflects shape variation. Because our goal was to relate wing shape alteration to that measured in flight parameters, it was necessary to analyse simultaneously both pairs of wings. Indeed, the observed flight results from the combined use of the four wings, and is therefore potentially affected by their combined shape alteration. After each wing was superimposed separately, we conducted a principal component analysis (PCA) on each sets of procrustes coordinates. We then combined the principal components (PCs) accounting for 90% of cumulated variance of each of these four PCAs. Finally, we performed a new PCA on this global dataset to obtain PCs that combine the shape information of the four wings per individual (Fig. S4). We also applied this procedure independently on the FWs and HWs to focus on the effect of their respective shape alteration on flight separately.

Quantifying the extent of damage

Wing area was computed from the previously digitized landmarks using Momocs (R package; Bonhomme et al., 2014) independently on each of the four wings. Wing area was preferred over other measures of size (e.g. centroid size): it is indeed directly relevant for aerodynamics and was found to be less affected by extreme irregularities in outlines. For specimens with only the left (or right) wing damaged, the extent of the damage was calculated by subtracting the area of the damaged wing from the area of its intact counterpart. When specimens had both wings damaged, we used the mean wing area of the intact specimens. Damage extent was expressed separately for the FWs and HWs to test their respective effect on flight performance. We also computed the asymmetry resulting from wing damage, expressed as the absolute value of the difference in the extent of damage between the right and left sides of the specimen.

Statistical analyses

All statistical analyses were conducted in R (http://www.R-project. org/). We first tested the effect of species and sex on flight parameters, while considering only undamaged specimens, using multivariate analysis of variance (MANOVA). Variation in flight performance was examined by performing a PCA on the set of flight parameters (Fig. S5 and Table S1). PCs are linear combinations of the original data that maximize the variation between individuals. The first PCs, accounting for the major trends in flight variation, were used as flight data in the subsequent multivariate analyses. The co-variation between wing damage and flight was first assessed by Escoufier's RV coefficient [START_REF] Escoufier | Le traitement des variables vectorielles[END_REF][START_REF] Klingenberg | Morphometric integration and modularity in configurations of landmarks: tools for evaluating a priori hypotheses[END_REF]. We then performed a two-blocks partial-least squares (2B-PLS) regression between flight and shape datasets. The 2B-PLS analysis specifically focuses on the co-variation between two sets of multivariate data, by constructing pairs of linear combinations of variables within each dataset (here, the shape and flight PCs) that maximally co-vary across datasets (Rohlf and Corti, 2000). Then, in order to identify the precise effect of area loss on flight behaviour, we tested the effect of FW and HW area loss and their asymmetry on each flight parameter, using multiple regression analysis. Species, sex and cause of damage (i.e. cage or nature) were included as factors to control for their respective effects on flight.

To test for the effects of the distribution of damage on flight performance, we performed multiple regressions of the shape PCs on each flight parameter. Finally, because the PCs are composite variables combining information on different wings, direct visualization of the associated morphologies is not straightforward. To visualize damage variation explained by the different PCs, we separated individuals into three groups of equal size depending on their location along the PCA axis (first, second and last third), and used the heat maps to depict damage variation within each group (see below).

RESULTS

Extent and location of wing damage

The extent of damage within our sample ranged from 0 to 39.49% of missing wing area at the individual level, with up to 45.96% and 51.46% for the FWs and HWs, respectively. Wing asymmetry was strongly correlated with extent of damage (r=0.72; P<0.001), highlighting that wing damage rarely occurred symmetrically. The proportion of damage between FW and HW was not correlated (r=0.15; P=0.31) but both wings were on average similarly affected (mean extent of damage 13.37±1.90% on FWs versus 10.68±1.75% on HWs; P=0.37, W=1222). Individuals kept in a mesh-cage showed greater wing damage relative to those damaged in nature. This difference was mostly due to greater damage on the FWs in individuals kept in a mesh-cage (P<0.001, W=0.76 versus P=0.05, W=616 when comparing FW and HW damage, respectively). It should be noted, however, that wing damage produced in the cage may have added to natural damage, for which we have no record. Types of damage were nevertheless different between individuals from the cage and those from nature. Collisions occurring in the cage mostly affected the leading edge of the FWs. In contrast, the most frequent natural damage was located along the marginal and posterior zone of the HW (Fig. 2).

Effect of wing damage on flight performance

As similar results were found when using either the mean or the maximal values of flight parameters, only the maximal values are considered below. Amongst all flight parameters computed, only gliding proportion and longest gliding phase were strongly correlated (r>0.50): we thus excluded the longest gliding phase from the analysis. The MANOVA performed on undamaged individuals revealed no difference among species on flight parameters (Wilks' λ=0.854; P=0.52). Although our sample included only two undamaged females, an effect of sex was detected on flight speed: female flight was significantly slower than male flight (P<0.05, W=54).

Co-variation between wing shape and flight parameters was significant (RV coefficient=0.20; P=0.01). The first PLS vector (53.87% of covariation explained) carried a variation in flight parameters (PLS 1 block 2) opposing higher flight speed and gliding proportion to longer flapping phase duration and higher wingbeat frequency (Table 1). This was associated with the shape component (PLS 1 block 1) describing an accumulation of wing damage mostly located on the FWs (Fig. 3). This co-variation was clearly driven by severely damaged individuals, as both intact and slightly damaged individuals displayed similar variation in flight parameters. Another pattern of co-variation was detected on the second PLS axis (21.33% of co-variation explained), where most of the flight variation was driven by the flight height, and associated with variation in wing damage located on the HWs.

When running multiple regression analysis, we found that the effect of wing area loss on flight parameters was not affected by sex (P=0.91) or by the cause of damage (i.e. cage versus nature; P=0.50). Although no effect of species was detected on flight parameters among undamaged individuals (M. helenor: n=14; M. achilles: n=17), a significant effect of species was detected on flight speed (P<0.05) and gliding proportion (P<0.05) when testing for the effect of wing damage on flight. Controlling for the species effect, we found that FW area loss had a significant negative effect on flight speed (R 2 =0.26, F 60,0.35 =10.69, P<0.001) and gliding proportion (R 2 =0.19, F 60,24.09 =7.10, P<0.001). Specifically, M. achilles and M. helenor both flew more slowly when their FWs were damaged, although for the same degree of damage, M. helenor reduced its normal flight speed by 19% (0.43 m s -1 ) while M. achilles reduced it by only 13% (0.32 m s -1 ). Similarly, the extent of gliding flight decreased as FW damage increased for both species, but M. achilles reduced its gliding proportion by 59% while M. helenor only reduced it by 32% for a same degree of damage (Fig. 4). A slight increase in wingbeat frequency was associated with FW area loss (R 2 =0.11, F 60,1.2 =3.67, P<0.05), but such an effect was not detected when focusing only on flapping phases (R 2 =0.05, F 60,2.1 =1.63, P=0.50), consistent with a transition from flap-gliding flight to continuous flapping flight associated with FW damage. FW area loss was indeed positively associated with maximal flapping duration (R 2 =0.23, F 61,0.57 =18.67, P<0.001). HW area loss did not contribute to the variation in these flight parameters, but had a significant negative effect on flight height (R 2 =0.08, F 61,0.26 =5.65, P<0.05). No effect of wing asymmetry was detected, probably because it was strongly correlated with wing area loss.

The different types of damage distribution captured by the shape variation of the PCs had contrasting effects on flight parameters. In particular, the reduction in flight speed and the extension of flapping phase duration were explained by FW shape alteration described on PC2 (R 2 =0.18, F 61,0.37 =13.61, P<0.001 and R 2 =0.22, F 61,0.58 =17.71, P<0.001, respectively). These two flight parameters were negatively correlated (r=-0.41; P<0.001): most damaged individuals both had a reduced flight speed and used almost only flapping flight. In contrast to the FW shape variation carried on PC2, variation on PC1 showed no relationship with flight variation, neither did any PC carrying HW shape variation. The distribution of damage throughout the wings shown by the heat maps revealed that damage located at the FW tips (shape variation on PC2) was associated with reduced flight speed. Damage occurring along the FW margin, in contrast, showed no effect on variation in flight speed (Fig. 5).

DISCUSSION Kinematic response to wing damage

Our results show that highly damaged M. helenor and M. achilles display a reduction in the typical flap-gliding flight observed in intact or less damaged individuals, progressively replaced by strict flapping flight. As continuous flapping flight is more energetically costly than gliding flight (Dudley, 2002), the reduced gliding ability in very damaged individuals may result in increased flight cost, ultimately impacting survival and/or reproductive abilities.

In previous studies investigating wing damage in insects, an increase in wingbeat frequency in damaged individuals has frequently been reported [START_REF] Fernández | Neuromuscular and biomechanical compensation for wing asymmetry in insect hovering flight[END_REF][START_REF] Hedenström | Predator versus prey: on aerial hunting and escape strategies in birds[END_REF][START_REF] Kingsolver | Experimental analyses of wing size, flight, and survival in the western white butterfly[END_REF]Muijres et al., 2017;Vance and Roberts, 2014), often associated with increased metabolic costs. This kinematic adjustment allows maintenance of sufficient lift in spite of a reduced wing area [START_REF] Altshuler | Short-amplitude high-frequency wing strokes determine the aerodynamics of honeybee flight[END_REF][START_REF] Dickinson | The control of mechanical power in insect flight[END_REF]. Higher wingbeat frequency following wing loss was measured during hovering flight in the butterfly Pontia occidentalis [START_REF] Kingsolver | Experimental analyses of wing size, flight, and survival in the western white butterfly[END_REF] and the moth Manduca sexta [START_REF] Fernández | Neuromuscular and biomechanical compensation for wing asymmetry in insect hovering flight[END_REF]. Damaged Morpho butterflies showed a slight increase in wingbeat frequency, at least during the forward flights studied here. This increased frequency mostly stemmed from the smaller number of gliding phases observed in damaged high wingbeat frequency to be attained (Dudley, 1991). In contrast, synchronous flyers (such as butterflies or dragonflies) have a one to one correspondence between nervous impulses and muscle contraction [START_REF] Pringle | The Bidder Lecture, 1980 the evolution of fibrillar muscle in insects[END_REF]. Physiological differences among insect species might impact their ability to adjust wingbeat frequency. Wing clipping in synchronous flyers indeed produces little effect on wingbeat frequency [START_REF] Roeder | Movements of the thorax and potential changes in the thoracic muscles of insects during flight[END_REF]. The increase in wingbeat frequency associated with clipped wings was found to be approximately 2 Hz in moths (Fernández et al., 2017), while an increase of 19 Hz and 23 Hz was measured in bees and flies, respectively (Muijres et al., 2017;Vance and Roberts, 2014). Whether these changes in frequency reflect a behavioural adjustment or a passive mechanical response is unknown. The capacity to increase wingbeat frequency may nonetheless vary among insects, leading to different constraints on the evolution of wing shape and toughness. Morpho butterflies showed a mean wingbeat frequency of 5.9±1.7 Hz, ranking them among the lowest frequencies found in insects [START_REF] Sotavalta | The Flight-tone (wing-stroke Frequency) of Insects[END_REF]. Such a low wingbeat frequency is expected given that their flight is composed of frequent alternations between flapping and gliding phases.

Relative importance of different wing parts for flight

Although rarely tested, how the distribution of missing area over the wings impacts flight behaviour would pinpoint the contribution of different wing parts to flight performance. Our results clearly suggest an unequal impact of FW and HW damage on Morpho flight: damage on the FWs more strongly affected flight performance than that on the HWs. The loss of FW area significantly reduced flight speed and the proportion of gliding flight. Experimental wing manipulations have shown that complete removal of the FWs makes butterflies flightless, while they can still fly without the HWs (Jantzen and Eisner, 2008). Interestingly, we found that damage specifically located at the tip of the FWsaltering the shape of the leading edgemost strongly impaired the flight speed and gliding ability of Morpho butterflies, probably because the leading edge of the wing is strongly involved in lift generation: during flight, the incoming air flow separates precisely as it crosses the leading edge, producing a vortex (termed the leading edge vortex) that creates a suction force resulting in lift enhancement (Ellington et al., 1996;Sane, 2003). Butterflies with a deteriorated leading edge face a substantial reduction in lift generation.

While the most anteriorly located wing damage had severe consequences on flight, the loss of other wing parts seemed to be relatively harmless: expansion of damage located along the FW margin had no detectable effect on flight. Damage on the HWs showed only a limited effect on flight parameters: the clearest impact was on flight height, which was reduced in damaged individuals, indicating a possible role for the HWs in upward flight. Such an effect needs to be tested in a more controlled experiment. In particular, it would be interesting to investigate the role of the HWs for upward escape from predators, especially during take-off. This could have important consequences for HW shape evolution. Jantzen and Eisner (2008) showed that HW removal in butterflies was associated with a significant reduction in linear and turning acceleration, limiting performance in zig-zag, erratic flight, and therefore putatively decreasing the capacity to escape flying predators. Here, we did not find such an effect, possibly because the distribution of damage over the four wings varied greatly between individuals, limiting our statistical power.

Contrasting behavioural compensation between species

Morpho helenor and M. achilles are sister species showing extreme phenotypic similarity and occupying the same microhabitat (Blandin, 1988;Chazot et al., 2016). Nevertheless, our results show that behavioural changes triggered by wing damage differed between these two Morpho species. While wing area loss resulted in a decrease in flight speed and gliding proportion for both species, flight speed decreased significantly more in M. helenor than in M. achilles. In contrast, the gliding ability of M. achilles was more impaired by wing damage relative to that of M. helenor. However, no difference in any flight parameters was found between the two species when considering only intact individuals, and similar damage proportions were observed in the two species. This behavioural difference may stem from subtle differences in the location of lost areas among damaged M. helenor and M. achilles, differently impacting their flight. Nevertheless, by constraining butterflies to fly with severely damaged wings, we may also have revealed differences in flight behaviour or morphology between species (such as muscles mass, position and power) that would otherwise have remained undetectable (i.e. in less challenging conditions). Challenging conditions eliciting extreme performance have indeed been shown to reveal the consequences of morphological or physiological variations more readily than favourable conditions (Losos et al., 2002;Wainwright and Reilly, 1994). This apparent difference between M. achilles and M. helenor in their behavioural ability to compensate for wing damage suggests the need to consider the interactions between wing shape and other behavioural and morphological traits when investigating the evolution of wing shape across butterfly species.

Predictions on the evolution of butterfly FW and HW drawn from the effect of natural damage on flight capacity Our results highlight that impaired flight performance (and possible behavioural compensation) depends not only on the extent of the damage but also on its location over the wings. The crucial role of the leading edge in flight, for instance, might generate a strong selection on its toughness. The evolution of a close proximity and even fusion of several veins in the anterior part of insect wings might also stem from such selection on wing toughness (Dudley, 2002;[START_REF] Rees | Form and function in corrugated insect wings[END_REF]. A deteriorated leading edge was indeed rarely observed in our sample of naturally damaged individuals, and was only found in captive individuals experiencing frequent collisions with the rough cage walls. This extreme damage contrasts with that observed in wild-caught individuals, such as scattered tearing along the wing margin, with limited impact on flight performance. The damage observed in wild-caught individuals probably illustrates a range of wing shape alterations with limited impact on survival. Such harmless consequences of wing margin damage may explain the evolution of eyespots along the wing margin in some butterfly species (e.g. in Bicyclus anynana), which have been shown to deflect predator attacks away from vital body parts [START_REF] Lyytinen | Significance of butterfly eyespots as an anti-predator device in ground-based and aerial attacks[END_REF][START_REF] Stevens | The role of eyespots as anti-predator mechanisms, principally demonstrated in the Lepidoptera[END_REF]. Further field studies quantifying natural wing damage in butterflies should assess the frequency of scattered margins in the wild, particularly in species displaying peripheral eyespots. Experimental manipulations of wing shape are still required to rigorously test the effect of quantitatively similar but spatially different wing loss, to identify the selection regimes affecting the various parts of the wing and thus altering wing shape evolution.

Because alterations of FW shape have a much more severe impact on flight performance, FW shape may be under stronger stabilizing selection than HW shape. Strauss (1990) found that wing shape variation in Heliconiinae and Ithomiinae butterflies increased from the anterior part of the FW to the posterior part of the HW. Such an increase in shape variability and conversely a decreasing density of veins along the chordwise wing section may reflect an anteroposterior decrease in aerodynamic constraints. Lepidoptera HWs frequently show large shape variation between species, such as the presence of scalloped edges or expanded tails (Robbins, 1981;Rubin et al., 2018), contrasting with the generally subtler variation in FW shape. HW tails that closely resemble a butterfly's head in some lycaenid species are thought to deflect predator attacks (López-Palafox and Cordero, 2017;Robbins, 1981). Similarly, tails in moths were recently shown to have a deflecting role against bat attacks (Barber et al., 2015;Rubin et al., 2018). The evolution of marked HW extensions in response to predation suggests that a large shape variation may occur on butterfly HWs with limited effects on flight performance. Aerodynamic constraints on HWs may thus be slighter than those acting on FWs, limiting the deleterious impact of the evolution of HW variations on flight performance.

Altogether, by studying wing shape variation induced by natural damage, our work suggests that contrasted selective regimes may act on different wing parts of Morpho butterflies, highlighting wing areas under stabilizing and relaxed selection. Ascertaining the variation in aerodynamic constraints within and between insect wings may thus provide important insight on the evolution of wing morphology. Further experimental studies generating a large diversity of wing damage should enable a better understanding of these constraints. andC). After each superimposition, missing wing area were counted at the pixel scale. The pixel matrix shown here is at very low resolution for the sake of simplicity. Note that the natural shape variation between individuals (i.e. not due to wing damage) was eliminated so as to match the intact template. 

Main text

Insects display a large diversity of flight patterns reflecting their highly diversified ecologies, from the sustained, energy-efficient flight of long-range migrating species, like the desert locust [START_REF] Taylor | Dynamic flight stability in the desert locust Schistocerca gregaria[END_REF] and monarch butterflies (Altizer & Davis, 2010), to the highly-manoeuvrable hovering capabilities of nectar feeders such as moths [START_REF] Casey | Flight energetics of sphinx moths: power input during hovering flight[END_REF], bees [START_REF] Dillon | Allometry of maximum vertical force production during hovering flight of neotropical orchid bees (Apidae: Euglossini)[END_REF]) and flies [START_REF] Holloway | Pollen-feeding in hover-flies (Diptera: Syrphidae)[END_REF]. This large diversity of flight modes stems from different morphological and behavioural adaptations, improving different flight performance metrics such as speed, manoeuvrability, take-off or energetic efficiency. Investigating the aerodynamics of insect flight is therefore crucial to understand how natural selection has shaped the tremendous diversity of flight in the wild.

Although insect flight has been studied in detail in several species, including Drosophila [START_REF] Muijres | Flies evade looming targets by executing rapid visually directed banked turns[END_REF], mosquitoes [START_REF] Cribellier | Flight behaviour of malaria mosquitoes around odour-baited traps: capture and escape dynamics[END_REF] and hawkmoths (Willmott & Ellington, 1997), investigating the evolution of flight across closely-related species that have diversified in different habitats may allow to bridge the gap between ecological constraints and the diversification of aerodynamic properties across species.

Here, we explore the diversity of flap-gliding flight in the butterfly genus Morpho.

In this neotropical genus, sympatric species display contrasted ecologies, with a group We performed a series of experiments in the field, in a locality of the Amazonian Peru, at the foothill of the Andes. Here, up-to-twelve Morpho species co-occur, allowing to investigate how specialization into different habitats impacts the evolution of flight in closely-related species living in sympatry. Our study consisted of three sub-studies:

(1) We used machine-vision based tracking of wild individuals flying in the wild and in a large cage, to characterize flight behaviour. (2) We then performed geometric morphometrics analyses to precisely quantify the wing shape of these filmed butterflies. ( 3)

Finally, we used computational fluid dynamics (CFD) modelling to assess the aerodynamic efficiency associated with the contrasted wing shapes of species specialized in different habitats.

Using high-speed videography, we recorded 136 sequences of 80 Morpho butterflies freely patrolling in the wild, including four understory and three canopy species (Fig. 1).

From the temporal positions of each wing stroke, we measured the flapping frequency f , the duration of gliding phases T glide , and the temporal flap-gliding ratio R glide of each flight (Fig. 1). While little variation was found in flapping frequency, two of the studied canopy species (M. cisseis and M. telemachus) showed sharply longer gliding phases than all understory species, spending about half of their time with the wings kept out steadily. The third canopy species, M. rhetenor, has a strikingly different wing shape as compared to the other canopy species, and showed surprisingly limited use of gliding, even less than all understory species (Fig. 1). Although broadly corroborating field observations (DeVries et al., 2010), these findings highlight that contrasted flight behaviours exist within the canopy clade.

To finely characterize differences in flight behaviour and wing morphology between canopy and understory species, we built a large outdoor insectary (9m × 4m × 2.5m) equipped with stereoscopic high-speed videography system for tracking the three dimensional flight kinematics of wild butterflies. Using this setup, we tracked 241 flights from 82 wild-caught Morpho butterflies belonging to eight understory species and three canopy species (Fig. 2A).

We first assessed whether the flights performed in the insectary reliably reflected natural behaviour by comparing behaviours in the cage to the flights recorded in the wild (Fig. 1). Captive condition was found to reduce the extend of flap-gliding flight in the canopy species (Table S2). Understory species were surprisingly little affected, suggesting that they may be accustomed to flying in confined spaces. Overall, the interspecific variation in flight behaviour in the insectary remained broadly consistent with that observed in the wild (Fig. 1).

Flapping frequency (Hz) We then characterized each flight recorded in the outdoor insectary using eleven flight kinematic parameters. For this, we first divided each flight into flapping phases and gliding phases (Fig. 2B). The complete flap-gliding flight was characterized using the six parameters height h, trajectory curviness r and sinuosity S, speed V , acceleration A, and glide-ratio R glide ; the flapping phases were characterized using flapping frequency f , advance-ratio J, and ascend-angle γ ascend ; the gliding phases were characterized using glide-angle γ glide and glide-duration T glide (See Supplementary Methods and Table S1 for details).

A Principal Component Analysis (PCA) performed on these flight parameters showed that flight behaviour differed between microhabitats (Fig. 2C). A phylogenetic MANOVA confirmed that this difference was higher than expected from a Brownian model of character evolution (Table S3). This shows that the divergence in flight mode observed between canopy and understory species does not stem only from the phylogenetic distances between the groups but points at an effect of the contrasted selection regimes acting on flight evolution in the two microhabitats. Gliding and flapping efficiency (measured with the glide angle during gliding phase and the ascent angle during flapping phases, respectively) were higher in canopy species, and found to diverge more strongly than expected from phylogenetic distance (see Table S3).

Principal component 1 reflected the relative use of gliding flight (variation in glideduration, glide-angle and glide-ratio), which was comparable in both canopy and understory species when flying in captivity (Fig. 2C ). This suggests that understory species have a more powerful wingbeat producing higher aerodynamic forces and leading to higher advance ratios and straight high-speed flights.

Using phylogenetic ANOVAs on each flight parameter separately, we found that glide angle and ascent angle were the only two metrics that were on their own significantly more divergent between the canopy and understory groups than predicted by phylogenetic distances (Fig. 2D, Table S3), suggesting a strong effect of natural selection on these two flight components.

During gliding, the canopy species had a 36% lower glide angle than the understory species (γ glide = 7°± 2°for 61 glides of canopy species; γ glide = 11°± 1°for 135 glides of understory species, Fig. 2D). Such shallower glides of canopy species allow them to travel longer distances for a given height loss, consistent with the longer gliding phases measured in the wild. Glide angle is directly related to the aerodynamic efficiency parameter lift-to-drag ratio (Norberg, 2002). Therefore, these results question whether the evolution of wing shape in canopy species results in aerodynamic properties leading to higher gliding efficiency (Ortega Ancel et al., 2017).

During the flapping phase, canopy species also climbed more steeply: their mean ascent angle was 70% larger than for understory species (γ ascent = 22°±3°for 70 flapping phases of canopy species; γ ascent = 13°± 1°for 171 flapping phases of understory species, Fig. 2D). Thus, although understory species tend to fly at higher advance ratios and flight speeds (Fig. 2C,PC2), the ascend angle of canopy species is higher (Fig. 2C, PC1; Fig. 2D). This could stem from an increased behavioural tendency of canopy species to fly up, and/or from a higher climbing efficiency generated by their morphology.

Taken together, our quantification of flight behaviour in the wild and of 3D trajectories in controlled conditions demonstrated an evolution of increased use of gliding flight in canopy species with a higher glide efficiency (Fig. 2D) on one hand and a reduction in aerodynamic force production during forward flapping flight (Fig. 1C, PC2) on the other hand, driven by the selection regime associated with the open canopy habitat.

We then asked how much of the adaptive evolution of flight mode between canopy and understory species stems from morphological divergence. We thus precisely quantified wing shape variation in the filmed butterflies using geometric morphometrics and tested the covariation with flight behaviour in a phylogenetic partial least square analysis (Rohlf & Corti, 2000). A significant covariation was detected (Fig. 3A), which was mainly driven by variation in the kinematics parameters associated with aerodynamic force production for flapping flight (flight speed and advance-ratio).

Further analyses revealed that wing-loading W L also largely explained variation in flight speed, where butterflies with higher wing-loading flew faster and at higher advance-ratios (Fig. 3A and Table S4). This suggests that the evolution of morerounded wings and higher wing-loading indeed increased force production during flapping flight (Fig 3A). Such association between wing shape and flight power attests of a tight co-evolution between flight and a suite of morphological traits.

Contrary to the parameters related to force production of the flapping flight phases, gliding flight parameters were weakly correlated with variation in wing shape and wing aspect-ratio AR (Fig. 3B, Table S4). Indeed, species from the canopy clade have high glide efficiency but exhibit strikingly diverse wing-loading, aspect-ratio and wing shapes (Fig. 3): two of the studied canopy species are slow flying and have low aspectratio triangular wings with low wing-loading (M. cisseis, and M. theseus), whereas M.

rhetenor is fast flying, has high aspect-ratio elongated wings, and high wing-loading.

These results beg the question of how different changes in wing shapes observed between species influence the evolution of gliding efficiency. To answer this, we used Computational Fluid Dynamics (CFD) to study how wing shape affected aerodynamic gliding efficiency. For this, we selected three Morpho species that represent the three groups within the wing-morphospace (Fig. 3B): ( 1 during their gliding flight (Fig. 4A andS2). We then performed gliding-flight CFD simulations to determine the lift-to-drag ratio to angle-of-attack curve (L/D -α) for each tested wing (Fig. 4B). For all three species, a peak of L/D was attained at an angle-of-attack of 6°(Fig. 4B). The two canopy species (M. cisseis and M. rhetenor ) both showed ∼ 12% greater L/D than the understory species (M. deidamia) (peak L/D M. cisseis = 5.83; M. rhetenor = 5.71; M. deidamia = 5.18), indicating that their wing shape confer higher aerodynamic efficiency during gliding flight.

Wing shape primarily affects induced drag of a wing, which inversely scales with the product of wing aspect-ratio AR and span-efficiency e [START_REF] Henningsson | Span efficiency in hawkmoths[END_REF]. Therefore, we tested how these parameters varied between species and affected L/D (see Supplementary Methods).

The wing planform of M. rhetenor has a higher aspect-ratio that the other two species (Fig. 4A,C), whereas M. cisseis had a higher span-efficiency that M. rhetenor and M. deidamia (Fig. 4C). Total aerodynamic efficiency, as resulting from the product of span-efficiency and aspect-ratio, was higher in the two canopy species, consistent with their higher L/D (Fig 4C). These results provide functional evidence that wing shape divergence among Morpho species directly affect aerodynamic efficiency of gliding flight.

Interestingly, they also show that different groups of canopy species with contrasted wing shape achieve similar high L/D through different aerodynamic mechanisms. Canopy species M. rhetenor has an increased glide efficiency due to an increase in wing aspectratio, whereas canopy species M. cisseis maximizes glide efficiency through increased span-efficiency.

Span-efficiency is maximum (equal to 1) for an elliptic spanwise lift distribution and a spanwise constant bound circulation; any deviation from these distributions reduces span-efficiency [START_REF] Henningsson | Span efficiency in hawkmoths[END_REF]. The enhanced span-efficiency in M.

cisseis can thus be explained by the lower reduction in spanwise lift near the root of the wing in M. cisseis (Fig. 4D). Iso-surfaces of constant vorticity around the wings (Fig. 4E-G) show that all gliding butterflies produce two tip vortices and a stable Leading-Edge-Vortex. The M. cisseis wing produces no distinct vortices in between the tip vortices, whereas M. rhetenor and M. deidamia do: the wing root vortices in M.

deidamia and vortices at two-third span in M. rhetenor. This shows that M. cisseis has more optimal spanwise distributions of both lift and bound circulation, resulting in higher span-efficiency. observed in the canopy species. Our CFD demonstrates that the higher gliding efficiency of canopy species is achieved through highly diverging aerodynamic mechanisms, either by increasing span-efficiency of wing platform, or by enhancing wing aspect-ratio. This divergence in wing shape is strongly correlated to differences in flight behaviour, as M. rhetenor is a fast flyer that almost continuously flaps its wings, whereas the canopy species with increased span-efficiency are slow-flying and perform the long gliding phases typical for canopy species. By demonstrating this co-divergence of wing shape and flight mode among sympatric species flying in different forest strata, our findings illustrate that adaptive evolution often proceeds via a combination of morphological and behavioural adjustments.

Supplementary Materials

Materials and Methods

Studying flight behaviour, kinematics and performance in field and semi-field

Our field study was performed from July to September 2017 in the regional park of the Cordillera Escalera (San Martin Department), in the North of Peru (32°27'07"S, 76°20'47"W; ca. 450 m a.s.l.). This area is among the most Morpho-species-rich parts of Amazonia [START_REF] Blandin | Evolution and diversification of Neotropical butterflies: Insights from the biogeography and phylogeny of the genus Morpho Fabricius, 1807 (Nymphalidae: Morphinae), with a review of the geodynamics of South AAmerica[END_REF]. We studied exclusively males, as females were too rarely seen due to their cryptic flight behaviour, contrasting with the extensive patrolling displayed by males. Only undamaged specimens were selected. Wing damage significantly affect flight performance (Fernández et al., 2017;Le Roy et al., 2019) and hence would have obscured the link between wing shape and flight dynamics.

Our field work consisted of two sub-studies: In Sub-study 1 we used high-speed videography to observe flap-gliding flight in the wild of 80 specimens belonging to four understory species (M. helenor, M. achilles, M. deidamia, M. menelaus) and three canopy species (M. rhetenor, M. cisseis, M. telemachus). In Sub-study 2 we used an outdoor insectary equipped with a stereoscopic high-speed videography system (Fig. S1) to study in detail the three-dimensional kinematics of 241 flights of 82 Morpho butterflies, belonging to eight understory species and three canopy species.

For the semi-field study, butterflies were captured in the wild, which occurred in unbalanced proportions: about 10 individuals were captured for the most commonly encountered species, i.e. M. helenor, M. achilles, M. menelaus, M. godartii, M. deidamia, M. cisseis, M. rhetenor, whereas fewer individuals were captured in rarely encountered species such as M. marcus (n = 2), and for species inhabiting the less-accessible cloud forest i.e. M. theseus, M. sulkowskyi, M. aurora (n = 5, 2 and 1 respectively) (see Fig. 1 in main text). Species inhabiting cloud forests were collected in the Alto Mayo region, near the village of El Afluente (5°39'45"S, 77°41'47"W; ca. 1300 m a.s.l.), located 230 km North-West from Tarapoto.

Sub-study 1. Quantifying flap-gliding flight behaviour in the wild

To investigate flap-gliding behaviour in natural conditions, flight sequences were recorded in the wild using a handheld high-speed camera (Gopro Hero5 Black set at 120 images per second). A total of 136 natural flight sequences were recorded (mean duration of 2.81 ± 2.53) s, ranging from 0.6 to 16.0 s.), covering three canopy and three understory species. In each video, we manually identifying the start of the downstroke and upstroke of each wingbeat. From this, we separated the flight sequence in to flapping phases and gliding phases. Gliding phases were defined as periods in which the wings were not flapping for at least 0.17 s (20 video frames). For each flapping phase, we determined the average wingbeat frequency as:

f = N W B /T f lap
where N W B is the number of wingbeats in the flapping phase and T f lap is the duration of the flapping phase. For the gliding phases, we determined the gliding duration (T glide ). From this, we determined glide ratio of the flap-glide flight as:

R glide = T glide /T total
where T total is the length of the digitized video.

Sub-study 2. Studying flap-gliding flight behaviour, kinematics and performance in in semi-field conditions

To study flap-gliding flight of Morpho butterflies in detail, we built a large outdoor insectary (9m × 4m × 2.5m) equipped with stereoscopic high-speed videography system for recording flying butterflies (Fig. S1). The insectary was located in a sheltered spot unexposed to wind close to the field study site.

Prior to each experiment, we captured butterflies mainly at the same site as in Sub-study 1. Captured specimens were released from a shaded side of the insectary, and generally flew towards the sunniest part of the flight arena. We filmed the flights using the videography system, consisting of three orthogonally positioned video cameras (Gopro Hero5 Black, recording at 240 images per second). Two cameras were mounted horizontally on tripods, and provided a side and front view of the flying butterfly.

The third camera was fixed to the ceiling facing downwards, and thus provided a top view. Only trials in which butterflies flew lengthwise across the insectary were used for analysis, thus assuring comparability between flight sequences. Multiple trials were performed until three suitable sequences were obtained for each individual whenever possible. A total of 241 sequences were included in the analyses, with a mean duration of 2.16 ± 0.83 s, ranging from 0.6 to 6.0 s (Fig. 2A in main text). Fig. S1. Experimental set-up used to reconstruct the three-dimensional trajectories of butterflies. Butterflies were filmed in a large outdoor insectary (9m × 4m × 2.5m) made of fine mesh, using three orthogonally positioned video cameras.

Analysis of the videography data was done in MATLAB (Mathworks Inc). Stereoscopic video sequences obtained from the three cameras were synchronized with respect to a reference frame. Prior to each filming session, the camera system was calibrated with the direct linear transformation (DLT) technique [START_REF] Hartley | Multiple view geometry in computer vision[END_REF] by digitizing the positions of a wand moved throughout the insectary. Wand tracking was done using DLTdv6 (Hedrick, 2008), and computation of the DLT coefficients was performed using easyWand (Theriault et al., 2014). Frame distortion (fisheye effect) due to wide-angle settings was also corrected in DLTdv6. After spatial and temporal calibration, we also used DLTdv6 (Hedrick, 2008) to digitize the three-dimensional positions of the butterfly at each video frame by manually tracking the body centroid in each camera view. In addition, the start and end of each wingbeat was identified by manually digitizing the video frames at which the wing was at the highest upstroke positions and the lowest downstroke positions, thus transcribing the spatial and temporal position of each wing stroke along the flight trajectory (Fig. 2B in main text).

Based on these wing stroke data, we used the same method as in the field study (sub-study 1) to determine the flap-gliding flight parameters wingbeat frequency f , glide duration T glide , and flap-gliding glide ratio R glide . This allowed for a direct comparison between flight behaviour in the field and in the insectary.

Butterfly positions throughout the flight trajectory were post-processed using a linear Kalman filter [START_REF] Muijres | Flies evade looming targets by executing rapid visually directed banked turns[END_REF], providing smoothed temporal dynamics of location X(t), velocity U (t) and acceleration A(t) of the body centroid, in the world coordinate system. Based on these data, we determined flight-averaged flight height h, flight speed U , and acceleration A. We characterized the straightness of the trajectories using two different parameters: sinuosity and curvature [START_REF] Greenwood | Principles of dynamics[END_REF]) (see Table S1 for formula). For the flapping phases, we quantified propulsive performance [START_REF] Ellington | The aerodynamics of hovering insect flight. II. Morphological Parameters[END_REF] by the advance ratio as:

J f lap = U f lap /f
and ascent angle as:

γ ascend = tan -1 (U ver /U hor )
where U f lap is the average flight speed during the flapping phase, and U ver and U hor are the vertical and horizontal components of it, respectively. On the gliding phases, we quantified gliding efficiency using glide angle, computed as:

γ glide = arctan(D ver /D hor )
where D ver is the vertical distance (height loss) and D hor is the horizontal distance covered during the gliding phase.

The correlations between the measured flight parameters were all smaller than 0.7, showing that they were not fully redundant, and they were then assumed to describe at least partly different aspects of flight behaviour. We retained the mean and maximum values out of the three flight sequences analyses per individual. Mean and maximum values per species were also computed to perform subsequent phylogenetic comparative analysis.

Detailed description and formula of each flight parameter measured during our experiments can be found in Table S1.

Quantifying variation in wing shape and body morphology

After being filmed, the detached forewings and hindwings of each specimen were photographed in dorsal view using a Nikon D90 camera in controlled light conditions. We used a landmark-based geometric morphometric method (Bookstein, 1997;Adams et al., 2004). Geometric morphometric has been widely used to describe biological shapes, notably insects wing (Breuker et al., 2010;Outomuro et al., 2013;Chazot et al., 2016), albeit rarely in combination with flight analysis (e.g. Fraimout et al., 2018). We described wing shape outline using 300 semi-landmarks equidistantly spaced along the wing outline. Semi-landmarks are commonly used to describe curvy shapes such as wing outlines, which lack of identifiable landmarks (Gunz & Mitteroecker, 2013). We placed one fixed landmark at the wing base, fixing the overall landmark configuration, and the semi-landmarks were slid along the local tangent to the curve in an iterative process, to remove the variation along the outline due to a lack of homology (Gunz & Mitteroecker, 2013). The procedure was applied to the left fore-and hindwing. All landmarks were digitized using TpsDig2 (Rohlf, 2015).

In order to compare wing shapes of different specimens, we then performed a Generalized Procrustes Analysis (Rohlf & Slice, 1990) separately on forewings and hindwings using the geomorph R package (Adams & Otárola-Castillo, 2013). Flight results from the joint use of the two pairs of wings, and is therefore potentially affected by their combined shape variations. To test the relationship between wing shape and flight behaviour, we thus combined the two datasets as follows. After the independent superimpositions of the two sets of wings, we conducted a principal component analysis (PCA) on each set of procrustes coordinates. We then combined the principal components (PCs) of each of these two PCAs, and performed a new PCA on this global dataset to obtain PC axes combining the information of the fore-and hindwing of each individual. Wing shape variation was further described at the species level to allow phylogenetic analyses. For such analyses, we computed the mean shape of each species as their mean landmark coordinates in the individual morphospace. The between-species shape variation was described following the same process explained above, but using the mean species wing of microhabitat on flight behaviour while controlling for the phylogenetic distance, for each flight parameter using phylogenetic ANOVAs, and all parameters together using a phylogenetic MANOVA [START_REF] Freckleton | Phylogenetic analysis and comparative data: a test and review of evidence[END_REF][START_REF] Harmon | GEIGER: investigating evolutionary radiations[END_REF]. The effect of microhabitat was tested on both insectary and wild-measured flight parameters.

Effect of wing loading and aspect ratio on flight parameters

We tested the effect of wing loading and wing aspect ratio on the set of flight parameters using multivariate regressions. These effects were additionally tested while accounting for phylogeny using multivariate phylogenetic regression (function procD.pgls of the R package geomorph (Adams, 2014b)). In order to explore the specific effect on these morphological features on the different aspects of flight behaviour, we then performed separated standard and phylogenetic linear regressions on each flight parameter (Table S4).

Covariation between wing shape and flight behaviour

The covariation between wing shape and flight was tested accounting for the phylogenetic structure by performing a phylogenetic two-blocks partial-least squares regression ("2B-PLS", function phylo.integration of the R package geomorph (Adams, 2014b)) between shape and flight data (i.e. shape PCs and flight parameters). 2B-PLS analysis focuses on the covariation between two sets of multivariate data, by constructing pairs of linear combinations of parameters within each dataset that maximally co-vary across datasets Rohlf & Corti (2000). The shape block of the PLS combines information from both the fore-and hindwing, thus preventing a direct visualisation of the shape change correlated with flight. We then separately assessed the contributions of forewing and hindwing to the PLS shape axis. The corresponding shape changes were visualized by projecting the regression scores obtained from multivariate regressions of procrustes wing coordinates on the PLS shape axis [START_REF] Monteiro | Multivariate regression models and geometric morphometrics: the search for causal factors in the analysis of shape[END_REF][START_REF] Klingenberg | Size, shape, and form: concepts of allometry in geometric morphometrics[END_REF].

Studying the aerodynamics of gliding flight using computational fluid dynamics 1

Computational Fluid Dynamics (CFD) allows detailed analysis of the fluid flow dynamics using numerical solving of the Navier-Stokes equations [START_REF] Hu | Computational fluid dynamics[END_REF], and has become an essential tool for the study of insect flight aerodynamics (e.g. Liu & Kawachi, 1998;Sane, 2003;Young et al., 2009). We used the CFD solver ReFRESCO (https:

1 this section is part of ongoing collaboration and await for further details.

//www.refresco.org/) to study how Morpho wing shape affects the aerodynamic performance during gliding flight. Computational meshes were generated with HEXPRESS (https://www.numeca.com/en_eu/product/hexpress).

Testing and validating the CFD model

We selected and validated the CFD model, including turbulence model, using empirical flight kinematic data obtained in the field, and focused specifically on a glide sequence of M. cisseis individual. From the wing orientation and glide velocity we determined the wing dihedral angle Γ and angle-of-attack α. From the body velocities and accelerations during the glide, we determined the lift-to-drag ratio of the gliding butterfly as:

L/D butterf ly = (F aero -v, F aero v)/( v, F aero v)
where F aero is the aerodynamic force and can be computed from Newton second law:

ma = mg + F aero
The lift-to-drag ratio of a single wing was then estimated as:

L/D wing = L/D butterf ly /cos(Γ)

We then performed CFD simulations of the gliding flight of M. cisseis using its actual wing shape, flight speed and angle-of-attack, with various turbulence models. For each simulation the lift-to-drag ratio of the wing was determined.

At the here-simulated transitional Reynolds number regime, aerodynamic performance is notoriously difficult to quantify, and thus the turbulence model needed to be chosen carefully. We therefore tested four turbulence models by comparing the lift-todrag ratio from each simulation with that of the real butterfly. The SST k-ω turbulence model [START_REF] Menter | Zonal two equation kw turbulence models for aerodynamic flows[END_REF] had the best match, as L/D from this simulation was only xxx% higher than for the real butterfly. See supplementary text for more details about the model selection, grid size and uncertainty analysis.

Running CFD simulation with Morpho wing shapes

Because CFD simulations rely on large computational resources, we restricted the anal-ysis to three Morpho species with strongly divergent wing shapes: M. cisseis, a canopy species with large triangular wings, M. rhetenor, a canopy species with markedly elongated wings, and M. deidamia, an understory species with rounded wings.

For each species, we selected the stereoscopic video where a significant glide occurred just under the top-view camera. From the top-view video, we traced the outline of the wing during gliding, which was used to build the virtual wing model for that species.

No such gliding sequences were however available for individuals M. rhetenor. We hence built its gliding wing shape using the same overlap between fore-and hindwings observed in the other species when gliding (see Figure S2).

Because we aimed to study the effect of wing planform shape on aerodynamics, we kept all other metrics as similar as possible between simulations. Therefore, for all butterflies, we modelled fluid dynamics around the left wing, and the interaction effect with the right wing was modelled using a symmetry plane (Fig S2). All wings consisted of a single rigid flat plate of 1 mm thick, with the edges rounded as a semi-circle of 0.5 mm radius (Fig. S2D). This wing 1 mm thickness is similar to that of the largest veins located on the leading edge, which is a region that is particularly important regarding airflow development and separation (Ellington et al., 1996;Sane, 2003). We ignored wing flexibility effects, the effect of potential gaps between the fore and hind wing, and the effect of the body, as this was not related to our research question.

To remove the effect of Reynolds number on flow dynamics and glide performance, we performed all simulations at a mean-chord-based Reynolds number of Re = U ∞ c/v = 5200, where U ∞ is inflow velocity, c is mean wing chord and v is kinematic viscosity.

Because the three studied species have different wing chord lengths, we achieved this by varying the inflow velocity between species (as U ∞ c/v = 5200). This resulted in U ∞ =1.59 m.s -1 ; for M. cisseis, U ∞ =1.97 m.s -1 for M. deidamia, and U ∞ =1.98 m.s -1

for M. rhetenor. All the simulation set up were run using four meshes of increasing resolution, to estimate the numerical uncertainty brought by the spatial discretization.

For each species, we performed gliding flight simulations at angles-of-attacks ranging from 2°to 20°, with a step size of 2°. At each angle-of-attack, we quantified the airflow dynamics, determined the lift coefficient C L , drag coefficient C D and lift-to-drag ratio L/D of the wing (Vogel, 1994). 

CFD data analysis

For each studied butterfly, we determined the lift-to-drag ratio to angle-of-attack curve, which we used to determine maximum lift-to-drag ratio. At maximum lift-to-drag ratio, we visualized the airflow dynamics around the wings using shear stress as streamlines, pressure distribution on the wing surfaces and Lambda2 criterion, color-coded with the ratio of eddy viscosity on viscosity.

To determine why the different wing shapes have different maximum lift-to-drag ratios, we used aerodynamic theory to study how drag varied with wing shape. The drag of a wing is defined as C D = C D0 + C Di , where C D0 is profile drag and C Di is lift-induced drag. The lift-induced drag predominantly varies with wing shape as it is defined as:

C Di = C 2 L /π AR e
where AR and e are the aspect-ratio and span efficiency of the wing, respectively. Thus, a wing with a high aspect ratio and a high span efficiency has low lift-induced drag, and consequently a high lift-to-drag ratio. We therefore determined for each wing shape, the aspect ratio based on the wing planforms, and span efficiency based on the CFD data as:

e = (π AR dC D /dC 2 L ) -1
Here, we calculated the derivative dC Di /dC 2 L using a linear fit on the pre-stall C D -C 2 L polar data. Span efficiency is maximum (equal to 1) for an elliptic spanwise lift distribution; any deviation from this elliptic distribution, reduces span efficiency. Therefore, we also determined the spanwise lift distribution of each wing at its maximum lift-to-drag ratio, by integrating the pressure difference across the wing surface along the chord. Jantzen and Eisner ( 2008) [START_REF] Greenwood | Principles of dynamics[END_REF] Sinuosity, S 2 full trajectory Sinuosity was computed as the ratio of the actual distance covered over the distance between start and end position, with

total distance = x i+1 -x i-1 ) 2 + (y i+1 -y i-1 ) 2 + (z i+1 -z i-1
) 2 where i correspond to the frame in which the x, y and z coordinates were digitized. And distance between start and end position = (x

start -x end ) 2 + (y start -y end ) 2 + (z start -z end ) 2 )
where xyz start and xyz end correspond to the first and last coordinates digitized, respectively.

Speed, V (m.s -1

) 2 full trajectory Speed V was computed as the rate of change in position with time. The instantaneous speed

v(i) = √ (xi+1-xi-1) 2 +(yi+1-yi-1) 2 +(zi+1-zi-1) 2 ti+1-ti-1
where i correspond to the frame in which the x, y and z coordinates were digitized and t correspond to the instantaneous time at frame i.

Acceleration, A (m.s -2 ) 2
full trajectory Acceleration (A) was computed as the derivative of velocity.

The instantaneous acceleration a(i) = d dt v(i) where v correspond to the instantaneous velocity at frame i.

Glide ratio, R gliding phase Gliding phases were defined as periods in which the wings were not flapping for at least 0.17 s. The duration of gliding phases was quantified as the time spent without flapping, above a 0.17 s threshold.

Glide angle, γ glide (degrees) Table S4. Effect of wing loading (WL) and wing aspect-ratio (AR) tested separately on each flight parameters. Results obtained using standard linear regression and phylogenetic regression are shown. The effect of both WL and AR was significant when tested on the whole set of flight parameters using multivariate regressions (WL: F 11,880 =6.4; P <0.001; AR: F 11,880 =4.4; P <0.001). WL and AR showed a significant phylogenetic signal (WL : K =0.98; P =0.04; AR : K =1.13; P =0.03). Accounting for phylogenetic structure, multivariate regressions also indicated a significant effect of WL on flight as described by the full set of parameters (F 1,10 =3.1; P =0.03) but not of AR (F 1,10 =0.6; P =0.25). 

Introduction

The evolution of animal locomotion is driven by selection on the ability to perform fitness-related tasks such as escaping from predators, finding resources or defending a territory [START_REF] Swingland | The ecology of animal movement[END_REF][START_REF] Turchin | Quantitative analysis of movement: measuring and modeling population redistribution in animals and plants[END_REF]. Habitat characteristics shape the selective regime acting on the evolution of animal movements, by generating physical constraints on animal movements [START_REF] Goodman | Life on the rocks: habitat use drives morphological and performance evolution in lizards[END_REF]Crall et al., 2015;[START_REF] Sathe | Sprint sensitivity and locomotor trade-offs in green anole (Anolis carolinensis) lizards[END_REF] and by determining the community of species interacting with the studied animals [START_REF] Willson | Avian community organization and habitat structure[END_REF][START_REF] Denno | Direct and indirect effects of vegetation structure and habitat complexity on predator-prey and predatorpredator interactions[END_REF]Willmott et al., 2017). Predation in particular, is a strong selective pressure acting on movement capacity, promoting for example maximum sprint speed or burst of acceleration in prey species [START_REF] Domenici | Animal escapology I: theoretical issues and emerging trends in escape trajectories[END_REF].

The interactive effect of habitat and predation may result in trade-offs between traits enhancing successful escape (e.g. maximum speed, acceleration) and those enabling to handle physical cluttering and substrates (e.g. stability, manoeuvrability). In lizards for instance, sprint speed dramatically varies with substrate complexity and environment clutter [START_REF] Losos | The effects of morphology and perch diameter on sprint performance of Anolis lizards[END_REF][START_REF] Sathe | Sprint sensitivity and locomotor trade-offs in green anole (Anolis carolinensis) lizards[END_REF], so that contrasted escape behaviours might be promoted depending on habitat configuration [START_REF] Irschick | Do lizards avoid habitats in which performance is submaximal? The relationship between sprinting capabilities and structural habitat use in Caribbean anoles[END_REF]. Ultimately, specialization of prey species in particular habitat can thus influence the evolution of escape ability through changes in the morphological traits and behaviours involved [START_REF] Goodman | Life on the rocks: habitat use drives morphological and performance evolution in lizards[END_REF].

While the influence of habitat specialization on escape behaviour has been widely investigated in terrestrial animals, particularly in lizards [START_REF] Martin | Influence of habitat structure on the escape tactics of the lizard Psammodromus algirus[END_REF][START_REF] Irschick | Do lizards avoid habitats in which performance is submaximal? The relationship between sprinting capabilities and structural habitat use in Caribbean anoles[END_REF][START_REF] Kotler | Foraging substrate and escape substrate: patch use by three species of gerbils[END_REF][START_REF] Foster | Determinants of lizard escape performance: decision, motivation, ability, and opportunity. Escaping from predators: An integrative view of escape decisions and refuge use[END_REF], few studies have questioned how habitat influences the evolution of escape abilities in flying animals [START_REF] Lima | Ecological and evolutionary perspectives on escape from predatory attack: a survey of North American birds[END_REF][START_REF] Devereux | Habitat affects escape behaviour and alarm calling in common starlings Sturnus vulgaris[END_REF]. Most flying animals exhibit a large range of flight manoeuvers (Aldridge, 1987;Betts & Wootton, 1988;[START_REF] Dakin | Morphology, muscle capacity, skill, and maneuvering ability in hummingbirds[END_REF], likely enabling successful escape from different predators and in various situations. Rapid take-off and a steep, ascending flight may be promoted when evading threats coming from the ground [START_REF] Metcalfe | Diurnal variation in flight performance and hence potential predation risk in small birds[END_REF][START_REF] Møller | Up, up, and away: relative importance of horizontal and vertical escape from predators for survival and senescence[END_REF], while high manoeuvring capacity may be especially advantageous to avoid aerial predators [START_REF] Hedenström | Predator versus prey: on aerial hunting and escape strategies in birds[END_REF]Combes et al., 2012;[START_REF] Muijres | Flies evade looming targets by executing rapid visually directed banked turns[END_REF]. Hunting behaviours of different predators on flying prey interact with habitat structure in promoting escape flight manoeuvers achievable in a given environment. In the common starling Sturnus vulgaris for example, individuals foraging in high vegetation escape predators by flying close to the ground, whereas those foraging in open grass swards show steeper escape trajectories [START_REF] Devereux | Habitat affects escape behaviour and alarm calling in common starlings Sturnus vulgaris[END_REF]. This suggests either contrasted escape strategies depending on predator communities (i.e. staying close to the ground may reduce detection by some predators), or on the constraints imposed by habitat structure on manoeuvrability (i.e. steep take-off may be impeded by dense vegetation). Behavioural response to predation is thus a highly plastic trait, such plasticity being likely favoured by the variability of attacks and the heterogeneity of the environment. A long term selection in the most commonly encountered environmental conditions should nevertheless promote the evolution of specific escape behaviours, and thus trigger behavioural divergence across habitats. Surprisingly, no study so far has tested whether habitat selection may result in adapted escape ability among flying species showing habitat specialization (see [START_REF] Goodman | Life on the rocks: habitat use drives morphological and performance evolution in lizards[END_REF] example in lizards).

In tropical forests, important variation in vegetation density, light and feeding resources occur along vertical strata, representing distinct microhabitats housing different communities of predators and prey [START_REF] Harrison | The distribution of feeding habits among animals in a tropical rain forest[END_REF][START_REF] Vieira | Vertical stratification of small mammals in the Atlantic rain forest of south-eastern Brazil[END_REF].

Butterfly communities in particular, differ strikingly among forest strata, some species flying only near the forest floor, others in the mid understory or at the canopy levels [START_REF] Devries | Species diversity in vertical, horizontal, and temporal dimensions of a fruit-feeding butterfly community in an Ecuadorian rainforest[END_REF](DeVries et al., , 2010;;Cespedes et al., 2015). Vertically segregated butterflies may thus have to escape different range of predators (e.g. ground or aerial predators) (Willmott et al., 2017) encountered in contrasted environmental conditions. Such variation in microhabitat and associated predator community may thus strongly influence the evolution of escape flight behaviour and performance in butterflies.

In this study, we investigated variation in climbing flight performance among Neotropical butterflies from the genus Morpho living in sympatry. The different species studied here show a strong vertical segregation: in most Morpho species, individuals fly within the first forest strata in the understory, but there is a clade of species where individuals fly much higher, up to the canopy [START_REF] Michael | Lebensweise und Gewohnheiten der Morpho des Amazonasgebietes[END_REF]DeVries et al., 2010). Difference in spatial configuration between forest strata (cluttered vs. open environment) is thought to play an important role in the evolution of flight behaviour and wing shape in Morpho butterflies (DeVries et al., 2010;Chazot et al., 2016). A previous empirical study on wild Morpho butterflies has indeed shown that individuals from canopy species tend to glide more extensively and have higher gliding performance as compared to species living in the understory (Chapter 3 of this thesis). Habitat-associated predation may nevertheless also represent a major selective force, acting in particular on the evolution of escape flight behaviour. Understory species may indeed face ground predators more frequently than canopy species, selecting for particular escape ability. The most efficient escape behaviour may also depend on spatial configuration, limiting the range of possible escape manoeuvers in closed as compared to open environment. Interestingly, higher tendency to perform upward-flight in butterflies was found in canopy species as compared to understory species, both in controlled and wild environments (Chapter 3). Such behavioural difference could be driven by habitat specialisation, promoting a higher motivation to fly up in canopy species, and also favoured by greater performance in climbing flight enabled by wing shape and wing kinematics evolution in the canopy species clade.

To assess whether Morpho species living in different forest strata show contrasted climbing flight abilities, we performed a comparative study of upward-directed flight, a power-demanding flight manoeuver crucial to evade predators [START_REF] Alexander | Nature's flyers: birds, insects, and the biomechanics of flight, 1st edn[END_REF][START_REF] Møller | Up, up, and away: relative importance of horizontal and vertical escape from predators for survival and senescence[END_REF]. Using stereoscopic high-speed videography, we quantified the wing and body kinematics of evasive climbing flight among ten individuals from canopy and sixteen individuals from understory species. We estimated climbing performance using the climb speed and angle, and examined how variation in wingbeat kinematics and morphology among species contribute to variation in climbing flight performance.

Finally, we perform phylogenetic analyses to test whether the observed difference in climbing performance simply results from phylogenetic divergence among species or is also influenced by contrasted selective pressures encountered in different microhabitats.

Materials and Methods

Sampling

The sampling was performed from July to September 2017 in North Peru near the city of Tarapoto, along the Rio Shilcayo (6°27'07"S, 76°20'47"W; ca. 450m) and the village of San Antonio de Cumbasa (6°24'24"S, 76°24'25"W; ca. 470m). In total 132

Morpho butterflies (including 3 canopy species and 9 understory species) were captured and filmed. The majority of the butterflies were captured with hand-nets, and were carried in entomological envelopes inside plastic boxes, next to a bottle of frozen water preventing overheating. The less-encountered, and harder to catch canopy species were captured using elongated net-shaft in open environment such as middle of rivers or bottom of waterfalls, where they fly slightly lower than usual.

Filming evasive climbing flight

Film acquisition was performed within few hours after the capture. The experimental setup consisted of a large outdoor insectary (8m × 4m × 2.5m) within which a funnelshaped dark mesh tunnel (1 meter long) was built. A single butterfly was released in the dark tunnel, from which it would directly fly towards the bright exit. The setup constrained the butterfly to fly throughout a restricted zone (the tunnel exit) at which three cameras (GoPro Hero4 Black set at 240 frames per second) were positioned (Fig. 1A). The close proximity of the cameras from the flying butterfly allowed a clear view of its wings and body movements. Multiple trials were performed until a minimum of three sequences was obtained for each individual, whenever it was possible. We selected flight sequences in which wingbeats were clearly visible from the different camera views and where individuals performed ascending flight only. We restricted our analysis to ascending flight to ensure comparability, and because it is one the most power-demanding flight manoeuvres, particularly important for evading predator attack [START_REF] Alexander | Nature's flyers: birds, insects, and the biomechanics of flight, 1st edn[END_REF]. A total of 72 flight sequences were selected, including 41 flights from canopy species (cumulating 106 wingbeats) and 31 flights from understory species (cumulating 77 wingbeats). The selected flight sequences covered 10 individuals from 2 canopy and 16 individuals from 5 understory species.

After being filmed, each individual was killed and weighted with a precision of 0.01g, and their detached wings were photographed in standardized conditions. From the photographs, we measured the wing area and the second moment of wing area (a parameter describing the distribution of area along the wingspan, linked to the aerodynamic force produced during wing stroke, (see [START_REF] Ellington | The aerodynamics of hovering insect flight. IV. Aeorodynamic mechanisms[END_REF]Le Roy et al., 2019, (Chapter 1 of this thesis)) using WingImageProcessor in Matlab (available at http: //biomech.web.unc.edu/wing-image-analysis/) for subsequent analyses of the effect of morphology on climbing flight performance.

Quantifying climbing flight performance from body kinematics

We first corrected for the image distortion due to the wide-angle settings of the GoPro cameras using Argus DWarp Python routine (Jackson et al., 2016). Sequences of the same flight were then manually synchronized using a reference frame. To recover exact distances from films, cameras were calibrated with the Direct Linear Transformation (DLT) technique (Hartley & Sturm, 1995;[START_REF] Kwon | Kwon3D: Camera Calibration -DLT Method[END_REF] by digitizing an object of known length (here a wand) moved throughout the space of interest. The wand tracking and DLT coefficient computation were performed using DLTdv6 (Hedrick, 2008) and easy-Wand (Theriault et al., 2014) Matlab routine respectively. After spatial and temporal calibration, we also used DLTdv6 (Hedrick, 2008) to digitize the three-dimensional positions of the butterfly at each video frame by manually tracking the body centroid in each camera view. In addition, the start and end of each wingbeat was identified by manually digitizing the video frames at which the wing was at the highest upstroke positions and the lowest downstroke positions, thus transcribing the spatial and temporal position of each wing stroke along the flight trajectory (Fig. 1B).

Butterfly positions throughout the climbing trajectory were post-processed using a linear Kalman filter [START_REF] Muijres | Flies evade looming targets by executing rapid visually directed banked turns[END_REF], providing smoothed temporal dynamics of location of the body centroid. Based on these data, we quantified climbing performance by determining the vertical component of displacement (DX ver ), and of velocity (U ver ), as well as the climb angle (γ climb ) measured as the angle between the horizontal and the velocity vector. We also measured the horizontal components of displacement and velocity (DX hor and U hor ) to assess whether the studied flights were similarly upward-directed.

We finally computed the wingbeat frequency from the temporal stroke positions.

Because the analysed flight sequences varied in wingbeat number (ranging from 1 to 6, mean wingbeat number = 2.5), mean values of the parameters were first computed per-wingbeat, and mean values per individuals were then computed in order to perform subsequent analyses of the effect of morphology on climbing flight performance.

Quantifying wingbeat kinematics of climbing flight

We precisely quantified wing movements executed during climbing flight. Because acquiring these data is a labour-intensive task, we limited this analysis to a sub-sample of species and individuals. We focused on two canopy (Morpho cisseis and M. theseus)

and two understory species (M. achilles and M. sulkowskyi ), and digitized three wingbeats for each species, each taken from a different individual. Wing movements was determined using a manual tracker adapted from a machine-vision-based tracker previously developed for studying flight dynamics of fruit flies [START_REF] Fontaine | Wing and body motion during flight initiation in Drosophila revealed by automated visual tracking[END_REF]. We defined a new geometric wing model adapted to butterflies and doubled the number of wings. Specific wing models were built for both the fore-and hindwing of each species by digitizing the wing outline on high resolution photographs of a specimen. Each wing model consisted of 41 two-dimensional coordinates representing the wing shape, with the known hinge and tip positions. Wings were subsequently considered as rigid flat plates, for simplicity, although they actually endure substantial deformation during the wing stroke (Wootton, 1981).

At each consecutive video frame, the position of the butterfly head, the extremities of the abdomen and wing hinge were digitized from the three camera views. Positions of the wing tips were digitized and the wing models projected onto the image (Fig. 2A).

All wings were positioned on the body at the same location (the wing hinge). Body and wing models were then rotated to fit their actual position as seen from the three camera views.

While the body position and its orientation was expressed in the terrestrial reference, the angular orientation of the wings was expressed in a coordinate system relative to the butterfly body [START_REF] Ellington | The aerodynamics of hovering insect flight. II. Morphological Parameters[END_REF]) (Fig. 2B). Wing orientations in the 3D space were expressed as quaternions (i.e. hypercomplex numbers used to describe three-dimensional rotations, see [START_REF] Hamilton | LXXVIII. On quaternions; or on a new system of imaginaries in Algebra: To the editors of the Philosophical Magazine and Journal[END_REF] and then converted into three Euler angles within the stroke plane reference frame: stroke angle (φ), deviation angle (θ) and rotation angle (H) (Fig. 2B). The stroke plane was defined as the plane normal to the body axis passing through the hinge position, defined relatively to the body position. The angle of attack (α) was computed as the angle between the wing plane and the velocity vector of the wing. Positions of forewing tips and hindwing tips throughout the wingbeat are indicated by the red and blue dotted lines, respectively (only three butterfly positions are shown for clarity purpose). Conventional wing angles defined in panel B were measured at each time step t = 0.004 s. The angle of attack is not represented, but was computed as the angle between the velocity vector of the wing and the wing plane at each video frame.

For the three measured wing angles (stroke, deviation, rotation and angle of attack), we extracted the mean value and the amplitude (max -min value) over the complete wingbeat cycle as well as separately in the up-and downstroke phase. This was done for each or the four wings (left and right fore-and hindwing) and then averaged between the two forewings and the two hindwings. We finally measured the wing angular speed, i.e.

the speed at which the wing sweeps through the air, similarly during the full wingbeat and in each stroke phase. Because wing angular speed was almost identical across the four wings, we used only one overall mean value.

Testing the effect microhabitat on climbing flight performance Variation in climbing flight kinematics was examined by conducting a Principal Component Analysis (PCA) on the set of 8 parameters measured from the body trajectories.

These allowed a first visual assessment of the association between microhabitat and climbing flight performance. We then tested the effect of microhabitat on each climbing kinematic parameters using ANOVAs, as well as the whole set of parameters using a MANOVA. This was first performed by considering the variability among wingbeats In order to test for a role of habitat selection on climbing performance, we tested the effect of microhabitat on the mean values of climbing kinematic parameters per species (N species canopy = 2, N species understory = 5) while controlling for the phylogenetic distance, using phylogenetic ANOVAs [START_REF] Freckleton | Phylogenetic analysis and comparative data: a test and review of evidence[END_REF]. Phylogenetic analyses were performed using the phylogeny described in (Chazot et al., 2016).

Investigating how variation in wingbeat kinematics and morphology affect climbing flight performance

In order to precisely understand how the combined variation in wingbeat kinematic and morphology affects climbing performance, we investigated climbing performance based on the aerodynamic model [START_REF] Ellington | The aerodynamics of hovering insect flight. III. Kinematics[END_REF]:

F/mg = 1 2 ρ φ S 2 /mg α CT α (1)
where F/mg is the weight-normalized aerodynamic thrust force produced during a wing stroke (downstroke or upstroke, separately). This normalized force varies with air density (ρ), the angular speed of the beating wing (φ ), the weight-normalized secondmoment-of-area of the wing (S 2 /mg), the wing angle-of-attack (α), and the angle-ofattack-specific thrust coefficient (CT α ). Here, we normalized the aerodynamic force with weight because flight accelerations scale with this ratio, and thus climbing speed should increase with weight normalized aerodynamic thrust forces. By assuming that CT α is constant, normalized aerodynamic thrust scales linearly with the wingbeat kinematics parameters angle-of-attack α and angular speed of the beating wing φ , and linearly with the morphological parameter weight-normalized second-moment-of-area of the wing (S 2 /mg). We thus tested how variation in these three metrics affected forward speed, climbing speed and ascend angle, using linear regressions analyses. Moreover, in butterflies upward thrust is mostly generated during the downstroke whereas forward thrust is typically generated during the upstroke [START_REF] Sunada | Performance of a butterfly in take-off flight[END_REF]. We therefore examined how wing angular speed and angle-of-attack measured during each stroke phase affected climbing performance.

Results

Higher climbing efficiency generated by wing strokes performed by butterflies from canopy species

As observed in Fig. 3A, butterflies from canopy species tend to have steeper trajectories as compared to butterflies from understory species. This is confirmed by detailed kinematic analyses of wing strokes (N wb canopy = 106, N wb understory = 77) highlighting greater climbing efficiency per-wingbeat in canopy vs. understory individuals (Fig. 3).

A steeper climb angle, faster and larger vertical displacement per wingbeat mostly characterized individuals from canopy species (see PC 2 on Fig. 3B). Specifically, climb angle was 28% higher (γ climb = 46.7°± 17°in canopy species, γ climb = 36.5°± 16°in understory species), vertical speed was 49% higher (U ver =1.07 ± 0.46 m.s -1 in canopy species, U ver = 0.72 ± 0.35 m.s -1 in understory species), and vertical displacement was 54% larger (DX ver = 17 ± 0.06 cm in canopy species, DX ver = 11 ± 0.05 cm in understory species) (see Table 1 and Fig. 3).

Overall, there was thus a significant effect of microhabitat on the set of climbing sd S 2 /mg in canopy: 883 ± 396 ; in understory: 285 ± 197; P < 0.001). Nevertheless, this key morphological parameter had no significant effect on climbing performance measured on wing strokes (effect on climbing speed: P = 0.67, R 2 = 0.03 ; on climb angle: P = 0.13 , R 2 = 0.05, Fig. S3, Table 2). This surprising result on vertical flight speed contrasts with the classical association between S 2 /mg and horizontal flight speed (P = 0.04; R 2 = 0.12), which tended to increase in understory species (Fig. S3 ). This therefore suggests that the increased ability to fly up in butterflies from canopy species might be facilitated by specific wing kinematics, rather than by morphological adaptations.

Wingbeat kinematics mostly explains the greater climbing efficiency observed in canopy species

Wingbeat kinematics indeed explained much of the variation in climbing performance measured in our experiment: wing angular speed strongly predicted climbing speed (P < 0.001; R 2 = 0.74, Fig. 4 ), but also horizontal speed (P < 0.01; R 2 = 0.51, Fig. 4, Table 2). The higher climbing speed in canopy species is thus likely achieved by larger wing angular speed (mean wing speed over the full wingbeat in canopy = 1.41 ± 0.52 m.s -1 ; understory = 1.12 ± 0.69 m.s -1 , see Fig. S4 ), although not statistically different from understory species (ANOVA: F 1,10 , P = 0.47). This suggests that greater forces applied by muscles to the wings in canopy species might improve climbing performance. Climbing speed also increased with wing angle-of-attack of the downstroke but not of the upstroke phase, consistent with an upward thrust force generated primarily during downstroke (Fig. 5, Table 2). Horizontal speed was also found to increase with downstroke-angle-of-attack, but this relationship was only significant in understory Climbing speed increased at higher angle-of-attack during the downstroke, while climb angle increased at lower angle-ofattack during the upstroke. Those relationships was especially found in canopy species. species (Fig. S5). In contrast, the upstroke amplitude was larger in understory species (Fig. S1,S2), improving their efficiency in horizontal movement but putatively limiting their climbing efficiency.

Table 2. Results of linear regressions testing the effect of wing angular speed, wing angle-of-attack, and weight-normalized second moment of wing area (S 2 /mg) on climb speed, angle and horizontal speed. The wing angular speed was highly similar in both wing pairs, and was then not tested separately between wing pairs. Significant and marginally significant p-values are in bold. In contrast with climbing speed, the climb angle was not affected by wing angular velocity (Fig. 4). We however detected a slight effect of wing angle-of-attack on climb angle (P = 0.04; R 2 = 0.27, Table 2), which occurred during the upstroke phase only:

higher climbing angle was achieved at lower upstroke-angle-of-attack. Interestingly, this negative relationship was only found in canopy species (Fig. 5), suggesting that specific wing kinematic enhancing climbing angle could be recruited by butterflies from canopy species.

Finally, we precisely compared hindwing and forewing movements through the mean values and amplitudes of wing kinematic angles and we detected significant differences between canopy and understory species only in the mean deviation angle. Specifically, individuals from canopy species deviated their hindwings further from the stroke plane than those from understory species during both the up-and downstroke (mean deviation angle over the full wingbeat in canopy = -57.18 ± 5.91°; understory = -47.94 ± 2.12°,

P = 0.01, Fig S1)
. This specific use of the hindwing might also play a role in the ability to fly up in the canopy species.

Overall, the higher climbing performance of butterflies from canopy species is likely to be promoted by their specific wing kinematic patterns. Higher climbing speed was achieved through faster wing stroke during both down-and upstroke and higher angleof-attacks specifically during the downstroke, while steeper climb angle seemed to be enabled by lower wing angle-of-attack and stroke amplitude during the upstroke phase.

Discussion

Specific wing stroke kinematics enhances performance in climbing flight

In this study, we investigated the influence of microhabitat specialization on the evolution of climbing flight performance in Morpho butterflies. We showed that individuals from canopy species have faster climbing speed and steeper climb angle as compared to individuals from understory species. This suggests a higher efficiency during upwardescape flight manoeuver in canopy species. We further showed that this higher climbing efficiency is mainly achieved through differences in wing movements executed during climbing flight. The strongest predictor of climbing speed was the wing angular speed during the wingbeat, which was consistently higher in canopy species, although not statistically significantly, perhaps due to the small number of wingbeats analysed in our study. Climbing speed moreover increased when wings were swept at higher angleof-attack during the downstroke phase, consistent with previous findings showing that upward thrust force is mainly generated during the downstroke in butterflies [START_REF] Sunada | Performance of a butterfly in take-off flight[END_REF]. While wing angle-of-attack was similar among microhabitats, its positive effect on climbing speed was stronger in canopy than in understory species. Although not studied here, other morphological characteristics such as wing deformation during wing stroke (Young et al., 2009) may contribute to the production of higher vertical aerodynamic forces in canopy species.

Concerning the steeper climb angle measured in canopy species, we found that this aspect of climbing performance was not affected by wing angular speed, but we detected a slight effect of wing angle-of-attack. In contrast with the effect of wing angle-of-attack on climbing speed, the climb angle increased when wings were swept at lower angle-ofattack, and this specifically during the upstroke phase. This relationship was found only in canopy species individuals, and may therefore partly explain how the steeper climb angle was achieved. Because butterflies mainly generate horizontal forces during the upstroke [START_REF] Sunada | Performance of a butterfly in take-off flight[END_REF], lowering the angle-of-attack during the upstroke may reduce horizontal force production, and hence limit deviation from the upward flight direction, resulting in steeper climb angle. Overall, our study points at the marked role of wing stroke kinematics in achieving this specific climbing flight behaviour in canopy species.

Limited effect of wing area and body mass on climbing flight Surprisingly, we found that the important morphological difference between canopy and understory species does not strongly influence climbing efficiency. The evolution of wing shape might stem from multiple trade-offs generated by different types of flight (gliding, climbing and escaping flight) executed throughout animal life. The larger wing area relative to body weight (high S 2 /mg) characterizing the canopy species studied here (but also most other canopy species in the genus Morpho, see Chapter 3) has been shown to improve gliding efficiency. Nevertheless such morphology limits forward flight speed, but in turns enables slow flight and is often associated with the execution of sharper turns (Aldridge, 1987;[START_REF] Burns | The effects of wing loading and gender on the escape flights of least sandpipers (Calidris minutilla) and western sandpipers (Calidris mauri)[END_REF]Le Roy et al., 2019, , Chatper II). Lower wing area relative to body weight mostly characterize understory species (low S 2 /mg) and is generally associated with higher horizontal speed required for weight support (Norberg, 2012). By limiting the ability to fly slowly, the lower S 2 /mg of understory species might prevent achieving steep climb angle, which is in contrast facilitated during the slower horizontal flight of canopy species. Given the large behavioural repertoire enabled by the fixed morphology of individuals, natural selection promoting higher climbing efficiency might influence wing kinematics and associated flight muscles, rather than wing shape.

Wing shape might nevertheless indirectly influence climbing ability: by enabling slower horizontal flight speed, higher S 2 /mg might indeed contribute to higher climb angle in canopy species. Further biomechanical investigations are required to precisely understand how canopy species individuals achieve markedly higher climbing speed and angle. Ascertaining if wing angular speed is actually higher in canopy species by measuring it across more individuals, and understanding how they achieve faster wing stroke are obvious next steps to clarify the mechanisms underpinning climbing flight performance in Morpho butterflies.

Selective forces favouring higher climbing efficiency in canopy species

Although difference in climbing performance was striking among microhabitats, the small number of species studied here limited our capacity to disentangle the relative [START_REF] Lima | Ecological and evolutionary perspectives on escape from predatory attack: a survey of North American birds[END_REF]. Climbing escape manoeuver is moreover particularly effective for prey species evading a larger aerial predator [START_REF] Hedenström | Predator versus prey: on aerial hunting and escape strategies in birds[END_REF], which are mainly insectivorous birds for Morpho butterflies [START_REF] Pinheiro | Butterfly predators in the neotropics: which birds are involved?[END_REF].

Finally, the evolution of climbing flight ability is also likely influenced by ecological factors other than predator escaping. Most Morpho species are known to feed on decaying fruits falling on the forest floor [START_REF] Young | Feeding behavior of Morpho butterflies (Lepidoptera: Nymphalidae: Morphinae) in a seasonal tropical environment[END_REF]. Feeding resource acquisition may . Effect of S 2 /mg on climbing performance. The weight-normalized wing moment of area (S 2 /mg) was significantly lower in understory species (F 1,24 ; P < 0.001), and negatively associated with horizontal flight speed. Larger S 2 /mg characterizing canopy species had no significant effect on climbing speed and angle. The horizontal speed increased significantly with wing angle-of-attack in understory species only. This relationships was only found during the downstroke phase (top panels). In canopy species, horizontal speed increased with angle-of-attack in the upstroke phase, but only when considering the hindwings. 

Introduction

Natural communities are composed of multiple species involved in diverse ecological interactions either facilitating or impairing their co-existence. Shared ancestry induces ecological and morphological similarity of closely related species, promoting their coexistence in similar niches [START_REF] Wiens | Niche conservatism: integrating evolution, ecology, and conservation biology[END_REF]. However, such similarity also inherently limits this co-occurrence [START_REF] Macarthur | The limiting similarity, convergence, and divergence of coexisting species[END_REF][START_REF] Abrams | The theory of limiting similarity[END_REF] by increasing interspecific competition and/or reproductive interference [START_REF] Brown | Character displacement[END_REF][START_REF] Grant | Evolution of character displacement in Darwin's finches[END_REF][START_REF] Kyogoku | Reproductive interference: ecological and evolutionary consequences of interspecific promiscuity[END_REF]. Furthermore, gene flow is more likely to happen between closely-related species during secondary contacts [START_REF] Hewitt | The genetic legacy of the Quaternary ice ages[END_REF], and may impair their genomic and phenotypic divergence [START_REF] Bolnick | Sympatric speciation: models and empirical evidence[END_REF]. The genomic and ecological similarity may thus limit co-existence of closely-related species in sympatry.

Nevertheless, ecological interactions between closely-related species might rather facilitate their co-existence, condition conducive to allelic exchanges in their genomes.

Such gene flow between closely-related species has indeed been shown to facilitate local adaptation through introgression, enabling the rapid emergence of locally adaptive traits in colonizing species [START_REF] Dasmahapatra | Butterfly genome reveals promiscuous exchange of mimicry adaptations among species[END_REF][START_REF] Huerta-Sánchez | Altitude adaptation in Tibetans caused by introgression of Denisovan-like DNA[END_REF][START_REF] Vekemans | What's good for you may be good for me: evidence for adaptive introgression of multiple traits in wild sunflower[END_REF]. The commonly inherited traits shared by closely-related species may also promote their coexistence : when facing common predators for example, responding to alarm cues emitted by heterospecifics [START_REF] Chivers | Learned recognition of heterospecific alarm cues enhances survival during encounters with predators[END_REF][START_REF] Dalesman | Cohabitation enhances the avoidance response to heterospecific alarm cues in a freshwater snail[END_REF], or sharing a common warning signal with co-occurring species [START_REF] Müller | Ituna and Thyridia: a remarkable case of mimicry in butterflies[END_REF]Sherratt & Beatty, 2003) can be advantageous for individuals from sympatric species. Such interspecific positive dependence is indeed predicted to favour species co-existence [START_REF] Aubier | Positive density dependence acting on mortality can help maintain species-rich communities[END_REF].

Such shared signals among species may however enhance interspecific behavioural interference [START_REF] Grether | Causes and consequences of behavioral interference between species[END_REF], including heterospecific courtship and male-male competition [START_REF] Gröning | Reproductive interference between animal species[END_REF]. Close relatedness between species then often results in reinforcement mechanisms promoting either divergent evolution of other mating cues [START_REF] Saetre | A sexually selected character displacement in flycatchers reinforces premating isolation[END_REF][START_REF] Smadja | Divergence of odorant signals within and between the two European subspecies of the house mouse[END_REF] or cryptic signalling [START_REF] Fordyce | The significance of wing pattern diversity in the Lycaenidae: mate discrimination by two recently diverged species[END_REF][START_REF] Dasmahapatra | Butterfly genome reveals promiscuous exchange of mimicry adaptations among species[END_REF]. Alternatively, shared signal among species may induce interspecific territoriality [START_REF] Grether | Causes and consequences of behavioral interference between species[END_REF][START_REF] Souriau | Can mixed singing facilitate coexistence of closely related nightingale species[END_REF][START_REF] Drury | Competition and hybridization drive interspecific territoriality in birds[END_REF], thereby reducing resource competition and facilitating coexistence in segregating spatial niches within the geographic areas (e.g. [START_REF] Tobias | Signal design and perception in Hypocnemis antbirds: evidence for convergent evolution via social selection[END_REF][START_REF] Souriau | Can mixed singing facilitate coexistence of closely related nightingale species[END_REF]. This spatial segregation might be especially promoted in recently diverged species where heterospecific competition and mating are high [START_REF] Drury | Reproductive interference explains persistence of aggression between species[END_REF][START_REF] Drury | Competition and hybridization drive interspecific territoriality in birds[END_REF].

Phylogenetic relatedness and phenotypic resemblance are strong predictors of interspecific territoriality [START_REF] Losin | The ecological and evolutionary stability of interspecific territoriality[END_REF]. Ecological factors preventing character divergence might therefore also promote interspecific territoriality [START_REF] Drury | Competition and hybridization drive interspecific territoriality in birds[END_REF].

In mimetic butterflies, the convergence in warning pattern also frequently involves convergence in other traits like flight height [START_REF] Elias | Mutualistic interactions drive ecological niche convergence in a diverse butterfly community[END_REF] or host-plant [START_REF] Willmott | Correlations between adult mimicry and larval host plants in ithomiine butterflies[END_REF], because the sharing of a common microhabitat enhances protection against predators [START_REF] Gompert | Heterogeneity in predator micro-habitat use and the maintenance of Müllerian mimetic diversity[END_REF]. Nevertheless, the benefits conferred by overlapping visual signals and ecological niches in mimetic species may in turn incur fitness cost through increased heterospecific rivalry, courtship and the expression of Dobzansky-Muller incompatibility in hybrids [START_REF] Welch | Accumulating Dobzhansky-Muller incompatibilities: reconciling theory and data[END_REF][START_REF] Estrada | Interspecific sexual attraction because of convergence in warning colouration: is there a conflict between natural and sexual selection in mimetic species[END_REF][START_REF] Mérot | Beyond magic traits: Multimodal mating cues in Heliconius butterflies[END_REF], ultimately limiting the co-existence of closely related mimetic species in sympatry [START_REF] Aubier | Mutualistic mimicry enhances species diversification through spatial segregation and extension of the ecological niche space[END_REF]. The conflicting ecological interactions between mimetic species therefore question their persistence in sympatry when they are closely-related.

Here we investigate how territoriality and cryptic signalling might favour the coexistence of closely-related mimetic species by focusing on sympatric Morpho butterfly species, displaying striking large blue iridescent wings (Debat et al., 2018). Although not chemically defended, these butterflies are very difficult to capture because of their fast, erratic flight. The contrast between their dorsal bright blue and ventral cryptic brownish wing surfaces induces a flash pattern during flapping flight, that was suggested to confuse predators, further increasing their difficulty of capture [START_REF] Young | Wing coloration and reflectance in Morpho butterflies as related to reproductive behavior and escape from avian predators[END_REF]Debat et al., 2018;[START_REF] Murali | Now you see me, now you don't: Dynamic flash coloration as an antipredator strategy in motion[END_REF][START_REF] Pinheiro | The responses of wild jacamars (Galbula ruficauda, Galbulidae) to aposematic, aposematic and cryptic, and cryptic butterflies in central Brazil[END_REF]. Predators in turn learn to avoid such elusive prey harbouring the conspicuous blue patterns. Some sympatric Morpho species were shown to locally converge in their blue pattern, probably because of frequency-dependent selection generated by predator behaviour, in a similar way as Müllerian mimics [START_REF] Llaurens | in press) Convergence in sympatry: evolution of blue-banded wing pattern in Morpho butterflies[END_REF]. The iridescent blue colouration of Morpho butterflies shared by sympatric species may thus reduce individual predation by advertising escape ability (the "escape mimicry" hypothesis, see [START_REF] Páez | Hard to catch: Experimental evidence supports evasive mimicry[END_REF][START_REF] Gibson | The role of escape in mimicry and polymorphism: I. The response of captive birds to artificial prey[END_REF]. Such local convergence might in turn impair species recognition and mate choice.

This duality questions how closely related co-mimetic species become sexually isolated and may coexist over evolutionary timescales.

Here we focus on three species from the genus Morpho (M. achilles, M. helenor and M. deidamia) living in sympatry and displaying similar conspicuous wing patterns. We first explore the demographic history of three co-existing species to estimate the level of genomic divergence and gene flow among them. We then investigate their ecological interactions by testing the discrimination behaviour of wild butterflies toward males and females of sympatric species, in a series of behavioural experiments performed in the wild using flying dummy butterflies. Finally, we investigate male territoriality and phenology by estimating relative species abundance and male patrolling time using capture-mark-recapture experiments.

Results and Discussion

We sampled DNA from 31 butterflies from the three mimetic species (13 M. achilles, 8 M. deidamia and 10 M. helenor ) and performed a series of experiments in the same field site, in a locality of the Amazonian Peru, at the foothill of the Andes. Here, up-to ten Morpho species co-occur [START_REF] Blandin | Evolution and diversification of Neotropical butterflies: Insights from the biogeography and phylogeny of the genus Morpho Fabricius, 1807 (Nymphalidae: Morphinae), with a review of the geodynamics of South AAmerica[END_REF] and males from these species typically patrol in the same locations, typically along the same river bed, allowing to investigate genomic exchanges among sympatric species, as well as species interactions and trait evolution in sympatry. In order to test whether the genomic patterns of polymorphism (Fig. S1, S2) and divergence (Fig. S3) obtained by RAD-sequencing reflect episodes of introgression between species, we statistically evaluate alternative scenarios of speciation (Fig. S4), with and without gene flow [START_REF] Fraisse | DILS: Demographic Inferences with Linked Selection by using ABC[END_REF] By comparing in a hierarchical approach eight categories of models according to their temporal patterns of migration between M. helenor, M. achilles and M. deidamia, our ABC approach provides strong statistical support for an isolation of M. deidamia with both M. helenor and M. achilles (Fig. 1; posterior probability = 0.91). The best scenario among those proposed also describes a divergence between M. helenor and M. achilles with migration restricted to the first generations after the split (posterior probability = 0.82). This analysis suggests that current putative hybridizations would not represent a significant source of intraspecific genetic diversity and that the species are relatively reproductively isolated for about 0.8 million years (Fig. 1; Table S1).

Consistent with the phylogeny (Chazot et al., 2016), demographic inferences performed achilles, migration between the 3 species). The times of demographic events (speciation, cessation of migration and changes in population size) are shown on the Y-axis in millions of generations. The grey rectangle indicates the period when M. helenor and M. achilles were, according to the demographic model fitting the best the molecular dataset, genetically connected through migration events.

To estimate the local abundances of the different Morpho species at the study site we used a mark-recapture experiment (see material and methods, and Fig. S5). Morpho achilles was the most abundant species (mean ± se = 264 ± 68), followed by M. helenor (mean ± se = 195 ± 49). Individuals from the other species (M. menelaus and M. deidamia) were too rarely caught to allow estimating population size, suggesting a sharply lower abundance at this site (Table S2).

We then tested whether similarity in colour pattern among these sympatric Morpho species leads to heterospecific rivalry and courtship. To do so, we investigated the response of patrolling males to butterfly dummies placed in the field. We built realistic dummies using the actual wings of captured Morphos, set up on solar-powered fluttering device reproducing butterfly flying behaviour (Fig. 2, see also Fig. S11). To ensure that only visual cues were triggering the interactions, the wings were washed in hexane prior mounting, ruling out any potential effect of pheromones [START_REF] Darragh | Male sex pheromone components in Heliconius butterflies released by the androconia affect female choice[END_REF]. Over a two months period, we recorded the percentage of approach and interaction with the dummies as well as the duration of these interactions, for nearly 2,700 wild Morphos patrolling above the river. We specifically focused on the two mimetic sister species M.

helenor and M. achilles, which represented the large majority of the passing individuals (respectively 35% and 47% , Fig. S6). We built 10 different dummies with the wings of specimens from different species and sexes, all caught in the same Peruvian site.

We used both sexes of the two mimetic sister-species M. helenor and M. achilles, as well as of a third mimetic species M. deidamia, and the phenotypically distinct M.

menelaus, exhibiting fully blue iridescent wings (local dummies: n = 8) (Fig. 3). The last two dummies were built from wings of males M. helenor and M. achilles captured in French Guiana (exotic dummies: n = 2), exhibiting a narrower blue band relative to local -Peruvian -individuals (Fig. 3, see also Fig. S11). We tested all dummies (n=10) following a randomized design : a different dummy was placed each morning at the same site and left fluttering on the river bank for 5 hours. This was replicated 4 times per dummy. During these sessions, we scored two behaviours : (1) approaches, when a marked change in the trajectory of the passing butterfly towards the dummy was observed and ( 2) interactions, when the butterfly entered a 1m 3 zone around the dummy (Fig. 2). This procedure allowed us to test whether patrolling Morpho males Experimental set up used to study flight interaction. The dummy butterfly was placed at the center of a cubic area materialized by four 1 m -sticks, and fixed to a solar-powered fluttering device reproducing butterfly flying behaviour. Interaction between visitor and dummy butterfly (defined as a visitor entering in the cubic area) were recorded using stereoscopic high-speed videography system, allowing to quantify flight trajectory during the interaction (see Fig. 4).

dummy tested (mean % of approach in M. helenor = 48.3 ± 15.7; M. achilles = 39.7 ± 14.8; P = 0.01), which might reflect a higher territoriality or agressivity in this species.

The proportion of approach was not affected by the sex of the dummies and was broadly similar across dummy identity in spite a some significant differences detected (see Fig.

S7, S8 and Table S3). The long range visual signal emitted by all tested specimens, as assessed by the approach behaviour, thus appeared similarly attractive for all patrolling males, suggesting they may approach to anything recognized as a potential mate or rival. We further tested for differences in wing area and proportion of iridescent blue on the wing among the dummies, which also had a limited effect on the percentage of approach (Fig. S6 and Table S2). Similar indiscriminate mate-searching behaviour has been observed in other territorial butterflies [START_REF] Silberglied | Visual communication and sexual selection among butterflies[END_REF], some males not only approaching heterospecifics, but also other insects, birds, and even falling leaves [START_REF] Stride | Investigations into the courtship behaviour of the male of Hypolimnas misippus L.(Lepidoptera, Nymphalidae), with special reference to the role of visual stimuli[END_REF][START_REF] Bitzer | Territorial behavior of Nymphalis antiopa and Polygonia comma (Nymphalidae)[END_REF][START_REF] Lederhouse | Host plant-based territoriality in the white peacock butterfly, Anartia jatrophae (Lepidoptera: Nymphalidae)[END_REF]. Although energetically costly, such behaviour might be advantageous for males by reducing the odds of missing a mating opportunity [START_REF] Ord | Species identity cues in animal communication[END_REF], receptive females being rare in butterflies [START_REF] Takeuchi | The erroneous courtship hypothesis: do insects really engage in aerial wars of attrition?[END_REF].

To test whether the nature of the dummy, once at close range, affected the behaviour of the visiting butterflies, we analysed short distances interactions by comparing the number of entrances in the cubic area around the dummies. In both M. helenor and M. achilles, about 40% of the approaches resulted in an interaction, the visitor typically flying in circles around the dummy. These interactions occurred in markedly lower proportions with the exotic dummies as compared to most local dummies (Fig. 3).

In contrast, we found surprisingly little evidence of discrimination between sympatric conspecifics and congeners, as well as between female and male dummies (Fig. 3). This result is particularly interesting, as it suggests that males Morpho do discriminate between slightly different colour patterns (i.e. large blue band in local individuals, vs.

narrower blue band in exotic ones), but yet they largely engage in interactions with congeners bearing locally known signals, including signals sharply dissimilar from their own (e.g. fully blue wings in M. menelaus). Overall, dummies with larger wing area and greater proportion of blue iridescent colouration were more likely to trigger interaction (Fig. S9), suggesting that these characteristics are used by patrolling males to discriminate among dummies. Such a stronger response to local, known phenotypes (including heterospecifics) than to exotic ones (including conspecifics), has been suggested to reflect high interspecific territoriality, particularly in males (e.g. [START_REF] Tobias | Signal design and perception in Hypocnemis antbirds: evidence for convergent evolution via social selection[END_REF]. Consistent with this hypothesis, interactions were the most indiscriminate among male local dummies (Fig. 3). Concerning the female dummies, we found that individuals M. achilles clearly avoided the female of its co-mimetic M. helenor, but interacted indiscriminately with the dummies of the other sympatric species (i.e.

M. deidamia and M. menelaus) (Fig. 2). Such a specific, acute visual discrimination towards its sister species may suggest that mate-recognition based on cryptic signals could have evolved in M. achilles, possibly as a result of reinforcement selecting against hybridization [START_REF] Servedio | The role of reinforcement in speciation: theory and data[END_REF]. Reinforcement process may also occur through divergence in olfactory cues enabling discrimination among species [START_REF] Smadja | Divergence of odorant signals within and between the two European subspecies of the house mouse[END_REF][START_REF] Mérot | Beyond magic traits: Multimodal mating cues in Heliconius butterflies[END_REF], although this remains to be investigated in Morphos. Regarding the duration of all observed interactions, no effect of sex or identity was detected (Kruskal-Wallis test, dummy sex: Chi-square = 3.71, P = 0.20, df = 1; dummy identity: Chi-square=14.03, P = 0.12, df = 9): they were all similarly short (mean = 1.34 ± 1.17sec), suggesting that in all cases patrolling males lost interest in the dummy after the same, short amount of time. This contrasts with the actual malemale interactions observed on the river bank that lasted much longer, and ended up with one male driving the other away. In nature, such aerial interactions are commonly observed [START_REF] Kemp | Fighting without weaponry: a review of male-male contest competition in butterflies[END_REF]. They could allow assessing whether the opponent is a receptive female or a male competitor, based on visual, olfactory and/or behavioural cues. Previous work has yielded highly variable results among butterfly species [START_REF] Kemp | Fighting without weaponry: a review of male-male contest competition in butterflies[END_REF][START_REF] Takeuchi | The erroneous courtship hypothesis: do insects really engage in aerial wars of attrition?[END_REF]Takeuchi, 2017), making it unclear whether malemale aerial interactions represent contests for mating territory or erroneous courtships.

To test if Morpho males discriminate sexes during these interactions on cues derived from the colour pattern, we equipped our set-up with a stereoscopic high-speed videography system (Fig. 2). This allowed us to quantify the three-dimensional flight kinematics of visiting butterflies in natural conditions and to finely characterize the interactions with the dummies. This kinematic analysis was applied to the most abundant species, M. achilles, maximizing the probability of observing interactions. We specifically examined whether males behaved differently when interacting with male and female conspecific dummies. Interestingly, we found a striking difference between the interactions toward males and females: visitors on average circled closer to the female than to the male dummy (regression of proportion of time spent vs. distance from dummy female: P < 0.001; R 2 = 0.07, dummy male: P = 0.09; R 2 = 0.01; Fig. 4).

Besides, males approached the female dummy following a smoothly decelerating flight path, ensuring a steady speed when close to the female, whereas they showed more erratic accelerations around the male dummy (regression of acceleration on distance from dummy female: P < 0.001; R 2 = 0.14 , dummy male: P = 0.07; R 2 = 0.02; Fig. 4).

This result demonstrates that during aerial interactions, male butterflies adjust their flight behaviour according to the sex of their conspecific relying solely on colour pattern visual cues. In the light of this finding, interactions observed with male dummies can be viewed as contests for mating territory, whereas interactions with female dummies most probably represent courtship attempts.

Altogether, our results thus clearly suggest that heterospecific contests frequently occur among males from sympatric Morpho species, and that heterospecific mating or mating attempts are performed by individuals from at least one species: M. helenor.

These interspecific interactions are expected to negatively affect both sexes: indiscriminate aerial contest performed with all passing individuals are energetically costly to males (Kemp, 2013;Takeuchi, 2017), while females are likely harassed by such indiscriminate mating attempts [START_REF] Gröning | Reproductive interference between animal species[END_REF][START_REF] Kyogoku | The mechanism of the fecundity reduction in Callosobruchus maculatus caused by Callosobruchus chinensis males[END_REF]; [START_REF] Kyogoku | Reproductive interference: ecological and evolutionary consequences of interspecific promiscuity[END_REF]. These costly behaviours therefore question the stable coexistence of sympatric Morpho species.

Negative interspecific interactions among phenotypically similar species are thought to persist when the cost of responding to the wrong signal is lower than the cost of failing to respond to the right signal [START_REF] Bradbury | Principles of animal communication)[END_REF][START_REF] Ord | Species identity cues in animal communication[END_REF]. Engaging in indiscriminate courtships can thus be advantageous if individuals from sympatric species cannot reliably recognize each other [START_REF] Gröning | Reproductive interference between animal species[END_REF][START_REF] Reyer | Mating with the wrong species can be right[END_REF]. The tendency of males to perform indiscriminate courtship also increases the competition for females, that are typically avoiding male harassment in many species like butterflies or dragonflies for instance [START_REF] Gosden | Density-dependent male mating harassment, female resistance, and male mimicry[END_REF][START_REF] Ide | Avoiding male harassment: wing-closing reactions to flying individuals by female small copper butterflies[END_REF]. Defending a territory using aggressive behaviour against both conspecifics and heterospecifics then provides males with more mating opportunities [START_REF] Drury | Competition and hybridization drive interspecific territoriality in birds[END_REF][START_REF] Grether | Predicting evolutionary responses to interspecific interference in the wild[END_REF]. In such cases, shared signal between species may even facilitate their mutual recognition as competitors, and increase the probability of heterospecific male-male aggression [START_REF] Grether | Causes and consequences of behavioral interference between species[END_REF].

The close phenotypic similarity of sympatric Morpho species, although probably reducing individual risk of predation through escape mimicry [START_REF] Llaurens | in press) Convergence in sympatry: evolution of blue-banded wing pattern in Morpho butterflies[END_REF], appears to promote the emergence of behaviours that negatively affect individuals from both species. Reproductive and/or aggressive interference are generally expected to promote spatial or temporal habitat segregation between species because it reduces the cost of negative interspecific interactions [START_REF] Robinson | Interspecific aggression and habitat selection by Amazonian birds[END_REF][START_REF] Grether | Causes and consequences of behavioral interference between species[END_REF]. Accordingly, we observed a striking difference in patrolling time among species (Kruskal-Wallis test: Chi-square = 179.7, P < 0.001, df = 3), with little overlap between the sister species M. achilles and M. helenor (Fig. 5). Morpho menelaus is the earliest species seen patrolling (mean patrolling time ± s.d. = 09:55 ± 00:37), followed by M. helenor (11:14 ± 00:45) and M. achilles (12:35 ± 00:40). Patrolling time in M.

deidamia (12:40±00:46) however fully overlaps with M. achilles. Interestingly, we found that among the individuals recaptured at least once (n = 46), 76% were recaptured within the same hour of the day, suggesting a strong regularity in patrolling time at the individual level (Fig. 5). Whether such individual temporal fidelity relies on a genetic rather than plastic basis [START_REF] Schöfl | Time-shifted reproductive behaviours among fall armyworm (Noctuidae: Spodoptera frugiperda) host strains: evidence for differing modes of inheritance[END_REF][START_REF] Groot | Circadian rhythms of sexual activities in moths: a review[END_REF] remains to be investigated. Altogether, our results suggest that a strong interspecific competition occurs among males from mimetic Morpho species in sympatry, but that this competition is likely mitigated by their temporal segregation. Heterospecific courtships may also be limited, if the temporal segregation observed in Morpho males is mirrored by a similar temporal partitioning of females activities. The activity of females butterflies is often challenging to estimate because of their highly cryptic behaviour [START_REF] Devries | Diel activity and reproductive isolation in a diverse assemblage of Neotropical skippers (Lepidoptera: Hesperiidae)[END_REF], and was not measured in our study. Synchronization of mating activity between sexes is however likely [START_REF] Iwasa | A game model for the daily activity schedule of the male butterfly[END_REF][START_REF] Hirota | The influence of female post-emergence behavior on the time schedule of male mate-locating in Pieris rapae crucivora[END_REF], because any deviations of males relative to females activity would reduce the probability of intra-specific mating [START_REF] Schöfl | Time-shifted reproductive behaviours among fall armyworm (Noctuidae: Spodoptera frugiperda) host strains: evidence for differing modes of inheritance[END_REF][START_REF] Groot | Circadian rhythms of sexual activities in moths: a review[END_REF]. Separation in timing of mating can act as a powerful isolation mechanism among species [START_REF] Taylor | The role of allochrony in speciation[END_REF], and might explain how co-mimetic

Morpho species can coexist in a same habitat while remaining sexually isolated. Temporal segregation in butterfly mating activities may be a widespread process enabling the persistence of diversity-rich assemblages, as suggested by several reports of temporally structured sexual activities in other butterflies [START_REF] Callaghan | A study of isolating mechanisms among Neotropical butterflies of the subfamily Riodininae[END_REF]Freitas et al., 1997;[START_REF] Kemp | Spatial and temporal patterns of territorial mate locating behaviour in Hypolimnas bolina (L.)(Lepidoptera: Nymphalidae)[END_REF], including closely-related species [START_REF] Devries | Diel activity and reproductive isolation in a diverse assemblage of Neotropical skippers (Lepidoptera: Hesperiidae)[END_REF].

Our study on mimetic butterflies highlights that the coexistence of closely-related species can generate complex ecological interactions, both mutualistic and antagonistic. Our results then illustrate how close relatedness and high levels of trait similarity between species might promote inter-specific territoriality and temporal segregation.

One read alignment was realized using the Stacks V2.5 software (http://catchenlab. life.illinois.edu/stacks/). Parameters have been set using r80 methods which maximize the number of SNPs or loci shared by at least 80% of the samples [START_REF] Paris | Lost in parameter space: a road map for stacks[END_REF]. The optimized parameters are "max distance between stacks" (inside each sample) and "number of mismatches between stacks" (between samples). Every other parameters have been kept to default values. Data sets were in the form of VCF data file (containing all the SNPs found in the alignment) and fasta data file (which contain the two alleles found for every loci for each sample). A RAD -sequencing locus is thus a sequence composed of 1 to 3 paired-end reads aligned together and delimited by restriction sites.

To run DILS-ABC inferences, Stacks fasta file has been converted in another fasta file compatible with DILS (https://github.com/CoBiG2/RAD_Tools).

Demographic inferences

Eight categories of demographic models were compared, according to temporal patterns of introgression. This was done to answer two questions on gene flow in Morpho: 1) is there ongoing migration between M. helenor and M. achilles? 2) do M. helenor and/or M. achilles exchange alleles with M. deidamia? This was achieved by an ABC approach using a version of DILS adapted to samples of three populations species [START_REF] Fraisse | DILS: Demographic Inferences with Linked Selection by using ABC[END_REF].

A generalist model was studied (Fig. S4). This model describes an ancestral population subdivided in two populations: the ancestor of M. deidamia and the common ancestor of M. helenor /M.achilles. The latter population was further subdivided into the three species/populations currently sampled. Each split event is accompanied by a change in demographic size, the value of which is independent of the ancestral size.

In addition, given clear genomic signatures for recent demographic changes with largely negative Tajima's D, we implemented variations for the effective sizes of the three modern lineages at independent times. Finally, migration can occur between each pair of species/populations. Migration affecting the M. helenor /M.achilles pair can either be the result of secondary contact after a period of isolation (ongoing migration), or of ancestral migration (current isolation) as in [START_REF] Roux | Shedding light on the grey zone of speciation along a continuum of genomic divergence[END_REF].

As this model is over-parameterized, our general strategy is to investigate the above two questions by comparing variations of this generalist model. Thus, to test the gene flow between M. helenor and M. achilles, we compare two categories of models. 1) With random parameter values for all model parameters including the ongoing migration between M. helenor and M. achilles (gene flow resulting from a secondary contact between them); 2) as above, but with the migration between M. helenor and M. achilles set to zero after a randomly drawn number of generations following their split.

For each models, 50,000 simulations were performed using random combinations of parameters. Parameters were drawn from uniform prior distributions. Population sizes were sampled from the uniform prior [0-1,000,000] (in diploid individuals); the older time of split was sampled from the uniform prior [0-8,000,000] (generations); ages of the subsequent demographic events were sampled in a uniform prior between 0 and the sampled time of split. Migration rates 4.N.m were sampled from the uniform prior [0-50]. Both migration rates and effective population sizes are allowed to vary throughout genomes as a result of link selection following [START_REF] Charlesworth | The effect of deleterious mutations on neutral molecular variation[END_REF][START_REF] Cruickshank | Reanalysis suggests that genomic islands of speciation are due to reduced diversity, not reduced gene flow[END_REF][START_REF] Roux | Can we continue to neglect genomic variation in introgression rates when inferring the history of speciation? A case study in a M ytilus hybrid zone[END_REF].

On each simulated data set we calculate a vector of means and standard deviations for different summary statistics: intraspecific statistics (π for M. helenor, π for M.

achilles, π for M. deidamia, θ W for M. helenor, θ W for M. achilles, θ W for M. deidamia, Statistical comparisons between simulated and observed statistics were performed using the R package abcrf [START_REF] Raynal | ABC random forests for Bayesian parameter inference[END_REF][START_REF] Pudlo | ABC model choice via random forests[END_REF].

Mark-recapture experiment

To estimate abundance and patrolling activity among Morpho species, we performed capture-mark-recapture between 9 a.m. and 2 p.m. (flight activity in Morpho is drastically reduced in the afternoons at this site) during 17 sunny days. Although on few days, capture was aborted because of bad weather annihilating butterfly activity, the 17 capture sessions were mostly consecutives, as they were performed in a 22 days period. All butterflies were captured with hand-nets, identified at the species level, and numbered on their dorsal wing surface using a black marker. The exact time of each capture was annotated. Butterflies captured while inactive, such as those laying on a branch or on the ground were excluded from the analysis to focus exclusively on ac-tively patrolling individuals. We measured patrolling time for a total of 295 occasions, including 78 recaptures (i.e. 217 individuals were captured at least once). All captured individuals were males. Individuals M. achilles were the most frequently captured (n = 121), followed by M. helenor (n = 95). Individuals M. deidamia were about half less captured (n = 48), and individual M. menelaus were the least captured (n = 34). Based on capture-recapture histories, we estimated individual abundance for each species using a loglinear model implemented in the R package Rcapture [START_REF] Baillargeon | Rcapture: loglinear models for capture-recapture in R[END_REF] (Fig. S5). Given the short duration the sampling period (22 days) relative to the longevity of adult Morpho butterflies (several months, [START_REF] Ramírez | The ecology and life cycle of the Amazonian Morpho cisseis phanodemus Hewitson, 1869, with a comparative review of early stages in the genus Morpho (Lepidoptera: Nymphalidae: Morphinae)[END_REF], we used a closed-population model assuming no effect of births, deaths, immigration and emigration. Abundance was estimated in M. helenor and M. achilles only, as capture and re-capture events were too few in the other species (M. deidamia and M. menelaus) to allow estimating population size (Table . S2). Because striking differences in patrolling time were rapidly observed among Morpho species, we used time of the day as a predictor of species identity in order to distinguish between M. helenor and M. achilles in the below-described experiment because butterflies from these two species are morphologically too similar to be identified while flying (Fig. S10). After the 17 nearly-consecutive days of capture, one day of capture was repeated every 2 weeks during 2 months in parallel to the dummy experiment (described below), to verify that temporal activity was stable over time (Fig. S10).

Dummy butterflies experiment

We investigated the response of patrolling males to sympatric conspecifics, congeners and of exotic conspecifics, using dummies placed on their flight path. Dummies were built with real wings dissected and washed with hexane to remove volatile compounds and cuticular hydrocarbons, ensuring to test only the visual aspect of the dummies. We mounted the wings on a solar-powered fluttering device (Butterfly Solar Héliobil R029br) that mimics a flying butterfly, thereby increasing the attractiveness of the dummy. The fluttering dummy was positioned on the river bank, and placed at the centre of a 1m 3 space delimitated with four vertical stacks (Fig. 2). Patrolling Morpho butterflies that deviated from their flight path to approach the dummy but did not enter the cubic space were categorized as approaching. Any Morpho butterfly entering the cubic space was considered as interacting with the dummy. Those passing without showing interest to the setup were categorized as passing. All patrolling individuals were identified at the species level, either visually for M. menelaus and M. deidamia, or based on time of the day for M. helenor and M. achilles (Fig. S10). By continuously filming the setup using a camera (Gopro Hero5 Black set at 120 images per second) mounted on a tripod, we also measured the duration of the interactions (i.e. the time spent in the cubic space)

occurring between patrolling male and the dummy. The ten dummies were each tested during 4 sunny days from 9 a.m. to 2 p.m. (i.e. during 5 hours). This resulted in 40 days of experiment over which each dummy was left fluttering on the river bank for a combined duration of 20 hours. Dummies were randomly attributed to each day of experiment.

Three-dimensional kinematics of flight interaction with the dummies

To test if Morpho males shows different flight behaviours when interacting with male and female dummy, we filmed the flight interactions using two orthogonally positioned video cameras (Gopro Hero5 Black, recording at 120 images per second) around the dummy setup (Fig. 2). Stereoscopic video sequences obtained from the two cameras were synchronized with respect to a reference frame (here using a clapperboard). Prior to each filming session, the camera system was calibrated with the direct linear transformation (DLT) technique [START_REF] Hartley | Multiple view geometry in computer vision[END_REF] by digitizing the positions of a wand moved around the dummy. Wand tracking was done using DLTdv8 (Hedrick, 2008), and computation of the DLT coefficients was performed using easyWand (Theriault et al., 2014). After spatial and temporal calibration, we also used DLTdv8 to digitize the three-dimensional positions of both the visiting (real) butterfly and the dummy butterfly at each video frame by manually tracking the body centroid in each camera view. Butterfly positions throughout the flight trajectory were post-processed using a linear Kalman filter [START_REF] Muijres | Flies evade looming targets by executing rapid visually directed banked turns[END_REF], providing smoothed temporal dynamics of spatial position, velocity and acceleration of the body centroid. Based on these data, we investigated how spatial position, speed and acceleration of the visitor butterfly varied over the course of the interaction. In order to assess variation in those parameters independently of interaction duration, we proceed as follow: we divided space into 10 cm spherical intervals around the dummy position ranging from 0 to 1.2 meters distance, and computed the proportion of time spent, the mean speed and acceleration of the interacting butterfly within each distance interval (Fig. 4). We analysed a total of 28 interactions performed by individual Morpho achilles male, including 14 with the dummy of its conspecific male and 14 with the dummy of its conspecific female. q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q 0.000 0.005 0.010 0.015 0.020 0.025
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Profile Likelihood Confidence Interval S3. Effect of dummy identity (both sex confounded) on the number of approaches and interactions. The effect of dummy characteristics and of day of experiment on the number of approaches and interactions was tested using logistic regression models. Below are reported the results of likelihood ratio tests comparing models in order to test the global effect of each variable on the number of approaches and interactions. Table S4. Effect of dummy identity (sex separated) on the number of approaches and interactions. The effect of dummy identity on the number of approach and interaction was tested using logistic regression models. Below are reported the results of likelihood ratio tests comparing models in order to test the global effect of each variable on the number of approaches and interactions. 

Approach

Discussion

How complex adaptive traits evolve and diversify is an enduring question of evolutionary biology. Among these traits, butterfly wings have attracted much attention, and significant contributions have been gathered on the diversification of their shapes and colours [START_REF] Bates | The naturalist on the river Amazons[END_REF][START_REF] Müller | Ituna and Thyridia: a remarkable case of mimicry in butterflies[END_REF][START_REF] Nijhout | The Development and Evolution of Butterfly Wing Patterns[END_REF]Merrill et al., 2015;[START_REF] Zhang | Genetic basis of melanin pigmentation in butterfly wings[END_REF][START_REF] Owens | Comparative phylogenetics of Papilio butterfly wing shape and size demonstrates independent hindwing and forewing evolution[END_REF]. The central role of flight behaviour in determining selective regime acting on butterfly wings remains however less understood, likely because of the technical challenges associated with the study of flight (Dudley, 2002;Chin & Lentink, 2016). In this thesis, I investigated the diversification of flight behaviour in Morpho butterflies and its link to ecological specialization and speciation, by combining ecological and aerodynamics approaches. 

Co-evolution of flight behaviour and morphology

Identifying the selective constraints imposed by flight on wing shape evolution

To what extent can wing shape diversity be explained by selective constraints imposed by flight? The idea that distinct wings or wing areas in butterfly evolve partially independently is suggested by the generally higher variability of hindwings shape as compared to forewings (Strauss, 1990;[START_REF] Hegedus | The influence of mimicry on wing shape evolution in the butterfly Papilio dardanus (Lepidoptera: Papilionidae)[END_REF][START_REF] Owens | Comparative phylogenetics of Papilio butterfly wing shape and size demonstrates independent hindwing and forewing evolution[END_REF], and may results from unequal aerodynamic constraints acting over the wings. In Chapter 2, I showed that the forewing, and particularly the forewing leading edge, is crucial to maintain high flight speed and gliding ability in Morpho butterflies. In contrast, I found that the loss of wing margins or posterior wing parts had little effect on flight performance, pointing at lower aerodynamic constraints one these wing parts. This suggests that flight performance exerts strong stabilizing selection on anterior wing parts, such that slight deviation might be rapidly counter-selected. As a result, a greater shape diversity may be more likely to evolve in less-constrained wing parts, either neutrally or in response to selection.

One of the most variable parts of lepidopteran is the size and shape of hindwing tail extensions (e.g. many species from the Papilionidae butterfly family, or saturniid moths). It was recently shown that Saturniid hindwing tails deflect bats attacks due to their acoustic signature (Barber et al., 2015;Rubin et al., 2018). These results suggest that predation might drive the diversification of lepidopteran hindwings. The evolution of some wing shape variation such as hindwing extensions may thus evolve relatively independently of flight constraints. Nevertheless, the evolution of extended tails may in turn also affect flight performance and hence the evolution of flight behaviour. Interestingly, aerodynamic experiments using wing models have suggested that hindwing tails can increase the lift-to-drag ratio and improve stability during gliding flight (Park et al., 2010). It is noteworthy that while Morpho do not have tails, some species typically present hindwing extensions, the most developed of which are found in slow gliding canopy species (Fig. 1), in line with a possible effect on gliding efficiency. This illustrates the complex interdependency between the evolution of flight and wing shape, where flight may both influence, and be influenced by wing shape evolution. Bottom: Morphological space. 1 and 2 are different morphologies. Middle: behavioural space. Each morphology is associated with a range of possible behaviours (i.e. behavioural plasticity, or repertoire). Behavioural ranges 1 and 2 are partly overlapping, meaning that different morphologies may allow performing similar flight behaviours, while being each more efficient in performing some specific flight behaviours (colour gradient on the right). Top: flight behaviour adaptive landscapes. A: selection favours a behaviour only achievable with one particular morphology (e.g. morphology 2), that will be selected. B: selection favours a behaviour achievable by different morphologies through behavioural plasticity, leading to the selection of both morphologies. Behavioural plasticity may thus in some extent 'shield' morphological variation from the effect of selection.

it weakens the trade-offs imposed on wing shape by the diversity of flight constraints.

The surprisingly large range of flight manoeuvers achievable with a given morphology might be enabled by the complex combination of traits underpinning flight. In support with this hypothesis, [START_REF] Holzman | Functional complexity can mitigate performance trade-offs[END_REF] showed using numerical simulations that complex traits (i.e. those determined by multiple morphological traits interacting biomechanically) are less constrained by trade-offs during evolution as compared to sim-differences in wingbeat kinematics, while there was little effect of morphology. This result raises the question of whether canopy species individuals climb better because they are more efficient in this flight mode, or because they instinctively seek to fly upwards and hence behave to do so even if such flight mode is probably energetically highly costly. Similarly in Chapter 3, I found that the flight trajectories performed in the insectary were often more upward-directed in canopy than in understory species.

This suggests an inherent tendency to fly upward in canopy species, possibly triggered by environmental cues (e.g. light-seeking behaviour).

In order to disentangle the relative contribution of behaviour and morphology to flight, it is therefore crucial (1) to determine the range of behaviours performed by individuals with a given morphology using ecological studies and then (2) to investigate the performances (e.g. speed, glide angle, ascent angle...) associated with such a morphology in the different flight tasks (gliding, climbing, hovering...) (Fig. 3). Fig. 3. Examples of morphological, behavioural and biomechanical features that needs to be studied to understand how flight co-evolves with morphology. This illustrates the need to focus on fitness-related behaviours (e.g. mate-searching, escaping...) and to identify the flight manoeuvers associated with those behaviours (e.g. gliding, climbing, take-off...). Ecological studies should thus guide biomechanical studies towards the relevant estimates of performance, thus enabling linking morphological variation to flight performance during relevant behaviour.

Flight behaviours acting on species diversification

Because flight behaviour is tightly linked to resource searching (e.g. food, host-plants or mate), the evolution of flight behaviours may play a significant role in niche specialization and the diversification of flying species. In birds and bats for instance, strikingly different flight behaviours and morphologies have evolved with specialized feeding habits (e.g. hovering flight in nectarivorous species, fast agile flight in insect-chasing species, sustained soaring flight in raptors), often associated with habitat specialisation (Norberg & Rayner, 1987;Rayner, 1988;Norberg, 2012). Likewise in flying insects, niche specialisation is intimately linked to the evolution of particular flight behaviours (e.g.

nectar-feeding hovering moths, dragonflies catching prey in mid-air). The marked divergence in suites of traits observed among species may initially arise through subtle variation in flight behaviour. For example, variation in flight height might initiates habitat specialisation (DeVries et al., 2010;Cespedes et al., 2015). Variation in flight phenology [START_REF] Friesen | Sympatric speciation by allochrony in a seabird[END_REF] or in migratory routes [START_REF] Rolshausen | Contemporary evolution of reproductive isolation and phenotypic divergence in sympatry along a migratory divide[END_REF] may also trigger specialisation on resources available in different seasons or geographical areas, thereby contributing to the isolation of populations initially living in sympatry.

The precise role of flight behaviour in the colonization of novel ecological niches is however challenging to ascertain. Although within-species variation in flight behaviour might trigger the specialization into a novel ecological niche, it is also likely that niche specialization occurred relatively independently of flight, and that contrasted ecological pressures (e.g. associated with novel feeding habits or habitat) subsequently drove divergence in flight behaviour. Below, I discuss the putative role of flight behaviour and microhabitat specialisation in the diversification of Morpho butterflies.

Evolution of flight behaviour and specialisation in the canopy microhabitat

The stereotyped slow -and seemingly peaceful -gliding flight of some canopy Morpho species is visually striking (comparable to that of soaring birds, C.L.R., pers. obs.), and seems to be an uncommon flight adaptation in butterflies. Perhaps, the evolution of the peculiar hill-toping gliding flight behaviour in the long-winged giant African swallowtail butterfly Papilio antimachus represents a similar evolutionary trajectory (Sáfián, 2013).

How the canopy microhabitat might favour the evolution of specialized gliding flight behaviour is not straightforward. Because any trait reducing flight cost is likely under positive selection [START_REF] Norberg | Energetics of flight[END_REF], and that the open canopy enables extensive periods of low-cost gliding flight (as compared to the dense understory), traits enhancing gliding efficiency in the canopy might be rapidly recruited. Indeed, most animals flying in open environments generally adopt this energy-saving gliding behaviour [START_REF] Gibo | Flight strategies of migrating monarch butterflies (Danaus plexippus L.) in southern Ontario[END_REF]Rayner, 1988;Norberg, 2012).

The colonization of the canopy habitat may have initially been promoted by a reduced competition in the higher strata of the forest, or may simply have arisen through the specialization of an ancestral population in a more open environment [START_REF] Diamond | Niche shifts and the rediscovery of interspecific competition: why did field biologists so long overlook the widespread evidence for interspecific competition that had already impressed Darwin[END_REF][START_REF] Bush | Sympatric speciation in animals: new wine in old bottles[END_REF][START_REF] Van Belleghem | Behavioral adaptations imply a direct link between ecological specialization and reproductive isolation in a sympatrically diverging ground beetle[END_REF]. Further evolutionary and ecological investigations are needed to precisely identify which traits have enabled the shift of habitat (putatively a change in flight behaviour), and which traits have diverged afterwards due to contrasted ecological pressures among microhabitats. For example, specialization on different resources such as host-plants may have contributed to -or occurred after -the separation from the understory clade, leading to the diversification of canopy species.

Host-plant shift are indeed thought to play a major role in the diversification of butterflies and insects in general [START_REF] Janz | The oscillation hypothesis of host-plant range and speciation. Specialization, speciation, and radiation: the evolutionary biology of herbivorous insects[END_REF][START_REF] Nylin | Does plasticity drive speciation? Host-plant shifts and diversification in nymphaline butterflies (Lepidoptera: Nymphalidae) during the tertiary[END_REF]. In Morpho, a recent study highlighted that a host-plant shift (from dicot-to monocotyledons) occurred in a clade of understory species specialized in the cloud forest habitat, suggesting a role of host-plant shift in the diversification of this clade (Chazot et al,. in revision).

Similarly, the diversification in the canopy group might also be associated with a specialization on different host-plants. Larvae of the canopy species M. telemachus indeed feed on a climbing shrub that grows high in the canopy (genus Abuta, Menispermaceae) [START_REF] Gallusser | Observaciones sobre el desarrollo y polimorfismo de Morpho (Iphimedeia) telemachus (Linnaeus, 1758) en el noreste Peruano (Lepidoptera, Nymphalidae, Morphinae)[END_REF]C.L.R., pers. obs.). Other canopy species like M. rhetenor and M. cypris use trees from the genus Macrolobium and Inga respectively (Fabaceae)

as their host plant (DeVries & Martinez, 1993) that typically have their vegetal cover at the canopy height (C.L.R., pers. obs.). In the understory species M. helenor, females oviposit on various host-plant species, all generally less than two meters tall (e.g.

Machaerium seemanii, Leguminoseae) [START_REF] Young | Community ecology of some tropical rain forest butterflies[END_REF]. Knowledge on the host-plants across Morpho species is largely incomplete [START_REF] Beccaloni | Catalogue of the hostplants of the Neotropical butterflies[END_REF], but these examples suggest that specialization on host-plant growing in the canopy may be linked to the diversification of Morpho species in the canopy.

Specialization on different food resources during the adult life might also contribute to specialization in the canopy habitat. Although all Morpho species are thought to feed on decaying fruits fallen on the forest floor, canopy species are yet rarely captured in bait-trap placed at low height (DeVries et al., 2010), suggesting that unknown feeding habits (e.g. enabling to exploit fruits while staying in the canopy) may have evolved in canopy species. This could be investigated for example using DNA-sequencing of gut contents [START_REF] Pompanon | Who is eating what: diet assessment using next generation sequencing[END_REF][START_REF] Kress | DNA barcodes for ecology, evolution, and conservation[END_REF].

Co-evolution of flight and colour pattern in the canopy

In the canopy species where slow gliding flight has evolved, a particularly dull wing colour pattern is observed (Fig. 1). This greatly contrasts with the blue iridescent wings of faster flying Morpho species, and therefore questions the coevolution between wing colour pattern and flight behaviour. An association between blue iridescent colouration and fast, irregular flight pattern is especially suggested by the flying behaviour of the canopy species M. rhetenor (Chapter 3). Indeed, this canopy species is the brightest and most iridescent Morpho, and showed a relatively powerful but yet shaky flight pattern with rare gliding phases during my experiment in insectary conditions (Chapter 3).

Although more frequent and longer glides were observed in the wild, M. rhetenor flight behaviour stands in sharp contrast with the extensive glides observed in the other canopy species exhibiting duller colour patterns (i.e. M. cisseis, M. theseus and M. telemachus).

This difference was yet not entirely surprising, as wing loading is typically high in M.

rhetenor, and expectedly associated with a fast flight (Norberg, 2002). Whether (and why) bright blue wing colouration is associated with more vigorous flight behaviour is an intriguing phenomenon. The blue flashes produced by their wings during flapping flight, combined with a fast and erratic flight, have been suggested to benefit to Morpho by increasing their difficulty of capture by chasing predators [START_REF] Young | Wing coloration and reflectance in Morpho butterflies as related to reproductive behavior and escape from avian predators[END_REF][START_REF] Pinheiro | Both palatable and unpalatable butterflies use bright colors to signal difficulty of capture to predators[END_REF]Debat et al., 2018). Perhaps, the duller colour of slow gliding Morpho species is also advantageous because individuals from these species look like a floating dead leave (C.L.R., pers. obs.) and are therefore cryptic to predators. The active flight displayed by the bright blue M. rhetenor, contrasting with the slow flight of the duller canopy species is thus consistent with the hypothesis of a co-evolution between wing colour pattern and flight behaviour influenced by predation.

The peculiar flight behaviour, the deep blue colouration and the singularly elongated wings of M. rhetenor have brought puzzling questions during my thesis. Indeed, computational aerodynamic modelling revealed that these very elongated wings are ef-ficient for gliding flight, in agreement with classical aerodynamic considerations (Vogel, 1994;[START_REF] Ancel | Aerodynamic evaluation of wing shape and wing orientation in four butterfly species using numerical simulations and a lowspeed wind tunnel, and its implications for the design of flying micro-robots[END_REF]. Individuals from this species yet showed surprisingly little use of gliding flight in the wild and insectary condition (Chapter 3). How a nongliding flight behaviour may evolve with wing shape conferring high gliding efficiency is thus puzzling. As mentioned above, bright iridescent wings seems tightly associated with the evolution of a relatively fast, and unpredictable flight behaviour, because it may increase the difficulty of capture [START_REF] Murali | Now you see me, now you don't: Dynamic flash coloration as an antipredator strategy in motion[END_REF]. In M. rhetenor, a specific flight behaviour may thus have evolved jointly with highly iridescent wings, and morphological traits promoting higher flight speed (such as a higher wing loading). Further An alternative explanation to the apparent discrepancy between wing shape and flight observed in M. rhetenor is that wing shape evolution might be influenced by other selective pressures, such as sexual selection. The exaggeratedly elongated blue wings found in this species may confer a reproductive advantage, acting as an ornament [START_REF] Darwin | The descent of man, and selection in relation to sex[END_REF]. Flight behaviour may thus accommodate such a peculiar morphology at the stake of possible energy costs. This hypothesis of a role of sexual selection in the evolution of wing shape in M. rhetenor is supported by the particularly strong sexual dimorphism in both wing shape and colour in this species (Chazot et al., 2016).

Patrolling behaviour and co-existence of closely-related blue-banded species in the understory While spatial segregation across forest strata has likely contributed to the diversification of Morpho species in sympatry, Chapter 5 suggests that Morpho species living in the same forest strata may have diversified along the temporal dimension of their ecological niche.

The coexistence of closely-related species in sympatry is puzzling and is generally assumed to be favoured by character displacement that may induce changes in ecological niches. Character displacement, i.e. morphological divergence in sympatric populations of overlapping species, is driven by interspecific competition for resources and/or reproductive interferences [START_REF] Grant | Convergent and divergent character displacement[END_REF][START_REF] Schluter | Ecological character displacement in adaptive radiation[END_REF][START_REF] Grether | Causes and consequences of behavioral interference between species[END_REF]. Among the best studied examples is the divergence in beak morphology among sympatric species of Darwin' finches, driven by competition for feeding resources [START_REF] Schluter | Ecological character displacement in Darwin's finches[END_REF][START_REF] Grant | Evolution of character displacement in Darwin's finches[END_REF]. In the Ficedula flycatcher, selection against unfit hybrids has been shown

to promote a co-divergence in male plumage colouration and female choice between sympatric species, highlighting the role of behavioural interferences in morphological divergence in sympatric species [START_REF] Saetre | A sexually selected character displacement in flycatchers reinforces premating isolation[END_REF]. Such behavioural interferences are likely to be more important in closely-related species where costly unfit hybrids can be produced resulting in reinforcement mechanisms [START_REF] Noor | Reinforcement and other consequences of sympatry[END_REF][START_REF] Servedio | The role of reinforcement in speciation: theory and data[END_REF][START_REF] Butlin | Coupling, reinforcement, and speciation[END_REF]. In butterflies, flight behaviour plays a key role in matesearching (Scott, 1974;Rutowski, 1991;Takeuchi, 2017), and wing colour pattern is very often involved in sexual communication [START_REF] Silberglied | Visual communication and sexual selection among butterflies[END_REF][START_REF] Sweeney | Polarized light as a butterfly mating signal[END_REF]Kemp, 2007). Closely-related butterfly species may thus be more likely to diverge in those traits when living in sympatry than in allopatry. While a switch in wing colour pattern has been shown to promote sympatric speciation [START_REF] Jiggins | Speciation: Reinforced butterfly speciation[END_REF][START_REF] Lukhtanov | Reinforcement of pre-zygotic isolation and karyotype evolution in Agrodiaetus butterflies[END_REF], less is known on the role of changes in flight behaviour in reinforcement processes.

The three closely-related Morpho species studied in chapter 5 show high resemblance in wing colour pattern. I showed that such similarity generates interspecific territoriality and courtships, which has likely promoted the divergence in patrolling time among species (Chapter 5), pointing at the importance of patrolling behaviour in reinforcement. This particular situation probably stems from the frequency-dependent selection generated by predator behaviour ("escape mimicry" hypothesis) promoting local convergence in wing colour pattern, and making sympatric Morpho species comparable to Müllerian mimics in chemically defended species [START_REF] Llaurens | in press) Convergence in sympatry: evolution of blue-banded wing pattern in Morpho butterflies[END_REF]. Convergence in wing colour pattern and divergence in patrolling time may then favour the persistence in sympatry of mimetic Morpho species by reducing both predation risk and interspecific behavioural interference.

Interestingly, preliminary data suggest that the convergence in wing colour pattern and the divergence in patrolling time among mimetic Morpho species also occur in other regions of Amazonia (only studied in Peru during this thesis). Indeed, in French Guiana, M. helenor, M. achilles and M. deidamia all exhibit a narrow blue band on their dorsal wings (narrower than their respective Peruvian conspecifics), and were reported to also patrol at markedly different time of the day (Violaine Llaurens and Vincent Debat, pers. com.). In order to ascertain the role of diverging patrolling time in the sexual isolation of co-mimetic Morpho species, future field studies quantifying patrolling time should be performed in geographical areas where species are in allopatry. This is the case for example in Northern Amazonia (e.g. Panama, Colombia), where M. helenor occurs without its co-mimetic close relatives (M. achilles and M. deidamia) [START_REF] Blandin | Evolution and diversification of Neotropical butterflies: Insights from the biogeography and phylogeny of the genus Morpho Fabricius, 1807 (Nymphalidae: Morphinae), with a review of the geodynamics of South AAmerica[END_REF]. If behavioural interference does not occur in these locations, longer period of patrolling activity are expected in M. helenor males in these localities.

Temporal segregation in response to resource competition or reproductive interference has been reported in other taxa [START_REF] Schuett | Sympatric rattlesnakes with contrasting mating systems show differences in seasonal patterns of plasma sex steroids[END_REF][START_REF] Brito | Spatial and temporal segregation allows coexistence in a hybrid zone among two Mediterranean vipers (Vipera aspis and V. latastei)[END_REF][START_REF] Taylor | The role of allochrony in speciation[END_REF], but mostly at larger temporal scale (e.g. seasonal segregation) (but see [START_REF] Schöfl | Time-shifted reproductive behaviours among fall armyworm (Noctuidae: Spodoptera frugiperda) host strains: evidence for differing modes of inheritance[END_REF]. The patrolling activity of males Morpho was found to differ from less than two hours between mimetic sister species (Chapter 5), representing a remarkably fine temporal scale for a shift in reproductive behaviour [START_REF] Taylor | The role of allochrony in speciation[END_REF].

Nonetheless, comparable fine-scale temporal partitioning of sexual activity has been observed in other moth and butterfly species [START_REF] Devries | Diel activity and reproductive isolation in a diverse assemblage of Neotropical skippers (Lepidoptera: Hesperiidae)[END_REF][START_REF] Groot | Circadian rhythms of sexual activities in moths: a review[END_REF][START_REF] Gallard | Des postes territoriaux des Riodinides en Guyane: découverte de deux nouvelles espèces (Lepidoptera, Riodinidae)[END_REF], suggesting that it may be relatively common in Lepidoptera. Although there was a short time overlap between the patrolling time of the sister species M. helenor and M. achilles, patrolling time in the more distantly related species M.

deidamia almost fully overlapped with M. achilles. The strict genetic isolation between these three species revealed by genomic data (Chapter 5) thus questions the existence of additional reproductive barriers. Reproductive isolation between sympatric Morpho species might indeed involves divergence in other traits like chemical mating cues (as shown in other mimetic butterflies: [START_REF] Mérot | Beyond magic traits: Multimodal mating cues in Heliconius butterflies[END_REF][START_REF] González-Rojas | Chemical signals act as the main reproductive barrier between sister and mimetic Heliconius butterflies[END_REF].

Assessing difference in chemical profiles among co-mimetic Morpho species is thus a straightforward perspective for future investigations.

My results also highlighted a strong regularity in patrolling time at the individual level (Chapter 5, Fig 5 .), questioning the genetic vs. environmental control of this temporal fidelity. Individuals flying at time overlapping with the other sympatric species may then be more prone to engage in behavioural interferences. Using our dataset (Chapter 5), we indeed detected a higher species discrimination in individuals flying in the species overlap period of the day, but the result of this analysis is highly sensitive to our species assessment (also based on the time of the day), preventing a robust conclusion. Testing this hypothesis would require determining species identity precisely at the time where both mimetic species are active together. Because species can only be identified on captured individuals, this would require capturing each visiting males after they interacted (or not) with the dummy. This would allow investigating the joint evolution of patrolling time and species discrimination capacities in these closely-related sympatric species.

Finally, even though the convergence in wing colour pattern is in line with the escape mimicry hypothesis [START_REF] Llaurens | in press) Convergence in sympatry: evolution of blue-banded wing pattern in Morpho butterflies[END_REF], there is no direct evidence of the higher difficulty of capture or the reduced predation risk associated with the blue colouration of Morpho (but see [START_REF] Pinheiro | The responses of wild jacamars (Galbula ruficauda, Galbulidae) to aposematic, aposematic and cryptic, and cryptic butterflies in central Brazil[END_REF]. A recent study focusing on agile and conspicuous butterflies from the genus Adelpha has nevertheless provided some support to the hypothesis of escape mimicry, by showing that birds do learn to avoid evasive prey, and at an even faster pace than they learn to avoid distasteful prey [START_REF] Páez | Hard to catch: Experimental evidence supports evasive mimicry[END_REF]. This strongly supports the idea that shared difficulty of capture among sympatric butterfly species may drive convergence in wing colour pattern.

Beside escape mimicry, another evolutionary process might favour similarity in wing colour pattern in sympatric Morpho species. The bright blue signal emitted by patrolling Morpho may also act as an agonistic signal, enabling to recognize competing males. Because males Morpho compete for females, responding to competitors' signals is crucial to attempt driving them away (throughout aerial contest), and hence increase the probability of encountering receptive females. Chapter 5 highlighted clear differences in flight behaviour between male-male and male-female interactions, suggesting that male-male flight interactions are indeed contests for territory (and not misdirected courtships, Takeuchi, 2017). I further showed that these contests occurred between dif-ferent Morpho species, suggesting that a male may benefit from chasing any intruder from its territory, including heterospecifics. Such behaviour should be promoted especially if males from at least one species perform indiscriminate courtship or mating attempts, and therefore compete for mating with males from other species. Results from my dummy experiment (Chapter 5) suggest that heterospecific courtships can indeed occur in Morpho butterflies, making interspecific territoriality likely advantageous for patrolling males.

A growing number of studies suggest that interspecific territoriality and reproductive interference can maintain similarity (or even drive convergence) in traits used for competitor recognition (e.g. the song of birds, or the beak colouration of toucans, [START_REF] Tobias | Signal design and perception in Hypocnemis antbirds: evidence for convergent evolution via social selection[END_REF][START_REF] Drury | Reproductive interference explains persistence of aggression between species[END_REF][START_REF] Prum | Mimicry cycles, traps, and chains: the coevolution of toucan and kiskadee mimicry[END_REF]. The precise evolutionary mechanisms driving convergence -or preventing divergence -of these traits however remain not fully understood [START_REF] Grether | Causes and consequences of behavioral interference between species[END_REF][START_REF] Grether | Predicting evolutionary responses to interspecific interference in the wild[END_REF]. Even though similarity in wing colouration among individuals from sympatric Morpho species might be promoted by interspecific male-male competition, negative interspecific interactions may have promoted a segregation of patrolling time between these mimetic species. Assessing the relative influence of predator behaviour (escape mimicry) and of interspecific territoriality in shaping the evolution of the blue iridescent signal of Morpho butterflies poses a highly interesting challenge for future investigations.

Conclusion

Altogether, the combination of aerodynamic and ecological approaches highlights how multifarious and sometimes conflicting selective pressures together shape the complex co-evolution of butterfly wings and flight behaviour. Moreover, the study of closelyrelated species living in sympatry has allowed showing how the evolution of suites of integrated behavioural and morphological traits contribute to the species diversification in sympatry (Fig. 4) . This habitat shift may be for example promoted by competition between understory species. The invasion of the canopy microhabitat promotes specialization into vacant ecological niches (e.g. specialization on different host-plants), ultimately resulting in speciation and the diversification of canopy Morpho species. The entrance into a novel ecological niche in turn exerts ecological pressures further driving phenotypic evolution in the species occupying the newly occupied niche.

Perspectives Ecological perspectives

Many questions remain to be investigated to further understand the evolutionary forces shaping the diversity of Morpho butterflies. The evolution of the blue iridescent wing colouration is some species is among the most appealing question. While this trait has made Morpho one of the most popular groups of butterflies worldwide, the evolutionary hypotheses concerning the evolution of their blue iridescent wings (escape mimicry, interspecific competition, sexual selection) have never been explicitly tested (Debat et al., 2018). My results strongly suggest that a blue wing colouration is more likely to evolve in species displaying particularly fast and irregular flight behaviour, in agreement with the escape mimicry hypothesis. In order to explicitly test if dynamic blue flashes effectively makes Morpho more challenging to capture, future studies should design experiments with real butterfly' predators (e.g. Chai & Srygley, 1990;Srygley & Dudley, 1993;Pinheiro, 1996). Manipulating wing colouration (i.e. artificially removing/hiding blue scales), and testing if it results in more successful attacks would for example allow ascertaining the supposed confusing effect of dynamic blue flashes on predators. Alternatively, the effect of the dynamic blue colouration on capture difficulty could also be investigated using human as surrogate predators in video-game experiments (e.g. [START_REF] Arias | How do predators generalize warning signals in simple and complex prey communities? Insights from a videogame[END_REF].

The aggressive response of patrolling males to blue signal (either emitted by heteroor conspecific) also strongly questions the role of inter-and intraspecific communication in the evolution of this trait. Investigating whether Morpho have specific sensitivity to blue signal, and if there is a dimorphism in such sensitivity would be highly interesting. Indeed, a high sensitivity to blue signal in males would point at an advantage in detecting females and male competitors. If females also show such a sensitivity, then the hypothesis of the blue colouration playing a role in inter-sexual selection would also be supported.

A better understanding of the evolution of Morpho butterflies should above all emerge from further ecological studies. Males are known for extensively patrolling along rivers or roads, seemingly without clearly delimited territory (and at highly regular hours, Chapter 5). Although they may predominantly patrol in open areas because it increases visibility when searching for mates, it is also the only place where they can be easily seen by human observers, likely biasing our perception of their behaviour. What they do when they fly away from these open sites is completely unknown. The flight behaviour of females is comparatively even less understood as they rarely fly in open areas, mostly remaining in the dense vegetation, putatively in search for host-plants. A promising research perspective would to use radio-telemetry to track movements of Morpho butterflies. Progress in the miniaturization of radio transmitters has enabled successful tracking of increasingly small flying insects [START_REF] Wikelski | Simple rules guide dragonfly migration[END_REF][START_REF] Kissling | Challenges and prospects in the telemetry of insects[END_REF][START_REF] Liégeois | Use of radio telemetry for studying flight movements of Paysandisia archon (Lepidoptera: Castniidae)[END_REF]. Data on the flying range of Morpho butterflies would for example allow assessing variation in movement range and duration among species and sexes. One could test if the energy-saving gliding flight observed in canopy species has evolved with a particularly sustained patrolling behaviour covering large distances.

Finally, a great challenge would be to identify the predator community of Morpho butterflies. Direct observations of predator' attacks on butterflies in the wild are however hard to obtain and therefore relatively scarce in the literature [START_REF] Pinheiro | Butterfly predators in the neotropics: which birds are involved?[END_REF]. Willmott et al. (2017) showed that encounter rates between insectivorous birds and butterflies (mostly from the Ithomiini tribe) differed significantly between forest strata, supporting the idea that contrasted predation pressures may be exerted on butterfly segregated vertically in the forest. This encourages for further studies assessing to what extent the predator community of Morpho butterflies may differ among microhabitats.

Biomechanical perspectives

In this thesis, we used Computational Fluid Dynamics (CFD) to precisely determine the aerodynamic properties of different wing shapes during gliding flight, and highlighted the higher gliding efficiency associated with the wing shape of canopy species (Chapter 3).

Investigating the aerodynamic consequences of wing shape variation during other flight mode -such as flapping flight -using CFD may allow evidencing potential trade-offs between gliding and flapping flight performances. Indeed, a wing shape conferring poorer gliding performance might be more efficient during flapping flight (and vice-versa)although my analysis of climbing flight did not detect such a trade-off. Flapping flight is however highly challenging to study because forces generated by air flow interacting with the wing vary greatly with time over the wingbeats (i.e. 'unsteady conditions' see Chapter 1 part I), making CFD simulations of flapping wings more complex, and computationally more demanding as compared to the steady-state gliding condition. Such simulations could nonetheless be performed based on the detailed wingbeat kinematics quantified in Chapter 4. An interesting perspective would be to use CFD simulations of flapping wings to disentangle the relative influence of wing kinematics and wing shape on the aerodynamic forces generated during flapping flight. For instance, one could simulate the wing movement of a canopy species individual while replacing its wing shape by that of an understory species individual and vice-versa to assess how it affects force production.

An aspect of wing morphology that was not considered in this thesis is wing flexibility. Flapping wings undergo dramatic deformations during wing strokes (Fig. 5 Finally, because of the potential importance of escape mimicry and habitat cluttering in the evolution of flight in understory species, manoeuvrability would deserve further investigation in Morpho butterflies. A obvious hypothesis when comparing the flight of species evolving in open vs. cluttered habitat is that high manoeuvring ability should be promoted in cluttered habitat (Norberg & Rayner, 1987). Our results pointed at a greater use of flapping flight in understory species (especially when flying in natural condition, see Chapter 3), which might indeed reflect a more manoeuvrable flight. Yet, our data indicated that the tightest turns, which are generally assumed to reflect manoeuvring capacities (Aldridge, 1987;Norberg & Rayner, 1987), were achieved in canopy species. This finding should be taken cautiously, as the many sharp turns of the canopy species mostly stemmed from their very shaky flight pattern exhibited during ascending flight in the insectary, contrasting with straighter trajectories observed but not quantified in the wild (C.L.R., pers. obs.). The execution of sharp turns is moreover unclearly linked to the ability to fly through cluttered environments (Crall et al., 2015), which is better measured using specifically designed experiments such as obstacle courses (e.g. [START_REF] Swaddle | Cluttered habitats reduce wing asymmetry and increase flight performance in European starlings[END_REF][START_REF] Stockwell | Morphology and flight manoeuvrability in New World leaf-nosed bats (Chiroptera: Phyllostomidae)[END_REF]Crall et al., 2015). Such experiments placing individuals in challenging situations may indeed be more relevant to assess variation in manoeuvring performance among Morpho species.

Overall, the study of flight in Morpho, initiated with my PhD, has brought some insights on the processes of co-evolution of morphology and behaviour, and on the ecology of sympatric species. But it has also -and maybe as importantly -raised numerous new questions on behavioural evolution and species diversification that, I hope, will stimulate future research. morphologie des ailes, le comportement de vol et les performances entre des espèces sympatriques vivant soit dans la canopée ouverte, soit dans le sous-bois fermé. J'ai combiné une étude de terrain caractérisant le comportement en vol dans la nature avec une modélisation aérodynamique pour quantifier les performances associées aux différentes formes d'ailes. Je me suis particulièrement intéressé à l'influence du micro-habitat sur l'évolution des capacités de vol plané, qui sont soupçonné de jouer un rôle important dans la diversification des espèces Morpho vivant en canopée.

Les pressions de sélection exercées par les micro-habitats peuvent cependant influencer différents aspects des performances de vol. L'évolution divergente des papillons Morpho peut donc être plus clairement mise en évidence en étudiant plusieurs facettes de leur répertoire comportemental. Ainsi, j'ai également étudié l'influence du microhabitats sur un autre aspect -particulièrement crucial -du comportement de vol : le vol ascendant évasif (Chapitre IV). J'ai réalisé une étude comparative des performances du vol ascendant chez les espèces de la canopée et de sous-bois, en quantifiant finement 

Résumé approfondi

Les papillons présentent une très grande variation de formes et de couleurs d'ailes ainsi que des comportements de vol très variables, en lien avec une diversité écologique exceptionnelle. Malgré le rôle probablement central que joue le vol dans l'évolution des papillons, les pressions de sélection influençant la diversité de leurs comportements de vol et de leurs morphologies restent largement méconnues. Le vol est en effet un phénotype très complexe, impliquant l'intégration de nombreux traits comportementaux et morphologiques, qui évoluent sous l'effet de pressions de sélection parfois opposées. Le vol est de plus difficile à quantifier en conditions naturelles et écologiquement pertinentes, limitant l'établissement de liens directs avec la fitness.

Dans cette thèse, j'ai d'abord réalisé une revue de la littérature qui examine comment la biologie évolutive et l'aérodynamique peuvent être combinées pour mieux identifier les processus sélectifs affectant la forme des ailes et le comportement de vol chez les papillons. A travers ce travail de revue, j'ai cherché à estimer la pertinence écologique des liens morpho-fonctionnels établis par les études biomécaniques, pour comprendre l'évolution de la morphologie des ailes. j'ai rassemblé les preuves de l'effet de la sélection naturelle et sexuelle sur l'évolution de la forme des ailes des papillons, et discuté de la façon dont nos connaissances fonctionnelles peuvent permettre d'identifier les forces sélectives impliquées, à la fois à l'échelle macro et micro-évolutive. Ce travail montre que, bien que des corrélations entre la variation de la forme des ailes et les facteurs écologiques aient été établies au niveau macro-évolutif, les pressions sélectives sousjacentes en jeu restent souvent floues. Cela met en lumière la nécessité d'étudier le comportement de vol dans un contexte écologique pertinent afin de de mieux cerner la composante adaptative des variations de forme des ailes. L'identification du régime sélectif en jeu devrait permettre d'orienter les études expérimentales de manière à obtenir des estimations plus pertinente des performances de vol. Dans l'ensemble, l'habitat, les prédateurs et les comportements spécifiques au sexe constituent les principales forces sélectives agissant sur l'évolution de la forme des ailes chez les papillons. Certaines divergences morphologiques frappantes dues à une écologie contrastée concernent à la fois la morphologie des ailes et du corps, ce qui souligne la nécessité de prendre en compte leurs interactions dans les études futures sur la coévolution entre la morphologie et le comportement en vol.

En focalisant mes recherches sur le genre Morpho, j'ai ensuite combiné études évolutives de terrains et approches biomécaniques pour caractériser l'évolution des formes, des couleurs et du comportement de vol dans ce groupe de papillons iconique, pourtant encore peu étudié.

Dans une première étude expérimentale, j'ai testé l'effet des variations de formes d'ailes liées à leur dégradation naturelle. En effet, les insectes volants subissent fréquemment des dégâts aux ailes au cours de leur vie. Ces altérations irréversibles de la forme des ailes affectent les performances de vol et, à plus long terme, la fitness. Il a été démontré que les insectes compensent les dégâts causés aux ailes par divers ajustements comportementaux, mais l'importance de la localisation des dégâts sur les ailes n'a été que peu étudiée. En utilisant la variation naturelle des dégâts aux ailes, j'ai testé comment la perte de différentes parties de l'aile affecte les performances de vol. j'ai quantifié les performances de vol de deux espèces de grands papillons, Morpho helenor et M. achilles, capturés dans la nature, et présentant une grande variation dans la présence et la localisation des dégâts aux ailes. j'ai de plus artificiellement généré des dommages plus importants, afin de comparer leurs effets sur le vol à ceux liés aux dégât et en sous-bois en utilisant la vidéographie multi-caméras en trois dimensions dans des cages installées dans leur environnement naturel. j'ai ensuite quantifié avec précision la variation de la forme des ailes des spécimens filmés en utilisant la morphométrie géométrique pour étudier l'association entre la forme des ailes et le comportement de vol.

Cette étude comparative m'a permis de démontrer que la spécialisation dans différents micro-habitats a résulté en une divergence adaptative du comportement de vol et des 

Conclusion

Dans l'ensemble, la combinaison des approches aérodynamiques et écologiques met en évidence la façon dont des pressions de sélection multiples et parfois contradictoires façonnent la coévolution complexe des ailes de papillons et du comportement de vol.

De plus, l'étude d'espèces étroitement apparentées vivant en sympatrie a permis de montrer comment l'évolution de suites de traits comportementaux et morphologiques intégrés contribue à la diversification des espèces vivant en sympatrie. L'étude de la divergence du comportement de vol et de la morphologie parmi des espèces ou des populations étroitements apparentées présentant des écologies contrastées constitue une piste de recherche prometteuse pour mieux comprendre les mécanismes impliqués dans la diversification des animaux volants.

Evolution of flight and diversification in sympatry:

Morpho butterflies as a case-study

Butterflies display extreme variation in wing shape, colour and flight behaviour associated with a tremendous ecological diversity. Despite the central role that flight likely played in their diversification, the selective pressures shaping the diversity of flight behaviours and morphologies of butterflies remains largely unknown. This is mainly because flight is a highly complex phenotype involving suites of integrated behavioural and morphological traits, evolving under the influence of multiple and sometimes conflicting selective pressures. Flight behaviour is moreover challenging to quantify in natural -and relevant ecological -situations, preventing drawing straightforward links to fitness. During my PhD, I first reviewed the literature to question how evolutionary and aerodynamic knowledge may be combined to further understand the evolutionary processes shaping the evolution of butterfly wing shape and flight (Chapter 1). Then, focusing on Amazonian butterflies from the genus Morpho, I combined evolutionary field studies and biomechanical approaches to study the evolution of flight behaviour, wing shape and colours in this iconic but yet understudied group of butterflies. I experimentally tested the effect of fine wing shape variation by taking advantage of naturally damaged Morpho butterflies, revealing how flight behaviour can be adjusted in response to wing shape alteration, and identifying wing parts under stronger aerodynamic constrains (Chapter 

Fig. 2 .

 2 Fig. 2. Predation is a major selective force acting on the evolution of flight performance. Rapid take-off, acceleration and high manoeuvring capacities are favoured in flying predators, but equally in prey escaping from both ground and aerial predators. (a) Looming attack of dragonfly on fruit fly. (b) An Australasian Figbird catching an airborne beetle. (c) A stream anole eating a Morpho butterfly. Photo credits: a) Igor Siwanowicz; (b) Wikipedia; (c) David Herasimtschuk.

Fig. 3 .

 3 Fig. 3. Hovering flight behaviour in different nectar-feeding lineages. The habit of feeding on floral nectar has promoted convergence in hovering flight ability among insects, birds, and mammals, enabled by different suites of traits. Sphingid moths and hummingbirds show remarkable similarity in wing and body proportion, as well as in wingbeat kinematics. In contrast, swallowtail butterfly or nectar-feeding bats exhibit strikingly larger wing area relative to body weight associated with different flight kinematics, suggesting that contrasted combination of traits may allow achieving good hovering flight performance. Photo credit: (a) Patrick Braz; (b) Monica Hall; (c) Kay Vandette; (d) Christian Ziegler.

  An individual Morpho helenor feeding on a rotting fruit. (b) Pupae of M. achilles. (c) Egg of M. cisseis. (d) Larva of M. cypris. (e) Larva of M. anaxibia. (f) Gregarious larvae of M. telemachus. Photo credit: (a) Andrew Fletcher; (b, f) César Ramírez; (c, d) Patrick Blandin; (e) Bruce Purser.

  , no study so far has ever quantitatively studied flight in Morpho butterflies. Studying the evolution of flight among sympatric Morpho species living in different forest strata thus provides an excellent opportunity to understand how flight behaviour diversifies with contrasted ecology, and how it influences morphological evolution.

Fig. 5 .

 5 Fig. 5. (a) A captured and marked individual Morpho achilles. (b) the same individual recaptured two months and 16 days later. Photo credits: Camille Le Roy.

Fig. 6 .

 6 Fig. 6. Individual Morpho rhetenor producing blue flashes when flying in the sunlight. Sequential photos of consecutive up-and down wing strokes were extracted from video, depicting the fast appearance of successive blue flashes emitted by flying Morpho. Photo credits: Camille Le Roy.

First, I performed

  a literature review to assess the importance of adaptive processes in the diversification of butterfly wing morphology and associated flight behaviours (Chapter 1). Because insights on the evolution of flight may derive from distinctive scientific fields, my review particularly aimed at questioning how knowledge emerging from evolutionary, ecological and aerodynamic studies may be combined to better understand the selective forces driving the evolution of butterfly wing shape. Second, I investigated the effect of fine wing shape variation on flight behaviour in captivity within and between two Morpho sister-species (Chapter 2). Taking advantage of natural variation in wing damage, I assessed the relative importance of different wing parts for flight performance, enabling to highlight wing areas under stabilizing and relaxed selection. This experiment also test to what extent flight behaviour can compensate for wing shape alteration, and whether contrasted behavioural adjustments have evolved in these two Morpho species. Although flight behaviour is a highly plastic trait, long term selection in the most commonly encountered environmental conditions may nonetheless promote the evolution of specific flight adaptation and associated morphology in species specialized in different microhabitats. In Chapter 3, I thus compared wing morphology, flight behaviour and performance between 12 sympatric species living either in the open canopy or in the closed understory. I combined a field study characterizing flight behaviour in the wild with a computational fluid dynamics (CFD) analysis of the wings, to quantify the performance associated with different wing shapes. I particularly focused on the influence of microhabitat on the evolution of gliding flight abilities, which is suspected to play an important role in the diversification of Morpho species in the canopy. Selective pressures exerted by microhabitats may however influence different aspects of flight performance. Divergent evolution among Morpho butterflies may thus be better highlighted by studying several facets of their behavioural repertoire. Hence, I also INTRODUCTION investigated the influence of microhabitat on another -particularly crucial -aspect of flight behaviour: evasive climbing flight (Chapter 4). I performed a comparative study of climbing flight performance among canopy and understory species, by finely quantifying wings and body kinematics during this flight mode. Such a detailed quantification allowed me to assess how different climbing abilities are achieved, and therefore to estimate the relative contribution of morphology and behaviour to diverging climbing abilities among Morpho species. By investigating the co-divergence of flight behaviour and morphology among sympatric canopy and understory Morpho species, the previous chapters shed light on the role of microhabitat specialization in the diversification of Morpho butterflies. How do Morpho butterflies coexist within a same microhabitat however remained an open question. In the last chapter (Chapter 5), I specifically investigated the mechanisms enabling coexistence among closely-related and phenotypically similar sympatric Morpho species living in the understory. Combining genomic analyses with the quantification of patrolling activity, courtship and contest flight behaviours in a fully-natural setting, I tested for gene flow and behavioural interferences among sympatric species. I specifically investigated the conflicting influence of escape mimicry and behavioural interference on the evolution of colourful signals emitted by patrolling Morpho butterflies.
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Fig. 1 .

 1 Fig. 1. Relationships between morphology, performance and fitness shown in a hypothetical adaptive landscape. Each line delimitates equal fitness areas, and two fitness optima are displayed. Two populations (or species) are shown, displaying morphologies 1 and 2, respectively. Within each group, morphological variation is displayed by different bars. The associated performance is shown by the dark red line, and is achieved by extreme behavioural values. The individual behavioural range allowed by its morphology is displayed as an open bar. The pink colour gradient in each bar shows the frequency distribution of behaviours actually performed by each individual.For both populations, some morphology allows high fitness, but through contrasting behaviour; in Population 1 the fitness values are limited by the maximum performance allowed by the morphology, so that extreme behaviours allowing maximal performance would be expected to be frequent. Selection for increased performance might be constrained by physical properties of the morphology, fixing the upper performance limit. Most individuals from Population 2 reach the fitness peak, using a behaviour that does not maximize performance.

Fig. 2 .

 2 Fig. 2. (A) Aerodynamic consequences of variation in wing aspect ratio (AR).Wings that are long relative to the mean wing width have a higher aspect ratio than shorter wings of equal area. At a constant velocity and orientation, wings with a high aspect ratio generate smaller wingtip vortices than low-aspect-ratio wings, limiting the energy required to generate comparable lift forces. (B) Two butterfly forewings with different moments of area. The moment of area of a wing depends on the distribution of the chord (i.e. wing width) along the wing axis and therefore varies with wing shape [see[START_REF] Ellington | The aerodynamics of hovering insect flight. II. Morphological Parameters[END_REF] for further details on wing moments and their formulae]. Larger wing chords are represented by darker grey shades. The more wing area is located distally relative to the wing base (symbolized as a black dot), the higher is the moment of area. During flapping flight, the distally located area moves air with a larger speed than that located more basally, and thus generate higher aerodynamic forces per unit area. Wings with a high moment of area are thus associated with more efficient flapping flight than wings with a lower moment of area.
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 12 Fig.1. Three-dimensional trajectory of a Morpho butterfly. Upward-and downward-directed triangles indicate when the butterfly wings were at the uppermost and lowermost positions during the upstroke and downstroke, respectively. Gliding and flapping phases were distinguished based on wing stroke positions along the trajectory. The duration of the shown trajectory is 1.7 s.

Fig. 3 .

 3 Fig.3. Partial-least squares (PLS) analysis showing co-variation between wing damage and flight. Co-variation detected on the first (A) and second (B) PLS vectors is shown. Shades of grey indicate the number of wings damaged at a threshold of >5% of wing area loss. The wing shape of some of the specimens is shown to facilitate visual interpretation. See Table1for variation in flight parameters along the y-axis.

Fig. 4 .

 4 Fig. 4. Effect of forewing area loss on flight speed and gliding proportion. Forewing area loss had a negative effect on flight speed and gliding proportion in both studied species. Despite this effect, M. achilles and M. helenor can be distinguished by their flight behaviour: M. achilles showed higher flight speed relative to M. helenor (A) but M. helenor tended to glide more than M. achilles (B). R 2 values shown correspond to the global regression (the two species pooled).

Fig. 5 .

 5 Fig. 5. Effect of damage distribution on flight speed. Relationship between flight speed and PC1 (A) and PC2 (B), each carrying different types of forewing shape alteration. While damage located along the margins (extreme values on PC1) had no effect on flight speed, that mostly affecting the wing tip (extreme values on PC2) reduced flight speed. Variation in damage is shown by heat maps generated on three groups of 21 individuals along the PC axes.

Figure S1 .

 S1 Figure S1. Trajectory smoothing using low pass Butterworth filter. A raw flight trajectory of a single individual (A), and its corresponding smoothed trajectory shown in red (B).

Figure S2 .

 S2 Figure S2. Method used to generate a heat map describing variation in wing damage. Using the mean shape of intact wings as a template (A), we superimposed damaged wings on the intact one by fitting the corresponding undamaged wing outlines (B and C). After each superimposition, missing wing area were counted at the pixel scale. The pixel matrix shown here is at very low resolution for the sake of simplicity. Note that the natural shape variation between individuals (i.e. not due to wing damage) was eliminated so as to match the intact template.

Figure S3 .

 S3 Figure S3. Heat map describing variation in spatial location of wing damage. Left: Morpho helenor. Right: Morpho achilles. Left and right wings are pooled together for each wing pair. Most frequent damages are in dark red.

Figure S4 .

 S4 Figure S4. PCA performed on wing outline coordinates. Variation in wing shape among individuals is shown along the two first axes of the PCA. (A) Shape variation when both wing pairs are considered. (B) Shape variation of the forewing pair only is considered. While no clear pattern emerges from the PCA considering both wing pairs, the PCA focusing on forewing shape distinguishes damage occurring mostly on the wing margin along the PC 1 and damage occurring mostly on the upper wing part along PC 2.

Figure S5 .

 S5 Figure S5. PCA performed on flight parameters. Variation in flight parameters among individuals is shown along the two first axes of the PCA. Triangles and circles represent Morpho helenor and Morpho achilles respectively. Shades of grey indicate the number of wings damaged at a threshold of >5% of wing area loss. See table S1 for variation in flight parameters along the PCs.

  of species flying in the dense vegetation of the understory and a clade of species flying in the open canopy(DeVries et al., 2010). Contrasted selective pressures faced by butterflies living in these two different habitats may result in important differences in flight behaviour between species. In particular, specialization in open habitat was suggested to favour the evolution of more extensive gliding behaviour in species living in the canopy(DeVries et al., 2010). Butterflies are the only insects that regularly use flap-gliding flight, by combining periods of flapping flight interspersed with glide phases(Betts & Wootton, 1988). In contrast, this flight mode is commonly used by many intermediatesized bird species, where it has been shown to increase energetic flight efficiency relative to continuously flapping flight, only when the aerodynamic efficiency of gliding is high enough[START_REF] Muijres | Aerodynamic flight performance in flap-gliding birds and bats[END_REF]. Here, we asked whether the evolution of elongated periods of gliding in canopy species has been enabled by an increased aerodynamic efficiency through changes in wing shape and flight behaviour. By contrasting sympatric Morpho species flying in different forest strata, we questioned the ecological, behavioural and morphological traits underpinning the diversification of flap-gliding flight.

Fig. 1 .

 1 Fig. 1. Morpho species living in the canopy use flap-gliding flight in a larger extent than species living in the understory. The twelve Morpho species studied here (out of 30 in the genus) are represented with their phylogenetic relationships. Differences in flap-gliding parameters between microhabitat were more striking in the wild, as captive flight in the insectary significantly reduced the extent of flap-glide in canopy species. Bar graphs indicate the mean ± standard error for each parameter, and stars indicate significant difference between nature and insectary values whenever the comparison was possible. Note that M. helenor and M. achilles were pooled together in the wild study because they cannot be distinguished on sight when flying, due to their high phenotypic similarity.

Fig. 2 .

 2 Fig. 2. Three-dimensional flight kinematics revealed that canopy and understory species differ in various aspects of flight behaviour and performance. (A) The 241 trajectories analysed are plotted together. Colour indicates instantaneous flight speed. (B) A single flight trajectory (duration = 1.71 sec). Upward-and downward-directed droplets indicate when the butterfly wings were at the uppermost and lowermost positions during the upstroke and downstroke, respectively. Gliding and flapping phases were distinguished based on wing stroke positions along the trajectory. (C) Principal Component Analysis (PCA) revealed what flight parameters mostly distinguished canopy from understory. Biplot indicates the most influential loadings on PC axes. (D)Gliding and flapping efficiency (measured with the glide angle during gliding phase and the ascent angle during flapping phases, respectively) were higher in canopy species, and found to diverge more strongly than expected from phylogenetic distance (see TableS3).

  , PC1). Low values of principal component 2 (Fig. 2C, PC2) are mostly related to the flight characteristics associated with aerodynamic force production during the flapping flight phase: flight speed and advance ratio, and mainly characterize understory species. High values of principal component 2 are associated with trajectory curvature, and mainly characterize canopy species (Fig. 2C, PC2

Fig. 3 .

 3 Fig.3. Wing shape and wing-loading together covary with flight behaviour. (A) Phylogenetic partial-least square (PLS) analysis shows the covariation between wing shape and flight behaviour (r-PLS=0.89; P=0.02; 74% of covariation explained). Maximal covariation between shape and flight oppose triangular to rounded wings, respectively associated with slow -curvy flight, and straighter -more powerful flight. Interspecific variation in wing-loading (showed through point size) strongly associated with the shape change found to maximally covary with flight, suggesting that the evolution of flight is tightly linked to both wing shape and body morphology. Most influential flight loading are indicated on the right. (B) Phylogenetic morphospace depicting variation in wing shape among species, diamond size indicating aspect ratio. 67

Fig. 4 .

 4 Fig.4. Higher gliding efficiency in canopy species is achieved through differences in wing shape. (A) Gliding wing shape of the three species studied with Computational Fluid Dynamics (CFD) simulations. The actual wing shape during gliding flight was obtained by filming gliding specimens from top view in the insectary study (Fig.S2). (B) Lift-to-drag ratio as a function of angle-of-attack for the three species studied. The two canopy species (M. cissei s and M. rhetenor ) show a one-unit greater maximum lift-to-drag ratio. Numerical uncertainties indicated by the error bars were obtained by dedicated verification studies (see supplementary methods). (C) Total aerodynamic efficiency result from the product of spanwise lift distribution and wing aspect-ratio. Although the wings of M. rhetenor and M. deidamia both have similar, lower spanwise efficiency than the wings of M. cisseis (D), their contrasted aspect-ratio result in different maximum lift-to-drag ratio. (E, F, G) shows the flow-fields around Morpho wings for each species.

  Fig. S2. Building realistic gliding wing shape for CFD simulation. (A) The typical vein architecture of Morpho butterfly wings (adapted from Blandin, 1988) was use as landmarks to standardize the relative position of the fore-and hindwing during gliding flight. The axis linking the wing base to the vein junction R4 (red dotted line) was positioned perpendicular to the body axis. The front margin of the hindwing was then placed against the Cu2 vein of the forewing (red lines). The resulting overlap between fore-and hindwing thus closely resembled the actual gliding position (top view camera in panel B). (C) Cropped images of the wings from the filmed specimens were used to build the realistic gliding wing shape. (D) Three-dimensional rigid flat plate of the gliding wing shape used in the CFD simulations.

  at a given point on the trajectory is inversely related to the radius of the circle that best approximates the curve at that point, and can be computed from the velocity and acceleration vectors, v and a. We first computed the acceleration vectors normal to the movement (a N ) at each point on the trajectory such as: a N = a -a, v × v where v is the unit velocity vector equal to v | v| . The radius of curvature (r) can then be computed as r = v 2 aN . The curvature was expressed as 1 r so that the highest values correspond to flights with many sharps turns, while low values indicate nearly straight trajectory.

  glide

  glide ratio quantify the relative use of flapping and gliding flight. We computed glide ratio as(Tglide) Ttotalwhere T glide is the gliding duration and T total is the length of the digitized video.Flapping frequency, f (Hz) frequency f was computed as the number of wingbeats executed per unit of time:f = W Bnumber Tflapwhere T f lap is the duration of flapping phase. This was computed only on the flapping phases of the trajectory.Advance ratio, J f lap 2 flapping phase We computed propulsive performance during flapping phases using the advance ratio J f lap , computed as Uflap fwhere U f lap is the average flight speed during the flapping phase and f if the flapping frequency. γ ascent is equivalent to the angle between the velocity vector and the horizontal plane. It was computed asγ ascent = tan -1( Uver Uhor ) where U ver and U hor are the vertical and horizontal components of the velocity, respectively. It was computed on flapping phases only.

  γ glide is equivalent to the ratio between height loss (D ver ) and the horizontal distance travelled during a glide (D hor ). We computed the glide angle as arctan( Dver Dhor ).

Fig. 1 .

 1 Fig.1. Experimental set up used to record evasive climbing flights. (A) Butterflies were released in the tunnel, and flew towards the bright exit. Using the three orthogonally positioned video cameras, we reconstructed the flight trajectories of escaping butterflies (B). The start and end of each wing stroke was identified on the trajectories to allow estimating climbing efficiency per wingbeat (a wingbeat cycle includes a down-and a upstroke).

Fig. 2 .

 2 Fig. 2. Quantifying wingbeat kinematics of climbing flight. (A) Example of a digitized wingbeat in an individual Morpho cisseis. Duration of the shown wingbeat is 0.26 s.Positions of forewing tips and hindwing tips throughout the wingbeat are indicated by the red and blue dotted lines, respectively (only three butterfly positions are shown for clarity purpose). Conventional wing angles defined in panel B were measured at each time step t = 0.004 s. The angle of attack is not represented, but was computed as the angle between the velocity vector of the wing and the wing plane at each video frame.

(

  hereafter referred to as the wingbeat-level dataset N wb canopy = 106, N wb understory = 77) while controlling for the different level of variation (species, individuals, flight trials and consecutive wingbeat). We then focused on the variability among individual mean values (referred to as the individual-level dataset hereafter; N ind canopy = 10, N ind understory = 7). Similar analyses were repeated on the mean values and amplitudes of the different wing angles (stroke angle, deviation angle, rotation angle, angle of attack) and wing angular velocity. This was performed on the sub-sample in which wingbeat kinematics was quantified (N wb = N ind canopy = 6; N wb = N ind understory = 6).

Fig. 3 .

 3 Fig. 3. Variation in climbing kinematics parameter between microhabitats. (A) The 72 analyzed flight sequences are plotted together (N f light canopy = 41; N f light understory = 31). (B) Result of the Principal Component Analysis (PCA) performed on the set of climbing parameters. (B) Boxplots showing variation in some of the measured parameters over consecutive wingbeats. In both the PCA and the boxplot, each point is one wingbeat (N wb canopy = 106; N wb understory = 77).

Fig. 4 .

 4 Fig. 4. Effect of wing angular speed on vertical (climbing), horizontal speed, and climb angle. Regression lines are shown in case of significant relationships.

Fig. 5 .

 5 Fig. 5. Effect of wing angle-of-attack on (A) the climbing speed and (B) on the climb angle. Relationships are shown for different wing pairs (left and right column) and stroke phases (top and bottom line in each panel).Climbing speed increased at higher angle-of-attack during the downstroke, while climb angle increased at lower angle-ofattack during the upstroke. Those relationships was especially found in canopy species.

  influence of phylogenetic distance and of microhabitat selection on the evolution of this trait. Contrasted selective pressures exerted by microhabitats might nevertheless influence the evolution of climbing flight performance in Morpho species. Fast and steep climbing flight is probably advantageous when escaping ground predators, and may therefore be under stronger selection in butterfly living in the understory, which likely face more frequent attacks coming from the ground. Surprisingly, our study described a less efficient climbing flight in understory species than in canopy species. However, the physical structure of habitat might select for different escape behaviours. Butterfly living in the dense vegetation of the understory may face stronger physical constrains (i.e. branches and leaves) impeding the execution of upward escape flight, than butterflies mostly staying in the open environment of the canopy. Fast and steep ascending flight, which is among the most efficient aerial escape tactics (Hedenström & Rosén, 2001), may thus be promoted in canopy species simply because this flight manoeuver is most of the time achievable in an open habitat. In agreement with this hypothesis, a survey of birds' escape tactics suggests that species living in open landscape are more prone to use climbing flight to out-compete aerial predators

  constrain individuals from canopy species to go down in the understory to search for rotting fruits, and may therefore use climbing flight in a large extent to fly back to the

Fig. S1 .

 S1 Fig. S1. Variation in mean values of wing angles among microhabitats. Mean values of wing angle were measured separately one the forewings (left column) and the hindwings (right column) using the averaged value of left and right wings for each wing pair. For each wing pair, the mean value of wing angle was moreover measured separately in the down-and upstroke phase (left and right respectively within each panel)

Fig. S2 .

 S2 Fig.S2. Variation in amplitude of wing angles among microhabitats. Amplitude of wing angle was measured separately on the forewings (left column) and the hindwings (right column) using the averaged value of left and right wings for each wing pair. For each wing pair, the amplitude of wing angle was moreover measured separately in the down-and upstroke phase (left and right respectively within each panel)

Fig. S4 .

 S4 Fig. S4. Variation in wing angular speed among microhabitats.

Fig. 1 .

 1 Fig.1. Best inferred demographic scenario from RAD-sequencing data. Eight categories of scenarios were compared according to different temporal patterns of gene flow: between M. helenor and M. achilles (ancestral migration or secondary contact); with M. deidamia (strict isolation, migration only with M. helenor, migration only with M. achilles, migration between the 3 species). The times of demographic events (speciation, cessation of migration and changes in population size) are shown on the Y-axis in millions of generations. The grey rectangle indicates the period when M. helenor and M. achilles were, according to the demographic model fitting the best the molecular dataset, genetically connected through migration events.

( 1 )

 1 Fig.2. Experimental set up used to study flight interaction. The dummy butterfly was placed at the center of a cubic area materialized by four 1 m -sticks, and fixed to a solar-powered fluttering device reproducing butterfly flying behaviour. Interaction between visitor and dummy butterfly (defined as a visitor entering in the cubic area) were recorded using stereoscopic high-speed videography system, allowing to quantify flight trajectory during the interaction (see Fig.4).

Fig. 3 .

 3 Fig.3. Variation in interaction frequency with conspecific and congener dummies in two mimetic sister Morpho species. Morpho helenor (top row) and M. achilles (bottom row) engage in interaction with sympatric conspecifics and congeners (females: left column, males: right column) in broadly similar proportion especially with sympatric males of co-mimetic species. Note that males M. achilles showed limited courtships with the female of its co-mimetic sister and that percentage of interaction was consistently lower with the exotic male conspecific in both species. Each point is a different session where the dummy was left fluttering from 9 a.m. to 2 p.m. on the river bank (4 sessions per dummy). Statistical differences were tested by performing logistic regressions on the count data of approaching (0) vs. interacting (1) individuals (mean ± sd of approaches per dummy in M. helenor = 43.7 ± 15.4 ; M. achilles = 50.5 ± 12.5).

Fig. 4 .

 4 Fig. 4. Three-dimensional kinematic of contest and courtship flights. (A) Example of flight path when circling around the dummy conspecific male (top) and female (bottom). (B) The proportion of time spent circling at short-distance from the dummy significantly increase for dummy female only. (C) A significantly positive relationship between acceleration and distance from dummy is observed for dummy female only. N = 14 flight interactions analysed with the dummy male and 14 with the dummy female.

Fig. 5 .

 5 Fig. 5. Patrolling time among sympatric species and individuals. (A) Segregation of patrolling time over the day among Morpho species. Dashed vertical lines indicate the mean flight time. (B) Plot of first versus second capture time among recaptured individuals. Dashed line represents exact same time between first and second capture.

  Tajima's D for M. helenor, Tajima's D for M. achilles, Tajima's D for M. deidamia) and interspecific statistics (gross divergence, net divergence and F ST for all three possible pairs; ABBA-BABA D).

  Fig. S2. Patterns of within-species molecular diversity. A) π (Tajima, 1983); B) θ ([START_REF] Watterson | On the number of segregating sites in genetical models without recombination[END_REF]; C) Taijma's D[START_REF] Tajima | Statistical method for testing the neutral mutation hypothesis by DNA polymorphism[END_REF].

  Fig.S3. Patterns of between-species divergence and differentiation. A) net divergence measured Da[START_REF] Nei | Molecular evolutionary genetics[END_REF]. B) F st computed as1-πs π T where π s is the average pairwise nucleotide diversity within population and π T is the total pairwise nucleotide diversity of the pooled sample across populations.

Fig. S4 .

 S4 Fig. S4. General model of 3 demes speciation with gene flow. This model describes two successive splitting events from the ancestor (size N e ABC ) to the three sampled species (sizes N e A ; N e B ; N e C ). Each split event is followed by the drawing of a new population size (after the first split: N e AB ; N e C-anc . After the second split: N eA C-anc ; N eB C-anc ).Populations may also undergo a demographic change in size at some point in their recent history, at times T dem-A , T dem-B and T dem-C . This demographic change consists of the sampling of a new population size that may be larger or smaller than the size of their ancestor.Two migration relationships are considered: 1) migration between C and (A;B). 2) migration between A and B. Concerning the first migration relationship, 4 scenarios are explored: migration only between A and C; only between B and C; between A-C and B-C; no migration at all. Concerning the second migration relationship, 2 scenarios are explored: ancient migration (restricted to the first generations after a split) and secondary contact (isolation after a split then contact with gene flow). Ages of migration changes are randomly drawn between zero and the age of the split leading to the concerned lineages.

  Fig. S6. Percentage of approach and interaction with the dummy butterfly (all dummy identity and sex confounded) among sympatric Morpho species. Percentage were computed over the number of passing individuals along the river. Total number of passing Morpho (in 40 day of experiment) and mean ± sd per day is indicated on the left. Each point on the boxplot is a different day of experiment.

  Fig.S7. Variation in approach and interaction frequency with conspecific and congener dummies in two mimetic sister Morpho species (male and females dummies pooled). Each point is a different session where the dummy was left fluttering from 9 a.m. to 2 p.m. on the river bank (4 sessions per dummy). Here, female and male dummies are regrouped together (8 sessions per dummy species, excepted for the exotic dummies where only males were tested in 4 sessions). Statistical differences were tested by performing logistic regressions on the count data of passing (0) vs. approaching (1) individuals (mean ± sd of approaches per dummy in M. helenor = 159 ± 62.5 ; M. achilles = 238.3 ± 53.3) and of of approaching (0) vs. interacting (1) individuals (mean ± sd of approaches per dummy in M. helenor = 78.8 ± 33.5 ; M. achilles = 93.2 ± 28.8).

  Fig. S9. The percentage of approach (top row, light blue) and the percentage of interaction (bottom row, dark blue) are showed in relation to the area and the proportion of blue colouration on the dummy wings. Top panel: visitor M. helenor. Bottom panel visitor M. achilles. Regression lines are plotted in cases of significant relationships.

  Fig. S11. Wings of individuals Morpho used to build the dummy butterflies. FG indicates exotic dummies from French Guiana. All other dummies were build with wings of Peruvian individuals. Wings are shown at their relative size.

A

  main goal of my thesis was to understand how flight behaviour evolves in combination with morphology. Selective constraints imposed by flight behaviour on wing shape evolution have been repeatedly suggested by comparative phylogenetic analyses, linking qualitative description of flight behaviours to wing shape variation. Besides, biomechanical studies have dissected the morpho-functional links underpinning insect flight in great detail (Chapter 1). However, few attempts have been made of combining evolutionary and biomechanical approaches to precisely understand how flight behaviour and morphology may influence each other during evolution. Below, I discuss some insights on the coevolution between flight and morphology emerging from my thesis and the difficulties of disentangling the relative roles of morphology and behaviour in flight evolution.

Fig. 1 .Fig. 2 .

 12 Fig. 1. Canopy Morpho species in which slow gliding flight has evolved show particularly developed hindwings tail extensions. Note that they also display unusually dull wing colour pattern as compared to most other Morpho species. In the right bottom are shown the blue canopy species, where a more active, faster flight might has evolved (as suggested by our data on M. rhetenor ).

  behavioural and biomechanical investigations are needed in this species to precisely understand if and how such elongated wing shape may be aerodynamically advantageous during its irregular flight pattern. It is also important to note that M. rhetenor individuals were particularly affected by captivity during my experiments (mostly exhibiting a 'stressed' flight), making detailed characterization of their natural flight behaviour especially challenging. This emphasizes the importance of studying flight behaviour in the wild in order to understand its evolution. Investigating the flight behaviour of M.rhetenor close-relatives would be informative. The sister species of M. rhetenor, M. cypris, displays a similarly bright blue colour pattern and very elongated wings, and may have a comparable flight behaviour (Fredy Montero, pers. com.). M. anaxibia, M. rhetenor next closest relative, presents comparatively broader wings and a rather matte (not bright) blue colouration (Fig.1). In this species, gliding flight may be more pronounced(DeVries et al., 2010), which would again reinforce the hypothesis of bright iridescent colouration evolving specifically with vigorous flight behaviour.

Fig. 4 .

 4 Fig. 4. Evolutionary processes contributing to the diversification of flying animals, applied here to canopy Morpho species. Phenotypic evolution occurs under the influence of ecological pressures and neutral processes. A change in flight behaviour (e.g. gliding flight), possibly enabled by morphological evolution, triggers the colonization of a novel habitat (e.g. canopy). This habitat shift may be for example promoted by competition between understory species. The invasion of the canopy microhabitat promotes specialization into vacant ecological niches (e.g. specialization on different host-plants), ultimately resulting in speciation and the diversification of canopy Morpho species. The entrance into a novel ecological niche in turn exerts ecological pressures further driving phenotypic evolution in the species occupying the newly occupied niche.

  ), and this especially in the large wings of butterflies such as Morpho. Deformation properties are largely controlled by veins architecture and can importantly affect aerodynamic performance during flapping flight (see Chapter 1 part II.7). Interestingly, a recent study on flying beetles highlighted that wing deformation can greatly vary among species (Meresman et al., 2020). Three-dimensional wing properties may thus represent a neglected component of insect morphological diversity deserving to be investigated in relation to flight behaviour. Morpho wing deformation could be quantified using our close-up films (Chapter 4), by analysing the changes across a wing beat in the landmarks configurations used to depict wing shape -providing an application of geometric morphometrics in 4D.

Fig. 5 .

 5 Fig. 5. Wing of an individual M. godartii deforming under increasing airflow speed in a wind-tunnel (figure adapted from internship report, Camille Le Roy, 2016).

  les mouvements des ailes et du corps pendant ce mode de vol. Une quantification aussi détaillée m'a permis d'évaluer la manière dont les différentes capacités de vol ascendant sont atteintes, et donc d'estimer la contribution relative de la morphologie et du comportement aux capacités de vol ascendant divergentes entre espèces de Morpho. En étudiant la co-divergence du comportement de vol et de la morphologie parmi les espèces de Morpho de la canopée et du sous-bois, les chapitres précédents ont mis en lumière le rôle de la spécialisation des micro-habitats dans la diversification des papillons Morpho. Comment les papillons Morpho coexistent-ils au sein d'un même micro-habitat reste cependant une question ouverte. Dans le dernier chapitre (Chapitre VI), j'ai spécifiquement étudié les mécanismes permettant la coexistence entre des espèces de Morpho vivant en sympatrie, fortement apparentées et phénotypiquement similaires, vivant dans le sous-bois. En combinant des analyses génomiques avec la quantification des activités de patrouille, des vol de cour et d'agression en conditions naturel, j'ai testé le flux génétique et les interférences comportementales entre espèces sympatriques. J'ai en particulier étudié l'influence conflictuelle du mimétisme d'échappement et des interférences comportementales sur l'évolution des signaux colorés émis par les papillons Morpho lors du vol de patrouille.

  formes d'ailes, opposant un vol plané efficace chez les espèces vivant en canopée, et un vol battu puissant chez les espèces vivant dans les sous-bois. En outre, différentes espèces de canopée atteignent ces efficacités accrues grâce à des combinaisons étonnamment distinctes de comportement de vol, de forme d'aile et de mécanismes aérodynamiques, mettant en évidence les multiples possibilités d'évolution adaptative et convergente. Lors d'un seconde étude comparative, j'ai investigué comment la spécialisation dans les différentes strates forestières entre les espèces de papillons Morpho peut affecter l'évolution de la capacité de vol ascendant d'échappement. En utilisant la vidéographie stéréoscopique à grande vitesse, nous avons comparé la cinématique du vol ascendant des espèces de Morpho vivant dans la canopée et le sous-bois de la forêt. j'ai montré que les papillons des espèces de la canopée présentent une vitesse de montée étonnamment plus élevée et un angle de montée plus important par rapport aux espèces du sous-bois. La comparaison des cinématiques de battement d'aile a révélé que l'efficacité de montée plus élevée des papillons de la canopée résulte principalement d'une vitesse de battement d'aile plus élevée, et d'un angle d'attaque d'aile plus important pendant la phase de rabattage de l'aile, mais plus faible pendant la phase de relev é de l'aile, ce qui maximise la production de force verticale. j'ai constaté un effet étonnamment limité de la morphologie sur la performance ascendante, mais je suggère que le plus faible ratio poids / surface alaire chez les espèces de la canopée facilite probablement un angle ascendant plus important indirectement en permettant une vitesse de vol horizontale plus lente. Mon étude souligne l'importance cruciale de procéder à une quantification comparative détaillée du comportement de vol afin de d'identifier la part de la morphologie du comportement contribuant à la divergence des capacités de vol entre les espèces. Finalement, j'ai étudié les mécanismes permettant la coexistence entre espèces de Morpho fortement apparentées et phénotypiquement similaires vivant dans un même micro-habitat. En effet, la coexistence d'espèces étroitement apparentées en sympatrie (i.e. vivant dans une même micro-habitat) est déroutante car la proximité des niches écologiques impose une forte compétition et des interférences reproductive (i.e. des interactions sexuelle entre individus de différentes espèces). Les espèces de papillons Morpho à bande bleue présentent une convergence de couleurs frappante dans toute leur distribution géographique. L'étroite similitude phénotypique entre ces espèces étroitement apparentées en sympatrie peut générer de fortes interférences comportementales, remettant en question leur coexistence. Nous avons abordé ce paradoxe en réalisant une série d'expériences de terrain à l'aide de mannequins Morpho volants placés dans un habitat naturel. En analysant dans la nature les interactions de Morpho avec les mannequins, nous montrons que la similarité des couleurs des ailes conduit à une territorialité interspécifique et à des comportement de cour entre les espèces sympatriques. En réalisant des inférences démographiques à partir des données génomiques, nous avons montré que les espèces sympatriques de Morpho sont étonnamment strictement isolées malgré leur étroite parenté et les interactions hétérospécifiques observées. Finalement, en réalisant une expérience de marquage-recapture, nous avons découvert une forte ségrégation temporelle dans l'activité de patrouille des males de deux espèces soeurs. Une telle divergence phénologique peut favoriser la sympatrie entre des espèces étroitement apparentées, malgré les interférences comportementales induites par la convergence locale du patron de coloration. Dans l'ensemble, nos résultats montrent que la ségrégation temporelle peut faciliter la coexistence d'espèces étroitement apparentées partageant la même niche écologique, ce qui suggère que les changements phénologiques pourraient représenter un facteur de spéciation sympatrique encore négligé. Plus généralement, ce travail montre que l'évolution de traits multiples peut favoriser la diversification des espèces sympatriques en cloisonnant les niches dans différentes dimensions.

  2). I then questioned the role of habitat specialization on flight behaviours (Chapter 3 and 4). I first showed that microhabitat specialization has resulted in the adaptive divergence of flight behaviour and wing shape, opposing efficient gliding flight in species living in the canopy to powerful flapping flight in species living in the understory (Chapter 3). I further investigated the influence of microhabitat on the evolution of performance during evasive climbing flight, showing that canopy species achieve higher climbing efficiency through changes in wingbeat kinematics and morphology (Chapter 4). Finally, I questioned the mechanisms enabling coexistence among closely-related mimetic Morpho species living in the same microhabitat. By quantifying patrolling activity, contest and courtship flight behaviours in fully-natural conditions, I showed that the similarity in colourful signal emitted by patrolling butterflies promote both interspecific territoriality and temporal segregation (Chapter 5). Altogether, my work sheds light on the multifarious ecological pressures driving the evolution of flight behaviours and morphology in Morpho butterflies and more generally pinpoints mechanisms involved in the diversification of flying animals.
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  . Finer Plot of aspect ratio versus second moment of area of the forewing for 168 butterfly species representing all subfamilies and 98% of all tribes. The phylogenetic tree obtained from[START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF] is projected into the morphospace. A large aspect ratio reflects higher gliding efficiency, while a large second moment of area is associated with better flapping efficiency. However, no clear relationship between these two predictors of flight performance emerges at the macro-evolutionary scale.

		Hedylidae	Papilionidae				
		Hesperiidae	Pieridae			Macrosoma hyacinthira
		Lycaenidae	Riodinidae					Thyridia psidii
	7	Nymphalidae					
							Macrosoma sp.
			Epargyreus clarus				
				Danaus plexippus		Parides eurimedes	Pelopidas mathias
				Papilio rumanzovia		Macrosoma rubedinaria	Saliana esperi
				Urbanus proteus		Megathymus yuccae	
	6		Graphium gamemnon	Papilio xuthus Troides rhadamantus	Pycina zamba Trapezites petalia	Plastingia naga	Heliconius melpomene Pyrgus sp.	Ithomia patilla
								Allancastria sp.
	Aspect ratio	Anaeomorpha splendida Consul electra	Prepona dexamenus Dianesia carteri Zerene cesonia Historis odius Vindula sp. Papilio glaucus Teinopalpus imperialis	Cethosia sp. Polyommatus sp. Lepidochrysops sp. Celaenorrhinus sp.	Corades medeba Ypthima argus Melitaea cinxia Hemiargus ceraunus Baeotis zonata Stalachtis calliope Thymelicus sylvestris Anthoptus sp. Piruna pirus	Leptosia alcesta
	5			Calydna sp.			Pararge aegeria	Lachnocnema sp.
								Cupidopsis cissus
					Nepheronia pharis		Niphanda fusca
				Hewitsonia intermedia	
				Theope virgilius	Riodina lysippus		Euptychia enyo
								Sarota gamelia
				Hemiolaus coeculus	Drina sp.
				Drupadia ravindra		Loxura atymnus	Liphyra brassolis
				Curetis tagalica	
	4					Hypolycaena phorbas	Bicyclus sp.	Amblypodia narada
						Calycopis cecrops
		0.50	0.52	0.54		0.56	0.58	0.60	0.62
						Second moment of area
	Fig. 4. Data were computed
	using WingImageProcessor IN Matlab (http://www.unc.edu/ ∼ therick/) on scaled photographs of specimens available at https://
	www.butterfliesofamerica.com and http://www.boldsystems.org/. Wings shown are all of same area.
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Table 1 .

 1 Correlation coefficients between flight parameters and the flight component of partial-least squares (PLS) 1 and PLS 2

		Flight speed	Flapping duration	Wingbeat frequency	Flight height	Gliding proportion	Sinuosity	Smallest angle
	Flight component PLS 1	0.52	-0.90	-0.58	-0.20	0.63	-0.19	0.23
	Flight component PLS 2	-0.01	0.30	0.46	0.92	-0.11	0.00	-0.05
	Bold indicates r>0.5.							

Table S1 . Results of Principal Component Analysis on flight parameters.

 S1 

	Axis	1	2	3	4	5	6	7
	Percentage of variation explained	32.03	22.26	14.83	11.53	10.02	5.73	3.57
	Loadings:							
	Wingbeat frequency	0.463	0.372	0.016	0.071	0.368	0.711	0.023
	Flight speed	-0.283	0.548	-0.267	0.276	0.426	-0.332 -0.424
	Flapping duration	0.555	-0.246 -0.196 -0.168 -0.144 -0.114 -0.729
	Flight height	0.336	0.294	0.212	0.669	-0.520 -0.178	0.075
	Sinuosity	0.155	-0.328 -0.781	0.363	0.117	-0.020	0.335
	Smallest angle	-0.191	0.445	-0.483 -0.343 -0.596	0.246	-0.008
	Gliding proportion	-0.473 -0.330	0.035	0.439	-0.152	0.528	-0.413

  Table.S2. Result of ANOVAs testing the effect of captivity (insectary vs. wild) on the flight parameters measured in both conditions. MANOVA performed on the set of parameters indicated a significant overall effect of captivity (F 1,268 =10.7; Wilks λ=0.89; P <0.001). Tests were performed directly on flight sequence mean values, because a mean value per individual could not be obtained in the wild. Significant p-value are indicated in bold.

		ANOVA testing the effect of captivity	
	Flight variables	within understory species F df P	within canopy species F df P
	Flapping frequency (Hz)	1.28 1,201	0.26	0.04 1,98	0.83
	Glide ratio	0.44 1,201	0.50	7.4 1,98	0.07
	Gliding duration (sec)	10.97 1,177	0.01	14.68 1,89	0.00

Table S3 .

 S3 Effect of microhabitat on flight behaviour tested using standard ANOVAs on individuals mean values, and phylogenetic ANOVAs on species mean values. Phylogenetic signal computed using Blomberg K is indicated in the last column. The second column indicates the condition in which flight variables were measured (wild or insectary) and the third column shows the mean value for each flight variable, measured either in canopy or in understory species. For the wild condition, tests were performed directly on flight sequence mean values, because a mean value per individual could not be obtained in the wild.

	Insectary	1.42	1.28	5.3 1,80			0.830	0.114
	Insectary	0.97	0.71	6.8 1,80			0.705	0.294
	Insectary	1.25	1.19	7.9 1,80			1.676	
	Insectary	1.75	2.28	16.1 1,80		0.5 1,9	1.253	
	Insectary	2.68	3.42	6.7 1,80		0.1 1,9	0.929	0.09
	Insectary	0.15	0.18	0.6 1,80	0.424	1.4 1,9	0.527	0.401
	Wild	0.35	0.22	9.8 1,134		0.6 1,9	1.183	0.117
	Insectary	6.14	6.03	0.2 1,80	0.626	0.1 1,9	0.733	0.207
	Wild	6.23	6.20	0.0 1,134	0.881	0.2 1,9	0.921	0.622
	Insectary	0.29	0.38	26.4 1,80			1.145	
	Insectary	21.62	13.24	9.2 1,80			0.953	
	Insectary	0.24	0.25	0.0 1,80	0.867	0.0 1,9	0.463	0.522
	Wild	0.50	0.32	9.6 1,100		1.1 1,9	1.231	
	Insectary	6.77	10.57	10.5 1,80		7.6 1,9	1.325	

  Table. S2. Results of ANOVAs testing the effect of microhabitat and species on climbing kinematic parameters (tests performed on mean values per individual: N ind canopy = 10; N ind understory = 7). Significant p-values are in bold.

	Chapter 5						
	Convergent morphology and divergent
	phenology: unravelling the coexistence
	of mimetic Morpho butterfly species
	Climbing	Mean value	Microhabitat	Species
	kinematic parameters	canopy understory	F	P	F	P
	4.90 Camille Le Roy, Elisabeth Authier, Camille Roux, 6.08 6.46 0.039 3.77 0.015 Wingbeat frequency (Hz)
	Vertical displacement (m)	0.17	0.11	5.17 Héloïse Bastide, Vincent Debat 0.034 2.14 0.103
	Horizontal displacement (m)	0.15	0.15	2.18	0.155 and Violaine Llaurens 2.76 0.048
	Total displacement (m)	0.25	0.23	0.21	0.651	2.94	0.039
	Vertical velocity (m.s. -1 )	1.07	0.72	1.34	0.261	1.24	0.325
	Horizontal velocity (m.s. -1 )	1.02	1.04	3.67	0.070	2.17	0.100
	Total velocity (m.s. -1 )	1.56	1.32	0.23	0.634	1.75	0.171
	Climb angle (degree)	46.71	36.56	8.74	0.008	1.91	0.139

In progress. Draft close to final state.

Table S2 .

 S2 Number of captures and recaptures per Morpho species.

	Table			
		Total	Total	Mean % of
	Species	number of capture	number of recapture	recapture per day
	M. helenor	92	24	23.9
	M. achilles	121	36	29.7
	M. deidamia	48	11	22.9
	M. menelaus	34	5	14.7
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Dans cette thèse, j'ai etudié l'évolution conjointe du comportement de vol et de la morphologie, et questionné le rôle du comportement de vol dans la diversification des espèces. Pour ce faire, je me suis concentré sur un groupe largement sous-étudié, le genre de papillon Morpho, permettant par la même occasion d'accroître nos connaissances sur ces insectes néotropicaux emblématiques. Tout d'abord, j'ai effectué une revue de la littérature pour évaluer l'importance des processus adaptatifs dans la diversification de la morphologie des ailes des papillons et des comportements de vol associés (Chapitre I). Comme les connaissances sur l'évolution du vol peuvent émerger de différents domaines scientifiques, mon examen de la littérature vise en particulier à s'interroger sur la façon dont les connaissances issues des études évolutives, écologiques et aérodynamiques peuvent être combinées pour mieux comprendre les forces sélectives qui déterminent l'évolution de la forme des ailes de papillons. Ensuite, j'ai étudié l'effet de la variation de la forme des ailes chez deux espèces soeurs de Morpho sur le comportement de vol en captivité (Chapitre II). Profitant de la dégradation naturelle des ailes, j'ai évalué l'importance relative des différentes parties de l'aile pour les performances de vol, ce qui a permis de mettre en évidence les zones de l'aile sous sélection stabilisante et relaxée. Cette expérience a également permis de tester dans quelle mesure le comportement en vol peut compenser l'altération de la forme des ailes, et si des ajustements comportementaux contrastés ont évolués chez ces deux espèces de Morpho.Bien que le comportement en vol soit un trait hautement plastique, la sélection exercée sur le long terme par l'environnement peut néanmoins favoriser l'évolution d'adaptations spécifiques au vol et de la morphologie associée chez des espèces spécialisées dans différents micro-habitats. Dans le Chapitre III, j'ai donc comparé la

'naturelle'. L'altération de la forme des ailes dans notre échantillon a été quantifiée à l'aide de la morphométrie géométrique pour tester l'effet des différentes distributions des dommages sur les performances de vol. Nos résultats montrent que la dégradation des performances de vol dépend clairement de l'emplacement des dégâts sur les ailes, ce qui met en évidence l'importance relative des différentes parties de l'aile pour le vol.La détérioration du bord d'attaque des ailes avant a eu un effet crucial sur les performances de vol, notamment en diminuant la vitesse de vol et la proportion de vol plané.En revanche, les dégâts naturels les plus fréquents, tels que la dégradation des marges des ailes, n'ont pas eu d'effet détectable sur le comportement en vol. Les dégâts situés sur les ailes postérieures -bien qu'ayant un effet limité sur le vol -ont été associés à une réduction de la hauteur de vol, ce qui suggère un rôle différent des ailes avant et arrière dans le vol des papillons. En opposant les effets sans conséquences et délétères de divers types de dégâts aux ailes, mon étude met en évidence différents régimes sélectifs agissant sur les variations morphologiques des ailes des papillons.Dans une seconde étude, j'ai questionné le rôle de la spécialisation dans des microhabitats différents sur l'évolution des comportements de vol. j'ai mené une étude de terrain pour quantifier le comportement de vol de 11 espèces de Morpho vivant canopée
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Abstract

The enormous diversity of flying animals suggest that countless combinations of morphologies and behaviours have evolved with specific lifestyles, thereby exploiting diverse aerodynamic mechanisms. Elucidating how morphology, flight behaviour and aerodynamic properties together diversify with contrasted ecologies remains however seldom accomplished. Here, we studied the adaptive co-divergence in wing shape and flight behaviour among Morpho butterflies living in different forest strata, by combining highspeed videography in the field with morphometric analyses and aerodynamic modelling.

By comparing canopy species with species living in the understory, we showed that evolving in open environments result in increased glide efficiency. Moreover, different canopy species achieved these enhanced efficiencies through strikingly distinct combinations of flight behaviour, wing shape and aerodynamic mechanisms, highlighting the multiple pathways of adaptive and convergent evolution.

shapes instead of specimens wing shapes.

We also measured forewing aspect ratio (the ratio of wingspan to mean wing width) on each specimen using wingImageProcessor v.1.1 for Matlab (available at http:// biomech.web.unc.edu/wing-image-analysis/) to investigate the relationship between flight parameters and more straightforward shape descriptor (Table. S4).

Wing shape is not the only morphological trait affecting flight. Body mass relatively to wing area (i.e. the wing loading) also highly constrain flight capacities (Srygley & Dudley, 1993;Berwaerts et al., 2002). Specimens bodies were thus weighted with a precision of 0.01g. We measured wing area from the digitized landmarks using Momocs R package (Bonhomme et al., 2014) and then computed the wing loading.

Statistical analyses

To account for the large differences of numerical range among flight parameters, the analyses described below were performed using the scaled and centred flight parameters.

Comparing flight behaviour between nature and insectary

To assess in which extent the flight performed in insectary reliably reflects natural flight behaviour, we tested the effect of captivity on the set of flight parameters measured in both conditions (i.e. wingbeat frequency, glide ratio and gliding duration) using a MANOVA, as well as specifically on each parameter using ANOVAs. We then assessed whether understory and canopy species were similarly affected by testing the effect of captivity separately within each group.

Variation in flight behaviour among species and microhabitats

Variation in flight behaviour measured in the insectary was examined by conducting a PCA on the set of 11 parameters measured from the flight trajectories. This exploratory analysis allowed a first visual assessment of the association between microhabitat and flight behaviour. Using the species mean for each flight parameters, and the latest molecular phylogeny of Morpho butterflies (Chazot et al., 2016), we then tested whether closely related Morpho species showed more similar flight behaviour than distantly related ones. This was done by computing the phylogenetic signal on each flight parameter using the Blomberg K [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioral traits are more labile[END_REF], as well as on the whole set of parameters using the multivariate K-statistics (Adams, 2014a). Phylogenetic signal was similarly computed on the flight parameters measured in the wild. We then tested the effect Supplementary tables 

Abstract

Habitat specialization can influence the evolution of animal movement in promoting locomotor ability adapted to both physical (e.g. environment clutter) and biotic constrains (e.g. predator community). While the effect of habitat on the evolution of locomotor and particularly escape performance has been well-investigated in terrestrial animals, it remains relatively less studied in flying animals. Here, we investigate if specialization of Morpho butterflies species across different forest strata may have affected the evolution of their ability to perform evasive climbing flight. Using stereoscopic highspeed videography, we compared the climbing flight kinematics of Morpho species living in the canopy and the understory of the forest. We show that butterflies from canopy species show strikingly higher climbing speed and steeper ascent angle as compared to understory species. Comparison of wingbeat kinematics revealed that the higher climbing efficiency of canopy butterflies primarily stems from faster wing speed during both up-and downstroke, and a wing angle-of-attack higher during the downstroke but lower during the upstroke, maximizing vertical force production. In contrast, we found surprisingly limited effect of morphology on climbing performance. Nevertheless, we suggest that the lower weight per unit of area in canopy species likely indirectly facilitates steeper climb angle, by enabling slower horizontal flight speed. Our study points at the critical importance of performing detailed comparative quantification of flight behaviour in order to identify the relative contributions of morphology and behaviour to the divergence of flight abilities among species. parameters (MANOVA: Wilks' λ = 0.72; P < 0.001), pointing at greater climbing performance per wing strokes performed by the butterflies from the canopy species.

To assess whether this difference in wing stroke climbing efficiency might results from divergent selection regimes exerted by the two micro-habitats, we then performed a phylogenetic comparative analysis, using the mean values per species (N species canopy = 2, N species understory = 5). When controlling for phylogenetic distance, the differences between microhabitats on climbing parameters measured on wing strokes were no longer significant (Table S1), suggesting that the effects of selection could not be distinguished from the phylogenetic divergence in our analysis, probably highly limited by the low number of species studied.

Table 1. Results of ANOVAs testing the effect of ecology, species, specimen, flight trials and wingbeat on climbing kinematic parameters. (canopy: N wb = 106; N f light = 41; N ind = 10; N species = 2; understory: N wb = 77; N f light = 31; N ind = 7; N species = 5). Significant p-values are in bold. 

Limited effect of wing and body morphology on climbing efficiency

Climbing flight is a challenging task for these butterflies: the climbing efficiency per wing stroke indeed increases in the successive wing strokes (over consecutive wingbeats, γ climb increased, while U hor decreased in most analysed flight sequences (Fig. 3C), highlighting the effort demanded by the initialisation of climbing trajectories. The performance in this challenging task might be strongly influenced by wing shape or by the position and forces applied on the wing by the body muscles.

In particular, wing area (S) and body mass (m) likely influence the ability to fly up, and S 2 /mg is strikingly different between canopy and understory species (mean ± canopy. In contrast, individuals from understory species may use climbing in a lesser extent as they typically fly closer to the forest floor. Further ecological and behavioural studies on Morpho butterflies are critical to assess how variation in ecological traits, such as escape tactics or foraging behaviours, may influence the evolution of their flight behaviour and performance.

Supplementary figures

(next page) 
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Abstract

The emergence and persistence of closely-related species in sympatry is puzzling because the potential gene flow and the common local selective pressures may jointly contribute to limit their divergence. Sympatric species of Morpho butterflies display highly similar wing colour patterns and high escape abilities, so that sharing the same wing colouration might limit predator attack (i.e. escape mimicry). However, their close phenotypic similarity may also promote interspecific territoriality and/or reproductive interference, questioning how co-mimetic species become sexually isolated and may coexist over evolutionary timescales. Using genomic data, we show that sympatric Morpho species are genetically strictly isolated despite their close relatedness and phenotypic similarity. We then performed a series of field experiments using flying Morpho dummies placed in a natural habitat where males commonly patrol. Analysing the interactions of wild Morphos with different dummies, we show that similarity in wing colour pattern nonetheless leads to interspecific territoriality and courtship among sympatric species. Finally, using a mark-recapture experiment, we discovered a strong temporal segregation in patrolling activity of males from co-mimetic sister species, suggesting that the increased competition induced by the local convergence is balanced by a shift in phenology. Altogether, our findings demonstrate that the coexistence of closely-related species can be enabled both by similarity in locally adapted trait (colour pattern) and the divergence of other traits (patrolling time).

Materials and Methods

Study site and population

The study was conducted between July and October 2019 in the North of Peru. We focused on populations of coexisting Morpho species present in the regional park of the Cordillera Escalera (San Martin Department) near the city of Tarapoto. Both the capture-recapture and the dummy experiment were performed at the exact same location, on the bank of the Shilcayo river (6°27'14.364"S, 76°20'45.852"W).

DNA extraction and RAD-Sequencing

We used 31 wild males caught on this sites to perform population genomics analyses (M. achilles -n = 13, M. helenor -n = 10 and M. deidamia -n = 8). DNA was then extracted from each sample using a slice of the thorax, using Qiagen kit DNeasy Blood and Tissue. DNA quantification (using Qubit and Nanodrop methods) and DNA quality (by electrophoresis) was performed before the sequencing carried out in the MGX-Montpellier GenomiX platform (Montpellier, France). DNA digestion was performed using the Pst1 enzyme and paired-end RAD-sequencing has then been performed in one run as set out by [START_REF] Baird | Rapid SNP discovery and genetic mapping using sequenced RAD markers[END_REF], giving 299 billion reads, comprising R1 and R2 reads for each sequenced fragment. The sequencing has been performed on Illumina sequencers HiSeq2500 so that reads (125bp) were expected to be of high quality, without missing base (N content). MGX then demultiplexed the data using the software Stacks [START_REF] Catchen | Stacks: building and genotyping loci de novo from short-read sequences[END_REF][START_REF] Catchen | Stacks: an analysis tool set for population genomics[END_REF], allowing assigning each read to his sample ID. Adapters have all been correctly removed from each reads.

Reads quality, alignment and data set generation

Reads quality has been performed using FastQC v0.11.9 software (available at: http:// www.bioinformatics.babraham.ac.uk/projects/fastqc/). All reads have the same length: 119bp and 125bp for R1 and R2 paired-end reads respectively. Per base sequence quality were high for R1 paired-end sequences (>36) and for R2 paired-end sequences (>32) with a quality score per sequence around 39 for each reads (40 being the maximum). Sequence content per base was accurate for both R1 and R2 paired-end reads.

GC content per was slightly higher than the theoretical distribution (calculated with the mean GC rate) for each reads. Thus, the high quality of reads allows avoiding read trimming or deletion.

Analysed interactions lasted in average 1.44 ± 0.87 (mean ± sd) seconds.

Statistical analysis of behavioural experiments

Differences in patrolling time were assessed by testing the effect of species on time of capture using Kruskal-Wallis test. To test the effect of visitor identity and dummy characteristics on the number of approaches and interactions, we performed logistic regressions. Approach was treated as a binary variable, where 0 meant "passing without approaching"and 1 meant "approaching the dummy setup". For the interactions, we only considered individuals approaching the setup, such as 0 meant "approaching without entering the cubic space" and 1 meant "entering the cubic space". This allowed getting rid of the uncertainties on whether passing individuals had actually seen the setup or not. We first tested the effect of visiting species on approach and interaction while controlling for dummy characteristics to test for intrinsic differences in territoriality (or 'curiosity') among species. We then tested the effect of the dummy sex and identity on approach and interaction separately in Morpho helenor and M. achilles (Table S3, S4). The day of experiment was also included in the models to control for stochastic variation during the two-month study. We further tested if variation in wing area and proportion of iridescent blue among dummies affected the frequency of approach and interaction, again using logistic regression analyses (Fig. S5). Statistical significance of each variables was assessed using likelihood ratio tests comparing logistic regression models [START_REF] Lewis | A unified approach to model selection using the likelihood ratio test[END_REF]. Finally, we tested the effect of dummy sex and identity on the duration of interaction using Kruskal-Wallis tests.

Based on the flight kinematic data, we investigated whether flight behaviour during the interaction differed with male vs. female dummies. We used linear regressions to test how variation in proportion of time spent, speed and acceleration varied with distance from dummy male vs. female during the flight interaction. We also tested for differences in mean flight distance from dummy between dummy sex using Wilcoxon test. Specimen ID Fig. S5. Estimating population size from mark-recapture data. Capture history is shown for the two mimetic sister species M. helenor (top) and M. achilles (bottom). It gives the capture status on each day of experiment: caught (black boxes) or uncaught (white boxes). Days of experiment along the continuous arrow were nearly consecutive, while those along the dashed arrow were performed every 2 weeks. Based on capturerecapture histories, we estimated individual abundance for each species using a loglinear model implemented in the R package Rcapture [START_REF] Baillargeon | Rcapture: loglinear models for capture-recapture in R[END_REF], assuming constant population size throughout the experiment. The likelihood confidence interval of the population sizes is shown on the right column. 
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Table S1. Parameters inferred by Random Forest for the best fitting model (Fig. 1 ; [START_REF] Raynal | ABC random forests for Bayesian parameter inference[END_REF].

"

Table S5. Effect of wing area and blue proportion of the dummies on the number of approaches and interactions. The effect of dummy wing area and proportion of blue colouration on the number of approaches and interactions was tested using logistic regression models. Below are reported the results of likelihood ratio tests comparing model in order to test the global effect of each variable on the number of approaches and interactions. ple traits (i.e. those determined by a single underlying morphological component). The complex combination of morphological features underlying flight (e.g. wing shape, wing flexibility, flight muscles) in association with the large spectrum of possibly achievable wing movements, might thus reduce the importance of each trait when considered separately (i.e. wing shape) [START_REF] Vanhooydonck | Is the whole more than the sum of its parts? Evolutionary trade-offs between burst and sustained locomotion in lacertid lizards[END_REF]. However, such a high plasticity would then limit the effects of selection on the evolution of wing morphology (Fig. 2).

Consequently, the large behavioural repertoire enabled by a given wing shape prevents drawing straightforward predictions on the dominant flight behaviour of a given species from the sole examination of its wing shape.

Such high behavioural plasticity may be central to the diversification of flying animals as it probably facilitates the expansion of ecological niche [START_REF] Holzman | Functional complexity can mitigate performance trade-offs[END_REF].

Considering the example of Morpho butterflies, steep climbing flight may be a costly but nonetheless achievable flight manoeuver for canopy species individuals (Chapter 4).

Flying up to the canopy might however benefit to those individuals because it allows accessing an open environment where extended gliding flight periods are possible (Chapter 3) and greatly reduce the energy costs associated with flight.

Disentangling behavioural and morphological contributions to flight

Because performance in a given flight task results from the combination of morphology and behaviour, estimating the effect of wing shape variation on flight independently from behaviour is challenging. Nevertheless, aerodynamic approaches such as Computational Fluid Dynamics (CFD, see Chapter 3) can allow predicting the aerodynamic properties associated with different wing shapes. These numerical approaches nonetheless rely on empirical knowledge of wing kinematics (e.g. wing angular speed, angle-of-attack) to perform simulations in realistic aerodynamic conditions. Using the CFD approach (Chapter 3), we showed that the wing shapes observed in the two canopy species M.

cisseis and M. rhetenor provide greater gliding efficiency than the wing shape of the understory species M. deidamia. Yet, individuals from the canopy species M. rhetenor showed surprisingly little use of gliding flight both in the wild and in captivity (Chapter 3), again stressing the effect of behaviour on actually realized flights.

The complex interactions between morphological variation and behaviour are also