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Abstact (english version)

The evolution of butterfly wing shape is driven by multiple selective, phylogenetic and developmental influences. In my thesis, I focused on the evolution of wing shape in Papilionidae, a butterfly family presenting a high diversity of wing shapes. Papilionidae are collectively referred to as Swallowtail butterflies, owing to the tails that many species harbour on the hindwings. While this feature is particularly striking and diversified, its evolutionary drivers have never been investigated. Did tails evolve neutrally? What are the selective pressures affecting it? Do forewings and hindwings evolve independently?

By combining micro-and macro-evolutionary approaches, my thesis aimed at answering these questions and identifying the main factors affecting the evolution of wing shape, with a particular focus on hindwing tails. Focusing on Iphiclides podalirius, I first tested whether tails deflect birds attacks away from the butterfly body (the deflecting effect hypothesis; Chapter I). I showed that natural wing damages mostly concern hindwings tails and colour-pattern, suggestive of predation attempts; I then conducted a behavioural assay with dummy butterflies, and showed that great tits (Parus major) focus theirs attacks on the tails; finally, quantifying the mechanical properties of fresh wings, I found that the tails are particularly fragile. Altogether, these results support a deflecting effect of hindwing tails, suggesting that predation is an important selective driver of the evolution of tails in butterflies. I then investigated the relative aerodynamic importance of tails in flapping flight (the aerodynamic effect hypothesis; Chapter II), conducting flight analyses of phenotypically altered I. podalirius. I showed that hindwing tails have a significant stabilising impact on flapping flight, suggesting that selection on aerodynamic performance likely affects the evolution of tails. Based on these experimental results, I then quantified the variation of fore-and hindwing wing shape at the macro-evolutionary scale (across the Papilionidae family; Chapter III). I compared the shape diversity and evolutionary rate among the two wings, and tested the link between diversification and phenotypic disparity. I specifically characterized the evolution of the tail at the family level. My results show that hindwings are strikingly more diversified than forewings, suggesting contrasted selective regimes on the two pairs of wings. Forewings might be under stabilizing selection in relation to flight anteromotorism, while hindwings might be submitted to a diversity of selective pressures.

Our results on I. podalirius suggest a possible trade-off between attack deflection and aerodynamic effects, promoting the diversity of hindwing shape, and particularly the evolutionary lability of tails and associated colour patterns. Contrary to previous work, my results also suggest a tight coevolution of the two wing pairs, the presence of tails possibly affecting the selection on the forewings. Overall, this study shows that the combination of behavioural ecology and macro-evolutionary studies might shed light on key factors affecting morphological evolution.

Altogether, my PhD work has brought some insights on the selection pressures involved in hindwing tail evolution and highlighted the complex links existing between forewings and hindwings evolution, between contrasted selection, developmental constraints and co-evolution.

Résumé (version française)

L'évolution de la forme des ailes des papillons est déterminée par de multiples influences sélectives, phylogénétiques et développementales. Durant ma thèse, je me suis concentrée sur l'évolution de la forme des ailes chez les Papilionidae, une famille de papillons présentant une grande diversité de formes d'ailes. Cette famille doit son nom aux queues que de nombreuses espèces arborent sur les ailes postérieures. Si cette caractéristique est particulièrement frappante et diversifiée, ses déterminants évolutifs n'ont jamais été étudiés. Les queues ont-elles évolué de manière neutre ? Quelles sont les pressions de sélection en jeu ? Les ailes antérieures et les ailes postérieures évoluent-elles indépendamment ? En combinant des approches micro-et macro-évolutives, ma thèse vise à répondre à ces questions et à identifier les principaux facteurs affectant l'évolution de la forme des ailes, avec un accent particulier mis sur l'évolution des queues des ailes postérieures. En prenant pour espèce modèle Iphiclides podalirius, j'ai d'abord testé si les queues déviaient les attaques des oiseaux du corp des papillons (hypothèse de l'effet de déflection ; Chapitre I). J'ai montré que les dommages naturels aux ailes concernaient principalement les queues et les motifs de couleur des ailes postérieures, suggérant des tentatives de prédation ; j'ai ensuite réalisé un test comportemental et montré que les mésanges charbonnières (Parus major) concentraient leurs attaques sur les queues ; enfin, en quantifiant les propriétés mécaniques des ailes, j'ai constaté que les queues étaient particulièrement fragiles. Dans l'ensemble, ces résultats confirment l'effet déflecteur des queues des ailes postérieures, suggérant que la prédation est un facteur sélectif important de l'évolution des queues chez les papillons. J'ai ensuite étudié l'importance aérodynamique relative des queues durant le vol battu (hypothèse de l'effet aérodynamique ; Chapitre II), en effectuant des analyses de vol sur des I. podalirius phénotypiquement modifiés. J'ai montré que les queues des ailes postérieures avaient un effet stabilisateur significatif sur le vol battu, suggérant que la sélection sur la performance aérodynamique affecte probablement l'évolution des queues. Sur la base de ces résultats expérimentaux, j'ai ensuite quantifié la variation de la forme des ailes antérieures et postérieures à l'échelle macro-évolutive (dans toute la famille des Papilionidae ; Chapitre III). J'ai comparé la diversité des formes et le taux d'évolution des deux paires d'ailes, et testé le lien entre diversification et disparité phénotypique. J'ai spécifiquement caractérisé l'évolution de la queue au niveau de la famille. Mes résultats montrent que les ailes postérieures sont étonnamment plus diversifiées que les ailes antérieures, ce qui suggère des régimes sélectifs contrastés sur les deux paires d'ailes. Les ailes antérieures pourraient être soumises à une sélection stabilisante, en lien avec l'antéromotricité du vol, tandis que les ailes postérieures pourraient être soumises à une diversité de pressions sélectives. Nos résultats sur I. podalirius suggèrent un compromis évolutif possible entre la déviation des attaques et les effets aérodynamiques, favorisant la diversité de la forme des ailes postérieures, et particulièrement la labilité évolutive des queues et des motifs de couleur associés. Contrairement aux travaux précédents, mes résultats suggèrent également une coévolution étroite des deux paires d'ailes, la présence des queues pouvant affecter la sélection sur les ailes antérieures. Dans l'ensemble, cette étude montre que la combinaison de l'écologie comportementale et des études macroévolutives peut faire la lumière sur les facteurs clés de l'évolution morphologique. Dans l'ensemble, mon travail de thèse a permis de mieux comprendre les pressions de sélection impliquées dans l'évolution de la queue des ailes postérieures et a mis en évidence les liens complexes existant entre l'évolution des ailes antérieures et des ailes postérieures, entre sélection contrastée, contraintes de développement et coévolution. 
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Introduction I -Trait variation, a complex equation

All phenotypic traits, either morphological or behavioural, are the evolutionary results of multiple functional, historical and structural influences.

Understanding the evolution of a trait could be compared to the resolution of a polynomial equation with infinite unknowns and dimensions. Of course, the immense majority of the terms of this equation is, and will always remain, unknown. And yet, identifying some terms can strongly modify our vision of the equation, and constitute a precious clue for understanding Evolution. Some of these terms imply an adaptive effect on the trait, while others are associated with a neutral divergence.

Firstly, the independent identification of the terms of the equation is a preliminary step to solving the global equation. But as some selective factors will promote a certain variation of our trait while other pressures will select other trait values, the relative importance of these different pressures will condition trait variation. In parallel, traits do not vary independently of each other. Some selective forces induce an increased fitness of a trait at the expense of a decreased fitness in another trait. This notion of « trade-off » is essential to understand trait evolution (the "functional" + "structural" forces). For example, a lot of secondary sexual characters associated with display increase reproductive success but decrease survival, due to predation exposure or limited resource allocation [START_REF] Garland | Trade-Offs (and Constraints) in Organismal Biology[END_REF].

Secondly, at each time unit t, the equation is constrained by all previous states t-n (the "historical" + "structural" forces). In line with the concept of adaptive landscape described by [START_REF] Wright | The roles of mutation, inbreeding, crossbreeding, and selection in evolution[END_REF], the position of a trait in the landscape is the result of its previous positions. Therefore, its possibilities of variations are dependent of the past evolutionary road. Some high fitness peaks are accessible only after passing through many other peaks. Some roads are astonishing and tortuous. One of the best examples is the concept of exaptation. Exaptation is, as defined by [START_REF] Gould | Exaptation-A Missing Term in the Science of Form[END_REF], "a character, previously shaped by natural selection for a particular function (an adaptation), coopted for a new use" or "a character whose origin cannot be ascribed to the direct action of natural selection (a nonaptation), coopted for a current use". An emblematic example of exaptation is theropods feathers; the primary selection pressures that drove feathers evolution are still debated, from body insulation, manoeuvrability, brooding, camouflage to display, but feathers were only secondary recruited for aerodynamic functions [START_REF] Ostrom | Archaeopteryx and the Origin of Flight[END_REF][START_REF] Prum | The Evolutionary Origin And Diversification Of Feathers[END_REF][START_REF] Foth | New specimen of Archaeopteryx provides insights into the evolution of pennaceous feathers[END_REF].

How do we balance the selective, historical and developmental components of our equation? The main challenge is the lack of prediction on the actual developmental constraints acting on the traits, as well as the reliance on models of neutral trait evolution at large evolutionary scales. Nevertheless, some traits are still relevant to disentangle the equation, using key developmental and historical properties such as serial homology. This homology between traits allows to decipher developmental and selective processes acting on trait variations. In this thesis, I focused on the evolution of emblematic serially homologous traits: Lepidopteran wings. lineage of insects: e.g., Orthoptera, Diptera...). Nevertheless, contrary to other pterygotes, Lepidopteran wings are covered with scales (in Ancient Greek, λεπίς, lepís means « scale » ant πτερόν, pterón means « wing »). Pterygotes wings are formed by the transformation of ancestral segments with limbs, through the repression of some homeobox genes: forewings on the second thoracic segment and hindwings on the third thoracic segment [START_REF] Carroll | Homeotic genes and the evolution of arthropods and chordates[END_REF][START_REF] Carroll | From DNA to diversity: molecular genetics and the evolution of animal design[END_REF]. The forewings and hindwings are then serially homologous. Serially homologous traits stem from the repetition of the same developmental pathway in different locations of the body [START_REF] Hall | Homology and Embryonic Development[END_REF], like vertebrate teeth [START_REF] Van Valen | Serial homology: the crests and cusps of mammalian teeth[END_REF]. They are relevant traits to identify how selection regime can overcome the effect of developmental constraints acting on phenotypic evolution (e.g., [START_REF] Allen | The "Eyespot Module" and eyespots as modules: development, evolution, and integration of a complex phenotype[END_REF].

Firstly, the modularity pattern across serial homologues could reflect the prevailing effect of developmental vs. selective factors affecting trait evolution [START_REF] Beldade | Concerted evolution and developmental integration in modular butterfly wing patterns[END_REF][START_REF] Breuker | Functional evo-devo[END_REF][START_REF] Allen | The "Eyespot Module" and eyespots as modules: development, evolution, and integration of a complex phenotype[END_REF]. Indeed, they are expected to exhibit tight covariations due to their shared developmental basis [START_REF] Young | Serial homology and the evolution of Mammalian limb covariation structure[END_REF], and these covariations could be break downed by heterogeneous selection across the elements of a series [START_REF] Wagner | Perspective: Complex adaptations and the evolution of evolvability[END_REF][START_REF] Melo | Directional selection can drive the evolution of modularity in complex traits[END_REF]. During my master's thesis, I focused on the effect of selection on developmental modularity, using wing eyespots in the butterfly Morpho telemachus as a case-study (see Annex II).

Secondly, the phenotypic differentiation of serial homologues may inform on the selective regime acting on repeated modules. Usually, ancestral insect is assumed to display similar forewings and hindwings, like the Orthopteran wings observed nowadays [START_REF] Carroll | From DNA to diversity: molecular genetics and the evolution of animal design[END_REF]. Differential selection acting on this ancestral phenotype results, for example, to the reduction of hindwings into halters in Diptera. In Lepidoptera, morphological differences between forewings and hindwings are also observed, and this different is likely caused by different selection pressures, notably aerodynamics.

2) Does aerodynamics generate contrasted evolution between forewings and hindwings?

Lepidoptera have an anteromotoric flight, i.e., they predominantly use their forewings during flight [START_REF] Dudley | The Biomechanics of Insect Flight: Form, Function, Evolution[END_REF][START_REF] Jantzen | Hindwings are unnecessary for flight but essential for execution of normal evasive flight in Lepidoptera[END_REF]. Wing shape variation may strongly influence flight performances. Flight abilities might be shaped by selective pressures exerted by predators (enhancing endurance for instance), sexual selection (inter-sexual selection through mating display or inter-sexual selection through fight), or by competition for resources. These different behaviours might promote contrasted wing morphologies (Le Roy et al., 2019b[START_REF] Roy | Adaptive evolution of flight in Morpho butterflies[END_REF] and wing shape evolution likely results from the trade-off in performance in different aspect of flights. Selection on aerodynamic properties might be higher on forewings than hindwings, resulting in divergent evolution of forewings from the homologous hindwings. In contrast, hindwings shape may be shaped by multiple selective processes, such as predator avoidance or mating (see below), possibly leading to a higher shape diversity in Lepidoptera. Moreover, Lepidopteran wings evolution is largely more complex than forewings/hindwings differentiation.

Because wing shape and colour-pattern both contribute to the visual appearance of butterflies, they are usually assumed to evolve in concert. They form so-called complex phenotypes, whereby multiple selection pressures generated by predators and conspecifics promote specific associations between wing shapes and colours.

3) Natural and sexual selection on shape and colour-pattern of wings

Predation generates powerful selection promoting the evolution of defensive traits [START_REF] Ruxton | Avoiding attack: the evolutionary ecology of crypsis, warning signals, and mimicry[END_REF]. In butterfly wings, predation has selected many anti-predator morphologies, combining colour-pattern and wing shape, either (1) limiting detection, [START_REF]Phylogenetic data[END_REF] preventing attack after detection and/or (3) enhancing survival after an attack. These antipredators morphologies are diverse and are likely to depend on the nature and intensity of predation pressures [START_REF] Aluthwattha | Does spatial variation in predation pressure modulate selection for aposematism?[END_REF].

(1) Detection by predators may be limited by a cryptic aspect of the wings: butterflies can then be confounded with their environment by the predators. For example, in Kallima butterflies, disruptive coloration and wing shape make the butterfly look like a dead-leaf.

Because birds rarely distinguish these butterflies from leaves, this specific association between colour pattern and wing shape likely improve survival [START_REF] Stoddard | Mimicry and masquerade from the avian visual perspective[END_REF].

(2) Avoiding attack after detection may involve the joint evolution of aposematic coloration and particular wing shape. For example, in some skipper butterflies (family Hesperidae), colour pattern (white patches on dark background) and wing shape (extended butterfly hindwings) form an "evasive signal" and drive learning and avoidance of butterflies by avian predators [START_REF] Linke | Shape of Evasive Prey Can Be an Important Cue That Triggers Learning in Avian Predators[END_REF].

(3) Traits enhancing survival after an attack can also be promoted. Wing shape and colour can generate deflection effects by directing predator attacks towards poorly vulnerable area of the prey body or towards the opposite direction of the escape trajectory [START_REF] Ruxton | Avoiding attack: the evolutionary ecology of crypsis, warning signals, and mimicry[END_REF][START_REF] Humphreys | What is known and what is not yet known about deflection of the point of a predator's attack[END_REF]. For example, in Lycaenidae, hindwings frequently display particular wing shape (tiny tails and wide anal angle) and conspicuous colour patterns hypothesized to mimic a head with moving antennae (the 'false head effect'). This 'false-heads' are likely to deflect attacks away from vital parts [START_REF] Robbins | The Lycaenid "false head" hypothesis: quantitative analysis[END_REF][START_REF] Robbins | The "False Head" Hypothesis: Predation and Wing Pattern Variation of Lycaenid Butterflies[END_REF].

The association of wing shape and colour pattern could also be under sexual selection.

For example, in Papilio dardanus, females are polymorphic, with andromorph forms (displaying hindwing tails and black and yellow colour pattern) and mimic forms (for example, the hippocoonides form displaying no tail and black and with colour-pattern).

It has been shown that males preferred mimic females (hippocoonides) than andromorph.

Wing shape and colour-pattern associated with hippocoonides form are then co-selected [START_REF] Cook | Mate choice in the polymorphic African swallowtail butterfly, Papilio dardanus: male-like females may avoid sexual harassment[END_REF].

While the developmental determinism and selective effects driving the evolution of butterfly colour-pattern are well known, the factors underlying wing shape evolution are still poorly documented in Lepidoptera. Lepidopteran wing shape are widely diversified, what factors are involved in the diversification of this trait? Is this diversification neutral or adaptive? Can we identify ecological factors driving its evolution?

A remarkable feature of wing shape is tail. Tail is a very common trait in butterflies, but its developmental bases and the evolutionary forces acting on its emergence and loss are unknown. Tail is a very variable character, by its presence (we indeed find tails in many groups, but they are remarkably absent from others) but also by its shape and size. The tails of moths such as Saturniidae have been well studied: tails divert bats from attacking moth bodies [START_REF] Barber | Moth tails divert bat attack: Evolution of acoustic deflection[END_REF] by blurring the echolocation signal perceived by predators, thus diminishing strike efficiency [START_REF] Rubin | The evolution of anti-bat sensory illusions in moths[END_REF]. Surprisingly for such a prominent trait, the evolution of tails in day-light butterflies is comparatively remarkably unknown. What selection pressures act on their evolution?

4) Why and how do hindwing tails evolve in Papilionidae?

Hindwing tail can be defined as a protrusion of the wing margin. Such tails are widespread among day-flying Lepidoptera and have evolved many times independently. For example, tails are observed in some species of day-flying moths, like Uranidae (Figure 1A), and in many species across butterfly families, with the countless tailed Papilionidae (Swallowtail butterflies) species, the double-tailed Charaxinae (Figure 1B), the tiny tailed Riodinidae (Figure 1C) and Lycaenidae (Figure 1D), and the few Hesperidae (Figure 1E)

and even fewer Pieridae tailed species (Figure 1F). Swallowtail butterflies are particularly well known for their conspicuous tails, they even take their name from this characteristic. They harbour highly diversified hindwing tails (Figure 2), but the evolutionary determinants driving the evolution of these tails have never been formally investigated. Papilionidae is one of the seven families of butterflies (Papilionoidea, Espeland et al., 2018), which counts between 570 and 620 described species depending on the studies [START_REF] Allio | Whole Genome Shotgun Phylogenomics Resolves the Pattern and Timing of Swallowtail Butterfly Evolution[END_REF]Museum für Naturkunde Berlin, GloBIS). The latest time-calibrated phylogeny of Papilionidae counts 408 species distributed over 31 genera (data from [START_REF] Allio | Whole Genome Shotgun Phylogenomics Resolves the Pattern and Timing of Swallowtail Butterfly Evolution[END_REF][START_REF] Allio | Genome-wide macroevolutionary signatures of key innovations in butterflies colonizing new host plants[END_REF], see Figure 9 for illustration) and was used as a reference for the macroevolutionary studies carried out in this thesis. Tails are found in many species of this group, but are notably absent in some. What are the factors involved in the diversification of this trait?

Based on the literature, two main selective hypotheses have been put forward:

The predation deflection hypothesis: tails could attract predators attention and deflect their attacks away from the vital body parts, thereby increasing escape probability [START_REF] Ruxton | Avoiding attack: the evolutionary ecology of crypsis, warning signals, and mimicry[END_REF]. This hypothesis was long proposed for Lycaenidae [START_REF] Cott | Adaptive coloration in animals[END_REF].

These butterflies display wings with contrasting stripes converging toward the anal angle (and so presumably leading the predator's eye), contiguous between forewing and hindwing, an anal angle with conspicuous colour pattern (eyespots, lunules) and one or several tails. Experimental studies on Arawacus aetolus and others Lycaenidae species demonstrated that the combined effect of wing pattern and shape deflected predator attacks from the actual head [START_REF] Robbins | The Lycaenid "false head" hypothesis: quantitative analysis[END_REF][START_REF] Robbins | The "False Head" Hypothesis: Predation and Wing Pattern Variation of Lycaenid Butterflies[END_REF]. Tail may thus attract predator attacks on the edges of the hindwings, away from the thorax/head (vital parts) of the butterfly.

More recently, behavioural experiments with spiders showed that Calycopis cecrops butterflies, displaying false-head hindwings, escaped more frequently than butterflies from other species lacking these false-heads [START_REF] Sourakov | Two heads are better than one: false head allows Calycopis cecrops (Lycaenidae) to escape predation by a Jumping Spider, Phidippus pulcherrimus (Salticidae)[END_REF]. Papilionidae wing tails evolution could also be shaped by predator behaviour. Nevertheless, the predator community feeding on Papilionidae might be drastically different from Lycaenidae.

Lycaenidae are small-size butterflies whose predators are mainly invertebrate. In contrast, predation on Papilionidae, on average larger butterflies, mostly involves vertebrate predators, and birds in particular [START_REF] Pinheiro | On the evolution of warning coloration, Batesian and Müllerian mimicry in Neotropical butterflies: the role of jacamars (Galbulidae) and tyrantflycatchers (Tyrannidae)[END_REF][START_REF] Pinheiro | Butterfly Predators in the Neotropics: Which Birds are Involved?[END_REF][START_REF] Páez | Hard to catch: experimental evidence supports evasive mimicry[END_REF]. The deflection effect of tails has not been investigated in Papilionidae, and call for behavioural experiments involving birds.

The aerodynamic hypothesis: a wind tunnel study in the Papilionidae Graphium policenes showed that tails could improve aerodynamic performance, particularly by stabilizing gliding flight [START_REF] Park | Aerodynamic Performance of a Gliding Swallowtail Butterfly Wing Model[END_REF]. The evolution of tails could therefore be promoted in species where gliding flight performance are crucial, as for example in canopy species. The effect of tails on flapping flight has not been studied at all. Some others selection pressures certainly influence the evolution of tails in some species:

• Camouflage/masquerade: In Papilio nobilis and Meandrusa payeni (Figure 3) tails are associated with specific coloration, making these butterflies hardly distinguishable from the surrounding vegetation / looks like fallen leaves. The evolution of tail may have been promoted by increased survival in individuals with irregular shapes. • Aposematism / Mullerian mimicry: Some Papilionidae lineages feed on host plants of the Aristolochiacea family, known for their high toxicity [START_REF] Ehrlich | Butterflies and Plants: A Study in Coevolution[END_REF] but see [START_REF] Condamine | What causes latitudinal gradients in species diversity? Evolutionary processes and ecological constraints on swallowtail biodiversity: Phylogeny and latitudinal diversity gradient[END_REF] for a review). Caterpillars sequester toxins (e.g., aristolochic acids), and these sequestered compounds are still found in adults (e.g., Pachliopta aristolochiae, [START_REF] Wu | Aristolochic Acids as a Defensive Substance for the Aristolochiaceous Plant-Feeding Swallowtail Butterfly, Pachliopta aristolochiae interpositus[END_REF]Battus philenor, Fordyce, 2000). In the Troidini tribe, large number of species are described for their aposematic coloration, i.e., genus Atrophaneura, Byasa, Losaria, and Pachliopta (also known as pipevine butterfliessee Figure 4 for illustration).

Those butterflies display conspicuous red coloration on body and hindwings, that make them particularly recognizable by predators. Moreover, this colour-pattern is often associated with particular wavy hindwing shape and very often tails. The particular shape of the wing is likely to participate to the aposematic signal (Sekimura and Nijhout, 2017). • Batesian mimicry: some palatable species (especially from the Papilio genus) display mimetic wing colour pattern resembling some defended species. Both tails and colour-pattern are likely promoted by the protection gained from mimicry towards defended species living in sympatry. For example, Papilio polyxenes asterius is mimetic to Battus philenorsee Figure 5 [START_REF] Codella | Intersexual comparison of mimetic protectino in the black swallowtail butterfly, Papilio polywenes: experiment with captive blue jay predators[END_REF]. Interestingly, in some Papilio species, mimicry is observed only in females. For example, Papilio memnon has monomorphic males without tail and polymorphic females. Some females have mimetic coloration and tails, enhancing resemblance with local defended species (16 females forms listed in [START_REF] Clarke | The genetics of the mimetic butterfly Papilio memnon L[END_REF]. Papilio glaucus, [START_REF] Pliske | Sexual Selection and Dimorphism in Female Tiger Swallowtails, Papilio glaucus L. (Lepidoptera: Papilionidae) : a Reappraisal[END_REF] or to frequency-dependence preferential mating with Batesian females forms [START_REF] Kunte | The diversity and evolution of batesian mimicry in Papilio Swallowtails butterlies[END_REF]. In others non-mimetic species, tails could, contrary to the hypothesis of flight stabilization, be an honest signal of quality for females, especially if they generate an aerodynamic cost (like bird tails, e.g., in hummingbirds, [START_REF] Clark | Flight costs of long, sexually selected tails in hummingbirds[END_REF].

In a nutshell, the wide diversity of hindwing tails in Papilionidae could result from multiple selection pressures, but the evolutionary dynamics of this trait has never been investigated and no experimental test for fitness advantages associated with hindwing tails has been conducted.

III -Iphiclides podalirius as a model species for investigating hindwing tail evolution.

Iphiclides podalirius (1758, Linnaeus) is a large palearctic butterfly and is one of the most emblematic species of butterfly in Europe. We even find traces of it in naturalist engravings prior to its taxonomic description (Figure 6A).

This species displays long tails associated with a salient colour pattern on hindwings: an orange eyespot and four blue lunules with strong UV reflectance [START_REF] Gaunet | Two consecutive Wolbachia -mediated mitochondrial introgressions obscure taxonomy in Palearctic swallowtail butterflies (Lepidoptera, Papilionidae)[END_REF].

The combination of hindwing tail and colour pattern is very conspicuous (Figure 6B), and especially for predators sensitive to UV reflection, such as songbirds [START_REF] Cuthill | Ultraviolet Vision in Birds[END_REF].

Moreover, the four wings exhibit black stripes over a pale background, contiguous between forewings and hindwing in resting position, pointing towards the anal edge.

These visual characteristics fit the characteristics listed in Robbins, 1981 as contributing to a deflecting effect. Iphiclides podalirius has a characteristic gliding flight: males are usually found flying on a hilltop ("hill-topping"), competing for the best spot and ultimately, for the females. Males are then sometimes seen fighting with others males.

These environmental conditions (winds and predation exposure) and their courting behaviour require particular individual aerodynamic performances (such as flight stabilization, acceleration power…).

The use of this species as an experimental model allowed us to test concomitantly the two main selective hypotheses on tail evolution (predation deflection and aerodynamics) and understand if and how they can co-occur. 

Box 1: Iphiclides podalirius ecology, distribution and life-cycle

The spatial distribution of Iphiclides podalirius spans from North-West Africa to the Central Asia through the Mediterranean area (Wiemers and Gottsberger, 2010). This species is usually observed between 0 and 2000m altitude [START_REF] Gaunet | Two consecutive Wolbachia -mediated mitochondrial introgressions obscure taxonomy in Palearctic swallowtail butterflies (Lepidoptera, Papilionidae)[END_REF]Lafranchis and Delmas, 2015), at the top limestone slope. Two or three generations can occur within a year (Scheller and Wohlfahrt, 1981;Wohlfahrt, 1979) 

IV -Main questions and objectives of the thesis

The evolution of wing shape in Papilionidae is likely driven by multiple selective, phylogenetical and developmental influences (Figure 8):

• The serial homology between forewings and hindwings implies tight covariations due to their shared developmental basis. To what extent does the hindwing shape evolve independently of the forewing shape?

• Tail has also independently emerged in many Lepidoptera (e.g., Saturniidae and Charaxinae illustrated in Figure 8). What is the importance of phylogenetic constraints on its evolution in Papilionidae? What was the ancestral state for wing shape in Papilionidae?

• There are many selective pressures that may influence the evolution of the tail (predation deflection and aerodynamics display in Figure 8). Are they concomitant? antagonistic? Based on these experimental results, I then quantified the variation of Papilionidae wing shape at the macro-evolutionary scale (Chapter III).

I focused on the differential evolution of the shape of the forewings and hindwings, to test for contrasted selection on the fore-and hindwings at a large phylogenetic scale (Figure 9). I thus compared their shape diversity, their evolutionary rates, and the link between diversification and phenotypic disparity. I specifically characterized the evolution of the tail at the family level. Abstract: Predation is a powerful selective force shaping many behavioural and morphological traits in prey species. The deflection of predator attacks from vital parts of the prey usually involves the coordinated evolution of prey body shape and colour. Here, we test the deflection effect of hindwing (HW) tails in the swallowtail butterfly Iphiclides podalirius. In this species, HWs display long tails associated with a conspicuous colour pattern. By surveying the wings within a wild population of I. podalirius, we observed that wing damage was much more frequent on the tails. We then used a standardized behavioural assay employing dummy butterflies with real I. podalirius wings to study the location of attacks by great tits Parus major. Wing tails and conspicuous coloration of the HWs were struck more often than the rest of the body by birds. Finally, we characterized the mechanical properties of fresh wings and found that the tail vein was more fragile than the others, suggesting facilitated escape ability of butterflies attacked at this location.

Introduction

Predation often affects the evolution of multiple morphological and behavioural traits in prey species. While many traits limiting predator attacks evolve, traits increasing survival after an attack have also been repeatedly promoted by natural selection [START_REF] Bateman | When to Defend: Antipredator Defenses and the Predation Sequence[END_REF]. Traits enhancing attack deflection, by attracting strikes towards a conspicuous body part, indeed limit damage to vital parts and increase escape probability [START_REF] Ruxton | Avoiding attack: the evolutionary ecology of crypsis, warning signals, and mimicry[END_REF]. The conspicuous coloration on the tails of some lizard species has been suggested to promote attacks on the tails, therefore limiting wounds on other parts of the body [START_REF] Watson | The fitness consequences of the autotomous blue tail in lizards: an empirical test of predator response using clay models[END_REF][START_REF] Guidi | The trade-off between color and size in lizards' conspicuous tails[END_REF]. The attraction towards conspicuous tails can also be reinforced by striped body coloration, directing the attention of predators towards the tail [START_REF] Murali | Deceived by stripes: conspicuous patterning on vital anterior body parts can redirect predatory strikes to expendable posterior organs[END_REF]. In salamanders, defensive posture increases tail conspicuousness [START_REF] Myette | Defensive posture in a terrestrial salamander deflects predatory strikes irrespective of body size[END_REF], suggesting that both body shape and colour, as well as behaviour, may contribute to the deflecting effect. The emergence of a deflecting effect may thus result from a joint evolution of several morphological and behavioural traits (reviewed in [START_REF] Arnold | Evolutionary aspects of tail shedding in lizards and their relatives[END_REF] for lizards). In butterflies, the joint evolution of hindwing (HW) tails and specific behaviour enhancing attack deflection has been shown in Lycaenidae. In these butterflies, the HWs frequently display tiny tails, conspicuous colour patterns and a specific behaviour involving tails movements, hypothesized to mimic a head with moving antennae (the 'false head effect', [START_REF] Robbins | The "False Head" Hypothesis: Predation and Wing Pattern Variation of Lycaenid Butterflies[END_REF][START_REF] Wourms | Butterfly wing markings are more advantageous during handling than during the initial strike of an avian predator[END_REF]. The 'false-head' tails of Lycaenidae are likely to deflect attacks away from vital parts [START_REF] Robbins | The "False Head" Hypothesis: Predation and Wing Pattern Variation of Lycaenid Butterflies[END_REF]. Laboratory experiments with spiders indeed showed that Calycopis cecrops butterflies, displaying false-head HWs, escaped more frequently than butterflies from other species where HWs do not display such false-heads [START_REF] Sourakov | Two heads are better than one: false head allows Calycopis cecrops (Lycaenidae) to escape predation by a Jumping Spider, Phidippus pulcherrimus (Salticidae)[END_REF]. In museum collections, the prevalence of individuals with symmetrically damaged HWs, interpreted as beak marks of failed predator attacks, has been shown to be higher in Lycaenidae species with wing tails, when compared with species without a tail or with a less conspicuous colour pattern [START_REF] Novelo Galicia | False head complexity and evidence of predator attacks in male and female hairstreak butterflies (Lepidoptera: Theclinae: Eumaeini) from Mexico[END_REF]. This suggests that the deflecting effect associated with HW tails might rely on the joint evolution of wing shape, colour pattern and behaviour, promoted by the attack behaviour of predators relying on visual cues. Such a deflecting effect may lead to the loss of the attacked body part, but with limited effect on survival. In lizards and salamanders, tails can be detached without severely impacting survival of the attacked animal (i.e., autotomy, [START_REF] Beneski | Adaptive Significance of Tail Autotomy in the Salamander, Ensatina[END_REF][START_REF] Cooper | Reactive and anticipatory display to deflect predatory attack to an autotomous lizard tail[END_REF]. In butterflies, wing margins displaying eyespots are preferentially attacked (e.g., in Bicyclus anynana, [START_REF] Chan | Predation favours Bicyclus anynana butterflies with fewer forewing eyespots[END_REF]in Lopinga achine, Olofsson et al., 2010;see Stevens, 2005 for a review). The loss of wing margins and especially HW margins has a low impact on butterflies flying abilities (Le Roy et al., 2019a) and may therefore have a limited impact on survival.

Butterflies are indeed commonly observed flying in the wild with such wing damage [START_REF] Molleman | Quantifying the effects of species traits on predation risk in nature: A comparative study of butterfly wing damage[END_REF]. The escape from predators after an attack might also be facilitated by enhanced fragility of the attacked parts of the wings. In Pierella butterflies, for instance, [START_REF] Hill | Differential Wing Strength in Pierella Butterflies (Nymphalidae, Satyrinae) Supports the Deflection Hypothesis[END_REF] showed that the conspicuous areas of the HWs are associated with increased fragility, which may facilitate the escape after a predation attempt directed at this specific wing area. Similarly, in small passerine bird species, the feathers located in the zone most prone to the predator attacks are easier to remove [20].

The evolution of specific body parts with increased fragility might thus be promoted by predation pressure, because they enhance prey survival after an attack. The repeated evolution of HW tails in Lepidoptera could result from the selection exerted by predators on the evolution of traits that enhance deflection. The long, twisted wing tails of some Saturniidae moths have indeed been shown to divert bats from attacking moth bodies [START_REF] Barber | Moth tails divert bat attack: Evolution of acoustic deflection[END_REF]. During flapping flight, the spinning tails indeed confuse the echolocation signal perceived by predators, thus diminishing strike efficiency [START_REF] Rubin | The evolution of anti-bat sensory illusions in moths[END_REF]. The evolution of wing tails in moths is thus likely to be promoted by the sensory system of their nocturnal predators. The deflecting effect of wing tails has also been suggested in day-flying butterflies facing diurnal predators relying on visual cues, but has been tested only in the very specific case of the false-head wing tail of Lycaenidae.

In these small-size butterflies, predation is likely to be mostly exerted by invertebrate predators, such as jumping spiders. By contrast, a greater part of predation involves vertebrate predators, and birds in particular, for larger butterflies [START_REF] Pinheiro | Butterfly Predators in the Neotropics: Which Birds are Involved?[END_REF]. Bird predation has indeed been suggested to exert significant selection on the evolution of butterfly wing morphology, especially on colour pattern [START_REF] Páez | Hard to catch: experimental evidence supports evasive mimicry[END_REF][START_REF] Pinheiro | On the evolution of warning coloration, Batesian and Müllerian mimicry in Neotropical butterflies: the role of jacamars (Galbulidae) and tyrantflycatchers (Tyrannidae)[END_REF]. Repeated evolution of tails has occurred many times in day-flying Lepidoptera, including some moths, like Uranidae, and all butterfly families, with the countless tailed Papilionidae (swallowtail) species, the double-tailed Charaxinae (Nymphalidae), the tiny tailed Riodinidae and Lycaenidae, and the few Hesperidae and even fewer Pieridae tailed species. Swallowtail butterflies are particularly well known for their conspicuous, highly diversified HW tails [START_REF] Owens | Comparative Phylogenetics of Papilio Butterfly Wing Shape and Size Demonstrates Independent Hindwing and Forewing Evolution[END_REF], but the selection exerted by predators on the repeated evolution of these tails has never been formally investigated. Here, we tested whether the evolution of tails might be promoted by attack deflection, using the swallowtail species Iphiclides podalirius (Linné, 1758 Lepidoptera, Papilionidae) as a case study. Iphiclides podalirius is a large Palaearctic butterfly with HWs displaying long tails associated with a salient colour pattern: an orange eyespot and four blue lunules with strong UV reflectance [START_REF] Gaunet | Two consecutive Wolbachia -mediated mitochondrial introgressions obscure taxonomy in Palearctic swallowtail butterflies (Lepidoptera, Papilionidae)[END_REF]. The combination of HW tail and colour pattern is, therefore, very conspicuous (Figure 3), and especially for predators sensitive to UV reflection, such as songbirds [START_REF] Cuthill | Ultraviolet Vision in Birds[END_REF]. Moreover, the four wings exhibit convergent black stripes over a pale background, contiguous between forewings (FWs) and HWs in resting position, pointing towards the anal edge.

This may enhance the attraction of a predator to the posterior part of the HW [START_REF] Robbins | The "False Head" Hypothesis: Predation and Wing Pattern Variation of Lycaenid Butterflies[END_REF]. To test whether the evolution of wing tails in this species may stem from selection promoting traits enhancing attack deflection, we performed a series of three complementary experiments. First, we characterized the amount and location of damage on the wings of wild butterflies to test whether tails are more frequently lacking in surviving butterflies, possibly indicative of failed predation attempts. Second, we conducted experimental behavioural assays in captivity using an avian generalist predator, the great tit Parus major, and dummy butterflies made with real I. podalirius wings, in order to investigate the location of attacks. We specifically tested whether attacks are more frequently directed towards the HW tails and associated colour pattern as compared to the rest of the butterfly body. Finally, we used a specific experimental set up to estimate the force needed to tear wings at different locations. Preferentially attacked body parts are predicted to be more easily detached, as it would enhance the probability of escape of the butterfly after an attack [START_REF] Hill | Differential Wing Strength in Pierella Butterflies (Nymphalidae, Satyrinae) Supports the Deflection Hypothesis[END_REF]. This combination of experiments under controlled and natural conditions provides a test for the role of predator deflection in the adaptive evolution of wing shape, wing colour pattern and wing resistance in swallowtail butterflies.

Materials & Methods

1) Field sampling

Field sampling of I. podalirius was performed in Ariege (France) during the summer of 2020 (collection sites: 43°04′17.86″N, 01° 21′58.88″E; ca. 400m a.s.l., and 43°03′50.94″N, 01° 20′40.95″E; ca. 400m a.s.l.). We sampled a total of 138 wild individuals, with a large majority of males (132 males/six females), likely reflecting the patrolling behaviour displayed by males (hill topping). After their capture, butterflies were euthanized by hypothermia and their wings stretched out and dried.

2) Assessing the distribution of wing damage in the wild

The dorsal side of the FWs and HWs of the field-sampled individuals was photographed in controlled LED light conditions (Nikon D90, Camera lens: AF-S Micro Nikkor 60 mm 1 : 2.8G ED). Out of the 138 wild butterflies collected, 65 exhibited wing damage. We studied the location of missing wing areas, distinguishing damage occurring on HW and FW, and reported the asymmetry of different types of damage (left and right damage with visually similar areas and positions were considered symmetric). A Pearson's χ 2 -test with Yates' continuity correction was used to test whether (1) damage was more often observed on HWs than on FWs, and (2) damage on HWs was more often asymmetric than damage on FWs. To finely quantify the distribution of missing wing areas, we then digitized the wing outlines of the 65 damaged butterflies and 10 intact individuals as references. We defined 300 semi-landmarks equally spaced along the outline of both the left-and right-reflected FWs and HWs, using TpsDig2 [START_REF] Rohlf | The tps series of software[END_REF]. The average shape of intact butterflies was obtained with TpsRelw, [START_REF] Rohlf | The tps series of software[END_REF], using a geometric morphometric approach [START_REF] Adams | Geometric morphometrics: Ten years of progress following the 'revolution[END_REF][START_REF] Bookstein | Landmark methods for forms without landmarks: morphometrics of group differences in outline shape[END_REF]. The wing outline of each damaged individual was then manually superimposed on the average shape of intact butterflies, in order to characterize the missing area of each damaged wing. A heat map was then obtained by summing up the occurrences of missing areas at each pixel throughout the sample of damaged individuals, using EBImage R package [START_REF] Pau | EBImage--an R package for image processing with applications to cellular phenotypes[END_REF], following (Le Roy et al., 2019a). The heat map was then plotted with autoimage R package [START_REF] French | autoimage: Multiple Heat Maps for Projected Coordinates[END_REF].

3) Behavioural experiment with birds

We conducted an experiment to determine the location of attacks by birds on I. podalirius corresponded to the natural position of butterflies at rest (Figure 1). A dummy was placed in each bird cage, about 1.5 m off the ground, using a wire fixed to the cage wall. This setting thus allowed the dummy to gently 'flutter' in the middle of the cage, far enough from any perching site, to prevent close inspection by resting birds. The birds thus had to approach and potentially strike dummy butterflies while flying. Each cage was equipped with a camera filming continuously (Figure 1; electronic supplementary material, Figure S2). Two observers also monitored the 24 experimental cages: damaged dummies were replaced as soon as noted by the observers, to maximize the number of attacks on intact butterflies. After each experimental session, the birds were fed ad libitum until nightfall to minimize the stress generated by the experiment. The whole experiment was repeated for 2 consecutive days.

wings
Analyses of videos recorded during the experiments were used to count the exact number of strikes performed by each bird on each dummy butterfly. Each strike was defined as a single touch of the beak on the dummy butterfly. The films were also used to assess the precise location of each strike on the butterfly body. Five categories of strike location were defined: body, coastal part of the FW, distal part of the FW, HW colour pattern and HW tail (Figure 1). In some cases, the strike affected several locations at once. These 'combined' locations were considered as separate categories, leading to a total of eight possible targeted locations (Figure 3). Because a dummy could be attacked several times before it was replaced, we also recorded the order of each strike performed by the tested bird on the given dummy. We first tested whether strikes occurred more often on the HWs than on the FWs, using a Pearson χ 2 -test with Yates' continuity correction. To test whether the different parts of the wings were equally prone to attack, we applied a generalized binomial regression model for the probability of attack, using strike location and strike rank order as effects and considering all specimens and sessions (including birds that did not attack). An analysis of variance was then applied (ANOVA type II, Anova function in the R package car, [START_REF] Fox | car: Companion to Applied Regression[END_REF]. To allow pairwise comparisons on the location categories, we conducted a series of post hoc tests (tukey_hsd function in the R package rstatix, [START_REF] Kassambara | rstatix: Pipe-Friendly Framework for Basic Statistical Tests[END_REF].

4) Mechanical resistance of the wings

Experimental sample

We tested mechanical resistance of the different wing parts on 28 fresh I. podalirius butterflies (21 females and seven males) obtained as pupae from a commercial supplier (Worldwide Butterflies Ltd). After emergence, individuals were placed in individual cages to allow proper unfolding and drying of the wings, then placed in entomological envelopes to avoid wing damage. The butterflies were fed once a day with a mixture of water and honey, and maintained for 11 to 20 days depending on the time between emergence and the start of the experiments. Experiments were performed on freshly killed individuals to limit the effect of wing drying on mechanical properties post-mortem [START_REF] Landowski | Mechanical and structural investigations of wings of selected insect species[END_REF]. In order to test whether the tails are more fragile, we compared the mechanical resistance of different regions of the wings (Figure 2). Specifically, we contrasted the vein located within the HW tail (M3H vein), with another HW vein located outside the colour pattern area (R5H vein). We also included the two developmentally homologous veins on the forewing (M3F and R5F, [START_REF] Racheli | Il Genere Battus (Lepidoptera, Papilionidae): Tassonomica e Storia Naturale, Fragmenta Entomologica[END_REF]. For each butterfly, the experiment was conducted on one HW and one FW. The four veins were measured in a randomized order to avoid any bias caused by the deformation of the wings due to previous tearing.

Experimental set-up

As wing parts involved in predator deflection are expected to be particularly fragile, we designed a custom experimental set-up adapted from [START_REF] Hill | Differential Wing Strength in Pierella Butterflies (Nymphalidae, Satyrinae) Supports the Deflection Hypothesis[END_REF] and [START_REF] Devries | Differential Wing Toughness in Distasteful and Palatable Butterflies: Direct Evidence Supports Unpalatable Theory[END_REF] to specifically estimate the mechanical resistance of different parts of the wings.

When a bird catches the wing of a butterfly, the force exerted by the beak and the opposed escape movement of the butterfly likely induce tensile stresses on the wing. We thus compared the mechanical response of the different wing veins to a tensile force exerted in the direction of the vein, away from the body (Figure 2). Our set up was composed of a fixed part holding the wing and of a mobile part exerting traction on the wing (Figure 2; electronic supplementary material, figure S3). This mobile part was connected to the wing using a flattened and filed alligator clip with a squared 9 mm 2 piece of rubber ensuring a soft and standardized contact with the wing. For each measurement, the clip was fixed at 3 mm from the edge of the wing. This clip was then connected to a piezoelectric force transducer (Kistler 9217A type 9207 serial no. 1275844), connected to a charge amplifier (Kistler type 5011). The force transducer was fixed on a linear table controlled by a motor (RS PRO, 12 V dc, 2400 g/cm), allowing constant traction. The charge from the force transducer was measured by the amplifier and sent to a Biopac AD unit. Forces were captured and analysed using Acq-Knowledge software (v. 4.1, BIOPAC Systems, Inc.). The variation of the force through time, from the onset of the motor to the total rupture of the wing was recorded for each trial. These response curves were first smoothed using a low-pass filter set at 20 Hz. Five summary variables were extracted from the response curve (Figure 2): ( 1) the maximum force exerted on the vein (estimating the maximum strength of the vein, noted Fmax), ( 2) the time to the first break (T1; shown by the first abrupt decrease in force), ( 3) the time to the complete rupture of the vein (Tmax; when the force returns to zero), ( 4) the slope (S) of the curve between the beginning of the pull and the point of maximum force (estimating the stiffness of the wing, see electronic supplementary material, S1) and ( 5) the impulse required for the complete rupture of the vein (Jmax), assessed by the area under the curve. The forces were measured in Newtons (N) -note the force takes negative values since we measured a tensile force. The five mechanical parameters measured on the different veins were then compared using linear mixed models using wing (FW versus HW) and vein (M3 versus R5) as fixed effects, while butterfly ID, sex and the date of measurement session were set as random variables (lmer function in the R package lmerTest, [START_REF] Kuznetsova | lmerTest Package: Tests in Linear Mixed Effects Models[END_REF]. The date of measurement session was added to account for potential differences in temperature and humidity across sessions possibly affecting the mechanical properties of the wing. For Jmax, there was some evidence that the wing and vein effects interacted. We thus modified the model to directly account for the four modalities of the vein effect (R5F, M3F, R5H and M3H). We analysed all models with a type III analysis of variance. All statistical analyses were carried out in R v. 4.0.3 (R Core Team, 2018).

Results

1) Natural wing damage mostly affects the tails

We hypothesized that a deflection effect should result in a higher proportion of wing damage on the deflecting wing areas in the wild. To test this hypothesis, we studied the location of wing damage in a natural population of I. podalirius. Among all wild individuals collected, 47.1% had wing damage. FWs were less often damaged than HWs (22.31% and 85.38%, respectively; χ 2 = 101.54, d.f. = 1, P < 0.001). The frequency of individuals with missing HW tails in the wild was especially high: all 65 damaged individuals had at least one tail damaged (out of 130 wings tested, 82.3% had tail damaged). This result is illustrated by the heat map (Figure 5). Furthermore, damage on the HWs were more often asymmetrical (78.46%) than damage on the FWs (24.62%, χ 2 = 35.603, d.f. = 1, P < 0.001). 

2) Behavioural experiments with birds reveal preferential attacks on hindwing tail and colour pattern

Using the behavioural assays carried out with great tits, we investigated whether the attacks on dummy butterflies were directed towards the posterior part of the HWs (Figure 3), as expected under the hypothesis of a deflecting effect induced by the butterfly morphology. Among the 72 birds tested, only 17 attacked the dummy butterflies, resulting in 65 recorded strikes. Because some strikes occurred outside of the field of view of the camera, the targeted part of the dummy could be determined in only 59 of these strikes.

The HWs were more often targeted by the birds (43 strikes; 72.9%) than the FWs ( 16strikes; 27.1%) (χ 2 = 12.36, d.f. = 1, P < 0.001). The probability of attack strongly depended on the wing location (LR χ 2 = 141.21, d.f. = 8, P < 0.001): there was strong evidence that strikes jointly targeting the tail and the colour pattern of the HWs (23 attacks; 39%) were more frequent than strikes on any other body part (see detailed statistical tests in Table 1). By contrast, no evidence for an effect of the attack ranking on attack probability was found (see detailed statistical tests in electronic supplementary material, table S1). Each category is defined by the location targeted by a bird in a single strike and represented in orange on each associated butterfly scheme. Only essential statistical comparisons are represented; see details in table 1. Video in electronic supplementary material, movies S1-S2.

Table : 1 Post hoc comparisons of bird strike numbers on the dummy butterflies between attack locations. Eight categories of location were defined: body, FW coastal, FW distal, colour pattern, tail, FW coastal + body, tail + colour pattern and tail + colour pattern + FW distal.

3) Hindwings and in particular hindwing tails are more easily damaged

We then tested whether the HW region with the tail and conspicuous colour pattern is more fragile than the rest of both wings, as expected if they are involved in a deflecting effect. There was a strong evidence that time to first rupture (T1) and the time to total rupture (Tmax) were lower in HWs veins than FW veins (Figure 4, see statistical tests in Table 2). Jmax, the impulse required to fully rupture the vein (as assessed by the area under the response curve; Figure 2) was smaller for the HW tail vein (M3H) than for any other veins (M5H: t = -2.42; p = 0.019; M3F; t = -2.48; p = 0.016; M5F: t = -1.88, p = 0.06).

The slope of the force profile, S, reflects the stiffness of the wing: the greater the slope, the stiffer the veins (equations in electronic supplementary material, S1). There was strong evidence that HW veins had higher force profile slopes than FW veins (Figure 4, details in Table 2), indicating that they are stiffer. Finally, a weak evidence for a lower Fmax (maximum force applied to the vein) in the HWs than in the FWs was found (F = 3.11; p = 0.082, Table 2). Table 2: Summary of the linear mixed-effects models describing the effect of wing (forewing/hindwing) and vein (M3/R5) on the five mechanical parameters measured during the mechanical resistance experiment in different areas of the forewings and hindwings of fresh I. podalirius samples (n = 28): Fmax (the maximum force exerted on the vein), T1 (the time to the first break), Tmax (the time to the complete rupture of the vein), S (estimating the stiffness of the wing) and Jmax (the impulse required for the complete rupture of the vein). These five models were analysed with a type III analysis of variance. 

Discussion

Our multi-pronged approach combining behavioural experiments, biomechanical measurements and survey in natural population provides strong evidence of a deflecting effect of HW tails in I. podalirius, opening new research avenues on the predation pressures involved in the evolution of tails in butterflies.

1) Adaptive evolution of hindwing tails promoted by predator behaviour

Our behavioural trials showed that attacks by great tits on I. podalirius are highly biased towards the HW tails and colour pattern. This provides strong support for a deflective effect generated by both colour pattern and tail on predators. Only a small fraction of the tested birds actually attacked the dummies. This could suggest that I. podalirius butterflies are not the usual prey consumed by great tits [START_REF] Naef-Daenzer | Prey selection and foraging performance of breeding Great Tits Parus major in relation to food availability[END_REF], especially during the season when the tests were carried out (late autumn and winter),

where they mostly rely on seeds rather than on insects. Our behavioural experiments are thus relevant for the behaviour of generalist predators that are probably naive to the phenotypes of the tested butterflies, a likely situation in nature, as no specialist predator is known for I. podalirius. Some of the birds nevertheless repeatedly attacked the posterior area of the HWs, consecutively targeting the two tails, showing a particularly strong interest for this location (see electronic supplementary material, movie S1). Birds typically flew above the butterflies, patrolling the cage at 3 m high and dummies had their tails oriented towards the ground, at about 1.5 m high. The high frequency of attacks on the tails therefore did not result from an easier access to the tails due to a positional bias.

To the contrary, birds adjusted their trajectory to attack from below (see electronic supplementary material, S4; movie S2), suggesting they were specifically targeting the tails. The combination of tails and associated conspicuous colour pattern is thus probably very attractive to predators, inducing the observed pattern of attack locations. Given the tested birds preferentially attacked the distal area of the HW, we would expect that this wing area should be easier to tear off. Such enhanced fragility would facilitate butterfly escape and may thus be promoted by natural selection generated by the behaviour of birds.

Our analysis of the mechanical resistance of wing veins indeed shows that HW veins, and especially the vein located within the tail, are less resistant to the application of a tensile force and break sooner than FW veins. Whether the measured difference in strength would have a significant impact during a predator attack is unknown but the forces tested are relevant to the type of strikes observed in our behavioural experiment. The enhanced fragility of the HW vein located within the tail is thus consistent with the deflection hypothesis. It should increase escape probability, while preserving the integrity of the wing and reducing aerodynamic costs. Interestingly, in Pierella butterflies, the conspicuous white patch of the HW, found by [START_REF] Hill | Differential Wing Strength in Pierella Butterflies (Nymphalidae, Satyrinae) Supports the Deflection Hypothesis[END_REF] to have increased fragility, contains the M3H vein, i.e., the vein located within the tail in I. podalirius, that was found to be the stiffest and the earliest to break in our study. The M3H vein could have enhanced fragility in many butterfly species, therefore promoting the evolution of conspicuousness in these wing areas, enhancing survival after an attack. The evolution of such an association should especially be favoured if butterflies missing this wing area still survive in the wild. The large abundance of tailless I. podalirius flying in the wild indeed testifies to the limited aerodynamic consequences of such damage. Tail loss does not prevent these damaged butterflies from performing their typical hill-topping behaviour and is thus likely to have a limited impact on their fitness. The distribution of damage across the wings in the natural population of I. podalirius also confirms that HW tails are more prone to attack than any other part of the wing (Figure 5). Inferring predation from butterfly wing damage alone can be misleading because damage can stem from a diversity of sources, including 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] or collision with obstacles [START_REF] Foster | What causes wing wear in foraging bumble bees?[END_REF]Le Roy et al., 2019a). However, the pattern we found is still consistent with an increased attack rate on HW tails. While damage due to collisions should be symmetrical as seen on FWs, the prevalence of asymmetric damage on the tails of I. podalirius matches the hypothesis of predator attacks during flight or when butterflies are at rest, typically perching on high branches with their wings wide open (Figure 1). This also suggests that symmetry in the tail is not critical for aerodynamics. Our survey in a natural population thus reinforces the evidence for the adaptive evolution of tail and colour pattern in I. podalirius, where the benefits in terms of escape ability may exceed the costs of wing damage. Considered together, (1) the strong prevalence of the attacks on the HW tails and associated colour pattern, (2) the reduced strength or the corresponding parts of the wings and (3) the very high incidence of natural wing damage on the tails, provide evidence for the adaptive evolution of HWs tails in I. podalirius via a deflecting effect of predator attacks. The effect of attack deflection on the evolution of wing tails in day-flying butterflies has only been demonstrated in the peculiar case of false head morphology in Lycaenidae [START_REF] Robbins | The "False Head" Hypothesis: Predation and Wing Pattern Variation of Lycaenid Butterflies[END_REF][START_REF] Wourms | Butterfly wing markings are more advantageous during handling than during the initial strike of an avian predator[END_REF]. Our study suggests that predation can be a major selective pressure involved in the evolution of HW tails in butterflies. HW tails have evolved multiple independent times throughout the diversification of butterflies and are associated with an important diversity of colour patterns [START_REF] Mckenna | Anterior-Posterior Patterning in Lepidopteran Wings[END_REF]. Their size and shape are highly variable across species, ranging from slightly scalloped margins to long tails. Poorly developed tails might be sufficient to induce attack deflection: for example, a high rate of attack (as assessed by the frequency of wing damage) was reported on the barely prominent, but colourful, hindtips of the Burmese jungle queen butterfly [START_REF] Tonner | False Head Wing Pattern of the Burmese Junglequeen Butterfly and the Deception of Avian Predators[END_REF]. This underlines the importance of the joint effect of wing shape and colour and suggests that the predator's behaviour can promote the gradual evolution of HW tails. Altogether, our results point to the combined evolution of different traits involved in predator deflection, namely HWshape, fragility and colour patterns, as well as behaviour, jointly forming an adaptive syndrome.

2) Adaptive syndrome of predation deflection

In our experiments with birds, tails alone were targeted in a large proportion of the trials, but most attacks involved a combination of the tails and associated colour pattern. This strongly suggests that the visual effect triggering attack deflection in I. podalirius is jointly induced by the tails and the colour pattern, including the blue marks and the orange eyespots on the HW, and possibly the black stripes pointing at the tails. The deflection effect therefore probably relies on the evolution of a series of traits, including wing shape, wing colour pattern and wing mechanical resistance. The joint versus sequential nature of the evolution of these different traits is largely unknown and might depend on the developmental and genetic bases of the traits involved in deflective syndromes, as well as the different selection pressures acting on each of those traits. Associations between HW tails and peculiar colour patterns promoted by predation pressure have been described for butterfly species involved in Batesian mimicry. In Papilio memnon, for instance, some females display HW tails and red coloration resembling the toxic species Pachliopta coon on the Malay peninsula while other females have no tail and an alternative yellow colour pattern mimicking Troides helena in Northern Borneo [START_REF] Clarke | The genetics of the mimetic butterfly Papilio memnon L[END_REF]. These two traits are controlled by different loci and the linkage disequilibrium between these loci might have been promoted by the selective advantages brought by mimicry [START_REF] Llaurens | Genetic architecture and balancing selection: the life and death of differentiated variants[END_REF]. Nevertheless, the association between welldeveloped tails and conspicuous colour elements is not universal in Papilionidae: for example, Papilio ulysses tails and surrounding wing parts are completely black, while in Papilio demodocus, conspicuous distal eyespots are observed in tailless HWs. Shared developmental pathways in wing shape and colour pattern might promote their joint evolution, so that the emergence of deflective syndromes can be facilitated in some lineages. Alternatively, species ecology might trigger strong selection promoting linkage disequilibrium between loci controlling traits enhancing deflection. The combined evolution of traits limiting predation also frequently extends to behaviour. Whether the behaviour emerges before or after the evolution of morphological traits involved in

deflection is an open question. In I. podalirius, the perching position with wings wide open possibly enhances the deflecting effect provided by HW tails but might have been promoted for its effect on thermoregulation [START_REF] Rawlins | Thermoregulation by the Black Swallowtail Butterfly, Papilio Polyxenes (Lepidoptera: Papilionidae)[END_REF] before the evolution of tails.

Adaptive syndromes involving the evolution of both morphological and behavioural traits promoted by predator behaviour have been observed in other Lepidoptera. In some species, hidden conspicuous coloration can be suddenly uncovered when threatened by a predator, inducing a startling effect (e.g., in Catocala nupta, [START_REF] Kim | Prey with hidden colour defences benefit from their similarity to aposematic signals[END_REF] or attracting predator attention to specific eyespot locations (e.g., in Archeoprepona chromus, [START_REF] Sourakov | Antipredation and "antimimicry": wing pattern is supported by behavior in Archaeoprepona chromus (Lepidoptera: Nymphalidae: Preponini)[END_REF]. The evolutionary sequence of these behavioural and morphological traits has been investigated experimentally by testing the deterring effect of both traits independently. These experiments suggest that behavioural changes might have preceded the evolution of conspicuous coloration, because sudden movements can be sufficient to induce strong deterrence [START_REF] Holmes | Testing the feasibility of the startle-first route to deimatism[END_REF]. Whether a similar 'behaviour first' evolutionary sequence is involved in the evolution of deflective syndromes should be investigated. Important selective trade-offs between predator deflection and flight abilities might also influence the evolution of deflective syndromes in Lepidoptera, therefore constraining wing areas involved in such syndromes. Anteromotorism being a shared characteristic of butterflies [START_REF] Dudley | The Biomechanics of Insect Flight: Form, Function, Evolution[END_REF], HW fragility might be ancestral, and conspicuous marks might have secondarily been favoured on these weaker wings. In Papilionidae, HW shape is indeed strikingly more diversified than FW shape [START_REF] Owens | Comparative Phylogenetics of Papilio Butterfly Wing Shape and Size Demonstrates Independent Hindwing and Forewing Evolution[END_REF] in agreement with lower aerodynamic constraints on the HWs. The study of aerodynamic forces applied to an artificial model of a butterfly with tails suggests that HW tails increase the lift of the butterfly during gliding [START_REF] Park | Aerodynamic Performance of a Gliding Swallowtail Butterfly Wing Model[END_REF]. Preservation of flight capacity through the maintenance of tail integrity, and in particular a sufficient strength to withstand the pressure forces applied during flapping, could act as an evolutionary tradeoff with the selection of mechanical weakness. The selective pressures acting on each of the traits involved in these deflective syndromes should now be studied independently and compared in species with contrasted ecologies and levels of phylogenetic proximity to determine the evolutionary forces involved in the emergence of deflective syndromes.

Conclusion

The diversity of wing tails observed in Lepidoptera suggests they have evolved multiple times, therefore raising the question of the selective pressures involved. Based on our combined analysis of natural wing damage, biomechanical resistance of the wings and behavioural interactions with bird in the species I. podalirius, we provide direct evidence for an effect of natural selection exerted by predators on HW tail evolution, promoting traits enhancing attack deflection away from the vital body parts. Our study therefore opens up new research avenues on the relative effect of predation pressure versus other selective forces involved in the evolution of HW tails in butterflies. We also highlight that such a deflective effect may have emerged from a sequential evolution of a suite of traits, including wing shape, wing colour patterns and wing mechanical properties. These questions should stimulate new research on the developmental and selective origin of the traits involved in deflective syndromes in various butterfly species.

Ethics. Capture of wild birds was performed under permits from the French ringing office Knowing that our results represent the force exerted on a vein as a function of time, and that the elapsed time is proportional to the deformation of the material (because the tensile force is applied to the wing in a constant manner), then the slope measured for each curve profile is equivalent to:

The slope measured on our curve gives us an idea of the order of magnitude of the Young's modulus. The greater the slope, the stiffer the vein.

Supplementary materials S2: Photograph of the experimental setup for behavioural assay with wild-caught great tits.

β = 𝐸. 𝑆 [START_REF]Aspect Ratio as a proxy for gliding performance[END_REF] Supplementary table 1: Post Hoc comparisons of bird strike numbers on the dummy butterflies between rank order of attacks. Each strike was characterised by its rank order, from 1 to 7. Abstract: The evolution of wing shape in flying animals is greatly influenced by the associated aerodynamic properties, because flying abilities are crucial for numerous fitness-related behaviours, such as foraging, migration, escape from predators, male-male contests or courtship. Nevertheless, the impact of selection on flight behavior on the evolution of hindwing shape has been scarcely studied. In Lepidoptera, hindwing tails have independently emerged in various clades, but its effect on flight has only been investigated using model wings placed in a wind tunnel. These researches suggested a significant effect of the tails on gliding performance, with an aerodynamic impact on lift and gliding stability. However, our recent study on I. podalirius showed that (1) wing damage was much more frequent on the tails, ( 2) wing tails and conspicuous coloration of the hindwings were struck more often than the rest of the body by birds and (3) the tail vein was more fragile than the others. These results clearly support the deflective effect of hindwing tails and suggest that predation is an important selective driver of the evolution of wing tails and colour pattern in butterflies [START_REF] Chotard | Evidence of attack deflection suggests adaptive evolution of wing tails in butterflies[END_REF]. Such preferential attack rate on the hindwing might imply aerodynamic costs, because tails are likely to be lost during the life of butterflies. The effect of the tails on flight behavior and performance thus needs to be tested to understand the potential selective conflicts between deflective and aerodynamic properties associated with tails. In this word, we investigated the relative aerodynamical importance of tails in flapping flight, conducting flight analyses of phenotypically altered I. podalirius. We showed that hindwing tails have a significant effect on flight stabilization, suggesting that aerodynamics is also a selective driver of tails evolution.
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Keywords: Papilionidae, aerodynamics, wing morphology, flight behaviour, evolutionary trade-off.

Introduction

The evolution of wing shape in flying animals is greatly influenced by the associated aerodynamic properties, because flying abilities are crucial for numerous fitness-related behaviour, such as foraging, migration, escape from predators, male-male contests or courtship. In Lepidoptera, hindwing tails have independently emerged in various clades, from moth to butterflies. In the Papilionidae family for instance, 48 percent of species display tails on the hindwings in at least one sex (Chapter III - Chotard et al. in prep).

Yet, the evolutionary forces promoting the multiple evolution of hindwing tails are still largely unknown.

In particular, the impact of selection on flight behavior on the evolution of hindwing shape has been scarcely studied. The effect of hindwing tail on flight has only been investigated using model wings placed in a wind tunnel and suggested a significant effect of the tails on gliding performance, with an aerodynamic impact on lift and gliding stability [START_REF] Park | Aerodynamic Performance of a Gliding Swallowtail Butterfly Wing Model[END_REF]. Nevertheless, experimental analyses using actual butterflies with clipped or naturally damaged wings suggested that hindwings play a less important role in flight than forewings [START_REF] Jantzen | Hindwings are unnecessary for flight but essential for execution of normal evasive flight in Lepidoptera[END_REF]: while forewings are necessary to produce the lift required to fly, hindwings mostly impact flight maneuverability. A higher frequency of wing damage is indeed observed on the hindwings as compared to the forewings in wild-caught butterflies [START_REF] Molleman | Quantifying the effects of species traits on predation risk in nature: A comparative study of butterfly wing damage[END_REF][START_REF] Chotard | Evidence of attack deflection suggests adaptive evolution of wing tails in butterflies[END_REF], suggesting that hindwing damage has a limited impact on flight and survival. Selection acting on flight performance might thus be more relaxed on hindwings as compared to forewings. The higher interspecific variation in hindwing shape [START_REF] Owens | Comparative Phylogenetics of Papilio Butterfly Wing Shape and Size Demonstrates Independent Hindwing and Forewing Evolution[END_REF][START_REF] Strauss | Patterns of quantitative variation in lepidopteran wing morphology: the convergent groups Heliconiinae and Ithomiinae (Papilionoidea: Nymphalidae)[END_REF] Chapter III -Chotard et al. in prep) also suggest that heterogeneous selective processes might promote a higher diversification of hindwing morphology.

In both butterflies and moths, behavioral experiments with predators have suggested a positive effect of hindwing tail on the escape abilities. The long, twisted tails observed in some moth species have been shown to interfere with bats echolocation, thus efficiently deflecting their attacks away from the insect body [START_REF] Barber | Moth tails divert bat attack: Evolution of acoustic deflection[END_REF][START_REF] Rubin | The evolution of anti-bat sensory illusions in moths[END_REF].

A similar effect has been documented in day-flying butterflies where the tails may deflect attacks of visual predators away from vital parts of the body. The false-head morphology generated by the hindwing tails of Lycaenidae has indeed been suggested to favor the escape from predators [START_REF] Robbins | The "False Head" Hypothesis: Predation and Wing Pattern Variation of Lycaenid Butterflies[END_REF][START_REF] Sourakov | Two heads are better than one: false head allows Calycopis cecrops (Lycaenidae) to escape predation by a Jumping Spider, Phidippus pulcherrimus (Salticidae)[END_REF][START_REF] Novelo Galicia | False head complexity and evidence of predator attacks in male and female hairstreak butterflies (Lepidoptera: Theclinae: Eumaeini) from Mexico[END_REF].

More recently, behavioral experiments carried with captive birds revealed that tails of the swallowtail Iphiclides podalirius are more often attacked than any other wing part [START_REF] Chotard | Evidence of attack deflection suggests adaptive evolution of wing tails in butterflies[END_REF]. The wing tail was also shown to be more easily teared apart than other wing part, therefore further enhancing escape probability. Such increased survival after an attacked might be a powerful selective process promoting the evolution of hindwings in many species of butterflies.

Nevertheless, such preferential attack rate on the hindwing might imply aerodynamic costs, because tails are likely to be lost during the life of butterflies. Indeed, in natural population of I. podalirius for instance about 47.1 percent of collected individuals lack at least one tail [START_REF] Chotard | Evidence of attack deflection suggests adaptive evolution of wing tails in butterflies[END_REF]. The effect of the tails on flight behavior and performance thus needs to be tested to understand the potential selective conflicts between deflective and aerodynamic properties associated with tails.

Here, we thus experimentally manipulated the hindwings of I. podalirius butterflies and investigated the impact of such manipulations on flight behavior in controlled conditions.

Using a highspeed videographic system, we indeed recorded the flight trajectories and compared the flight behaviour of individuals with intact and experimentally modified wings. 

Materials & Methods

2) Experimental groups

To estimate the effect of hindwing tails on flight behaviour, five treatments were applied to modify the morphology of the wings (see Figure 2B): ( 1) Individuals with intact wings;

(2) Individuals with both tails clipped; (3) Individuals with tails clipped and then reglued again to their natural location. ( 4) Individuals with lateral parts of the hindwings clipped.

In this treatment we removed a wing area with a size similar to the tail area; [START_REF]Aspect Ratio as a proxy for gliding performance[END_REF] Individuals with lateral parts clipped and then reglued again at their natural location. To glue the previously clipped part back to the hindwings (treatments 3 and 5), we used clear nail polish, allowing a fast and efficient adhesion using an extremely small amount of product, a classic technique in entomotaxy [START_REF] Gibb | Arthropod Collection and Identification: Laboratory and Field Techniques[END_REF].

Intact individuals (treatment 1) were used as a control group (in particular to quantify the variability of flight behaviour carried out by the same individuals). Individuals with clipped tails (treatment 2) and with glued tails (treatment 3) were used to test whether tails have an effect on flight behaviour. Individuals with clipped lateral wing parts (treatment 4) and glued lateral parts (treatment 5) were used to test whether the effect of hindwing clipping on flight was specific to tails, or rather a generic effect of a loss of wing surface. Finally, the glued treatments (3 and 5) allow to test whether the effect of the wing clipping on flight is due to an aerodynamic impact, or to a behavioural effect stemming from the manipulation of the butterflies (e.g., individual stress). Assuming that the clipping generates mainly an aerodynamic effect, we expect that gluing the missing part may partially restore the control flight behaviour.

3) Experimental setup

To study the flight behaviour of the tested butterflies, we used a large indoor insectary (6m × 3m × 3.5m) equipped with a stereoscopic videography system, consisting of two cameras (Gopro Hero5 Black and Gopro Hero4 Black; temporal resolution: 240 frames/second; spatial resolution: 848 × 480 pixels) positioned orthogonally (see Figure 1): one camera was mounted horizontally on a tripod, and provided a side view of the flight path. The second camera was located on the ceiling, facing downwards, and thus provided a top view. The insectary temperature conditions were permanently controlled and regulated.

The butterflies were released 60 cm from the ground, from the darkest area of the cage, so that they usually flew directly to the much-brighter opposite wall (Figure 1). We discard flight sequences where the butterflies did not cross the whole cages, to keep comparable of flight sequences.

4) Flight trials

Twenty-seven individuals were used in the experiment. Each individual was used in different treatments. Their phenotype was sequentially modified: first the flight behaviour of the intact butterfly was recorded (treatment 1), then its behaviour when clipped (either treatment 2 or 4) and glued (either treatment 3 or 5) were captured. To account for potential biases related to the handling of butterflies, their fatigue and variation due to individual behavioural effects, we defined 7 combinations of trials, to which individual were randomly assigned.

(a) 1-1-1; (b) 1-2-2; (c) 1-2-3; (d) 1-3-3; (e) 1-4-4; (f) 1-4-5; (g) 1-5-5.
For example, the combination 1-2-3 corresponded to the sequence "Intact" -"Clipped tails" -"Reglued tails". A sequence is so defined by 3 takes (in our example, take 1 = "Intact", take 2 = "Clipped tails", take 3 = "Reglued tails") and for each take, we 

5) Quantification of flight trajectory

The analyses of the videography data were carried out using MATLAB (Mathworks Inc).

The background of the stereoscopic video sequences was first subtracted. The views obtained from the two cameras were then synchronized using a reference frame.

Calibrations -To calibrate the distances within the experimental cage, we used the direct linear transformation (DLT) technique by digitizing the positions of a wand moved throughout the insectary before each film session [START_REF] Theriault | A protocol and calibration method for accurate multi-camera field videography[END_REF][START_REF] Roy | Adaptive evolution of flight in Morpho butterflies[END_REF]. Wand tracking was performed using DeepLabCut DLC (Mathis et al. 2018), running on Tensorflow [START_REF] Abadi | TensorFlow: Large-Scale Machine Learning on Heterogeneous Distributed Systems[END_REF], for 15 calibrations and easyWand for 7 [START_REF] Theriault | A protocol and calibration method for accurate multi-camera field videography[END_REF]. DLC is a deep learning software, designed for position interpolation in animal movement analyses. We trained DLC using 500 frames per view (sampled using DLC clustering algorithm, maximizing the variance between selected frames). Computation of the DLT coefficients and frame distortion (fisheye effect) due to wide-angle settings were performed using DLTdv8a [START_REF] Theriault | A protocol and calibration method for accurate multi-camera field videography[END_REF] Flight trajectories -we digitized the flight trajectory by tracking the butterfly body (i.e., a single point) and extracting the corresponding 3D coordinates at each frame, using DLC (previously trained with 500 frames selected along a uniform distribution). DLT coefficients corresponding to the flight session were computed on the obtained coordinates. Finally, flight trajectories were smoothed using a linear Kalman filter [START_REF] Welch | An Introduction to the Kalman Filter[END_REF] see Figure 2A.

Flight parameters -We used the 3D trajectories to estimate seven relevant parameters summarizing the flight behaviour carried by butterflies under the different treatment (see Table 1). We selected flight parameters based on the percentage of explained variability and correlation: we kept the most explanatory and least redundant parameters (Figure 1).

The highest correlation between the pairs of our parameters was 0.7 and the average correlation was 0.08. 

6) Statistical analyses

All statistical analyses were carried out in R version 4.1.3 (R Core Team 2022).

We first performed a PCA (function prcomp in the R package stats, Bolar, 2019) on all measured parameters from the flight trajectories (Figure 2B). We then tested the effect of the treatment on flight using a MANOVA applied to the set of parameters with

Parameters Description

Velocity V (m.s -1 ) Speed V is the magnitude of the change of a position over time. For a frame i, the instantaneous speed is:

𝑣(𝑖) = √(𝑥 𝑖+1 -𝑥 𝑖-1 ) 2 +(𝑦 𝑖+1 -𝑦 𝑖-1 ) 2 +(𝑧 𝑖+1 -𝑧 𝑖-1 )² 𝑡 𝑖+1 -𝑡 𝑖-1
, with

x, y and z coordinates were digitized and t the instantaneous time at frame i.

Acceleration A (m.s -2 ) Acceleration A was computed as the derivative of velocity. For a frame i, the "treatment" as a factor, followed by pairwise permutation MANOVAs (function pairwise.perm.manova in the R package RVAideMemoire, [START_REF] Hervé | RVAideMemoire: Testing and Plotting Procedures for Biostatistics[END_REF]. Finally, we tested the effect of the treatment on each of the seven flight parameters using Linear Mixed-Effects Models (function lme in the R package nlme, [START_REF] Pinheiro | nlme: Linear and Nonlinear Mixed Effects Models[END_REF], with treatment as fixed effect. We defined the take, the flight number and the individual identity as random effects. For the case of wingbeat frequency parameter, results were ambiguous (treatments 2, 3, 4 and 5 displayed higher wingbeat frequency than treatment 1), so we completed the analysis with pairwise comparisons (function glht in the R package multcomp, [START_REF] Hothorn | multcomp: Simultaneous Inference in General Parametric Models[END_REF].

Results

The 2) revealed a significant difference between the flights performed by intact butterflies (treatment 1) compared to butterflies with clipped tails (treatment 2) and individuals with glued tails (treatment 3). On the contrary, no difference was detected between the flights of intact individuals and those of individuals with clipped lateral parts, suggesting a lack of aerodynamic and behavioral effect of this wing part. This comparison between manipulation of the tails vs. other hindwing area suggest that the tails have a more significant effect on flight behavior, probably through its impact on aerodynamic property. (1,[START_REF]Phylogenetic data[END_REF]3,[START_REF]Geometric morphometrics[END_REF][START_REF]Aspect Ratio as a proxy for gliding performance[END_REF]. Significant comparisons are indicated in bold.

Clipped tails individuals indeed accelerate less that intact individuals, and their trajectories are more sinuous (-16.3% for acceleration and +55.6% for vertical sinuosity, 

2) A trade-off between deflection and flight abilities

The evidence of a dual effect of tails on both flight capacities and attack deflection in I.

podalirius suggests that the evolution of hindwing tails in these butterflies could have been promoted by at least two selective pressures: the selection exerted by predators promoting attack deflection, and the selection on aerodynamic performances.

Nevertheless, the deflecting effect of tails frequently leads to their loss during the life of the butterflies: many I. podalirius fly without tails in the wild and this loss seems to impact their flight abilities. There is therefore a cost to predator deflection, and the evolution of tails might result from an evolutionary trade-off between attack deflection and flight performances.

Hindwing tails were frequently gained and lost during the diversification of Lepidoptera.

In Papilionidae, a phylogenetic analysis of tail evolution recently suggested that the ancestor probably had tailed hindwings, and that tails were lostand also regainedmany times independently in this family (Chapter III, Chotard et al. in prep). The tradeoff generated by the conflicting selective pressures stemming from deflection and aerodynamics might contribute to these repeated tail gains and losses at macroevolutionary scale. Such antagonistic selective pressures acting on morphological variation (referred to as 'functional conflict' in [START_REF] Garland | Trade-Offs (and Constraints) in Organismal Biology[END_REF] have been suggested

to be a key factor shaping morphological evolution. For example, in the damselflies Lestes sponsa, sexual and natural selection in relation to aerodynamic performance tend to favor different wing shapes [START_REF] Outomuro | Antagonistic natural and sexual selection on wing shape in a scrambling damselfly: antagonistic selection on wing shape[END_REF], resulting in the evolution of intermediate wing shape phenotypes in nature. In lizards, tail autotomy is an advantageous trait in terms of predator escape, but is very costly energetically and for locomotion. Advantages and costs depend on the intensity of predation and on the selection generated by adaptation to different microhabitats, and may why autotomy is restricted to some taxa [START_REF] Bateman | To cut a long tail short: a review of lizard caudal autotomy studies carried out over the last 20 years[END_REF].

As for lizard tails, the benefits butterfly wing tails provide in terms of attack deflection must overcome the aerodynamic costs of their loss, for deflection to evolve. And this balance is likely variable within and across species, depending on the ecological conditions, and in particular, on the relative strength of predation pressure. These antagonistic selective forces may contribute to the diversity of tail size and shape observed across Papilionidae species, but also to the diversity of color patterns associated with tails. In some species, thin tails are associated with conspicuous colors, and in particular stripes and eyespots, contributing to the deflection effects. In other species, large, "spatula" shaped tails, possibly contributing to lift [START_REF] Norberg | How a Long Tail and Changes in Mass and Wing Shape Affect the Cost for Flight in Animals[END_REF], are associated with dull or even black colorations (Figure 4). This suggests that in these taxa, the selection pressures related to aerodynamics might be preponderant.

The impact of trade-offs on the diversification of traits is controversial: some authors have suggested they limit traits evolution, by constraining the set of possible phenotypes (e.g., [START_REF] Walker | A General Model of Functional Constraints on Phenotypic Evolution[END_REF]. Recent studies, however, rather suggest that trade-offs promote the evolutionary diversification of the associated structures along the line of equilibrium [START_REF] Holzman | Biomechanical trade-offs bias rates of evolution in the feeding apparatus of fishes[END_REF][START_REF] Corn | A Multifunction Trade-Off has Contrasting Effects on the Evolution of Form and Function[END_REF][START_REF] Burress | Functional Trade-Offs Asymmetrically Promote Phenotypic Evolution[END_REF]. In fishes for instance, the trade-off between suction-feeding and bite force has been suggested to play a strong role in the diversification of the skull morphology [START_REF] Corn | A Multifunction Trade-Off has Contrasting Effects on the Evolution of Form and Function[END_REF]. Similarly, the tradeoff between attack deflection and aerodynamic performance might have fueled the diversification of butterfly hindwing tails and color patterns in Papilionidae. with an extensive use of gliding flight [START_REF] Altizer | Populations of monarch butterflies with different migratory behaviors show divergence in wing morphology[END_REF]. While the effect of aerodynamic constraints is likely to play a substantial role in the evolution of the forewings, their effect could be milder on the evolution of the hindwings. Wing damages caused on the hindwings have indeed been reported to have a smaller effect on flight capacities than damages on the forewings in several butterfly species [START_REF] Jantzen | Hindwings are unnecessary for flight but essential for execution of normal evasive flight in Lepidoptera[END_REF]Le Roy et al., 2019a). Selection generated by aerodynamic constraints might thus be less important on the hindwings as compared to forewings, producing contrasted evolution between the two wing pairs [START_REF] Owens | Comparative Phylogenetics of Papilio Butterfly Wing Shape and Size Demonstrates Independent Hindwing and Forewing Evolution[END_REF].

Flight behaviours are involved in a wide range of life history traits, such as search for larval host plants, nectar sources, mates, and new territory [START_REF] Scoble | The Lepidoptera. Form, function and diversity. The Lepidoptera. Form, function and diversity[END_REF], and that wing shape are intrinsically linked to flight performances, we could expected that some wings morphologies would opening novel ecological niches previously unavailable and so, be motor of adaptive radiation. This is for example the case of the hypocone in mammalians [START_REF] Hunter | The hypocone as a key innovation in mammalian evolution[END_REF], that allowed colonization of new environments (in particular exploitation of new resources) and so, generated an adaptive radiation. In Papilionidae, host plant shifts have been considered a major factor driving evolutionary radiations [START_REF] Fordyce | Host shifts and evolutionary radiations of butterflies[END_REF][START_REF] Condamine | What causes latitudinal gradients in species diversity? Evolutionary processes and ecological constraints on swallowtail biodiversity: Phylogeny and latitudinal diversity gradient[END_REF], but wing shape role in this diversification remains unknown.

Many Lepidopteran species display tails with various shapes and sizes on the hindwing, and the evolutionary forces involved in the independent emergence of this striking morphological variation is still largely unknown. In Saturniidae moths, the long-twisted tails observed on the hindwings were shown to deflect bat attacks, by interfering with the echolocation signal and reducing strike efficiency [START_REF] Barber | Moth tails divert bat attack: Evolution of acoustic deflection[END_REF][START_REF] Rubin | The evolution of anti-bat sensory illusions in moths[END_REF]. Many butterfly species also display long and conspicuous hindwing tails, such as the Swallowtails (Papilionidae), but the adaptive effect of these tails is currently not documented. Yet in Lycaenidae, hindwing tails are often associated with particular colour patterns, jointly resembling the butterfly's head. This false-head has been hypothesized

to deflect predators attacks away from the vital parts [START_REF] Robbins | The "False Head" Hypothesis: Predation and Wing Pattern Variation of Lycaenid Butterflies[END_REF]. For example, Calycopis cecrops butterflies, that display false-heads, escape predators attacks more frequently than butterflies from other species lacking false-head [START_REF] Sourakov | Two heads are better than one: false head allows Calycopis cecrops (Lycaenidae) to escape predation by a Jumping Spider, Phidippus pulcherrimus (Salticidae)[END_REF]. In the Papilionidae species Iphiclides podalirius behavioural experiments have shown that captive birds tend to strike butterfly wings predominantly on the tails, consistent with the deflective effect hypothesis [START_REF] Chotard | Evidence of attack deflection suggests adaptive evolution of wing tails in butterflies[END_REF]. These data suggest that predation may promote the evolution of hindwing tails in Lepidoptera. Nevertheless, the evolution of hindwing could also be influenced by their associated aerodynamic properties. [START_REF] Park | Aerodynamic Performance of a Gliding Swallowtail Butterfly Wing Model[END_REF] indeed suggested that hindwing tails might contribute to the stability of gliding flight. Studying the multiple emergences of hindwing tails throughout the history of the diversification of Papilionidae might shed light on the relative effects of neutral divergence vs. adaptation to contrasted habitats on the evolution of this conspicuous trait.

Here we investigate the evolution of the shape of both pairs of wings across the whole Papilionidae family (ca. 600 species), using a large sample of males and females from Museum collection. The phylogenetic relationships between Papilionidae species have been precisely established for this family [START_REF] Allio | Genome-wide macroevolutionary signatures of key innovations in butterflies colonizing new host plants[END_REF] allowing us to account for phylogenetic effects acting on the diversification of wings, enabling to disentangle historical constraints from selective effects affecting the wing shape evolution.

Using a geometric morphometric approach, we finely describe the evolution of hind and forewing shape throughout the Papilionidae family. We first test whether the two wing types evolve at different paces, and whether hindwings are more diversified than forewings, as reported in some sub-clades of Papilio [START_REF] Owens | Comparative Phylogenetics of Papilio Butterfly Wing Shape and Size Demonstrates Independent Hindwing and Forewing Evolution[END_REF] and in Ithomiini and Heliconiini butterflies [START_REF] Strauss | Patterns of quantitative variation in lepidopteran wing morphology: the convergent groups Heliconiinae and Ithomiinae (Papilionoidea: Nymphalidae)[END_REF]. We then assess the evolutionary lability of hindwing tails, testing for their multiple independent evolution. To test whether tails affect the aerodynamics of flight and particularly the selection imposed on forewings, we then assess the effect of the presence of tails on the evolution of forewing shape. Finally, by comparing wing shapes of males and females, we contrast the evolution of sexual dimorphism between the two pairs of wings, to estimate the significance of sexual selection or differential natural selection across sexes on their evolution.

Materials & Methods

1) Taxon sampling

Butterfly specimens were sampled in the collections of the National Museum of Natural History in Paris (MNHN), aiming at covering all species included in the latest phylogeny of [START_REF] Allio | Genome-wide macroevolutionary signatures of key innovations in butterflies colonizing new host plants[END_REF]. We thus gathered 1318 specimens (746 males and 572 females) from 337 species.

2) Phylogenetic data

We used the recently published phylogeny of [START_REF] Allio | Genome-wide macroevolutionary signatures of key innovations in butterflies colonizing new host plants[END_REF] to account for the effect of phylogenetic distances on phenotypic divergence. The congruence with our morphological data is 82.6%.

3) Imaging

The dorsal and ventral sides of each specimen were photographed in a photo studio using a Nikon D90 camera (Camera lens: AF-S Micro Nikkor 60 mm 1:2.8G ED). We used controlled LED lights and standardized positions for both the specimens and the camera to minimize shape distortion due to parallax.

4) Geometric morphometrics

We then used a geometric morphometric approach based on landmarks and semilandmarks to quantify butterfly wings shape and size [START_REF] Bookstein | Landmark methods for forms without landmarks: morphometrics of group differences in outline shape[END_REF][START_REF] Adams | Geometric morphometrics: Ten years of progress following the 'revolution[END_REF]; see [START_REF] Chazot | Morpho morphometrics: Shared ancestry and selection drive the evolution of wing size and shape in "Morpho" butterflies: "Morpho" morphometrics[END_REF] for a similar approach). We defined 18 and 19 landmarks (LM) on the fore-and hindwing respectively, at veins intersection and vein termini (as shown in Figure 1). To describe the wing outline, we then used 110 and 145 semilandmarks (SL) on fore-and hindwings respectively. We did not add LM on the coastal outline of the forewing because veins are very often fused. Similarly, we excluded the anal outline of the hindwing, because this part of the wing was folded or missing in a large number of specimens, and also harbours inner marginal androconial brushes in some species (e.g., genus Ornithoptera, [START_REF] Parsons | A phylogenetic reappraisal of the birdwing genus Ornithoptera (Lepidoptera: Papilionidae: Troidini) and a new theory of its evolution in relation to Gondwanan vicariance biogeography[END_REF], making it difficult to define SL. We digitized LM/SL on scaled photos using the software TpsDig2 [START_REF] Rohlf | The tps series of software[END_REF]. For both wings, all landmarks were then superimposed using a generalized Procrustes analysis [START_REF] Rohlf | Extensions of the Procrustes Method for the Optimal Superimposition of Landmarks[END_REF] implemented in the gpagen function of the R package geomorph [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF]. The sliding of the SL was performed by minimizing the bending energy [START_REF] Mitteroecker | Advances in Geometric Morphometrics[END_REF]. Sexes were separated because of the apparent diversity of sexual dimorphism across species within the family. The centroid size was computed and used as an estimator of wing size in subsequent analyses.

Centroid size =

We checked and validated for the repeatability of our measurements, as well as the presence of allometry (Supplementary 2). As analysis suggested allometric effects, we added the size as fixed effect in our analyses of wing shape.

5) Aspect Ratio as a proxy for gliding performance

To estimate the effect of wing shape variation on aerodynamic performances, we also computed the forewing aspect ratio (AR), as the ratio of wing length to width. AR is a classical descriptor of wing shape, shown to correlate with flight performance (see Le Roy et al., 2019b for a review). A high AR, corresponding to long and narrow wings, is generally associated with a stable flight and high gliding performances. In contrast, a low AR, corresponding to short and large wings, is generally associated with a high manoeuvrability.

6) Hindwing tail

The presence/absence of a tail was noted: for the 80 species not found in the collections, we used the entomological monography of [START_REF] Nakae | Papilionidae of the World[END_REF]. We thus assessed the presence/absence of tails in the 408 species described in the phylogeny of [START_REF] Allio | Genome-wide macroevolutionary signatures of key innovations in butterflies colonizing new host plants[END_REF].

√ ∑ ((𝑦 𝑖 -𝑦 ̅) 2 + (𝑥 𝑖 -𝑥̅ ) 2 ) 𝑛 𝑖=1
The length of the tail (TL) was measured on all specimens, as the distance between the LM located at the tip of the tail (M3see Figure 1) and the middle of the vector M2-Cu1.

Note that for the species Ornithoptera meridionalis and O. paradisea, whose males display tails on Cu2 vein instead of M3, we estimated TL using the Cu1-Cu2 distancesee Supplementary 1). To compare the different species, TL was standardized using the hindwing centroid size. W compared TL between males and females using a Paired

Samples T-test.

7) Phylogenetic signal

The phylogenetic signal associated with shape variation was computed using Adam's Kmult (function physignal in the R package geomorph, Adams and Otárola-Castillo, 2013). The phylogenetic signal of univariate quantitative traits (i.e., wing size, forewing aspect ratio (AR), standardized tail length (TL) and shape sexual dimorphism) was 

8) Estimating the effect of biomes on wing shape evolution

To assess the effect of environmental and ecological conditions on the evolution of wing shape, we used the 10 biomes defined by [START_REF] Gamboa | A phylogenetic study to assess the link between biome specialization and diversification in swallowtail butterflies[END_REF]. The effect of biome on wing shape was tested, using a phylogenetic Procrustes ANOVAs (function procD.pgls in the R package geomorph, [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF]. We focused on species whose distribution was restricted to a single biome, therefore performing our analysis on a subsample of 141 species for males and of 109 species for females. We also tested the effect of biome on presence/absence of tails on this subsample, using the same method.

9) Comparing the evolution of the two types of wings: diversity, evolution rate and sexual dimorphism

To test whether wing shape diversity was significantly different between fore-and hindwings, we compared their relative levels of variation, focusing on a subset of landmarks considered homologous between fore-and hindwings (see Figure 1). We superimposed this subset of landmarks in a new generalized Procrustes analysis pooling hindwings and forewings. We quantified the levels of variation in the shape of forewings and hindwings respectively, by computing the centroid size of the corresponding clouds of dots in the PCA space. We estimated and compared evolutionary rates of fore-and hindwings using the compare.evol.rates function (R package geomorph, Adams and Otárola-Castillo, 2013). For both wings, sexual dimorphism of wing shape was computed in each species (for which the two sexes were available, that is 268) as the Euclidian distance between the average male and female phenotypes in the common morphospace.

The correlation between forewing and hindwing dimorphism was assessed (Phylogenetic

Pearson's coefficient, using the phyl.vcv function of the R package phytools, [START_REF] Revell | phytools: Phylogenetic Tools for Comparative Biology (and Other Things)[END_REF]. The phylogenetic signal associated with shape variation was computed using Adam's Kmult (using the physignal function in the R package geomorph, [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF].

10) Covariation between the wings and impact of the tail on forewing evolution

To assess the correlation between forewing and hindwing shapes, we performed a phylogenetic Partial Least Squares regression (PLS) between the FW and HW average shape (all LM and SL), using the phylo.integration function (R package geomorph, [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF]. We assessed the effect of the presence/absence of the tail and of tail length on forewing shape and AR using phylogenetic Procrustes ANOVAs.

11) Testing the effect of wing shape variation on species diversification

Wing shape: To test whether species diversification rates vary among clades depending on wing shape, we relied on a Bayesian Analysis of Macroevolutionary Mixture (BAMM, [START_REF] Rabosky | Automatic Detection of Key Innovations, Rate Shifts, and Diversity-Dependence on Phylogenetic Trees[END_REF]. We used the PC1 coordinates of average shape per species as a proxy for wing shape variation. BAMM analyses were run with four MCMC for 20 million generations, sampling every 20,000 th and a conservative value for the compound Poisson prior (CPP=1). To account for non-random incomplete taxon sampling using the implemented analytical correction, we set a sampling fraction per genus based on the known species diversity of each genus. Mixing and convergence among runs (ESS > 200 after 15% burn-in) were assessed with the R package BAMMtools 2.1. We then tested whether the evolution of wing shape was correlated with the diversification rate estimated using STructured Rate Permutations on Phylogenies (i.e., STRAPP, using the traitDependentBAMM function of the R package BAMMtools, [START_REF] Rabosky | BAMMtools: an R package for the analysis of evolutionary dynamics on phylogenetic trees[END_REF].

Presence/absence of tail:

To quantify the diversification associated with the presence / absence of tail along the phylogeny, we applied a series of birth-death models. First, we fitted Binary State Speciation and Extinction (BiSSE) models as implemented in the R package diversitree (FitzJohn, 2012) and Hidden State Speciation and Extinction (HiSSE) models as implemented in the R package hisse [START_REF] Beaulieu | Detecting Hidden Diversification Shifts in Models of Trait-Dependent Speciation and Extinction[END_REF]. The complete procedure is detailed in Supplementary 3. The HiSSE model accounts for unmeasured factors ("hidden" states) that could impact diversification rates in addition to the trait of interest, so we used it as a complement to the BiSSE model.

12) Estimating the rate of wing shape evolution

Wing shape: to analyse the dynamics of shape evolution through time and compare it between fore-and hindwings in the two sexes, we used RRphylo function of the RRphylo R package [START_REF] Raia | RRphylo: Phylogenetic Ridge Regression Methods for Comparative Studies[END_REF]. This function allowed us to estimate the evolutionary rate variation of shape (a high-dimensional object) through time. Using BAMM, we estimated the numbers of shifts of shape evolution and compared it to the number of shifts expected under neutral evolution (Brownian motion). Finally, we modelled wing shape Disparity Through Time (DTT) using the dtt function of the R package geiger [START_REF] Pennell | geiger v2.0: an expanded suite of methods for fitting macroevolutionary models to phylogenetic trees[END_REF].

We used the average squared Euclidean distance among all pairs of species average shape as a metric for disparity (the most common metric in macroevolution, [START_REF] Ciampaglio | Detecting changes in morphospace occupation patterns in the fossil record: characterization and analysis of measures of disparity[END_REF]. The DTT method calculates mean trait relative disparity and compares the observed trait disparity throughout the phylogeny to a null model of Brownian-motion evolution of the trait estimated using 1,000 simulations assuming the same phylogenetic tree. If the computed DTT falls outside the simulated neutral 95% interval, the disparity is significantly higher or lower than expected under Brownian motion, indicating a nonneutral evolution of the trait of interest [START_REF] Blackburn | An adaptive radiation of frogs in a Southeast Asian island archipelago[END_REF][START_REF] Colombo | Diversity and disparity through time in the adaptive radiation of Antarctic notothenioid fishes[END_REF].

We computed DTT on the first two PCA dimensions. Presence/absence of tail: The BiSSE models allowed us to (1) estimate the numbers of shifts between tailed/untailed states and compare it to the number expected under neutral evolution, (2) estimate the transition rates between tailed/untailed states, (3) infer the ancestral states of presence/absence of the tail at each node (function asr.marginal R package divesitree, FitzJohn, 2012). We also modelled disparity through time (DTT) of tail presence, tail length, and forewing aspect ratio using the dtt function of the R package geiger [START_REF] Pennell | geiger v2.0: an expanded suite of methods for fitting macroevolutionary models to phylogenetic trees[END_REF].

13) Developmental integration of wings

We computed the modularity of FW and HWand compared them using the phylo.modularity function (R package geomorph, [START_REF] Adams | geomorph: an R package for the collection and analysis of geometric morphometric shape data[END_REF].

This function uses the covariance matrix to quantify the CR coefficient between all pairs of LM [START_REF] Adams | Evaluating modularity in morphometric data: challenges with the RV coefficient and a new test measure[END_REF], which is then compared to a distribution of values obtained by randomly assigning LM to hypothetical modules. We tested two such modularity hypotheses: the first was based on [START_REF] Abbasi | A new A-P compartment boundary and organizer in holometabolous insect wings[END_REF], which described the Far-Posterior (F-P) compartment boundary, and associated positional organizer along the M3 vein (see Figure 1), which opposed the compartments close to the coastal edge, and the more distal compartments of the wing (called the F-P repartition below). The second characterized the opposition between LM defined on the Termini and LM defined by vein Intersections (called the T-I repartition below).

We then computed the correlation matrix between homologous LM using the dotcorr function of the paleomorph package [START_REF] Lucas | paleomorph: Geometric Morphometric Tools for Paleobiology[END_REF] in order visualize covariations between LM of each wing.

14) Impact of the chosen macro-evolutionary scale: zoom on two genera

To investigate if the trends that we observed at the family level were general or cladespecific, all the above analyses were also conducted independently on the clades Papilio (n = 30) and Graphium (n = 39), which both contain a large number of species with a large diversity of wing shape and tail size.

Results

Contrasted evolution of the two pairs of wings

We first analyzed the variation of each wing separately, considering the full sets of LM and SL. For forewing shape (Figure 2), the first axis opposes rounded wings (mostly found in Parnassius species) to elongated and pointy wings of most other species of the Papilionidae family. The second axis opposes wings differing in their aspect ratio, with elongated wings on the positive values and wide wings on the negative ones. Species average shapes appear to largely cluster according to the phylogenetic structure, a visual signal confirmed by the strong phylogenetic signal (Male: K = 0.73, P < 0.001; Female: K = 0.64, P < 0.001). The evolution of forewing AR also presents a significant phylogenetic signal (Male: K = 0.37, P < 0.001; Female: K = 0.36, P < 0.001).

For hindwing shape (Figure 2) the first axis clearly opposes species with and without tails; the second axis is driven by a variation on the coastal edge. Remarkably, many genera include species of both morphologies (tailed and untailed), as shown by the many shifts between the two morphological groups and the corresponding long phylogenetic lines parallel to PC1. The phylogenetic signal of hindwing shape evolution is significant, but with lower values than those found for forewing (Male: K = 0.53, P < 0.001. Female: K = 0.46, P < 0.001), likely due to these repeated shifts in wing shape.

We also detected a significant phylogenetic signal in the evolution of wing size, for both sexes, again presenting lower values for hindwings (FWM: K = 0.76, P < 0.001; FWF: K = 0.84, P < 0.001; HWM: K = 0.53, P < 0.001; HWF: K = 0.57, P < 0.001), suggesting a more labile size in hindwings than in forewings.

The DTT analysis detected a discernible departure (P < 0.05) from the null model of Brownian evolution of the disparity of forewing shape (PC1), especially at the beginning of the evolutionary history of Papilionidae (Supplementary 4). This disparity of forewing shape is smaller than expected under neutral model, which suggests a selection around an optimum. At the opposite side, the disparity of hindwing shape seemed slightly higher than expected under neutral model at the end of evolutionary history (Supplementary 4), which suggests a heterogeneous selection.

Nevertheless, we did not find any significant effect of biomes on wing shape (Table 1),

indicating that adaptation to different biome was necessarily fueling changes in wing shapes. We then focused on the set of common landmarks across the two wings, allowing a direct comparison of their relative variation (Figure 1). The variation of shape was almost 2.66 times higher in hindwing than in forewing, as shown by the different centroid size of the clouds of hindwing and forewing dots on this morphospace (Hindwing: 5.09; Forewing:

1.91, Supplementary 5). Accordingly, the evolutionary rate of hindwing shape was 3.8 higher than that of the forewing shape (Males: forewing rate = 1.35 e -5 , hindwing rate = 5.20 e -5 , P-value = 0.001; Females: forewing rate = 1.12 e -5 , hindwing rate = 4.32 e -5 , Pvalue = 0.001 -Supplementary 6).

As shown on Figure 3, the number of evolutionary rate shifts for hindwing shape was largely higher in the hindwing in both sex (males n-shifts = 13.16 ± 3.69; females n-shifts 12.35 ± 3.54) than in the forewing shape (males n-shifts = 3.77 ± 2.25; females n-shifts 3.46 ± 2.16). 

Shared developmental constraints between forewing and hindwing

Forewings are more tightly integrated than hindwings (Supplementary 7): while no modularity is detected within the forewing (FWM: CR = 1.0685, P-value = 0.1455; FWF: CR = 1.0686, P-value = 0.1273), we found some support for a modular structure of the hindwing, in agreement with the F-P partition (HWM: CR = 1.0460, P-value = 0.0294;

HWF: CR = 1.0491, P-value = 0.0269). In others words, LM more tightly covary within the hypothetical developmental modules than with LM of the other module.

We also tested if the T-I partition was supported by data and we found a significant modular signal in all wing venations (FM: CR = 1.0231, P-value = 0.003; FF: CR = 1.0274, P-value = 0.003; HM: CR = 1.0360, P-value = 0.003; HF: CR = 1.0355, P-value = 0.003). So, FW and HW venations shows a similar modularity pattern, opposing the edge of the wing of the central disc.

Evolution of sexual dimorphism in hindwing and forewing

The shape sexual dimorphism was 1.46 smaller for forewing (0.042 ± 0.003) than on hindwing shape (0.062 ± 0.061), considering the configurations of homologous LM across wings (Figure 4). The forewing and hindwing dimorphism were weakly but significantly correlated (Phylogenetic Pearson's coefficient = 0.30, df = 266, P-value < 0.001). We didn't detect significant phylogenetic signal for dimorphism in forewings (K = 0.199, P = 0.051) but we did for hindwings (K = 0.314, P < 0.05). Sexual selection and /or sexually different selective forces acting on the different sexes might contribute to the more heterogeneous evolution of hindwing shape as compared to forewings. Testing for the effect of wing shape variation on species diversification?

No correlation was detected between diversification rates and wing shape evolutionary rates (FM: r = 0.0251, P = 0.64; FF: r = -0.13, P = 0.58; HM: r = 0.20, P = 0.68; HF: r = 0.42, P = 0.24). Nevertheless, the MCMC analysis of the BiSSE model applied to the presence/absence of the tail on the hindwing inferred significantly higher speciation rates for species with hindwing lacking tails, resulting in higher net diversification in lineages without tails (results for males in Supplementary 8, in Supplementary 9 for females, tables in Supplementary 10 & Supplementary 11). The same results are found using HiSSE (Supplementary 12, tables in Supplementary 13 & Supplementary 14).

The disparity-through-time plots for the Tail presence, TL and AR revealed a significant increase in disparity during the recent evolutionary history of family (Figure 6). This excess of disparity indicates that related species are more different from each other than expected under neutral evolution. 

Testing the effect of hindwing tail on the forewing shape

We found a significant correlation between forewing and hindwing average shape of males (r-PLS = 0.286, P<0.001) and females (r-PLS = 0.356, P<0.001)see Supplementary 17 & 18 for details. Procrustes regression showed a significant effect of TL on FW shape (Table 2). The presence of hindwing tails has a strong effect on forewing shape, but this effect becomes non-significant when controlling for phylogenetic distances (Table 3). For tail presence, non-phylogenetic ANOVA showed a significant effect on AR (results for females in Figure 7, see Supplementary 19 for males, details in Table 4), and this effect remained significant when corrected by phylogeny, but only in females. Note that this males/females difference is not related to the different sample size for each sex: the same analysis conducted for males considering only the species common with females gives the same results. For TL, non-phylogenetic regression showed a significant effect on AR, but this effect becomes non-significant when controlling for phylogenetic distances (results for females in Figure 7, see Supplementary 19 for males, details in Table 4 & Table 5). While the effect of hindwing tail on forewing shape tends to be weak at this large macroevolutionary scale, on the contrary in the Graphium clade where we observed several transitions between tailed and untailed hindwings (see Figure 5), the forewing AR, in turn, was strongly impacted by the presence of a tail, and depended on its length:

species with long tails tended to present low AR forewings (see results for females Figure 7, for males see Supplementary 19 -tables in Supplementary 20 & 21). Nevertheless, this trend was not observed in the Papilio clade, where a lot of transitions between tailed and untailed hindwings also happened. In the Papilio, clade the tail presence and TL had weak effects on the forewing shape and AR. The contrasted results in these two clades confirms that the evolution of wing shape is clearly heterogeneous across clades, as is the covariation between the two pairs of wings. 

Discussion

Contrasted evolution of forewings and hindwings: a signature for different selection regimes?

Our study on macro-evolutionary patterns of shape variation in Papilionidae revealed that forewing shape was much less diversified than hindwing shape. Forewing variations among species was indeed associated with a stronger phylogenetic signal and a slower evolutionary rate. The forewing shape DTT was also lower than expected under a neutral model, suggesting convergent evolution of shape, potentially driven by stabilizing selection (with one fitness optimum), especially at the beginning of the evolutionary history. In contrast, hindwing shape DTT was higher than expected under a Brownian model of evolution, suggesting a heterogeneous selection, with many optima. This difference was reflected in 3.5 higher number of phenotypic shifts observed in hindwing shape evolution as compared to forewings. This difference of evolution between the two wing pairs suggested different selection regimes, in agreement with the results previously obtained in other butterflies, e.g., Papilio [START_REF] Owens | Comparative Phylogenetics of Papilio Butterfly Wing Shape and Size Demonstrates Independent Hindwing and Forewing Evolution[END_REF] and in Ithomiini and Heliconiini butterflies [START_REF] Strauss | Patterns of quantitative variation in lepidopteran wing morphology: the convergent groups Heliconiinae and Ithomiinae (Papilionoidea: Nymphalidae)[END_REF].

In butterflies, flight abilities have been involved in crucial behaviours, including feeding, finding mates and host plants, likely imposing a strong selection on wing shape. The strength of this selection likely varied with the aerodynamic effects generated by the different wing parts. The lower diversity of the forewing shape thus suggested a higher importance of forewings for flight, in agreement with the hypothesis of a predominantly anteromotoric flight in butterflies [START_REF] Dudley | The Biomechanics of Insect Flight: Form, Function, Evolution[END_REF][START_REF] Jantzen | Hindwings are unnecessary for flight but essential for execution of normal evasive flight in Lepidoptera[END_REF].

Although less diversified than hindwings, forewings nevertheless displayed some sharp differences among genera: for example, Parnassius species forewing shape was strikingly divergent from all other Papilionidae species, with a rounder outline. Because most Parnassius species have a mountainous distribution, such divergence may reflect a particular adaptation to flight in high altitude. In the genus Heliconius for instance, species with a geographic range with higher altitude displayed rounder wings as compared to closely-related species observed in lowland habitats [START_REF] Montejo-Kovacevich | Altitude and life-history shape the evolution of Heliconius wings[END_REF].

The high diversity of hindwing shape, mostly driven by the evolution of tails, suggested a higher diversity of selective pressures involved. Although little is known about the aerodynamic importance of hindwings, a stabilizing effect of tails on gliding flight was reported by [START_REF] Park | Aerodynamic Performance of a Gliding Swallowtail Butterfly Wing Model[END_REF]. Selection promoting gliding flight may have then favoured the evolution of tails. Gliding flight is an energy-saving flight mode. This gliding flight behaviour could be specifically promoted in species where long-distance flights are commonly observed, like in migrating [START_REF] Altizer | Populations of monarch butterflies with different migratory behaviors show divergence in wing morphology[END_REF][START_REF] Dockx | Directional and stabilizing selection on wing size and shape in migrant and resident monarch butterflies, Danaus plexippus (L.), in Cuba: SELECTION ON THE MONARCH BUTTERFLY[END_REF] or extensively-patrolling butterflies [START_REF] Berwaerts | Does Flight Morphology Relate to Flight Performance? An Experimental Test with the Butterfly Pararge aegeria[END_REF][START_REF] Cespedes | Cruising the rain forest floor: butterfly wing shape evolution and gliding in ground effect[END_REF]Le Roy et al., 2019a). Here, the frequent gains and losses of tails observed throughout the diversification of Papilionidae may reflect the contrasted importance of gliding flight across species, shaped by their different ecologies.

Contrasted predation pressures may have promoted the diversity of hindwing shapes. A recent experiment on the Papilionidae butterfly Iphiclides podalirius suggested a deflecting effect of tails, suggesting that predator behaviour may have promoted the evolution of tails enhancing butterfly survival after an attack [START_REF] Chotard | Evidence of attack deflection suggests adaptive evolution of wing tails in butterflies[END_REF]. Beak marks observed in wild Papilionidae have suggested that these butterflies were submitted to a particularly strong predation pressure [START_REF] Kiritani | Beak marks on butterfly wings with special reference to Japanese black swallowtail[END_REF][START_REF] Ota | Beak marks on the wings of butterflies and predation pressure in the field: Beak mark and predation pressure[END_REF]. The strength of predation pressure was likely different across species, and a heterogeneity in predation pressure may have also explained the frequent gain and loss of tails and the diversity of their size and shape.

Selection imposed by predators may have also affected different parts of the wings differently. The low integration of hindwings is consistent with a heterogeneous selection affecting hindwings. The deflective effect of tails indeed implied a particular selection on the posterior, distal part of the wing, as opposed to the anterior part. Such heterogeneous selection across the hindwing may have decreased its integration. Theory indeed predicts a reduced integration in structures whose parts are submitted to different selective pressures (e.g., [START_REF] Breuker | Functional evo-devo[END_REF][START_REF] Wagner | Perspective: Complex adaptations and the evolution of evolvability[END_REF].

Our study also highlighted a higher level of sexual dimorphism in hindwing than forewing shape. Sexual selection and /or different selective forces acting on the two sexes may have contributed to the more heterogeneous evolution of hindwing shape. Tail length was generally not sexually dimorphic in our study, suggesting that tails were not sexually selected and do not trigger the higher dimorphism of hindwing shape. This result matched recent findings on Papilio machaon, showing that dimorphism of tails was fully explained by allometry [START_REF] Koutrouditsou | No evidence of sexual dimorphism in the tails of the swallowtail butterflies Papilio machaon gorganus and P. m. britannicus[END_REF]. The female-limited mimicry founded in many species of Papilionidae (e.g., [START_REF] Kunte | The diversity and evolution of batesian mimicry in Papilio Swallowtails butterlies[END_REF] could also contribute to dimorphism.

The prevalence of aposematic signals on the hindwings of chemically-defended species (e.g., genus Pachliopta), including both wing colour patterns and shape, may have explained the higher sexual shape dimorphism of the hindwings.

Wing shape and species diversification, a relative independence

One of our hypotheses was that wing shape could be causally linked to an increased diversification rate. This hypothesis was based on the "key innovation" concept [START_REF] Heard | Key evolutionary innovations and their ecological mechanisms[END_REF]. Nevertheless, our analyses have not been able to demonstrate such an effect in Papilionidae wing shape. This result could be explained by the complex nature of our trait of interest. First, wing shape are defined by high-dimensional object, that are not supported by current methods for diversification analysis. We were forced to degrade our dataset, and to use only the first dimension of our PCA as proxy of our shape. This methodological choice greatly reduces the amount of shape variance accounted for in the models. Second, wing shape are subject to multiple selection pressures, whose variations implications in terms of fitness are not unidirectional. A homogeneous signal at family level is therefore not necessarily a likely scenario.

Co-evolution of forewing and hindwing shape: an aerodynamic effect?

In a previous study carried out on Papilionidae butterflies, it has been suggested that the two pairs of wings likely diversified independently [START_REF] Owens | Comparative Phylogenetics of Papilio Butterfly Wing Shape and Size Demonstrates Independent Hindwing and Forewing Evolution[END_REF]. While our analyses detected different patterns of diversification consistent with contrasted selective regimes, they nevertheless showed a significant correlation between forewing and hindwing shapes. This correlation remained significant when accounting for phylogenetic structure, suggesting that the co-diversification of both wings could stem from a joint selection acting on both wings. The length of the tail significantly affected forewing shape, and the presence of the tail was associated with a lower forewing aspect ratio, especially in females. These results clearly showed that the two wing types coevolve in Papilionidae.

The negative association between forewing AR and hindwing tails suggest an aerodynamic effect of tails that might modify the selective pressures affecting forewing shape.

In birds, sexually-selected elongated tails have been suggested to decrease flight performance by increasing drag, thereby incurring metabolic costs (e.g., [START_REF] Evans | The aerodynamic and mechanical effects of elongated tails in the scarlet-tufted malachite snnbird: measuring the cost of a handicap[END_REF][START_REF] Thomas | On the Aerodynamics of Birds' Tails[END_REF][START_REF] Clark | Flight costs of long, sexually selected tails in hummingbirds[END_REF]. This aerodynamic cost was suggested to be compensated by an increased wingspan [START_REF] Evans | The aerodynamic and mechanical effects of elongated tails in the scarlet-tufted malachite snnbird: measuring the cost of a handicap[END_REF][START_REF] Swallow | Compensatory traits and the evolution of male ornaments[END_REF]. In butterflies, considering that low AR wings were associated The association between tails and reduced forewing AR might also be interpreted through its effect on gliding flight performances. According to [START_REF] Park | Aerodynamic Performance of a Gliding Swallowtail Butterfly Wing Model[END_REF], tails improved gliding flight by enhancing lift and stability, both characteristics also favoured by high forewing AR. The absence of tails would have thus induced a decrease in gliding flight performance, that could be compensated by long and narrow forewings. However, this effect of tails on butterflies gliding performances has only been investigated in a single species of Papilionidae, using a rigid model placed in a wind tunnel.

The co-evolution of the two pairs of wings, and in particular of hindwing tails and forewing AR could be further complicated by the deflection effect of tails. Attack deflection paradoxically implies that tails will often be lost through failed predation attempts. The evolution of the forewing shape would thus depend on the aerodynamic effects of the presence of tails but also of their sudden absence, possibly favouring intermediate forewing shapes.

Interestingly, the covariation between tails and forewing shape was lost when considering the genus Papilio only, but was stronger in the genus Graphium. While tails seem to have evolved and regressed several times in both Papilio and Graphium (Figure 5), the factors affecting their evolution might be different in these two genera. For example, mimicry is extremely common in Papilio [START_REF] Kunte | The diversity and evolution of batesian mimicry in Papilio Swallowtails butterlies[END_REF][START_REF] Zakharov | Molecular Phylogeny, Historical Biogeography, and Divergence Time Estimates for Swallowtail Butterflies of the Genus Papilio (Lepidoptera: Papilionidae)[END_REF], but rare in Graphium.

While tail evolution might mostly stem from mimetic interactions with defended species in Papilio, tail evolution is more likely to be linked to predator deflection in Graphium.

Theses contrasted selection regimes are likely to affect the coevolution of hindwing tails and forewing shape.

Generally, selection on flight is likely to be very different across species, depending on their ecology, with strong consequences on patterns of evolution of hindwing and forewing shape. Such a heterogeneity of signal across phylogenetic scales makes the identification of precise adaptive causes to large scale patterns of morphological diversity highly challenging. Nevertheless, our study on Papilionidae showed that the combination of behavioural ecology data and macro-evolutionary studies might shed light on key factors affecting morphological evolution. 

1) Ancestral wing shape and multiple evolution of tails

As described in Chapter III, multiple gains and losses of hindwing tails have occurred throughout the diversification of Papilionidae butterflies. Hindwing tails have also evolved multiple times in other butterfly families (see [START_REF] Mckenna | Anterior-Posterior Patterning in Lepidopteran Wings[END_REF] and moths (e.g., Saturniidae). Tails emerged most frequently at M3 veins, but can also be founded in others locations (such as Cu1 or Cu2 veins), concomitantly or not. Furthermore, polymorphism in the presence/absence of tails is also observed in Papilionidae, such as in P. memnon or P. dardanus.

Hindwing tail thus appears as an evolutionary labile trait in Lepidoptera, whose multiple gains and losses might be facilitated by limited developmental constraints. In Papilionidae, the reconstruction of family ancestral phenotype (-67.28 Ma) suggests the presence of hindwing tail. Surprisingly, the basal taxon Baronia brevicornis does not display hindwing tail. Similarly, only some species of Papilionidae sister-family Hesperidae, display tails [START_REF] Li | Genomes of skipper butterflies reveal extensive convergence of wing patterns[END_REF]. As in many insect taxa, Lepidoptera fossils are quite scarce. To our knowledge, only four fossils of swallowtails are registered (see Table 1):

• Doritites bosniackii [START_REF] Rebel | Doritites bosniaskii. Sitzungsberichte der akademie der wissenschaften[END_REF] • Praepapillio colorado [START_REF] Durden | Butterflies from the middle Eocene : The earliest occurence of fossil Papilionidae (Lepidoptera) 28[END_REF] • Praepapillio gracilis [START_REF] Durden | Butterflies from the middle Eocene : The earliest occurence of fossil Papilionidae (Lepidoptera) 28[END_REF] • Thaites rumaniana [START_REF] Scudder | Fossil Butterflies: Memoirs of the American Association for the Advancement of Science, I[END_REF] The first switch between tailed/untailed states inferred by ancestral state reconstruction suggests a date of -28.60 Ma (at the node separating the clades Parnassius and Hypermnestra), earlier than the Thaites rumaniana and Doritites bosniackii dating. The wing phenotype of these fossils is thus not relevant to confirm our ancestral state inference. Moreover, these fossils are incomplete, precisely in the hindwings anal area, preventing any conclusion on the presence/absence of tails. However, the species Praepapillio colorado and Praepapillio gracilis are older, and display reduced tails on the M3 vein.

The fossil record of Papilionidae does not allow validating our inference, but the existence of two species exhibiting a hindwing boundary protrusion on the M3 vein is consistent with our results, and confirms the evolutionary lability of hindwing tails in Papilionidae. Our macro-evolutionary study of hindwing tail evolution was consistent with a flexible development facilitating the multiple gains and losses of this trait. The developmental decoupling of wing margin determination and dorso-ventral (DV) boundary formation likely facilitated the diversification of specialized wing shapes in moths and butterflies [START_REF] Macdonald | Butterfly wings shaped by a molecular cookie cutter: evolutionary radiation of lepidopteran wing shapes associated with a derived Cut/wingless wing margin boundary system: Butterfly wings shaped by a molecular cookie cutter[END_REF]. Contrary to other insects, the imaginal disk DV boundary does not determine the final shape of the wing. The adult wing shape is determined by a molecular "cookie cutter", involving the expression of wingless (wg) and a transcription factor (Cut), inducing apoptosis of border cells. This specific molecular mechanism allows the shape of adult wing to drastically differ from the imaginal disk boundary (Figure 1). Moreover, the tail vein (M3) is located exactly at the boundary between two wing compartments, defined by long-range decapentaplegic-like signal (dpp-like, [START_REF] Abbasi | A new A-P compartment boundary and organizer in holometabolous insect wings[END_REF][START_REF] Mckenna | Anterior-Posterior Patterning in Lepidopteran Wings[END_REF]. The dpp concentration establishes a set of nested domains of gene expression along the wing, defining the location of wing veins [START_REF] Klein | Wing disc development in the fly: the early stages[END_REF].

Small variations in the concentration of this morphogen could induce important wing outline variations at the M3 veins. While the selection pressures possibly involved are unknow, adaptive radiations have been suggested to occur primarily along the genetic lines of least resistance, because of the constraining effects of genetic correlations [START_REF] Schluter | Adaptive radiation along genetic lines of least resistance[END_REF]. This suggests the removal of a developmental constraint on Lepidoptera wing shape has facilitated a morphological radiation and the multiple gain and losses of tails observed throughout the diversification of Lepidoptera. Such a release in a developmental constraint associated with a burst of morphological evolution has been documented in Heteropsis butterflies (family Mycalesina), that gained an independent developmental control of their eyespot colour composition. This developmental innovation allowed a morphological radiation in this genus [START_REF] Brattström | A release from developmental bias accelerates morphological diversification in butterfly eyespots[END_REF].

Our disparity analyses suggested that the tail does not simply behave as a neutral trait but exhibited a diversification pattern with higher level of lability than expected under a simple Brownian motion model (Chapter III). To pinpoint the potential selective mechanisms underlying the evolution of this trait, we then relied on micro-evolutionary studies focusing on a single model species (Chapters I and II).

2) What bridges can be built between macro and micro-evolutionary results?

Aerodynamics vs. deflection: an evolutionary trade-off?

Our experimental approaches on the species Iphiclides podalirius revealed the effect of hindwing tails on attack deflection (Chapter I) and stabilization of flight (Chapter II). These effects can have important consequences on the survival of the butterflies and are thus likely to be influenced by natural selection. Nevertheless, they could generate antagonistic selective pressures on the evolution of hindwing tails. The deflecting effect of tails indeed frequently leads to their loss during the life of the butterflies. There is therefore a cost to predation deflection, and the evolution of tails might result from an evolutionary trade-off between attack deflection and flight performances. Should this trade-off exist in other Papilionidae species, the specific ecological constraints encountered in different taxa could then balance the cost and benefits of attack deflection and flight abilities respectively, and might explain the frequent gain and loss of the tail throughout Papilionidae. Moreover, it has been shown that traits more closely tied to trade-offs evolve more rapidly: in Neotropical cichlid fishes, jaws evolution are subject to a trade-off between velocity and force. Generalist species (with unspecialized jaws, positioned in the middle of the trade-off between velocity and force) displayed a higher phenotypical evolution rate than specialized species [START_REF] Burress | Functional Trade-Offs Asymmetrically Promote Phenotypic Evolution[END_REF]. A similar result was found at larger evolutionary scale in Actinopterygii, between suction specialized species and generalist species [START_REF] Corn | A Multifunction Trade-Off has Contrasting Effects on the Evolution of Form and Function[END_REF]. Our results are consistent with those finding:

we measured a strikingly higher phenotypical evolution rate for hindwings shape than for forewings shape (Chapter III), consistent with an hindwings shape evolution influenced by multiple selection pressures (trade-off) vs. forewing shape evolution under homogeneous selection.

Deflective phenotype, an adaptive syndrome driven by predators in Papilionidae?

Papilionidae are widespread around the world, occupying all continents (expect Antarctic), and it is highly challenging to characterize the selective pressures acting on tail evolution within each and every species. Nevertheless, associations between hindwing tails and specific colour pattern can be observed in different Papilionidae genera, suggesting that predation might have independently promoted similar deflecting syndromes in different clades. For example, many Graphium, Protesilaus Eurytides or Protographium species display black and white stripes on the two pairs of wings, conspicuous colour-pattern at the tips hindwings (eyespots and blue markings) and long and thin tails, similarly to I. podalirius (see Figure 2). The evolution of the tails in these different clades could thus have been favoured by intense predation promoting traits enhancing deflection. The order of appearance of the different traits involved in the deflecting effects or the aerodynamic effect (which also involved a coordinated evolution of forewing shape, see

Chapter III) is a key evolutionary question that remains to be investigated. It is also quite possible that this evolutionary sequence was different between taxa harbouring such "deflector phenotypes" (Figure 2), thereby resulting from convergent evolution. 

Color-pattern and tails co-evolution

The evolution of wing shape and that of wing colour patterns appear to be tightly connected.

This is particularly striking in species that combine hindwing tails and deflective colour-pattern, but other combinations of traits can be observed at the family level. Here, I propose a raw classification of such phenotypical traits associations in Papilionidae, considering four trait categories:

• Aposematic / non-aposematic colour-pattern

• Deflector / non-deflector colour-pattern

• Toxic / non-toxic species

• Spatulated tail / thin tail / non tail While these categories rely on traits that vary quantitatively and thus likely oversimplify the reality, they nevertheless provide a global picture of the various combinations of traits observed throughout the family. Only the male phenotype and the dorsal side of the wings are considered (for example, this analyse don't take into consideration many cases of Batesian mimicry in females of the genus Papilio). While many combinations are possible, we can observe preferred trait associations (Figure 4). The most frequent combinations are:

(1) No tail / non-deflector / aposematic / toxic = 29.9%

(2) Thin tail / deflector / non-aposematic / non-toxic = 15.9%

(3) Spatulated tail / non-deflector / non-aposematic / non-toxic = 13.5%

(4) No tail / non-deflector / non-aposematic / non-toxic = 13.0%

The second category corresponds to the "deflection syndrome" cited above. Selection pressures occurring on tails evolution in species belonging to different categories might be very different from the selection characterized in I. podalirius. This categorisation suggests non-random association between wing shape and colour pattern, and raises the question of the evolutionary path leading the evolution of shape/colour pattern syndromes. • if tails and/or aposematic colour-pattern are used by predators to avoidance learning when associated with prey unpalatability

(2) At the family level, we could characterize colour-patterns and study to what extent its evolution is correlated with that of wing shape.

Methodological considerations:

Colour pattern could be defined as factor modalities (for example "deflector" or "aposematic" as see above), allowing a simple but intuitive approach on evolutionary sequence and then determine to what extend some wing shapes are preferentially associated with some colour patterns and in what order did these features appear.

Nevertheless, as wing shape, colour-pattern is a complex trait, constituted of many sub-traits (e.g., "deflection phenotype" = eyespots + blue lunules + convergent stripes) that are not necessarily present in all species. As well as, an aposematic colour-pattern can be defined in many ways. By definition, aposematic signals manipulate the predator by sending a signal of unpalatability (see [START_REF] Mappes | The complex business of survival by aposematism[END_REF] for a review) so it is actually quite difficult to determine the aposematism of a trait independently of the involved predator. Consider colour pattern as contiguous and multidimensional trait (define by a "colour-space", exactly as shape could be defined by a morphospace of n dimensions) could provide solutions to these problems and then constitute a complementary approach. One could thus consider:

• automatically define phenotypical groups in colour-space and morphospace and studied their preferentially association. This would be a more reproducible and less biased approach to the one presented in Figure 4. As see above, a possible perspective of our work on the deflecting effect of the tails would be to characterize to what extent tails are associated with a deflector colour-pattern at family level and inferred their respective ancestral states and then determined the associated evolutionary sequence. The same type of analysis could be conducted on aposematic colour-pattern.

• studying the evolution of colour pattern and as continuous traits, and compared their evolutionary patterns (switch of evolution rate positions, correlation between some of colour-space and morpho-space dimensions…). As well as, this approach will allow us to quantify convergence and divergence events of shape at family level. Here, we presented a preliminary result, conducted on males and females mean wing shape (Figure 5). This analysis could be coupled we colour-pattern convergences/divergences pattern to estimate in what extend these events are correlated. 

Conclusion

Overall, the study of Papilionidae wing shape evolution, initiated with my PhD, has brought some insights on the selection pressures involved in tail evolution and highlighted the complex links existing between forewings and hindwings evolution, between a contrasted selection, developmental constraints and co-evolution.

Annex I Inventory of the National Museum of

Natural History collections: Papilionidae Introduction

The level of evolutionary constraints on any given trait depends on its developmental and/or selective links with other traits, i.e., trait modularity. For example, adaptive radiations have been suggested to occur primarily along the genetic lines of least resistance, because of the constraining effects of genetic correlations [START_REF] Schluter | Adaptive radiation along genetic lines of least resistance[END_REF].

Serial homologues, like vertebrate teeth [START_REF] Van Valen | Serial homology: the crests and cusps of mammalian teeth[END_REF] or arthropod segments [START_REF] Emerson | The Origin of Crustacean Biramous Appendages and the Evolution of Arthropoda[END_REF], are relevant traits to identify how selection regime can overcome the effect of developmental constraints acting on phenotypic evolution. Such homologous traits stem from the repetition of the same developmental pathway in different locations of the body [START_REF] Hall | Homology and Embryonic Development[END_REF]. Serial homologues are thus expected to present a tight covariation due to their shared developmental basis [START_REF] Young | Serial homology and the evolution of Mammalian limb covariation structure[END_REF]. In contrast, heterogeneous selection across the elements of a series might drive their divergence and break down their co-variation [START_REF] Wagner | Perspective: Complex adaptations and the evolution of evolvability[END_REF][START_REF] Melo | Directional selection can drive the evolution of modularity in complex traits[END_REF]. Theoretical models suggest that directional selection can strongly affect the evolution of modularity and that stabilizing selection is required for its long-term maintenance [START_REF] Melo | Directional selection can drive the evolution of modularity in complex traits[END_REF]. The patterns of covariation across serial homologues therefore reflect the prevailing effect of developmental vs. selective factors affecting trait evolution [START_REF] Beldade | Concerted evolution and developmental integration in modular butterfly wing patterns[END_REF][START_REF] Breuker | Functional evo-devo[END_REF][START_REF] Allen | The "Eyespot Module" and eyespots as modules: development, evolution, and integration of a complex phenotype[END_REF].

Butterfly eyespots are a textbook example of serial homology: these circular colour patterns are repeated across the wings in many butterfly species. All eyespots are formed by the expression of a common developmental cascade at different locations on the wings, as shown by developmental studies carried out in the model species B. anynana (see [START_REF] Monteiro | Origin, Development, and Evolution of Butterfly Eyespots[END_REF] for a review). Such serial developmental homology results in strong genetic correlations across eyespots: artificial selection on a particular eyespot indeed induces a correlated response on all eyespots, consistent with their developmental integration [START_REF] Monteiro | The evolutionary genetics and developmental basis of wing pattern variation in the butterfly Bicyclus anynana[END_REF][START_REF] Monteiro | Butterfly eyespots: the genetics and development of the color rings[END_REF]Beldade et al., 2002;Beldade andBrakefield, 2002, 2003). Nevertheless, the seasonal forms of B. anynana, displaying different eyespot number and shapes, suggest that the ecological conditions encountered in the different season have promoted adaptive plasticity in eyespot development, leading to different wing patterns from the same shared developmental pathway [START_REF] Lyytinen | Does predation maintain eyespot plasticity in Bicyclus anynana[END_REF].

The wide diversity of eyespot size, shape, and colour composition observed among butterfly species with contrasted ecologies suggests that diverse selective pressures can affect the evolution of eyespots [START_REF] Kodandaramaiah | The evolutionary significance of butterfly eyespots[END_REF]. For instance, in some species, eyespots are conditionally-displayed, usually hidden at rest, but uncovered at will. These eyespots are usually large and strongly contrast with the background colour of the wing: they might intimidate predators if suddenly uncovered during an attack, providing the butterfly some time to escape [START_REF] Stevens | The role of eyespots as anti-predator mechanisms, principally demonstrated in the Lepidoptera[END_REF][START_REF] Dapporto | Evidence for adaptive constraints on size of marginal wing spots in the grayling butterfly, Hipparchia semele[END_REF]. Radically different eyespots are observed in other species, with a small size and peripheral location and usually constantly visible at rest. Such eyespots might divert predator attacks away from the vital parts of the body [START_REF] Lyytinen | Does predation maintain eyespot plasticity in Bicyclus anynana[END_REF][START_REF] Stevens | The role of eyespots as anti-predator mechanisms, principally demonstrated in the Lepidoptera[END_REF][START_REF] Olofsson | Marginal Eyespots on Butterfly Wings Deflect Bird Attacks Under Low Light Intensities with UV Wavelengths[END_REF][START_REF] Prudic | Eyespots deflect predator attack increasing fitness and promoting the evolution of phenotypic plasticity[END_REF]. A continuum of size and shapes exists in between these two extremes, some species harbouring large peripheral eyespots [START_REF] Kodandaramaiah | The evolutionary significance of butterfly eyespots[END_REF]. In yet other butterfly species, eyespots can be reduced and poorly contrasting, participating in the crypsis of the wings. These are often highly variable: apostatic selection generated by predator cognitive capacities favours rare cryptic colour patterns and thus promote variability within populations [START_REF] Bond | Apostatic selection by blue jays produces balanced polymorphism in virtual prey[END_REF][START_REF] Bond | The Evolution of Color Polymorphism: Crypticity, Searching Images, and Apostatic Selection[END_REF]. On top of selection generated by predators, sexual selection might affect variation in eyespot series. In B.

anynana, males express preference for UV reflectance in the center of the ventral, conditionally-displayed eyespot [START_REF] Huq | Male Bicyclus anynana Butterflies Choose Females on the Basis of Their Ventral UV-Reflective Eyespot Centers[END_REF], therefore specifically promoting this particular coloration in some specific eyespots. The heterogeneous morphology of eyespots from the same series observed within many butterfly species suggests that contrasted selective pressures may affect them, potentially breaking their covariation and leading to their morphological divergence.

Here we investigate how contrasted selective pressures may disrupt developmental constraints, by focusing on covariation patterns across eyespots within the butterfly species Morpho telemachus (Linné, 1758), where the different eyespots are likely submitted to different selective regimes. In the Morpho genus, a series of eyespots is observed on the ventral side of the wings [START_REF] Debat | What Drives the Diversification of Eyespots in Morpho Butterflies? Disentangling Developmental and Selective Constraints From Neutral Evolution[END_REF], exposed when butterflies are resting with closed wings. In contrast with most Morpho species, M. telemachus has two large conditionally-displayed eyespots on the ventral side of the forewing (Figure 1).

They are usually hidden by the overlapping hindwing when the butterfly is at rest and can be revealed when the butterfly spreads its wings. These eyespots might have an intimidating effect on predators if unmasked during an attack, as suggested in other butterfly species [START_REF] Stevens | The role of eyespots as anti-predator mechanisms, principally demonstrated in the Lepidoptera[END_REF][START_REF] Dapporto | Evidence for adaptive constraints on size of marginal wing spots in the grayling butterfly, Hipparchia semele[END_REF]. Paired eyespots are indeed suggested to be more intimidating than single eyespots [START_REF] Stevens | The role of eyespots as anti-predator mechanisms, principally demonstrated in the Lepidoptera[END_REF][START_REF] Inglis | The Feeding Behaviour of Starlings (Sturnus vulgaris) in the Presence of 'Eyes[END_REF].

These two highly visible eyespots could also be part of a sexual signal, concealable at will when the butterfly adopts a more cryptic behaviour. The remaining eyespots, located on the hindwing and on the forewing tip, are always-visible, suggesting they might be submitted to a different selective pressure, possibly contributing to the general cryptic appearance of the butterfly at rest. Such contrasted selective regimes across eyespots in M. telemachus provide a relevant opportunity to investigate the relative impact of selection and developmental constraints on the pattern of covariation across a series of developmental homologues. Serial homology is expected to impose a tight covariation across all eyespots, leading to their developmental integration [START_REF] Allen | The "Eyespot Module" and eyespots as modules: development, evolution, and integration of a complex phenotype[END_REF]. In contrast, different selective pressures across eyespots should favour their relative independence (i.e., functional modularity).

Since the precise pattern of covariation among eyespots expected from developmental correlations is unknown, we contrasted patterns of variations observed in M. telemachus with another Morpho species, Morpho helenor (Cramer, 1776). In this species, all eyespots are always-visible, suggesting that, in contrast to M. telemachus, similar selective pressure affect all eyespots of the series. Comparing the patterns of eyespot covariation between M. telemachus and M. helenor should thus shed light on the effect of heterogeneous selection on the evolution of eyespot modularity.

We first assessed the conspicuousness of the different eyespots in the two species, by measuring the reflectance spectra of the yellow and black rings forming the eyespots and computing the colour contrast perceived by avian predators. We measured the size and shape of the two rings within each eyespot and then compared their patterns of variations and covariations in the two species. ( 1) By comparing the levels of variation of the different eyespots within each species, we predicted a homogeneous and low level of variation in all eyespots in M. helenor as a result of stabilizing selection acting on all eyespots. In contrast, a difference in variation across eyespots was expected in M.

telemachus, with a low variation in the two conditionally-displayed eyespots due to stabilizing selection, and a higher variation in the always-visible eyespots because of a relaxed or apostatic selection. ( 2) By comparing the covariations between traits within species, we predicted a global pattern of integration across eyespots in M. helenor, resulting from congruent developmental and selective effects (developmental and functional integration). In contrast, in M. telemachus we predicted a pattern of modularity opposing conditionally-displayed and always-visible eyespots, as a result of the contrasted selective regimes.

Variation and covariation were assessed at two levels: using among individual variance, reflecting genetic and environmental differences among individuals, and using fluctuating asymmetry (FA, [START_REF] Palmer | Fluctuating Asymmetry: Measurement, Analysis, Patterns[END_REF], assessing random developmental variation within individuals. While both individual variance and FA can be affected by stabilizing selection promoting developmental robustness, FA reflects developmental interactions across traits (Klingenberg, 2014, see below). It therefore allows to specifically test whether selection can alter developmental integration [START_REF] Breuker | Functional evo-devo[END_REF].

Materials & Methods

1) Butterfly Samples

M. telemachus is a canopy species distributed throughout the Amazon basin, from the foothills of the Andes to the Brazilian Atlantic Forest [START_REF] Blandin | Evolution and diversification of neotropical butterflies: insights from the biogeography and phylogeny of the genus Morphos fabricus, 1807 (Nymphalidae: Morphinae) with a review of the geodynamics of South America[END_REF]. We This exceptional sample provides a relevant opportunity to assess variability within natural population. All individuals likely encountered similar environmental conditions, reducing the potential effects of phenotypic plasticity.

We compared the levels of variation in the different eyespots within this population of M.

telemachus to the variation of the same eyespots in a closely related species, M. helenor.

We gathered specimens of M. helenor from the collections of the Muséum National d'Histoire Naturelle (Paris), by sampling 31 males originating from two localities (Chapare -Bolivia/ Perene -Peru). Since these collection specimens were originally caught by different collectors at different localities, the morphological variation measured in M. helenor combines intra-and inter-populational differenceseither genetic or environmentaland thus likely over-estimates phenotypic variation.

2) Estimating eyespot conspicuousness

To estimate the level of conspicuousness of the different eyespots, we measured their color contrast on a subsample of 10 individuals per species. For each eyespot, the reflectance spectrum of the yellow and the black ring was measured using a spectrophotometer (AvaSpec-ULS2048CL-EVO-RS, software AvaSoft v.8.12.0.0), sensitive to wavelengths between 200 and 1100 nm. A light source (Avalight-DH-S-BAL)

covering the visible and UV wavelengths from 300 to 700 nm was used to illuminate the specimens (coupling a deuterium lamp with a spectrum of 215 to 500 nm, and a halogen lamp from 500 to 2500 nm). Our measurements were conducted while minimizing external light sources. To assess the contrast between the two rings as perceived by avian predators, we quantified chromatic and achromatic contrasts (Olsson et al. 2018) using the two major visual systems documented in birds (UV and violet-sensitive respectively), as implemented in the R package PAVO2 [START_REF] Maia | PAVO 2: New tools for the spectral and spatial analysis of colour in R[END_REF]. The vision models were all applied with standard conditions (Weber fraction value of 0.05, Dell 'Aglio et al., 2018) with the following relative cone densities 0.37:0.7:0.99:1 for UV-sensitive model (UVS:S:M:L) and 0.25:0.5:1:1 for Violet-sensitive model (VS:S:M:L) [START_REF] Feltz | Ultraviolet and yellow reflectance but not fluorescence is important for visual discrimination of conspecifics by Heliconius erato[END_REF]. The chromatic and achromatic contrast analyses were performed using a bootstrap procedure. Contrasts are expressed in JND (Just Noticeable Difference) with a threshold of 1 JND. Values above that threshold will be considered as noticeable by an avian observer.

3) Measuring eyespot size and shape: Imaging and morphometric measurements

The four wings of each individual were photographed in a photo studio under controlled LED light using a Nikon D90 (Camera lens: AF-S Micro Nikkor 60 mm 1:2.8G ED), in standardized conditions allowing to minimize shape distortion due parallax. Each eyespot is composed of two concentric rings: an external yellow ring and an internal black ring, around a central white pupil. M. telemachus usually has 9 ventral eyespots (Figure 1A-B):

4 on the forewing and 5 on the hindwing. Nevertheless, two of these eyespots (E2 and E6 -visible on Figure 1B) were very often extremely reduced when not simply absent; in addition, these eyespots are absent in M. helenor (Figure 1B). We thus decided to exclude them from our protocol and focus on the 7 eyespots observed on all specimens.

For both species, length and width of the yellow and black rings (respectively noted Ly, Wy and Lb, Wb, Figure 1C) were measured on all eyespots using ImageJ (version 1.8.0_112). Following previous studies [START_REF] Monteiro | Butterfly eyespots: the genetics and development of the color rings[END_REF][START_REF] Breuker | Integration of wings and their eyespots in the speckled wood butterfly Pararge aegeria[END_REF][START_REF] Adams | Evaluating modularity in morphometric data: challenges with the RV coefficient and a new test measure[END_REF], length was measured along the direction parallel to the veins framing the eyespot and passing through the center of the eyespot and width along the perpendicular to that direction (Figure 1C). To characterize the shape of the different eyespots, we computed the ratio between length and width of the two rings for each eyespot (Ry=Ly/Wy and Rb=Lb/Wb) and used (1 -R) as a measure of their departure from perfect circularity.

All measurements were made on both left and right eyespots, to assess asymmetry. 

4) Assessing patterns of variations and covariations

Estimating fluctuating asymmetry -To assess the level of developmental control on eyespots variation, we estimated fluctuating asymmetry (FA). FA is the deviation from perfect bilateral symmetry due to developmental noise, i.e., the small, random variation independently affecting the two sides of a trait during development [START_REF] Palmer | Fluctuating Asymmetry: Measurement, Analysis, Patterns[END_REF]. FA thus reflects developmental stability, i.e. the buffering of developmental noise [START_REF] Palmer | Fluctuating Asymmetry: Measurement, Analysis, Patterns[END_REF][START_REF] Klingenberg | Developmental instability as a research tool: using patterns of fluctuating asymmetry to infer the developmental origins of morphological integration[END_REF].

Developmental stability is generally expected to be favored by stabilizing selection (e.g., [START_REF] Debat | Mapping phenotypes: canalization, plasticity and developmental stability[END_REF], but see [START_REF] Pélabon | Evolution of variation and variability under fluctuating, stabilizing, and disruptive selection[END_REF]: eyespots under stabilizing selection are thus predicted to exhibit less FA than eyespots evolving neutrally. We quantified FA as the variance of the right minus left values distribution (FA4 in the terminology of [START_REF] Palmer | Fluctuating asymmetry analyses: a primer[END_REF]. To avoid measurement bias due to the lateralization of the human observer, mirror images of the left wings were used (R package TransformJ, [START_REF] Meijering | Quantitative evaluation of convolution-based methods for medical image interpolation[END_REF], and the order of measurements (right or left) randomized.

Checking measurement error and allometric effects on FA -To quantify measurement error (ME), which is critical for accurately estimating FA, a random sub-sample of 30 individuals was measured 3 times, and the impact of ME on FA was assessed. We estimated ME on the different traits, using the repeated measurements protocol described in [START_REF] Palmer | Fluctuating Asymmetry: Measurement, Analysis, Patterns[END_REF] and [START_REF] Palmer | Fluctuating asymmetry analyses: a primer[END_REF]. We applied two-way mixed model

ANOVAs with 'side' as a fixed effect and 'individual' as a random effect, for each of the 28 variables. In these models, the interaction term (side x individual) assesses FA and its statistical significance tests whether FA is greater than ME, which is included in the residual term. For all measurements, individual variation and fluctuating asymmetry were significantly larger (on average 11.6 times) than ME, suggesting that FA is not strongly affected by error. To test whether larger eyespots display higher asymmetries, we computed the correlation of trait asymmetry values (L-R) and trait average size (L+R)/2.

As no correlation was detected (r = -0.01, p = 0.284), correction for eyespot size was not applied. In contrast, a significant positive correlation was detected between eyespot size and eyespot variance (r = 0.79, p < 0.001). Inter-individual variation of linear measurements was thus assessed by their coefficient of variation (CV). Finally, to assess whether larger butterflies tended to display higher asymmetries, we tested the correlation between asymmetry values and wing area, used as a proxy of butterfly size. A significant correlation was detected, but it was very low (r = 0.026, p < 0.01), suggesting that allometric effects are weak.

Comparing eyespots variability -We then estimated the levels of variation of the different traits within each of the two species. Differences in mean size (Ly, Wy, Lb and Wb) and shape (ratios Ry and Rb) among eyespots were tested using pairwise Welch tests, which allows to compare means of multiple samples with unequal variances. FA and interindividual variances were compared across eyespots using pairwise F-tests, because FA was computed as a variance. Coefficients of variation of size were compared using an asymptotic test for the equality of multiple coefficients of variation (based on the calculation of the D'AD statistic proposed by [START_REF] Feltz | Ultraviolet and yellow reflectance but not fluorescence is important for visual discrimination of conspecifics by Heliconius erato[END_REF], R package cvequality, [START_REF] Marwick | cvequality: Tests for the equality of coefficients of variation from multiple groups[END_REF]. Multiple testing was accounted for by using Holm-Bonferroni procedure. We then compared the intraspecific levels of variations of all eyespots between species using F-tests.

Assessing the patterns of modularity across eyespots -To identify the different modules, we estimated covariations between traits within each species. The covariation of morphological traits can result either from direct interactions among the developmental pathways producing the traits, or from parallel variation in those pathways [START_REF] Klingenberg | Morphological Integration and Developmental Modularity[END_REF][START_REF] Klingenberg | Developmental instability as a research tool: using patterns of fluctuating asymmetry to infer the developmental origins of morphological integration[END_REF]. Parallel variation is due to joint external influences, including environmental effects (plasticity), but also allelic variation in genes involved in the different pathways (pleiotropy), and can be assessed by individual covariation (i.e., the covariation of traits across individuals). In contrast, FA covariation (i.e., the covariation of trait asymmetries across individuals) only results from direct developmental interactions. Since FA is inherently random, its values can be correlated across traits only if those traits directly interact during development: this can happen either if the traits share part of their developmental pathways (e.g., common precursor, or global pre-patterning) and random variation affects this common part, or through inductive signalling between pathways, random variation in one pathway being transmitted to the other through this signal [START_REF] Klingenberg | Morphological Integration and Developmental Modularity[END_REF]. Comparing covariations based on FA and individual differences thus enables to discriminate direct developmental interactions from parallel variation. We thus quantified both covariation between traits values, averaged across sides (individual covariation) and covariation between traits asymmetries (FA covariation).

Direct interactions are mostly expected among physically close developing traitstypically the different rings of an eyespot, or adjacent eyespotsor among traits that depend on a same pre-patterningthe whole eyespot series being influenced by the general wing patterning. We therefore predicted a tight covariation in FA within eyespots, and a loser covariation across eyespots, possibly opposing forewing and hindwing eyespots. A joint selection on two developmentally distinct structures, by favouring their phenotypic covariation, should nevertheless increase their developmental integration (e.g., [START_REF] Breuker | Functional evo-devo[END_REF][START_REF] Klingenberg | Evolution and development of shape: integrating quantitative approaches[END_REF]: accordingly, we also predicted a tight covariation in FA between the two conditionally-displayed eyespots of M. telemachus.

We specifically compared the covariations among always-visible eyespots with those among the two conditionally-displayed eyespots of M. telemachus, by computing the average inter-eyespot correlations. The patterns of modularity across eyespots were estimated using correlation matrices restricted to statistically significant correlations among traits. Correlation matrices were visually displayed as networks in which each variable is a node and each correlation an edge, using the R package qgraph [START_REF] Epskamp | qgraph : Network Visualizations of Relationships in Psychometric Data[END_REF].

The hypotheses of modularity were then tested using a hierarchical module partition using Ward's hierarchical cluster analysis [START_REF] Ward | Hierarchical Grouping to Optimize an Objective Function[END_REF][START_REF] Zelditch | Modularity of the rodent mandible: Integrating bones, muscles, and teeth: Modularity of the rodent mandible[END_REF] using the function pvclust of the R package pvclust [START_REF] Suzuki | pvclust: Hierarchical Clustering with P-Values via Multiscale Bootstrap Resampling version 2.2-0 from CRAN[END_REF], which calculates p-values for hierarchical clustering via multiscale bootstrap resampling. All nodes defined by a significant p-value are considered to define a module. This method has the advantage of allowing to detect nested modularity patterns and thus, a simultaneous analysis of the intra-and inter-eyespots modularity.

All statistical analyses were carried out in R version 3.6.3 (R Core Team 2020).

Results

1) Contrasted levels of conspicuousness among eyespots in M. telemachus

In M. telemachus, conditionally-displayed eyespots E3 and E4 were significantly larger than all other eyespots (41.46% for Ly, 37.10% for Wy, 49.03% for Lb and 37.67% for Wb, on average; Figure 2A, Table S1). Their shape was also significantly rounder than in other eyespots (Figure 2B, details in Tables S2).

Achromatic contrasts in M. telemachus were heterogeneous across eyespots, E3 and E4 eyespots displaying particularly high values (55.69% higher than other eyespots in UV-models and 56.81% higher in Violet-models, on average; Figure 2C). Conversely, achromatic contrasts in M. helenor eyespots were homogeneously high, comparable to M. telemachus conditionally-displayed eyespots (Figure 2C). The reduced size and achromatic contrast of the always-visible eyespots of M. telemachus suggests a strong decrease in conspicuousness in these eyespots as compared to the conditionally-displayed eyespots of M. telemachus and to all eyespots of M. helenor. Such difference was nevertheless not observed for chromatic contrasts (Figure S1), suggesting that similar coloration was conserved throughout all eyespots in both species. 2) The shape of always-visible eyespots is more variable and asymmetrical in M. telemachus

For both species, the variability of eyespot size, as estimated by the variation among individuals and by fluctuating asymmetry, was quite homogeneous across eyespots: most pairwise comparisons of size variation between eyespots were non-significant (fluctuating S3). In contrast, striking differences across eyespots were detected in M. telemachus when considering the variability of eyespot shape. Overall, both individual variation and asymmetry of shape were lower in the two conditionally-displayed eyespots than in the always-visible eyespots (Figure 3), and particularly strikingly so for the yellow ring (on average 4.01 times less variable and 10.08 times less asymmetric than the always-visible eyespots). Such low variability of shape in the conditionally-displayed eyespots suggests a selective effect on the roundness of these eyespots.

Overall, eyespot shape variability tended to be lower in M. helenor than in M. telemachus:

among individual variation was on average 1.62 and 2.79 times lower, in the yellow and black rings (Fyellow= 1.62, df = 2566, p < 0.001; Fblack= 2.80, df = 2564, p < 0.001 -Figure 3), and FA was 3.13 and 2.27 times lower (Fyellow= 3.13, df = 2566, p < 0.001; Fblack= 2.27, df = 2564, p < 0.001 -Figure 3). This difference was particularly strong for always-visible eyespots (E1, E5, E7, E8 and E9), which were very variable between individuals in M.

telemachus, and much more stable in M. helenor. Combined with a generally more conspicuous appearance of all eyespots in M. helenor, this stability of eyespot shape points at a similar selection regime acting on all eyespots in this species. Overall, the comparison of the two species suggests a similarly low variability in the whole series of eyespots in M. helenor, as well as in the conditionally-displayed eyespots in M. telemachus. This points at a similar stabilizing selection in these eyespots. In contrast, the always-visible eyespots of M. telemachus are much more variable, suggesting a relaxed or apostatic selection. 3) Conditionally-displayed eyespots form a developmental module in M. telemachus Figure 4 clearly shows that there are stronger correlations across traits (individual variation) than across traits asymmetries (FA). Since covariations in FA reflect direct developmental interactions among traits, greater correlations are expected within physically-interacting traits, e.g., within each eyespot, while more limited correlation in FA is expected across eyespots. The patterns of modularity obtained from inter-individual variation and FA matrices were nevertheless mostly congruent. Overall, the different eyespots tend to form separate modules, the two rings tightly covarying within an eyespot, and more loosely among eyespots. This is particularly striking in M. helenor for individual variation (Figures 4A and5A; mean correlations: corwithin all eyespots =0.94±0.05; coramong all eyespots=0.54±0.14; see Table S3 for all correlations categories), but also for FA (Figures 4B and 5B; mean correlations: corwithin all eyespots = 0.67±0.24; coramong all eyespots =0.03±0.19).

A submodular pattern was also observed in both species within eyespots, opposing the yellow and black rings (higher correlations within a ring than among rings of the same eyespot; Figure 5). Consistent with a homogeneous effect of selection on the whole series of eyespots in M. helenor, no sub-clustering of eyespots is detected.

In contrast, in M. telemachus, the conditionally-displayed eyespots E3 and E4 exhibit strong covariations and clearly form a separate module. Remarkably, their higher FA covariation compared to among always-visible eyespots (noted "AV" below) is indicative of a developmental integration (coramong E3-E4 = 0.30±0.17; coramong AV = 0.11±0.12; see Table S3 for all correlations categories). Contrary to all other eyespots, that display a submodular pattern opposing the two rings, the different measurements of these two eyespots cluster irrespective of eyespot identity (Figure 5C), suggesting a very tight integration. The same pattern is found for individual variation, the E3 and E4 covariation being even almost as high as that measured within a single eyespot (coramong E3-E4 = 0.74±0.12, coramong AV = 0.49±0.10 corwithin all= 0.82±0.18). Overall, this opposition between conditionally-displayed vs. always-visible eyespots suggests that different selective pressures affect the two types of eyespots and may have modified the patterns of modularity in M. telemachus. In M. telemachus, the large difference in achromatic contrast detected between conditionally-displayed eyespots and the others (Figure 2C), suggests that the two types of eyespots may be submitted to different selective regimes. Achromatic contrast is indeed often used by birds to detect small targets while chromatic contrast is involved in discrimination of large targets and recognition of chromatic patterns [START_REF] Osorio | Visual Ecology and Perception of Coloration Patterns by Domestic Chicks[END_REF][START_REF] Théry | Specific color sensitivities of prey and predator explain camouflage in different visual systems[END_REF][START_REF] Halpin | Pattern contrast influences wariness in naïve predators towards aposematic patterns[END_REF]. Achromatic contrast was also shown to increase prey conspicuousness and detection by mantid predators [START_REF] Prudic | Aposematic coloration, luminance contrast, and the benefits of conspicuousness[END_REF]. Our results thus highlight that conditionally-displayed eyespots are more conspicuous than the other eyespots. Their evolution might thus have been influenced by different selective pressures.

Our analyses then show that in M. telemachus, conditionally-displayed eyespots are rounder than the always-visible eyespots. Their shape is also strikingly less variable, these low levels of variation and FA being comparable to those detected in M. helenor (Figure 3). Traits that are visibleand thus exposed to selectiononly part of the time might be submitted to a weaker selection and would thus be expected to present higher variation than always exposed traits. Our results nevertheless support highlight the converse situation, with a lower variation in the conditionally-exposed eyespots. This observation is consistent with an effect of stabilizing selection, expected to reduce allelic variation in the genes controlling the traits in the population [START_REF] Boonekamp | Canalisation in the wild: effects of developmental conditions on physiological traits are inversely linked to their association with fitness[END_REF][START_REF] Stearns | The differential genetic and environmental canalization of fitness components in Drosophila melanogaster[END_REF]. Stabilizing selection should also favour developmental robustness of the traits, therefore promoting low levels of variation and fluctuating asymmetry via enhanced canalization and developmental stability [START_REF] Clarke | The genetics of the mimetic butterfly Papilio memnon L[END_REF][START_REF] Palmer | Fluctuating Asymmetry: Measurement, Analysis, Patterns[END_REF][START_REF] Leamy | The Genetics and Evolution of Fluctuating Asymmetry[END_REF][START_REF] Garnier | Hybridization, developmental stability, and functionality of morphological traits in the ground beetle Carabus solieri (Coleoptera, Carabidae): FA in Carabus solieri hybrids[END_REF] but see [START_REF] Pélabon | Evolution of variation and variability under fluctuating, stabilizing, and disruptive selection[END_REF]. The overall agreement between low fluctuating asymmetry and low inter-individual variation thus likely reflects stabilizing selection on the morphology of the two conditionallydisplayed eyespots, and more particularly on their shape.

Since most Morpho species display large and quite conspicuous eyespots, rather similar to those found in M. helenor [START_REF] Debat | What Drives the Diversification of Eyespots in Morpho Butterflies? Disentangling Developmental and Selective Constraints From Neutral Evolution[END_REF], the always-visible, irregularly shaped eyespots observed in M. telemachus are likely a derived condition. The contrasted pattern of variation across M. telemachus eyespots might thus be related to a relaxation of selection on the visible eyespots of M. telemachus, rather than to an increase in stabilizing selection on the conditionally-displayed eyespots. The large inter-individual variation, and the increased FA in those eyespots are indeed consistent with such a relaxation of selection. A similar increase in FA and individual variation was detected in the wings of the carabid Carabus solieri, which are non-functional and vestigial in this species, relative to the legs, that are phenotypically much more stable, and are probably under strong selection linked to prey capture [START_REF] Garnier | Hybridization, developmental stability, and functionality of morphological traits in the ground beetle Carabus solieri (Coleoptera, Carabidae): FA in Carabus solieri hybrids[END_REF]; similar results were reported for vestigial wings in a gall thrips by [START_REF] Crespi | Fluctuating asymmetry in vestigial and functional traits of a haplodiploid insect[END_REF]. The most variable eyespots in M. telemachus may thus be vestigial: consistent with this hypothesis, the two most variable eyespots E2 and E6 (Figure 1B) are absent in many individuals within our sample of M. telemachus (in 55.7% and 51.4% of individuals for E2 and E6 respectively).

Artificial selection studies in B. anynana have suggested a developmental correlation between eyespot size and its variability [START_REF] Beldade | Concerted evolution and developmental integration in modular butterfly wing patterns[END_REF]. In M. telemachus, the disappearance of eyespots E2 and E6 in some individuals may be a by-product of the relaxation of selection on the small, always-visible eyespots. In a study of the evolution of eyespots across the whole Morpho genus, we recently reported a negative correlation between eyespot size and intraspecific variability of eyespot size and shape [START_REF] Debat | What Drives the Diversification of Eyespots in Morpho Butterflies? Disentangling Developmental and Selective Constraints From Neutral Evolution[END_REF], suggesting that beyond the particular example of M. telemachus, stabilizing selection on the smallest eyespots might be relaxed compared to larger ones.

The high variability of shape of always-visible eyespots in M. telemachus could also stem from specific selective regimes, such as apostatic selection [START_REF] Allen | Evidence for Apostatic Selection by Wild Passerines[END_REF]Ursprung and Nöthiger, 1972;[START_REF] Bond | The Evolution of Color Polymorphism: Crypticity, Searching Images, and Apostatic Selection[END_REF]. This form of negative frequency-dependent selection favours rare phenotypes in prey communities, as they are more difficult to identify by predators, searching for images of already encountered prey. This is for example the case in the cryptic patterns of moths [START_REF] Bond | The Evolution of Color Polymorphism: Crypticity, Searching Images, and Apostatic Selection[END_REF]Kamil, 2006, 2002). Apostatic selection may favour extreme, low frequency eyespot variants, improving crypsis. While apostatic selection in principle relies on genetic variants, it might also favour low levels of developmental robustness in the always-visible eyespots, leading to their increased plasticity and developmental instability and enhancing their variability. While our data do not allow us to assess plasticity, the high levels of FA in these eyespots attest their instability, raising the interesting possibility of an adaptive developmental instability (see [START_REF] Forde | Is it good noise? The role of developmental instability in the shaping of a root system[END_REF] for a similar hypothesis in plants).

2) Phenotypic covariation: integration within eyespots, modularity among eyespots

In both species, we observed a strong covariation within all eyespots, for both FA and individual variation. Such a tight integration within eyespots is expected, as the black and yellow rings derive from the same suites of developmental events, from the pre-patterning to the control of pigmentary genes (reviewed in [START_REF] Monteiro | Origin, Development, and Evolution of Butterfly Eyespots[END_REF][START_REF] Beldade | Eco-evo-devo advances with butterfly eyespots[END_REF]. In particular, FA covariation illustrates this developmental integration: as FA originates from stochastic variation affecting developmental processes, only traits with shared developmental routes exhibit correlated FA [START_REF] Klingenberg | Developmental instability as a research tool: using patterns of fluctuating asymmetry to infer the developmental origins of morphological integration[END_REF][START_REF] Klingenberg | Morphological Integration and Developmental Modularity[END_REF]. The different components of an eyespot are also likely integrated by the joint selection acting on them. In this respect, one could have expected always-visible eyespots to be less tightly integrated than conspicuous eyespots: the mean correlation within an eyespot is indeed slightly lower in always-visible eyespots (rwithin AV=0.53±0.34

vs. rwithin E3-E4=0.57±0.30) but the high standard deviations prevent drawing any robust conclusion.

Except between the two conditionally-displayed eyespots in M. telemachus, the covariation among eyespots was markedly lower than within eyespots, for both FA and individual variation. This result was expected for FA, as direct developmental interactions across eyespots are expected to be limited to the common global pre-patterning of the wing. Considering individual variation, the strong modularity of the different eyespots was unexpected. Eyespots serial homology indeed implies that genetic variation affecting any of the components of the shared genetic network should trigger a joint phenotypic variation. Similarly, any environmental influence on this common network should increase phenotypic covariance (e.g., [START_REF] Allen | The "Eyespot Module" and eyespots as modules: development, evolution, and integration of a complex phenotype[END_REF]. A tight covariation across eyespots was in particular predicted in M. helenor, where all eyespots are expected to be submitted to the same selection regime. Although the correlation among eyespots was quite high (0.5 in M. helenor), the pattern of modularity clearly opposed the different eyespots. This suggests that the patterning of the different eyespots involves locally different processes, allowing some independent variation. This result is consistent with artificial selection experiments in B. anynana (Beldade et al., 2002;[START_REF] Beldade | Concerted evolution and developmental integration in modular butterfly wing patterns[END_REF], showing that the independent evolution of eyespots is not strongly constrained by the genetic correlations among eyespots. The evolution of seasonal forms with different eyespots series in B. anynana as well as the contrasted evolution of eyespot modularity within the pattern of M. telemachus highlight that eyespot modularity in butterflies is a relevant example of developmental series where patterns of modularity are likely to evolve in response to selection.

3) Phenotypic covariation: functional and developmental modularities match in M. telemachus

In contrast to M. helenor, covariation patterns in M. telemachus are clearly heterogeneous across the eyespot series. For both FA and individual variation, the two conditionallydisplayed eyespots strongly covary and form a module opposed to the individuallymodular always-visible eyespots. In particular, the covariance in FA suggests that specific developmental processes have evolved that jointly affect these two eyespots morphology, leading to the formation of a single developmental module. The change in developmental modularity in the eyespot series of M. telemachus coincides with the contrasted selective pressures affecting it. Such a match between developmental and functional modularity has been predicted to result from the adaptive evolution of pleiotropy across groups of traits submitted to different selective pressures [START_REF] Cheverud | Quantitative genetics and developmental constraints on evolution by selection[END_REF][START_REF] Wagner | Perspective: Complex adaptations and the evolution of evolvability[END_REF][START_REF] Breuker | Functional evo-devo[END_REF][START_REF] Wagner | The road to modularity[END_REF][START_REF] Klingenberg | Studying morphological integration and modularity at multiple levels: concepts and analysis[END_REF]. The developmental covariation between the two conditionally-displayed eyespots might result from new pleiotropic interactions promoted by the joint selection of these two traits. The exact nature of the selection affecting the modularity of the two conditionally-displayed eyespots remains to be determined.

Documented cases of adaptive evolution of modularity are still largely lacking [START_REF] Klingenberg | Evolution and development of shape: integrating quantitative approaches[END_REF]. Our study on the eyespots of M. telemachus may thus represent a relevant case where developmental modularity can be tuned by natural selection, in line with the matching hypothesis [START_REF] Breuker | Functional evo-devo[END_REF]. Similar analysis of morphological variation and modularity should be performed in other species harbouring heterogeneous morphologies of eyespots, to assess the diversity of interactions between developmental and selective constraints. Experiments are now required to identify (1) the exact selection regime affecting conditionally-displayed eyespots in M. telemachus and, (2) the developmental bases underlying the evolution of modularity across Morpho species. 
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Figure 1 :

 1 Figure 1: (A) Urani leilus. (B) Charaxes jasius. (C) Chorinea licursis. (D) Cigaritis vulcanus. (E) Urbanus proteus. (F) Pyrisitia proterpia. Credits photo: (B) Adam Gor, (C) Ailton Cãndido de Almeida, (E) Andea Kay, (F) Bill Bouton.
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 2 Figure 2: (A) Papilio polyxenes. (B) Battus philenor. (C) Erutytides marcellus. (D) Lamproptera meges. Photo credits: (A) Sara Bright, (B) Jerry Green, (C) Bibb County, (D) Tom Stratford.
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 3 Figure 3: (A) Meandrusa payeni. (B) Papilio nobilis. Photo credits: (A) Tarun Karmakar, (B) N.P. Kibale.

Figure 4 :

 4 Figure 4: (A) Atrophaneura hector. (B) Byasa polyeuctes. (C) Losaria coon. (D) Pachliopta aristolochiae.
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 5 Figure 5: (A) Papilio polyxenes asterius. (B) Battus philenor. Photo credits: (A) Denis Dumoulin, (B) Mary Keim.

Figure 6 :

 6 Figure 6: (A) Engraving dating from 1746, from In welchem die in sechs Classen eingetheilte Papilionen mit ihrem Ursprung, Verwa, 1746. (B) Photograph of an Iphiclides podalirius, perching on a young oak tree (Ariège, summer 2020). Credits photo: Ariane Chotard.
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 7 Figure 7: (A) Egg stage. (B) Caterpillar stage n°1. (C) Caterpillar stage n°. (D) Spatial distribution of I. podalirius, adapted from Wiemers and Gottsberger 2010. (E) Pupae stage. (F) Mating. Credits photos: (A, B) Philippe Mothiron, (C) Jessica Joachim, (E) Denis Ivanov, (F) Dege.
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 8 Figure 8: Theoretical scheme of historical (phylogenetic constraints), structural (developmental constraints due to forewing/hindwing serial homology) and functional (multiple selection pressures, here, predation deflection and aerodynamics) influences driving Papilionidae wing shape evolution.

Figure 9 :1

 9 Figure 9: Papilionidae phylogeny from Allio et al. 2021, 408 species on 31 genera.
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 1 Figure 1: Experimental set-up for behavioural assay with wild-caught great tits. (a) Each experimental cage (5 × 1 × 3 m) was equipped with a video camera filming continuously. A butterfly dummy was fixed to the wall at about 1.5 m off the ground using a wire far enough from any perching site to prevent close inspection by the birds not in flight. (b) Picture of a butterfly dummy struck by a bird. (c) Schematic of a dummy butterfly composed of four real wings glued on an artificial black cardboard body. Five locations could be targeted by birds: body, FW coastal, FW distal, colour pattern and tail. Photograph of the set-up is given in electronic supplementary material, S2.

Figure 2 :

 2 Figure 2: Experimental set-up designed to estimate the strength needed to break wings at different locations. (a) A custom set-up was built, composed of a mobile part (clip + force transducer + linear table) exerting traction on the

Figure 5 :

 5 Figure 5: Heat map describing the spatial distribution of wing damage on a sample of wild I. podalirius. Left: photograph of I. podalirius wings. Right: proportion of naturally damaged wing locations. Data for left and right wings were pooled for each pair of wings (65 individuals, so 130 forewings and 130 hindwings). The most frequently damaged areas are shown in red, while intact areas are shown in blue (see colour scale).

Figure 3 :

 3 Figure 3: Locations of bird strikes on the dummy butterflies, recorded during six experimental sessions on 72 captured Parus major using butterfly dummies built with real wings of I. podalirius. A total of 59 strikes were recorded.Each category is defined by the location targeted by a bird in a single strike and represented in orange on each associated butterfly scheme. Only essential statistical comparisons are represented; see details in table1. Video in electronic supplementary material, movies S1-S2.

Figure 4 :

 4 Figure 4: Variation in mechanical resistance in different areas of the forewings and hindwings of fresh I.podalirius samples (n = 28). On each of the 28 butterflies, four locations were studied, corresponding to four different veins (R5F, M3F, R5H and M3H). Means and standard errors are indicated as well as significant differences between locations. Three mechanical variables per wing location are reported (a) Tmax (the time to the complete rupture of the vein). (b) S, the slope of the curve (estimating the stiffness of the wing) and (c) Jmax, the area under the curve (a measure of impulse).

  aimed at recording 3 flights to account for intra-individual variability. To continue our example, the sequence "1-2-3" include 3 flights in treatment 1, follow by 3 flights in treatment 2 and then 3 flights in treatment 3, for a total of 9 flights aimed by sequence. In total, 185 flights were included in the analyses (treatment 1: n-flights = 95, nindividuals = 24; treatment 2: n-flights = 17, n-individuals = 6; treatment 3: n-flights = 40, n-individuals = 10; treatment 4: n-flights = 17, n-individuals = 5; treatment 5: n-flights = 16, n-individuals = 5).

Figure 1 :

 1 Figure 1: Schematic and photograph of the experimental setup used to reconstruct the three-dimensional trajectories of butterflies, constituted of a large indoor insectary (6m × 3m × 3.5m) equipped with two orthogonally positioned video cameras.

  ) where 𝑣 correspond to the instantaneous velocity at frame i. Sinuosity S (vertical and horizontal) Sinuosity (i.e., the erraticism of a trajectory) was computed as the ratio of the actual distance covered along the flight path, over the distance between start and end positions: 𝑆 = 𝛴√(𝑥 𝑖+1 -𝑥 𝑖-1 ) 2 +(𝑦 𝑖+1 -𝑦 𝑖-1 ) 2 +(𝑧 𝑖+1 -𝑧 𝑖-1 )² √(𝑥 𝑠𝑡𝑎𝑟𝑡 -𝑥 𝑒𝑛𝑑 ) 2 +(𝑦 𝑠𝑡𝑎𝑟𝑡 -𝑦 𝑒𝑛𝑑 ) 2 +(𝑧 𝑠𝑡𝑎𝑟𝑡 -𝑧 𝑒𝑛𝑑 )² , where i corresponds to the frame in which the x, y and z coordinates were digitized, and xyzstart / xyzend corresponds to the first and last coordinates digitized. We separately considered the horizontal and vertical component of Sinuosity S, to decompose the aerodynamic characteristics of the studied flights. Wingbeat frequency f (Hz) Wingbeat frequency f was computed as the number of wingbeats executed per unit of time: 𝑓 = 𝑤𝑖𝑛𝑔 𝑏𝑒𝑎𝑡𝑠 𝑡𝑖𝑚𝑒 , where time is the duration of flight.Ascent angle 𝛾 (°)The ascent angle 𝛾 is equivalent to the angle between the velocity vector and the horizontal plane: γ = tan -1 ( Uvertical and Uhorizontal are the vertical and horizontal components of the velocity.Number of change headingNumber of change heading was computed as the number of times turning acceleration vector (i.e., the orthogonal projection of the acceleration vector in the plan orthogonal to the velocity vector) is passing from one to another side from the velocity vector: 𝑡[𝑥 𝑖 ]² + 𝑡[𝑦 𝑖 ]² > 𝑜𝑟 < 0.5, with t the turning acceleration on a point of x and y coordinates, at frame i.

  PCA performed on all flight parameters shows a difference in flight behaviour/performances between the treatments. The flights performed by individuals with clipped/glued tails (treatments 2 and 3) indeed differed from the flight behavior performed by intact and clipped/glued lateral parts butterflies (treatments 1, 4, 5; Figure2C). The first dimension of the PCA is driven by the horizontal and vertical sinuosity and the number of changes of heading, which reflected the erraticism of flights. The second dimension of PCA is driven by variation in acceleration and velocity. The clipped tails butterflies diverge from all the other treatment, exhibiting a higher sinuosity and changes of heading, reflecting an erratic flight. Butterflies with clipped tails also had a reduced velocity and acceleration, suggesting a negative effect of tails clipping on aerodynamic performance during flapping flight. Interestingly, butterflies with the glued tails display a flight more similar to intact individuals, suggesting that regluing the tails partly restores natural flight capacities.The PCA also did not revealed any difference in flight behavior between intact butterflies (treatment 1) and individuals with a clipped lateral part (treatment 4 and 5), suggesting that the loss of a lateral part has a limited effect on flight.

Figure 2 :

 2 Figure 2: A) The 185 smoothed trajectories analysed showed together (n-flights: treatment 1 = 95, treatment 2 = 17, treatment 3 = 40, treatment 4 = 17, treatment 5 = 16). (B) Phenotypical treatments. (C) Principal components analysis showing the difference of flight between treatments. Ellipses are plot around each group mean points. (D) Flight parameters associated with PCA dimensions 1 and 2.

Figure 3 -Figure 3 :Discussion 1 )

 331 Figure3see Supplementary for detailed results). In contrast, no effect of the clipping of the lateral wing parts was detected on these flight parameters. This further confirms that the effect of tails clipping on flight trajectory is not due to a generic wing surface reduction, but rather to a specific aerodynamic effect of the tails. Velocity and change of heading are only significantly different from intact state for treatments 3 and 5 respectively. As these are our control treatments, we cannot draw any conclusion on the impact of tail/lateral parts clip. Finally, clipped and reglued tails individuals displayed slight increase in wingbeat frequency and the same trend is observed for clipped and reglued lateral parts individuals. Pairwise comparisons are only significant for the treatment 4treatment 1 and treatment 5treatment 1 (details in Supplementary), suggesting that clipping of tails seems have less effect on wingbeat frequency than clipping of lateral side.

Figure 4 :

 4 Figure 4: (left to right) Iphiclides podalirius, Graphium pazala, Byasa alcinous, Papilio buddha

Figure 1 :

 1 Figure 1: Typical structure of veins in the forewing and hindwing of Papilionidae, showing the position of the landmarks (LM) and semi-landmarks (SL) used. The wing veins are labelled with conventional vein names (Subcosta = Sc; Radius = R; Media = M; Cubitus = Cu; and Anal vein = A, Stark et al., 1999). LM are indicated by dots (orange for developmental homologous LM between forewing and hindwing, blue for the others), resulting in 18 LM on the forewing and 19 LM on the hindwing. SL are positioned on the wings outline (blue line between the LM). The numbers of SL per outline section are distributed as follows. Forewing: D0-R3 = 50; R3-R4 = 5; R4-R5 = 5; R5-M1 = 5; M1-M2= 5; M2-M3= 5; M3-Cu1= 5; Cu1-Cu2 = 5; Cu2-1A = 5, 1A-2A = 20. Hindwing: D0'-H = 10; H-Sc = 15; Sc-Rs = 15; Rs-M1 = 20; M1-M2= 20; M2-M3= 30; M3-Cu1= 20; Cu1-Cu2 = 15. Theoretical developmental module (adapted from Abbasi and Marcus, 2017) are defined by the F-P compartment boundaries (indicated by dotted lines). The module n°1 includes LM: M1, M2, M3, DM3, D32, DM1. The module n°2 includes LM: Cu1, Cu2, D0, DCu2, DCu1.

Figure 2 :

 2 Figure 2: Phylomorphospaces describing variations across species mean shapes for the forewing (top) and hindwing (bottom) (n=328 species; males only). For both wings, we first conducted a PCA on Procrustes coordinates and visualized the shape changes associated with the PCs using the picknplot.shape function of the R package geomorph (Adams and Otárola-Castillo 2013). Phylogenetic relationships among species are visualized by black lines. The genera are ordered according to their position in the phylogeny (from the first to branch off Baronia to the most derived Papilio). Filled symbols: presence of tails; open symbols: absence of tails.

Figure 3 :

 3 Figure 3: Wing shape evolution rate through time in males from the Papilionidae family (n-species = 328), obtained with the R package BAMMtools[START_REF] Rabosky | BAMMtools: an R package for the analysis of evolutionary dynamics on phylogenetic trees[END_REF]. Wing shape is defined as the PC1 coordinate of species on Phylomorphospace.

Figure 4 :

 4 Figure 4: Sexual dimorphism for forewing and hindwing shape (n = 268 species). Dimorphism is expressed as the Euclidian distance between male and female average phenotype in the morphospace (defined by homologous LM).

Figure 6 :

 6 Figure 6: Disparity-through-time for Tail presence, TL and AR in relative time (from -70Ma to present). Solid black lines represent the observed disparity, while the dotted lines and shaded grey interval represent the median and 95% confidence intervals from BM simulations, respectively.

Figure 7 :

 7 Figure 7: Difference of AR females between Untailed and Tailed species in (A) Papilionidae (n-species = 270 species), (C) Graphium (n-species = 24 species), (E) Papilio (n-species = 103 species). Difference of AR according to TL in (B) Papilionidae, (D) Graphium, (F) Papilio. Significance of the results from phylogenetic regression/ANOVA are displayed.

  with fast manoeuvrable flapping flight, the reduced AR of tailed Papilionidae species may have indicated a compensation of an increased drag induced by the tails during flapping flight. This hypothesis should be tested by quantifying the effect of tails upon flapping flight, and comparing tailed and untailed species, or phenotypically manipulated individuals.

Table 1 :

 1 Register of Papilionidae fossils species: species name, estimated age, sketch or scheme of the reconstructed wing venation, holotype photograph when available. Illustrations are from their respective publications.

Figure 1 :

 1 Figure 1: Hindwing shape developmental determination. (A) Battus philenor hindwing, (B) Cut expression, and (C) wg expression in fifth-instar wing discs presage formation of the wing tail (t) and the anal fold (a). (Figure 4 in Macdonald et al. 2010).

Figure 2 :

 2 Figure 2: (left to right) Iphiclides podalirius, Graphium pazala, Eurytides servile, Protesilaus molops. These four species from different Papilionidae genera harbours a "deflector phenotype": black and white stripes on the two pairs of wings, conspicuous colour-pattern at the tips hindwings (eyespots and blue markings) and long and thin tails.

Figure 3 :

 3 Figure 3: Possible evolutionary sequences between (A) selection of tails aerodynamic effects, (B) selection of tails attack deflection effects (C) selection of a deflective colour-patterns. The sequence could start by a selection of tails before colourpattern (start at A or B) and vice versa. Likewise, selection of a deflective colour-pattern could occur before (C) or after (C') selection of tails attack deflection effects

Figure 4 :

 4 Figure 4: Phylogenetic tree of 408 Papilionidae species with associated phenotypic traits: presence of absence of aposematic colour pattern on dorsal wings sides, presence of absence of deflecting colour pattern on dorsal wings sides, presence of absence of toxicity in imago phase, shape of tails (spatulated/thin/absent).

Figure 5 :

 5 Figure 5: Convergences and divergence events in forewings and hindwings average shape for males (n-species = 328) and females forms (n-species = 271). Among all significative shape convergence/divergence recorded, only values above the first quartile Q1 are plotted.

  focused on an exceptional sample composed of 370 males from a single emergence bloom of M. telemachus exsusarion(Le Moult & Réal 1962) collected in 1995 in Bolivia, in the province of Chapare (Department of Cochabamba CBBA; Gilbert Lachaume, pers. com.).

Figure 1 :

 1 Figure 1: Eyespots observed on the ventral sides of the wings in Morpho telemachus and Morpho helenor. (A) Picture of M. telemachus taken in resting position, showing the always-visible eyespots. Photo credit: Peter Møllmann. (B) Position and numbering of the measured eyespots. Eyespots E3 and E4, figured in dark and light orange, are conditionally-displayed in M. telemachus (they are usually hidden by the hindwing at rest), and always exposed in M. helenor. The other eyespots are figured in grey. Left -M. telemachus: Right -M. helenor. (C) The four measurements taken on each eyespot (length and width of the yellow and black rings, respectively noted Ly, Wy, Lb and Wb).

Figure 2 :

 2 Figure 2: Sizes, shapes and colors of eyespots, revealing contrasted levels of conspicuousness in M. telemachus and M. helenor. Eyespots E3 and E4 (conditionally-displayed in M. telemachus) are figured in orange. Circles: M. telemachus; triangles: M. helenor. (A) Eyespots sizes. The four measurements are similarly different across eyespots, so only Ly is displayed. Boxplots indicate mean and standard deviation. Significant differences between eyespots are shown using different letters (a, b, c)results for M. telemachus are displayed in full letters (above) and results for M. helenor are displayed in italic letters (below). (B) Deviation from roundness of M. telemachus eyespots yellow rings (assessed by Ly /Wy ratio). (C) Achromatic contrast (JND) between the yellow and the black rings of each eyespot. Results are similar across the 2 vision models, so only the UV-model results are displayed (see Figure S1 for chromatic contrasts).

Figure 3 :

 3 Figure 3: High levels of shape variability in M. telemachus always-visible eyespots suggest a relaxed selection. Inter-individual variation (top) and fluctuating asymmetry (bottom) of eyespots yellow ring shape (Ly/Wy). For each species, significant differences between eyespots are shown using different letters (a, b, c; a letter pools nonsignificantly different traits). Left: M. telemachus (n = 370); right: M. helenor (n = 31). The relatively low variability of E3 and E4 is comparable to that observed in most M. helenor eyespots, suggesting a similar stabilizing selection. The high variability of M. telemachus always-visible eyespots in turn suggests a relaxed or apostatic selection.

Figure 4 :

 4 Figure 4: Contrasted patterns of modularity observed in M. telemachus and M. helenor. as assessed by correlation matrices of linear parameters (Ly, Wy, Lb, Wb) of the 7 different eyespots. Top: M. helenor (n = 31); Bottom: M. telemachus (n = 370). Left: modularity patterns inferred from individual variation; Right: modularity patterns inferred from FA. Nodes represent the 4 measured variables and the edges represent the statistically significant correlations. Line thickness is proportional to the correlation. The blue ellipse shows the module regrouping E3 and E4 detected by the hierarchical clustering in M. telemachus.

Figure 5 :Discussion 1 )

 51 Figure 5: Hierarchical clustering based on the FA and inter-individual correlation matrices of linear parameters (Ly, Wy, Lb, Wb) of the 7 different eyespots. M. telemachus (n = 370) is shown on the second row and M. helenor (n = 31) on the first row. Left: Hierarchical clustering based on the inter-individual correlation matrices. Right: Hierarchical clustering based on FA correlation matrices. Hierarchical clustering exploring the networks modularity.The height of the nodes indicates the distance between two observations (here we used correlation matrix as distance matrix, so the higher the height, the less correlated are two traits). A node market with a blue circle indicate that the associated cluster is significant. The cluster associating the conditionally-displayed eyespots E3 and E4 in M. telemachus is the only cluster whose intra-eyespot modularity is overcome by inter-eyespots modularity.

Figure S2 :

 S2 Figure S2: Fluctuating asymmetry of eyespots linear parameters, respectively length and width of the yellow ring (Ly and Wy) and length and width of the black ring (Lb and Wb) of each eyespot (E1, E3, E4, E5, E7, E8 and E9), measured in the M. telemachus sample (n = 370) and M. helenor (n = 31). Significant differences between eyespots are shown using different letters (a, b, c)results for M. telemachus are displayed in full letters (above) and results for M. helenor are displayed in italic letters (below).

Figure S3 :

 S3 Figure S3: Inter-individual variation of eyespots linear parameters, respectively length and width of the yellow ring (Ly and Wy) and length and width of the black ring (Lb and Wb) of each eyespot (E1, E3, E4, E5, E7, E8 and E9), measured in the M. telemachus sample (n = 370) and M. helenor (n = 31).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  . In France, I. podalirius is bivoltine, with a spring-generation in April-May and a summer-generation in July-August (data from the Suivi Temporel des Rhopalocères de France -STERF).

The life cycle of I. podalirius lasts about 2-3 month, with 3 caterpillar stages. The most common host plants are fruit trees of the genus Prunus, pear tree Pyrus communis and hawthorn Crataegus monogyna (Stefanescu et al., 2006). Adults are nectarivore, feeding on blue/violet flowers (e.g., thistle or lavender, pers.obs Ariane Chotard) and oligophagous (Stefanescu et al., 2006). Its known predators are mainly avian (black redstart Phoenicurus ochruros, blue tit Cyanistes caeruleus, great tit Parus major, pers.obs. Michel Baguette and Luc Legal).

  between October 2020 and January 2021 at the Station d'Ecologie Théorique et

	Expérimentale du CNRS, France (near the collection sites). Great tits were caught in mist-
	nets in the vicinity of the research station, ringed, and housed in individual indoor/outdoor
	cages (5 × 1 × 3 m) and fed ad libitum with mealworms and sunflower seeds. After 2 days
	of habituation to captivity, we conducted behavioural experiments on 2 consecutive days
	during the 3 h after sunrise while birds did not have access to sources of food other than
	dummy butterflies. The whole experiment was repeated three times using new birds for a
	total of 72 different birds tested. Capture of wild birds was performed under permits from
	the French ringing office (CRBPO, permit no. 13619 to A.S.C.). Capture and holding of
	birds from the wildwas approved by the Région Midi-Pyrenées (DIREN, no. 2019-s-09)
	in the Moulis experimental aviaries (Préfecture de l'Ariège, institutional permit no. SA-
	12-MC-054; Préfecture de l'Ariège, Certificat de Capacite, no. 09-321 to A.S.C.). We
	built 95 dummy butterflies, using actual wings of I. podalirius butterflies collected in the
	wild, glued on an artificial black cardboard body. The position of the glued wings

Table 1 : Description of the flight parameters.

 1 

Table 2 : Pairwise permutation MANOVA on all flight parameters

 2 (Horizontal sinuosity, Vertical sinuosity, Velocity, Acceleration, Horizontal radius of curvature, Ascent angle, Number of changes of heading) between treatments

Table 1 :

 1 Results of the Procrustes ANOVA between forewing/hindwing shape and biome effect.

		Males average shape				Females average shape			
			df	SS	MS	F	P		df	SS	MS	F	P
		Centroid size FW	1	0.0001	0.0001	0.6938	0.65423	Centroid size FW	1	0.0004	0.0004	2.0136	0.08209
	Forewing	Biomes	7	0.0021	0.0003	1.4542	0.0676	Biomes	7	0.0016	0.0002	1.1360	0.2486
		Residual s	13 2	0.0267	0.0002			Residuals	109	0.0224	0.0002		
	Hindiwin g	Centroid size HW Biomes Residual s	1 7 13 2	0.0151 0.0089 0.1235	0.0151 0.0013 0.0009	16.1268 1.3622	< 0.001 *** 0.1526	Centroid size HW Biomes Residuals	1 7 109	0.0119 0.0068 0.0873	0.0119 0.0010 0.0008	14.8504 1.2216	< 0.001 *** 0.2025

Table 2 :

 2 Results of the Procrustes regression between forewing shape and TL in Papilionidae species.

					Forewing Male				Forewing Female	
		Variable	Df	SS	MS	F	P	Df	SS	MS	F	P
	Phylogenetic Procrustes regression	TL Residuals	1 326	0.001 0.074	0.001 0.000	2.541	0.021 *	1 269	0.001 0.058	0.001 0.000	4.422	0.007 **
	Non-phylogenetic	Variable	Df	SS	MS	F	P	Df	SS	MS	F	P
	Procrustes	TL	1	0.185	0.185	23.946	0.001 **	1	0.174	0.174	26.072	0.001 **
	regression	Residuals	326	2.517	0.008			269	1.797	0.007		

Table 3 :

 3 Results of the Procrustes ANOVA between forewing shape and tail presence in Papilionidae species.

					Forewing Male			Forewing Female	
		Variable	Df	SS	MS	F	P	Df	SS	MS	F	P
	Phylogenetic Procrustes	Tail presence	1	0.000	0.000	1.312	0.227	1	0.001	0.001	2.525	0.050
	ANOVA	Residuals	326	0.074	0.000			269	0.059	0.000		
	Non-phylogenetic Procrustes ANOVA	Variable Tail presence Residuals	Df 1 326	SS 0.163 2.539	MS 0.163 0.008	F 20.924	P 0.001 **	Df 1 269	SS 0.164 1.808	MS 0.164 0.007	F 24.394	P 0.001 **

Table 4 :

 4 Results of the ANOVA between AR and tail presence in Papilionidae species.

Table 5 :

 5 Results of the regression between AR and TL in Papilionidae species.

				AR Males					AR Females		
			Estimate	StdErr	t value	P		Estimate	StdErr	t value	P
	Phylogenetic regression	Intercept TL Centroid size FW	1.6435 -0.2238 0.0052	0.2581 0.6477 0.0023	6.3683 -0.3456 2.2545	< 0.001 *** 0.7299 < 0.05 *	Intercept TL Centroid size FW	1.4991 -0.5698 0.0070	0.2410 0.6456 0.0021	6.2195 -0.8826 3.3646	< 0.001 *** 0.3783 < 0.001 ***
	Non-phylogenetic regression	Intercept TL Centroid size FW	1.6556 -2.2320 0.0052	0.0720 0.5298 0.0017	22.9970 -4.2130 3.0100	< 0.001 *** < 0.001 *** < 0.01 **	Intercept TL Centroid size FW	1.6510 -2.9893 0.0047	0.0649 0.5922 0.0014	25.4270 -5.0470 3.3150	< 0.001 *** < 0.001 *** < 0.01 **

  asymmetry see Figures S2; individual variation: Ly,: D'AD = 1.87, p = 0.93; Lb: D'AD = 0.91, p = 0.99; Wy,: D'AD = 2.84, p = 0.83; Wb: D'AD = 2.36, p = 0.88 -Figure

Table S1 : Pairwise comparisons of size differences among M. telemachus eyespots

 S1 (Ly measures), using Welch's tests, and accounting for multiple comparisons using Holm-Bonferroni correction. The sample size for all tests is 370.

	Trait1	Trait2	Welch t	df	P
	E1	E3	-60.2	726.0 <0.001
	E1	E4	-73.0	726.4 <0.001
	E1	E5	-45.7	712.9 <0.001
	E1	E7	-4.3	611.0 <0.001
	E1	E8	-8.6	577.1 <0.001
	E1	E9	-26.7	592.7 <0.001
	E3	E4	-13.8	738.0 <0.001
	E3	E5	17.3	735.3 <0.001
	E3	E7	70.1	658.3 <0.001
	E3	E8	67.6	623.5 <0.001
	E3	E9	46.8	639.9 <0.001
	E4	E5	31.4	735.1 <0.001
	E4	E7	86.0	657.6 <0.001
	E4	E8	84.0	622.7 <0.001
	E4	E9	62.9	639.1 <0.001
	E5	E7	52.7	679.6 <0.001
	E5	E8	49.7	645.9 <0.001
	E5	E9	28.1	662.0 <0.001
	E7	E8	-5.7	731.4 <0.001
	E7	E9	-30.6	736.1 <0.001
	E8	E9	-26.2	736.5 <0.001

Table S2 : Pairwise comparisons of the yellow ring shape among M. telemachus eyespots

 S2 (Ry measures), using Welch's tests and accounting for multiple testing by using Holm-Bonferroni correction. The sample size for all tests is 370.

	Trait1 Trait2	Welch t	df	P
	E1	E3	14.7	525.5 <0.001
	E1	E4	16.2	501.6 <0.001
	E1	E5	-29.1	647.7 <0.001
	E1	E7	7.1	689.8 <0.001
	E1	E8	5.7	711.7 <0.001
	E1	E9	-19.2	545.6 <0.001
	E3	E4	1.9	733.2	0.054
	E3	E5	-44.0	462.3 <0.001
	E3	E7	-7.2	609.8 <0.001
	E3	E8	-8.2	574.1 <0.001
	E3	E9	-29.0	420.3 <0.001
	E4	E5	-45.3	448.7 <0.001
	E4	E7	-8.8	580.8 <0.001
	E4	E8	-9.6	547.6 <0.001
	E4	E9	-29.8	412.7 <0.001
	E5	E7	36.1	593.9 <0.001
	E5	E8	34.1	633.9 <0.001
	E5	E9	3.6	678.8 <0.001
	E7	E8	-1.3	727.9	0.211
	E7	E9	-24.2	501.1 <0.001
	E8	E9	-23.0	530.4 <0.001

Table S3 :

 S3 Summary of the measured correlations between eyespots of M. telemachus and M. helenorespecially between conditionally-displayed (E3-E4) and always-visible (AV) eyespots. Table indicate mean and standard deviation

	Bibliography		
	FA correlations	telemachus	helenor
	correlation among AV	0.11 ± 0.12	0.03 ± 0.18
	correlation among E3-E4	0.30 ± 0.17	0.05 ± 0.29
	correlation within AV	0.53 ± 0.34	0.63 ± 0.36
	correlation within E3-E4	0.57 ± 0.30	0.75 ± 0.34
	Individual correlations	telemachus	helenor
	correlation among AV	0.49 ± 0.10	0.55 ± 0.13
	correlation among E3-E4	0.74 ± 0.12	0.66 ± 0.11
	correlation within-AV	0.82 ± 0.19	0.94 ± 0.12
	correlation within E3-E4	0.82 ± 0.16	0.93 ± 0.15
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Supplementary

Supplementary 1: Physical characterisation of the tensile strength of the wing [START_REF] Basset | Introduction à la résistance des matériaux[END_REF] The behaviour of a material in a tensile test is given by Hooke's law:

With: 𝐸 the Young's modulus of the material (an intrinsic modulus of elasticity of the material) 𝜎 the stress applied to the sample (N/mm2) 𝜀 the resulting strain of the specimen The stress and strain of the sample are given by the following equations With: F the force applied to the sample (N) S the area of the sample normal to the force (mm 2 )

Lo the initial length of the sample before traction (mm) L the length of the sample after traction (mm) Thus, according to the equation [1] the behaviour of a material in a tensile test can be characterised by the following equation:

𝐹 𝑆 [START_REF]Phylogenetic data[END_REF] ε = 𝐿-𝐿𝑜 𝐿𝑜 [3] 𝐹 = 𝐸. 𝑆. 𝐿 -𝐿𝑜 𝐿𝑜 [START_REF]Geometric morphometrics[END_REF] [1]

Supplementary materials S3: Photograph of the experimental setup to estimate the force needed to tear the wings at different locations Supplementary materials S4: Strike trajectories of birds (n=59). We tested whether strikes occurred more often with a bottom-up trajectory than a top-down trajectory using a Pearson Chi-squared test. Bottom-up trajectories (n=33) are more frequent than top-down (n=19) (χ 2 = 6.3333, df = 1, P = 0.012).

Supplementary movie 1: Video of three sequential strikes performed by a great tit on a dummy butterfly. Strikes are shown at normal speed then slowed down 10 times.

Supplementary movie 2: Video of one strike performed by a great tit on a dummy butterfly. Strike is shown at normal speed then slowed down 10 times.
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Chapter III

Selection and constraints shape the macroevolution of hindwing tails in

Papilionidae

Ariane Chotard Affiliations: 
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Abstract:

The shape of butterfly wings is extremely diversified across species, but the complex phylogenetic and developmental constraints influencing its evolution makes it difficult to identify the selection pressures involved. Here we investigate the evolution of the shape of both pairs of wings across the whole Papilionidae family (ca. 600 species), using a large sample of butterflies from Museum collection. Using a geometric morphometric approach, we finely describe the evolution of hind and forewing shape throughout the Papilionidae family. We tested for contrasted selection on the fore-and hindwings at a large phylogenetic scale. We compared their shape diversity, their evolutionary rates, and the link between diversification and phenotypic disparity. A remarkable feature of wing shape is tail. Tail is a very common trait in butterflies, but its developmental bases and the evolutionary forces acting on its emergence and loss are unknown. What selection pressures act on their evolution? We then assess the evolutionary lability of hindwing tails, testing for their multiple independent evolution. Finally, by comparing wing shapes of males and females, we contrast the evolution of sexual dimorphism between the two pairs of wings, to estimate the significance of sexual selection or differential natural selection across sexes on their evolution. Our results shed light that forewings and hindwings evolution could be a signature for different selection regimes while highlighting a possible co-evolution of forewing and hindwing shape drived by aerodynamics.

Multiple emergences and losses of hindwing tail

The number of inferred shifts for tail evolution (n-shift = 56.45 ± 5.73) was largely higher than expected under a Brownian motion (Figure 5 for males, see females in Supplementary 15). We also counted many speciation events associated with each of the states, respectively 226 for tailed state and 181 for untailed state (Supplementary 16). Focusing on the evolution of tails, we detected a significant phylogenetic signal for tail presence (D: -0.031; Probability of E(D) resulting from no (random) phylogenetic structure: 0; Probability of E(D) resulting from Brownian phylogenetic structure: 0.613), but also for tail length TL (Males: K = 0.51, P < 0.001; Females: K = 0.41, P < 0.001).

We didn't find any significant difference between males and females TL (t-value = 1.75, df = 267, P-value = 0.08)

Supplementary

Supplementary 1: Ornithoptera paradisea and Ornithoptera meridionalis photograph. These two species display tail on Cu2 vein.

Supplementary 2: Preliminary analyses: repeatability and allometry

To check the repeatability of our measurements, a sub-sample of 10 individuals of the same species was measured 3 times. Individuals from the same species were used to ensure that ME was negligible relative to the interspecific signal used in our study. We then conducted a principal component analysis (PCA) to check the morphological distances between measures of a same individual were smaller than inter-individual differences. The validation of this condition (Error! Reference s ource not found.) allowed us to validate our protocol.

PCA repeatability check. Each number correspond to an individual (n=10 individuals).

To assess whether larger butterflies tended to display a different shape (allometric shape variation), we used a phylogenetic regressions of average shape on average centroid size per species and sex (function procD.pgls R package geomorph -Adams and Otárola-Castillo 2013). A significant correlation was detected for both wings in both sexes (Forewings, Males Df = 1, F = 5.584, P < 0.001; Females: Df = 1, F = 5.1721, P < 0.001; Hindwings, Males: Df = 1, F = 33.273, P < 0.001;

Females: Df = 1, F = 30.945, P < 0.001), suggesting allometric effects. So, we added the size as fixed effect in all of our analyses of wing shape.

Supplementary 3: BiSSE models

To quantify the evolution of the presence ("Tailed" state, noted "T") / absence ("Untailed" state, noted "U") of tail along the phylogeny and the diversification rates associated to each trait state, we applied a series of birth-death models. The BiSSE model has six distinct parameters: two speciation rates without character change (i.e., without morphological shift) associated with untailed hindwings (hereafter "U", λU), or with tailed hindwings (hereafter "T", λT), two extinction rates associated with untailed (µU) and tailed (µT) species, and two transition rates (i.e., morphological shift) with one from untailed to tailed (qU→T), and from tailed to untailed (qT→U). Net diversification rates, denoted as D = speciation (λ) -extinction (µ), were then computed (DU and DT for diversification rates associated with untailed and tailed species respectively). We used the functions make.bisse to construct the likelihood function of the model based on the data, and the functions constrain and find.mle to apply different diversification scenarios going from the most simple (all rates are equal, no effect of the trait) to the most complex model (each rate is free to vary). To limit the biases related to the reconstruction of the molecular phylogeny, we conducted our analyses across 100 randomly sampled trees from the BEAST posterior distribution. We optimized the fit of all models using maximum likelihood and evaluated model performance using the corrected Akaike information criterion (AICc). For the best fitting model, we used the maximum clade credibility tree of Papilionidae and a Markov Chain Monte Carlo (MCMC) approach to examine the confidence interval of the parameter estimates. Following the recommendations from FitzJohn (2012), we used an exponential prior 1/(2r) and started the chain with the parameters obtained by maximum likelihood. We ran 20,000 steps of MCMC and applied a burn-in of 2,000 steps.

Supplementary 4: Disparity Through Time of FW and HW average shape (the top two PCA dimensions) for all Papilionidae (male forms, n = 328 species: female forms, n = 270 species), Papilio genera (male forms, n = 129 species: female forms, n = 103 species) and Graphium genera (male forms, n = 37 species: female forms, n = 24 species).

Supplementary 5: PCA performed on the 11 landmarks considered as developmentally homologous between forewing and hindwing (all individuals sex combined, n = 1318). The variation in shape of forewings and hindwing respectively was estimated by the centroid size of the corresponding cloud of dots in the PCA space.

Supplementary 6: Evolution rate of forewing and hindwing shape Supplementary 7: Contrasted patterns of modularity observed in FW and HW venation, assessed by correlation matrices of homologous LM.

Supplementary 8: Posterior distributions of trait-dependent (A) speciation, (C) transition between states « Tailed » (T) and « Untailed » (U), (E) diversification as estimated by the best fitted model from BiSSE (lambda q free = with equal extinction rates between the« Tailed » and « Untailed » states). Colours correspond to the states « Tailed » (blue) and « Untailed » (orange). Each posterior distribution is compared to a neutral distribution (Brownian motion), the significance of the comparison is mentioned if verified. Results for 408 species, male forms. Supplementary 9: Posterior distributions of trait-dependent (A) speciation, (C) transition between states « Tailed » (T) and « Untailed » (U), (E) diversification as estimated by the best fitted model from BiSSE (lambda q free = with equal extinction rates between the« Tailed » and « Untailed » states). Colours correspond to the states « Tailed » (blue) and « Untailed » (orange). Each posterior distribution is compared to a neutral distribution (Brownian motion), the significance of the comparison is mentioned if verified. Results for 408 species, females forms. Supplementary 17: Results of the 2B-PLS performed on forewing and hindwing shape, in all Papilionidae (male forms, n = 328 species: female forms, n = 270 species), Papilio genera (male forms, n = 129 species: female forms, n = 103 species) and Graphium genera (male forms, n = 37 species: female forms, n = 24 species). 
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Investigating the effect of tails on gliding flight performances at the macro-evolutionary scale.

The role of tails in gliding flight at the macro-evolutionary scale could be investigated using Computational Fluid Dynamics simulations. This method allows detailed analysis of the airflow characteristics, and has provided promising results when applied to insects flight [START_REF] Sane | The aerodynamics of insect flight[END_REF][START_REF] Roy | Adaptive evolution of flight in Morpho butterflies[END_REF]. Especially, tails have been suggested to increase the lift and longitudinal static stability during gliding flight [START_REF] Park | Aerodynamic Performance of a Gliding Swallowtail Butterfly Wing Model[END_REF]. This lift increase is due to a modification of air-flow profile, through the creation of a low-pressure region close to the upper wing surface.

Nevertheless, others studies [START_REF] Martin | Flow-visualization experiments on butterflies in simulated gliding flight[END_REF][START_REF] Brodsky | The Evolution of Insect Flight[END_REF] suggested that tail induced a drag reduction, which is not observed in [START_REF] Park | Aerodynamic Performance of a Gliding Swallowtail Butterfly Wing Model[END_REF] or in Ortega Ancel et al., (2017). In the latter case, however, the lift-to-drag values of Protographium leosthenes were not measured in natural position of the wings. At rest as well as in flight, Papilionidae hindwing tails are in the body axis and not outwards, as was done in the study of Ortega Ancel et al., (2017). It is possible that this aberrant position of the wings has influenced the result. A "grey zone" still exists in the involvement of tail in the aerodynamics of gliding flight. Computational Fluid Dynamics simulations applied to the shapes of different Papilionidae species could allow estimating the effect of wing shape and tails on the lift-to-drag ratio, and thus quantify the gliding performances associated with the presence and absence of tails.

Investigating the shape / colour-pattern evolution

The joint evolution between wing shape (and more specifically hindwing tail) and colour pattern could be investigated using a combination of micro-evolutionary (1) and macroevolutionary (2) approaches:

(1) Behavioural essays using phenotypically modified dummies to investigate the relative importance of tail and colour-pattern in predator learning avoidance. In skippers, tails and colour-pattern are both involved in predators learning avoidance when associated with escaping ability of butterflies [START_REF] Linke | Shape of Evasive Prey Can Be an Important Cue That Triggers Learning in Avian Predators[END_REF]. We could imagine the same type of experiments, to test:

• if tails and/or deflective colour-pattern are used by predators to avoidance learning when associated with a deflective effect (if the predator attacks on the hindwing, it breaks and the butterfly escapes)

Annex II

Patterns of morphological variation shed light on the adaptive evolution of eyespots modularity in the butterfly Morpho telemachus
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Evolution of tails in Swallowtail butterflies (Papilionidae, Lepidoptera): macro-evolutionary and experimental approaches

The evolution of butterfly wing shape is driven by multiple selective, phylogenetic and developmental influences. In my thesis, I focused on the evolution of wing shape in Papilionidae, a butterfly family presenting a high diversity of wing shapes. Papilionidae are collectively referred to as Swallowtail butterflies, owing to the tails that many species harbour on the hindwings. While this feature is particularly striking and diversified, its evolutionary drivers have never been investigated. Did tails evolve neutrally? What are the selective pressures affecting it? Do forewings and hindwings evolve independently? By combining micro-and macroevolutionary approaches, my thesis aimed at answering these questions and identifying the main factors affecting the evolution of wing shape, with a particular focus on hindwing tails. Focusing on Iphiclides podalirius, I first tested whether tails deflect birds attacks away from the butterfly body (the deflecting effect hypothesis; Chapter I). I showed that natural wing damages mostly concern hindwings tails and colour-pattern, suggestive of predation attempts; I then conducted a behavioural assay with dummy butterflies, and showed that great tits (Parus major) focus theirs attacks on the tails; finally, quantifying the mechanical properties of fresh wings, I found that the tails are particularly fragile. Altogether, these results support a deflecting effect of hindwing tails, suggesting that predation is an important selective driver of the evolution of tails in butterflies. Altogether, my PhD work has brought some insights on the selection pressures involved in hindwing tail evolution and highlighted the complex links existing between forewings and hindwings evolution, between contrasted selection, developmental constraints and co-evolution.