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Faire une thèse a été une aventure unique. J'y ai vécu les montagnes russes de la confiance en soi, la sensation de tâtonner dans le noir en espérant ne pas me vautrer lamentablement, et l'espoir final de proposer un écrit à la hauteur de tous ceux que j'ai pu lire pendant 3 ans. J'ai testé mes limites en termes de travail et de santé (mentale et physique, tout y est passé), et je me suis liée petit à petit de manière très intime à mon sujet. Tout au long de ma thèse, j'ai appris à évoluer dans ce milieu si particulier, et je réalise aujourd'hui que j'ai aussi beaucoup appris sur moi-même. Je me suis souvent demandé pour quelles raisons je me lançais dans un projet qui demandait tant d'investissement. La première raison est qu'ayant été élevée dans un monde dont le climat et la biodiversité sont plus qu'instables, je suis convaincue qu'améliorer notre connaissance du vivant est urgent et indispensable, quel que soit le domaine. Rien n'est à craindre, tout est à comprendre 1 : avoir la sensation d'aider notre relation à la nature au travers de la connaissance scientifique a été crucial dans mon travail et une motivation tout au long de cette thèse.

Un argument plus personnel repose sur le fait que la recherche est une activité terriblement addictive. Ce sentiment d'étonnement pur de la découverte, en lisant un article ou en analysant ses propres données, est unique au monde. Tout est encore à découvrir, rien ne sera jamais parfaitement compris, la science est un univers infini qui nous éloigne de l'ennui. J'ai, d'un point de vue complètement égoïste, besoin de la science, autant que j'ai besoin de l'art, pour me sentir pleinement vivante.
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I. RÉSUMÉ

Face à un prédateur, les proies peuvent se regrouper et le harceler jusqu'à engendrer sa fuite. Chez les oiseaux, de nombreux cris sont produits dans cette situation et la reconnaissance hétérospécifique de ces cris a été démontrée dans de nombreux clades. Au sein des mésanges (Paridés), de récents travaux ont mis en avant un cri particulier dont la construction résulte en une succession de deux cris individuels : un cri d'alerte (notes F) associé à un cri de recrutement (notes D). Le cri F-D, toujours produit dans cet ordre, ouvre la voie à de nombreuses questions sur la compréhension et l'utilisation de syntaxe complexe chez les Paridés. Cependant, la connaissance scientifique concernant la production et la réception du cri F-D dans ce clade est jusqu'à présent assez pauvre. Dans le premier chapitre de cette thèse, je quantifie la production de syntaxe F-D chez sept espèces de mésanges en situation de harcèlement et confirme la présence de ce cri chez six d'entre elles. En se focalisant ensuite sur la mésange charbonnière Parus major, je démontre que l'utilisation de cette règle syntaxique (F puis D) est associée à des variations graduelles (rythme, nombre de notes par cri) qui impactent la réponse des conspécifiques. Enfin, je démontre l'importance de la saison pendant laquelle les oiseaux sont testés sur les résultats liés à la syntaxe chez les oiseaux.

L'importance du protocole sur l'interprétation des résultats ayant étant été démontrée dans un contexte conspécifique, j'explore dans un second chapitre cet aspect en communication hétérospécifique. De nouveau, la saison, mais aussi les informations contenues dans la repasse (espèce présente et nombre d'émetteurs) ont une influence sur le nombre d'oiseaux recrutés. De plus, la réplication d'une expérience sur la syntaxe dans un contexte hétérospécifique met en évidence l'importance de certains choix lors de la création de protocole, tout en confirmant les résultats précédemment obtenus sur la même population.

Ces premiers articles permettent une meilleure interprétation du cri F-D et la communication hétérospécifique associée, et d'avancer une hypothèse nouvelle : la mésange charbonnière serait capable d'identifier un cri inconnu comme appartenant à une situation de harcèlement de prédateur en se basant seulement sur la syntaxe. Dans mon troisième chapitre, grâce à trois expériences indépendantes, je démontre que la mésange charbonnière répond à des cris de mésanges inconnues (mésange à tête noire Parus atricapillus et mésange noire Periparus ater) si la syntaxe est effectivement une syntaxe F-D. Ces résultats sont maintenus que la syntaxe naturelle de l'espèce allopatrique soit effectivement du type F-D ou non. Ces résultats sont par ailleurs confirmés avec des cris artificiels synthétisés sur ordinateur.

L'ensemble de cette thèse établit l'importance de la syntaxe dans les cris de harcèlement de prédateur chez les mésanges, ainsi que l'influence probable de cette syntaxe dans les échanges hétérospécifiques. La reconnaissance de la syntaxe pourrait donc être un système efficace de reconnaissance interspécifique étant donné le caractère omniprésent de cette syntaxe au sein des Paridés. Par ailleurs, bien que ce projet n'ait pas été spécifiquement construit à cette fin, cette thèse permet de discuter la présence de mécanismes de syntaxe similaire au langage humain, et ouvre la voie vers de futurs travaux en linguistique animale. Enfin, ce travail met en évidence l'importance de la réplication et de l'impact du protocole dans les expériences de playback sur oiseaux sauvages.

II. INTRODUCTION
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A. ANIMAL COMMUNICATION

Communication between individuals is pervasive in nature: bacteria exchange chemical substances, plants produce volatiles compounds when being attacked, whales sing, and spiders dance. However, scientifically defining animal communication has been, and still is, debated. In this first part, I define the major term used throughout this thesis (i.e., animal communication) and set the scientific background I will be following in this thesis.

GENERAL DEFINITIONS OF ANIMAL COMMUNICATION

Communication is typically defined as the transmission of information ('a decrease in uncertainty', inspired from Shannon & Weaver's model of information, [START_REF] Shannon | A mathematical model of communication[END_REF] from one sender, through a medium, up to a receiver (Bradbury & Vehrencamp, 2011). Each of these steps can be subdivided into precise mechanisms (e.g., reception is the sum of physical reception, detection, identification, and classification by the receiver, Bradbury & Vehrencamp, 2011). When focusing on animal communication, numerous ecological and evolutionary constraints have been identified at each step. For example, birds probably sing at dawn because of a better transmission of sound in the air medium at this time of the day [START_REF] Brown | Why birds sing at dawn : The role of consistent song transmission: Why birds sing at dawn[END_REF].

While the notion of information has been criticized (e.g., for its difficulty to be precisely defined, quantified, and linked to notions of meaning, Owren et al., 2010;[START_REF] Rendall | What do animal signals mean?[END_REF], this definition has nevertheless been useful to understand the constraints and organisation of animal communication [START_REF] Seyfarth | The central importance of information in studies of animal communication[END_REF].

Yet not every transfer of information between two individuals is necessarily communication. Indeed, most researchers add another restriction to this definition by differentiating cues and signals. Signals, in opposition to cues, are selected for the function of communication. A typical example of a signal is any courtship behaviour produced by males to attract females [START_REF] Bastock | Courtship : An ethological study[END_REF]. In contrast, cues have not been selected for the purpose of communication (e.g., chemical cues assessed by both prey and predators in fishes to detect each other presence, [START_REF] Ferrari | Chemical ecology of predator-prey interactions in aquatic ecosystems : A review and prospectus[END_REF]. While this opposition is appealing and appear logical in most cases, the difficulty lies in the demonstration of the evolution of the trait for communication purposes. One solution is to look for signs of mutual assessment and mutual management (i.e., not only paying attention to the other, but also actively improving signal transmission, [START_REF] Kostan | The evolution of mutualistic interspecific communication : Assessment and management across species[END_REF].

Another classical method is to assess whether senders and/or receivers gain from that interaction (e.g., experimental tests or models, [START_REF] Danchin | Behavioural ecology[END_REF]. Yet, discussion arise on whether both parts truly benefit from the exchange. While some authors consider that communication should be beneficial for both sender and receiver in the long run (Bradbury & Vehrencamp, 2011), examples of manipulation and deceit are common in animal interactions [START_REF] Barnard | Social Mimicry and Interspecific Exploitation[END_REF][START_REF] Dalziell | Male lyrebirds create a complex acoustic illusion of a mobbing flock during courtship and copulation[END_REF]Ridley et al., 2007). In these cases, the sender clearly benefits from the interaction: the signal appears to be designed to solely influence the receiver's response.

Consequently, some authors have proposed that animal communication should be defined as "the use of specialized, species-typical morphology or behaviour to influence the current or future behaviour of another individual" (Owren et al., 2010). Detrimental signals to the receivers can be maintained through several mechanisms, such as the exploitation of receivers' sensory biases (Searcy & Nowicki, 2005).

For example, males' sexual ornaments can attract females even though the specific ornament does not inform about a better quality of male (e.g., the swordtail fish of the genus Xiphophorus, [START_REF] Basolo | Phylogenetic evidence for the role of a pre-existing bias in sexual selection[END_REF]Searcy & Nowicki, 2005). Adaptive gullibility [START_REF] Hyman | Personality influences alarm calling behaviour in song sparrows[END_REF][START_REF] Wiley | Signal Detection and Animal Communication[END_REF] is another potential mechanism: while responding to a specific signal can be detrimental, the cost of not responding can be even higher. False alarm calls in chickadees is one great example of such a mechanism: in winter flocks, it is common to observe some foraging chickadees producing false alarm calls to induce a departure of the other birds, hence increasing food availability for them for a few seconds [START_REF] Matsuoka | Pseudo Warning Call in Titmice[END_REF]. While responding to false alarm calls is costly for foraging opportunities, to not respond at all to alarm calls could lead to the greatest cost possible: being killed by a predator. Hence, the overall cost/benefit ratio to respond to alarm calls is still leaning towards the benefits. Alternative strategies for receivers to decrease their costs can be expected, such as learning to differentiate between false and real calls [START_REF] Matsuoka | Pseudo Warning Call in Titmice[END_REF]. All these examples demonstrate that communication is shaped by numerous factors, from physical constraints to conflicts between senders and receivers. In this thesis, I will keep the concept of information as a useful tool to discuss my results, as the informational and manipulation views are not mutually exclusive [START_REF] Beecher | Why Are No Animal Communication Systems Simple Languages[END_REF]. I will however consider that the influence of the receiver, followed by a benefit to the sender, are the two crucial criteria to define animal communication.

ANIMAL COMMUNICATION IS VAST: AN EMPHASIS ON ALARM CALLS

The broad definition proposed above includes a large variety of communication systems.

For example, the sensory system used for communication can be various such through chemical, visual, acoustic, or tactile modes (non-exhaustive list, Bradbury & Vehrencamp, 2011). In this thesis, I will focus on acoustic communication, one form of communication with its specific constraints and advantages that ultimately influence signals' characteristics. First, acoustic communication concerns signals that spread rapidly and that do not need a direct contact between individuals. This characteristic rarely results in dyadic interactions, but rather in a large variety of communication networks (Templeton & Carlson, 2019). Typically, even if some signals have evolved to alter the behaviour of one specific target, other individuals can also perceive the signal (i.e., eavesdropping, Magrath et al., 2015). Some species can exploit signals that evolved for others (for example, predators can intercept calls between preys to locate them, [START_REF] Kolluru | Exploitation Of Sexual Signals By Predators And Parasitoids[END_REF]. Other signals can be relatively neutral for the original sender, but benefit the receiver (e.g., during mating season, when male #1 estimate the quality of male #2 by looking at agonistic interactions between male #2 and #3, [START_REF] Johnstone | Eavesdropping and animal conflict[END_REF]. Finally, the original signaller may benefit from the response from others and the interaction can develop into stable communication (examples are developed in part II.C).

In addition, acoustic communication is a flexible signal (in opposition to aposematic colours for example, which are properties stable throughout the life of the individual). This flexibility opens the possibility for dynamic exchanges of information and integrates the notion of time in the signal reception. As a result, research on acoustic signals focus on sequences rather than on individual signals (Kershenbaum et al., 2016). Acoustic signals can be shaped through natural selection or sexual selection. Sexual selection has its own specific literature; and typical examples are the vocal displays of frogs [START_REF] Narins | Hearing and sound communication in amphibians[END_REF], or the deer rut [START_REF] Reby | Vocal Communication and Reproduction in Deer[END_REF]. Regarding natural selection, the acoustic signals often play a part into social contexts, with affiliative interactions such as foraging or group movement, or antagonistic interactions related to dominance and territory defence. Another strong situation shaping acoustic signals is predatorprey interactions, leading to specific alarm calls adapted for different contexts.

Alarm calls can be produced in situations in which one individual alert a group that will therefore go into hiding. These flee calls are present in numerous taxa and often share similar properties such as high frequencies and rare modulation, leading to a difficult localization from predators (Marler, 1955). While flee calls are produced when the predator is detected, other calls are on the contrary produced when no threat is detected: the cessation of these sentinel calls ('all-clear' calls) functions as a signal to inform about a predator threat, and are often followed by other alarm calls [START_REF] Baigrie | Interspecific signalling between mutualists : Food-thieving drongos use a cooperative sentinel call to manipulate foraging partners[END_REF][START_REF] Rauber | Effect of group size and experience on the ontogeny of sentinel calling behaviour in meerkats[END_REF]. Distress calls are calls produced specifically when the prey is caught and may be one of the most reflexive calls, mainly driven by the emotional state of the caller [START_REF] Aubin | Why do distress calls evoke interspecific responses? An experimental study applied to some species of birds[END_REF]. Finally, one last situation consists in harassing the predator instead of fleeing: mobbing.

B. MOBBING 1. A PARTICULAR CASE OF ACOUSTIC ANTI-PREDATOR COMMUNICATION

The most evident behavioural response when facing a predator is to minimize the contact with it, by either fleeing or freezing. On the contrary, in some situations, preys can approach the predator and actively harass it. This specific behaviour is called mobbing.

Mobbing is widespread in various taxa, from hyenas [START_REF] Lehmann | Lions, hyenas and mobs (oh my!)[END_REF] to fishes [START_REF] Lachat | Novel mobbing strategies of a fish population against a sessile annelid predator[END_REF] and particularly studied in birds (Carlson et al., 2018). First writings about animal behaviour, such as The History of Animals by Aristotle (ca. 343 B.C), already describe such a situation: "In the daytime all other little birds flutter round the owl -a practice which is popularly termed 'buffet him', and pluck out his feathers", and has inspired artists in the last few centuries (e.g., Birds mobbing an owl by Wenceslaus Hollar ca. 1640). The exploitation of prey's mobbing behaviour with

The most counterintuitive strategy when facing a predator is perhaps mobbing, a behaviour in which prey approach the predator instead of fleeing. In this second part, I briefly review what is mobbing, how and why it has evolved, and which parameters influence mobbing intensity (behaviour or acoustic changes in the mobbing calls) in birds.

predator lures by hunters has been developed for centuries [START_REF] Buffon | Histoire naturelle des oiseaux[END_REF]. In the scientific literature, the mention of birds mobbing appeared early (e.g., Brehm, 1874;[START_REF] Praeger | American bird-Visitors to Ireland[END_REF]. Pioneer work about precise descriptions of birds' behaviour and interspecific comparisons occurred in the 1950's (Hinde, 1952;[START_REF] Altmann | Avian Mobbing Behavior and Predator Recognition[END_REF]. One of the first scientific definition of mobbing is as follows:

"a demonstration […] against a potential or supposed enemy belonging to another and more powerful species; it is initiated by the member of the weaker species and is not a reaction to an attack upon the person, mate, nest, eggs or young" [START_REF] Hartley | An experimental analysis of interspecific recognition[END_REF].

Mobbing is a gradual behaviour in which individuals can invest with varying levels of intensity.

In birds, typical behaviours include approach, calls, repeated hops, and some aggressive postures ranging from wing-flicking to plucking predators' feathers/fur (Curio, 1978). In this clade, calls are common, easy to trigger and to record. These properties have helped the development of a considerable number of scientific studies, both on the general behaviour and the calls produced. A large literature is now present on the (i) costs and benefits of such behaviour, (ii) the factors explaining its expression variability.

COSTS AND BENEFITS OF MOBBING AND ITS EVOLUTION

The first major topic in mobbing literature is the cost and benefits of such an a priori counterintuitive behaviour. Indeed, mobbing is costly and risky for preys. Numerous authors report instances in which birds have been attacked by the predator while mobbing [START_REF] Motta-Junior | Ferruginous Pygmy-owl (Glaucidium brasilianum) predation on a mobbing Fork-tailed Flycatcher (Tyrannus savana) in south-east Brazil[END_REF][START_REF] Poian | Predator Harassment : More Evidence on the Deadly Risk[END_REF][START_REF] Sordahl | The Risks of Avian Mobbing and Distraction Behavior : An Anecdotal Review[END_REF]. In addition, experimental procedures show that preys approach more towards low-threat predators than towards high-threat predators, suggesting a potential higher cost when mobbing more important predators [START_REF] Curio | Predator Harassment Implies a Real Deadly Risk : A Reply to Hennessy[END_REF].

Predators may also eavesdrop on mobbing preys to determine the location of nests [START_REF] Krama | Cost of mobbing call to breeding pied flycatcher, Ficedula hypoleuca[END_REF]. Intense mobbing may therefore, in some cases, be detrimental to prey. Yet, mobbing is widespread and common, hence probably selected through natural selection due to the benefits it generates.

Several hypotheses about the benefits of mobbing have been proposed by Curio (1978) and follow up papers have tried to test these hypotheses. The "move-on hypothesis" seems the most straightforward and well tested hypothesis: the immediate departure of the predator is also combined with a general avoidance of the mobbing area in the long term, leading to a decreased predatory pressure for birds, hence an increased survival probability [START_REF] Pettifor | The effects of avian mobbing on a potential predator, the European kestrel, Falco tinnunculus[END_REF]Flasskamp, 1994;[START_REF] Consla | Response of Captive Raptors to Avian Mobbing Calls : The Roles of Mobber Size and Raptor Experience[END_REF]. [START_REF] Pettifor | The effects of avian mobbing on a potential predator, the European kestrel, Falco tinnunculus[END_REF] corroborated this 'move-on hypothesis' by showing an increased distance between perches made by European kestrels Falco tinnunculus when they are mobbed. Indirect evidence also depicts that predators forage less in the areas in which mobbing is more intense (Pavey & Smyth, 1998) and that predators show signs of stress when hearing playbacks of mobbing [START_REF] Consla | Response of Captive Raptors to Avian Mobbing Calls : The Roles of Mobber Size and Raptor Experience[END_REF].

Other benefits can be proposed. For example, mobbing may attract predators of predators ("attract the mightier hypothesis," Fang et al. 2021). Mobbing may also serve as a form of cultural transmission of predator knowledge, and both experimental studies and models confirm this hypothesis (Curio et al., 1978;[START_REF] Vieth | The Adaptive Significance of Avian Mobbing : III .Cultural Transmission Of Enemy Recognition In Blackbirds: Cross-Species Tutoring And Properties Of Learning[END_REF][START_REF] Watzek | Modelling collective decision-making : Insights into collective anti-predator behaviors from an agent-based approach[END_REF]. Some explanations however are insufficient alone to justify the development of mobbing behaviour. For example, the 'perception advertisement' hypothesis states that prey mob in order to communicate to the predator that any attempt of ambush would be unsuccessful [START_REF] Crofoot | Why Mob? Reassessing the Costs and Benefits of Primate Predator Harassment[END_REF]Curio, 1978). While some anecdotical evidence confirm that this is possible [START_REF] Sazima | Predation attempts on birds by the snake Philodryas olfersii prevented by mobbing mockingbirds[END_REF], most prey mob predators precisely when they are not actively hunting. In addition, this hypothesis does not explain why mobbing can be long and sometimes quite violent. Finally, some papers even describe a radical conclusion to the mobbing event with the death of the predator, which is nonetheless considered extremely rare and may be anecdotical (both instances report the drowning of a predator rather than a direct wound from the prey, [START_REF] Šulc | Caught on camera : Circumstantial evidence for fatal mobbing of an avian brood parasite by a host[END_REF]Suzuki, 2012).

The evolutionary emergence of mobbing behaviour has been debated. Apparently cooperative behaviours can emerge and be maintained by several mechanisms. First, individual selection could arise if one mobbing individual could gain from that behaviour, even when mobbing alone. Then, this individual benefit may be increased when mobbing in group (i.e., by-product mutualism). A model proposed by [START_REF] Wheatcroft | Collective Action Promoted by Key Individuals[END_REF] demonstrates that the presence of key individuals for which benefits of mobbing are high (e.g., couples defending their nest) is sufficient to generate a mobbing chorus with a greater number of individuals. In this scenario, kin selection could also play a part: mobbing may primarily be selected to enhance offspring protection in the reproductive season, then being continued into the non-reproductive season as by-product [START_REF] Vieth | The Adaptive Significance of Avian Mobbing : III .Cultural Transmission Of Enemy Recognition In Blackbirds: Cross-Species Tutoring And Properties Of Learning[END_REF].

In stables groups with repeated interactions, we can also hypothesise the emergence of reciprocal altruism. Indeed, a series of studies by Krams and colleagues [START_REF] Krama | You mob my owl, I'll mob yours : Birds play tit-for-tat game[END_REF][START_REF] Krams | Experimental evidence of reciprocal altruism in the pied flycatcher[END_REF]Krams & Krama, 2002) demonstrated that defection in collaboration with neighbours triggered lower responses by the neighbours in following mobbing situations (but see [START_REF] Russell | Avian mobbing : Byproduct mutualism not reciprocal altruism[END_REF] for pertinent critics). Finally, sexual selection has also been mentioned since some male birds show an increased mobbing response when females are around (da Cunha et al., 2017).

In the case of mobbing, both reciprocal altruism and sexual selection appear as maintenance mechanisms rather than mechanisms explaining the emergence of this behaviour. It is more probable that mobbing first emerged as a nest defence mechanism and developed through byproduct mutualism.

VARIATIONS IN MOBBING

Mobbing behaviour is a gradual response ranging from silent approach to direct attack to the predator (Simmons 1952), with inter-specific, inter-individual and intra-individual variation. A great part of the scientific literature explored which factors explain this variability. An impressive number of variables have been identified (see Appendix 1 for a detailed review), beginning with the characteristics of the predator stimulus. As expected, characteristics informing about an increased threat engendered higher mobbing responses in birds. For example, birds do not respond in the same way to all predator species (Curio et al., 1983;[START_REF] Koboroff | Clever strategists : Australian Magpies vary mobbing strategies, not intensity, relative to different species of predator[END_REF][START_REF] Sordahl | Field evidence of predator discrimination abilities in American Avocets and Black-necked Stilts[END_REF]. More subtle differences in predator orientation, eyes, or movements also modified mobbing responses [START_REF] Book | Titmouse calling and foraging are affected by head and body orientation of cat predator models and possible experience with real cats[END_REF]Carlson, Pargeter, et al., 2017;[START_REF] Knight | Methodological problems in studies of avian nest defence[END_REF]. The social context of the preys such as their role in the community (e.g. helper versus breeder, [START_REF] Teunissen | Predator defense is shaped by risk, brood value and social group benefits in a cooperative breeder[END_REF], their neighbours (Krams & Krama, 2002), the presence of their mate (da Cunha et al., 2017), or the perceived predation pressure (Dutour et al., 2016;[START_REF] Lind | Information, predation risk and foraging decisions during mobbing in Great Tits Parus major[END_REF][START_REF] Sandoval | Local predation pressure predicts the strength of mobbing responses in tropical birds[END_REF]) also impacts birds' responses. The environment, such as the foliage cover, temperature and humidity also seemed to be factors of interest [START_REF] Dagan | The Effect of Pine Forest Structure on Bird-Mobbing Behavior : From Individual Response to Community Composition[END_REF]Regelmann & Curio, 1983). During the reproductive season, the mobbing response around the nest can be dependent on the clutch size [START_REF] Curio | Brood defense and brood size in the great tit (Parus major) : A test of a model of unshared parental investment[END_REF][START_REF] Radford | Intensity of nest defence is related to offspring sex ratio in the great tit Parus major[END_REF], the age of nestlings (Bērziņš et al., 2010;Regelmann & Curio, 1983;Strnadová et al., 2018) or even the sex ratio of the brood [START_REF] Radford | Intensity of nest defence is related to offspring sex ratio in the great tit Parus major[END_REF] 2 . Finally, intrinsic characteristics such as the size of individuals (Abolins-Abols & Ketterson, 2017), their sex [START_REF] Krenhardt | Sex-dependent risk-taking behaviour towards different predatory stimuli in the collared flycatcher[END_REF] or their personality (Hollander et al., 2008) can explain part of the variation in mobbing behaviour.

Importantly however, most articles worked on one specific population in a specific context: when similar studies are done on distinct species or different populations, results are often inconsistent.

While the research cited above mainly focused on the general mobbing behaviour of the bird, other studies have focused specifically on the acoustic sequences produced in this context. Indeed, mobbing calls in birds can vary depending on various factors such as the habitat type [START_REF] Billings | The low-frequency acoustic structure of mobbing calls differs across habitat types in three passerine families[END_REF], social context (Coppinger et al., 2020), and personal characteristics of the birds [START_REF] Francis | Mobbing by Florida scrub jays : Behaviour, sexual asymmetry, role of helpers and ontogeny[END_REF]Regelmann & Curio, 1983). Some examples on Parids show that mobbing calls convey information about the intensity of the threat (e.g., the type of predator, Carlson et al., 2017;Kalb et al., 2019;Templeton et al., 2005), opening debates on a possibility for referential signalling in birds (e.g., [START_REF] Cunningham | Functionally referential alarm calls in noisy miners communicate about predator behaviour[END_REF]Suzuki, 2012). The variations in calls can occur with changes in spectral characteristics (e.g., peak frequency, [START_REF] Courter | Black-capped chickadees (Poecile atricapillus) alter alarm call duration and peak frequency in response to traffic noise[END_REF][START_REF] Ficken | Acoustic characteristics of alarm calls associated with predation risk in chickadees[END_REF], rhythm (Carlson et al., 2017) and note repetition (Carlson et al., 2017;Courter & Ritchison, 2010;Templeton et al., 2005). Studies exploring the link between mobbing call sequences and behaviour are needed to understand how coding strategies are generalisable inside the bird clade.

Apart from studies strictly focusing on mobbing behaviour, other projects have used the mobbing behaviour as a useful tool to study other themes of behavioural ecology. For example, the fact that different species respond to each other's mobbing calls in a cooperative context is helpful to study the vast subject of heterospecific communication in animals.

C. HETEROSPECIFIC COMMUNICATION

Heterospecific communication has often been studied with animals interacting with humans. A strong enthusiasm emerged in the last 50 years to teach our language to non-human animals [START_REF] Pepperberg | Nonhuman and Nonhuman-Human Communication : Some Issues and Questions[END_REF], with varying degrees of success. More recent studies focus on the communication between human and domesticated animals (e.g., Kaminski & Nitzschner, 2013;Merkies et al., 2022). In contrast, research on communication between wild animals is only at its beginning. Mechanisms involved in this communication are diverse and probably not perfectly known. In this regard, I discuss why syntax recognition could be one mechanism to explore.

MOBBING AS A GREAT EXAMPLE OF HETEROSPECIFIC COMMUNICATION

Impressive examples of acoustic communication between human and non-human animals have been demonstrated, such as the cooperative communication between a sub-Saharan bird,

Indicator indicator, and humans [START_REF] Isack | Honeyguides and Honey Gatherers : Interspecific Communication in a Symbiotic Relationship[END_REF]. With repetitive calls, the indicator guides humans towards nests of wild bees. Humans then attack the nest and collect the honey inside, while the indicator will feed on the beeswax and larvae left. Acoustic communication can also occur between wild animals. While some examples demonstrate heterospecific communication between distant clades (e.g., between chipmunks and birds, or between a reptiles and birds, [START_REF] Schmidt | Eastern chipmunks increase their perception of predation risk in response to titmouse alarm calls[END_REF][START_REF] Vitousek | Heterospecific alarm call recognition in a non-vocal reptile[END_REF], a great part of heterospecific communication occurs inside bird flocks.

During the non-reproductive season in temperate regions (Dutour et al., 2019), or throughout the year in tropical regions [START_REF] Munn | Permanent Canopy and Understory Flocks in Amazonia : Species Composition and Population Density[END_REF], birds often create flocks with loose territories.

In tropical regions, flocks are often composed of one nuclear species (Goodale et al., 2015;[START_REF] Moynihan | The Organization And Probable Evolution Of Some Mixed Species Flocks Of Neotropical Birds[END_REF]: a species that is naturally gregarious, allowing a structural basis for cohesion (e.g., cooperative breeders), surrounded by a varying number of species. In temperate regions, flocks are often loose and not as stable through time. In both cases, flocking is advantageous both for foraging opportunities and predator defence (Sridhar et al., 2009). This flocking behaviour increases the importance of acoustic exchanges regarding foraging opportunities and threatening situations. As a result, contact calls and food calls are common in flocks (Clay et al., 2012;Kondo & Watanabe, 2009). In addition, alarm calls have been intensely studied in this context, with an emphasis on mobbing calls.

Indeed, mobbing is one anti-predator behaviour whose efficiency is increased with increasing group size. An increased number of individuals increases the dilution effect which is a decreased probability of being targeted by the predator with increased group size [START_REF] Foster | Evidence for the dilution effect in the selfish herd from fish predation on a marine insect[END_REF].

In addition, more individuals mobbing also generates a higher confusion effect: overwhelming the sensory canals of the predator, hence decreasing its ability to attack (e.g., by producing more movement around it, [START_REF] Ioannou | Predatory Fish Select for Coordinated Collective Motion in Virtual Prey[END_REF]. This is therefore not surprising to find that some mobbing calls can often attract more than ten different species to the mob (Hurd, 1996).

Research on heterospecific communication brought comparable questions than in intraspecific communication, but with several particularities. First, each species may not invest the same in communication and not extract the same amount of information, leading to unbalanced networks. Secondly, the flexibility of these interactions, directly linked to the annual or seasonal changes in the community networks, have been a major concern. Finally, the mechanisms implicated in this heterospecific communication have received much attention. All these aspects are briefly described in the next sections.

INEQUALITIES IN HETEROSPECIFIC EXCHANGES

When exploring heterospecific communication, the question of different levels of reliability from different species arise. Indeed, some species provide useful information about food (e.g., the marsh tit, [START_REF] Farine | Interspecific social networks promote information transmission in wild songbirds[END_REF], while others are considered as sentinel species that efficiently inform other species on potential threats [START_REF] Camerlenghi | Information about Predators Varies across an Amazonian Rain Forest as a Result of Sentinel Species Distribution[END_REF]. Sentinel species are often the ones initiating mobbing and that mob more intensely [START_REF] Langham | Why pishing works : Titmouse (Paridae) scolds elicit a generalized response in bird communities[END_REF][START_REF] Turcotte | Playbacks of mobbing calls of Black-capped Chickadees help estimate the abundance of forest birds in winter[END_REF]. In Parids, great tits Parus major could fit the definition of sentinel species [START_REF] Sasvari | Difference of responsiveness of the great tit, blue tit, and marsh tit to acoustic stimuli[END_REF]. In addition, the great tit is one species that could be labelled as community informant: they produce information that does not vary with the social context (e.g., the size of the flock) and they are strongly listened by heterospecifics that do not, themselves, produce information (Carlson et al., 2020). In contrast, some species heavily rely on sentinel species yet do not actively take risks by approaching the predator ('scrounger species [START_REF] Altmann | Avian Mobbing Behavior and Predator Recognition[END_REF]Carlson et al., 2020). Finally, some species can exploit other species for their own benefit, for example by luring flock member with false alarm calls (fork-tailed drongos exploit pied babblers' response to their alarm calls to increase their own foraging opportunities, [START_REF] Ridley | Facultative response to a kleptoparasite by the cooperatively breeding pied babbler[END_REF]. These inequal roles of species are difficult to determine since the same species can have distinct roles depending on the situation. For example, fork-tail drongos are good sentinel species despite their kleptoparasitic behaviour [START_REF] Baigrie | Interspecific signalling between mutualists : Food-thieving drongos use a cooperative sentinel call to manipulate foraging partners[END_REF].

Secondly, the information transmitted from one species to another may be less complex than in intra-specific communication. Several examples follow this hypothesis. For example, conspecifics discriminated between contact calls and alarm calls of chaffinches, but not heterospecifics (Randler & Förschler, 2011). Similarly, in the great tit, conspecifics were less likely to get fooled by false alarms calls [START_REF] Matsuoka | Pseudo Warning Call in Titmice[END_REF]. However, the transmission of relatively complex information is possible: for example, nuthatches adjust they behavioural response based on the properties of black-capped chickadees' calls (Poecile atricapillus) that formerly faced different predators (Templeton & Greene, 2007).

In addition to these two aspects, heterospecific communication is particularly complex to study given that most interactions between species are dynamic through time and space. One example is how heterospecific interactions can markedly change between the reproductive and non-reproductive season. In Parids for example, while the blue tit Parus caeruleus and great tit Parus major flock together in winter and actively respond to each other calls, they compete for nests and can violently aggress each other in spring (Hinde, 1952;Samplonius, 2018). Interestingly, in the great tit, responses toward known heterospecific calls increased in winter compared to spring (Dutour et al., 2019) but there was no differences between seasons toward unknown calls [START_REF] Dutour | Season does not influence the response of great tits (Parus major) to allopatric mobbing calls[END_REF]. These results demonstrate how factors influencing heterospecific communication are understudied yet probably crucial to correctly interpret experimental results.

In conspecific communication, research has intensely focused on the ontogeny of the communication systems. The same questions have emerged in heterospecific communication, and the current literature is sufficiently dense to review this question in alarm calls of birds.

MECHANISMS OF HETEROSPECIFIC COMMUNICATION

The 'innate versus learned' debate has been developed in intraspecific communication, and heterospecific communication in birds opens similar questions. Like in most fields of research, the answer to that question is that both learning and innate mechanisms are present and often complementary (e.g., pheromones and social behaviour, or colour preferences, [START_REF] Beny | Innate and learned aspects of pheromone-mediated social behaviours[END_REF][START_REF] Weiss | Innate colour preferences and flexible colour learning in the pipevine swallowtail[END_REF].

First, innate recognition of acoustic properties is common. A genetic basis for heterospecific communication could emerge through natural selection if the relationship between the two species is stable, but no clear example has been demonstrated in heterospecific communication yet (Magrath et al., 2015). Other mechanisms may explain innate responses to heterospecific calls. Some sounds are efficient at triggering the attention of receivers (Magrath et al., 2015). For example, non-linear phenomena (i.e., abrupt changes in acoustic properties such as addition of sub harmonics, noise, or pitch change, [START_REF] Fitch | Calls out of chaos : The adaptive significance of nonlinear phenomena in mammalian vocal production[END_REF] have a negative valence in several phylogenetically distant species (Blumstein & Récapet, 2009;[START_REF] Filippi | Emotional Voice Intonation : A Communication Code at the Origins of Speech Processing and Word-Meaning Associations[END_REF][START_REF] Fitch | Calls out of chaos : The adaptive significance of nonlinear phenomena in mammalian vocal production[END_REF]Liuni et al., 2020). In the special case of alarm calls in birds, some studies have indeed demonstrated that some species respond to unknown calls (Dutour, Suzuki, et al., 2020;Randler, 2012), and that acoustic similarity may help [START_REF] Stefanski | A study of distress calls of song, swamp, and white-throated sparrows (Aves : Fringillidae). II. Interspecific responses and properties used in recognition[END_REF]). Yet, acoustic similarity with receivers' calls is sometimes not enough to explain their responses to unknown heterospecifics (Dutour et al., 2017).

A second mechanism involved in heterospecific communication is learning. Learning can occur through personal experience, although such strategy is probably risky in the case of predator related calls (Magrath et al., 2015). Social learning, in contrast, is common in birds, from song tutoring [START_REF] Beecher | Birdsong learning is mutually beneficial for tutee and tutor in song sparrows[END_REF] to foraging choices [START_REF] Slagsvold | Social learning in birds and its role in shaping a foraging niche[END_REF], and could exist for heterospecific communication. In fact, learning may be one crucial step for survival: juvenile Siberian Jays Perisoreus infaustus that witnessed a conspecific mobbing a predator were more likely to survive the next year (Griesser & Suzuki, 2017). Social learning can develop through associative learning: if one stimulus repeatedly triggers a specific behaviour from conspecifics, then naïve individuals will associate the stimulus to the behaviour. Regarding predator threats, associative learning is one efficient mechanism demonstrated on several species such as blackbirds (Curio et al., 1978), crows (Cornell et al., 2012;[START_REF] Marzluff | Lasting recognition of threatening people by wild American crows[END_REF], great tits (Dutour et al., 2019) or superb fairy-wrens (Magrath et al., 2015). The association of conspecifics' mobbing behaviour (most likely parents) with heterospecific calls is therefore a reasonable hypothesis on the emergence of heterospecific communication. Heterospecifics can also be useful tutors to identify new threats [START_REF] Keen | Social learning of acoustic anti-predator cues occurs between wild bird species[END_REF][START_REF] Szymkowiak | Wood warblers learn to recognize mobbing calls of an unfamiliar species from heterospecific tutors[END_REF].

Finally, between learning and innate recognition lies a third process called generalisation.

In this process, unknown stimuli trigger a response if they share some crucial properties with the learned stimulus. One example of generalisation is how hens can recognize the presence of human irrespective of their clothes, sex, and height [START_REF] Barnett | Predator stimuli and calling behavior of Carolina chickadees (Poecile carolinensis), tufted titmice (Baeolophus bicolor), and white-breasted nuthatches (Sitta carolinensis)[END_REF]. Generalisation may explain the response of some birds to unknown calls (Fallow et al., 2011(Fallow et al., , 2013;;Johnson et al., 2003). Most of the research has focused on generalisation based on the acoustic properties of the calls (e.g., peak frequency or modulation, Fallow et al., 2013). However, when producing vocal sequences, animals use different coding strategies such as repetition, diversity of elements, timing, or ordering (Kershenbaum et al., 2016). All these coding strategies can, in theory, be used in a generalisation process. Specifically, the notion of ordering refers to the ability to process the order of the different elements in the sequence, which is equivalent to syntax in human languages. Generalisation of ordering could imply that birds can process notions of grammar in the human sense. Indeed, recent research has focused on how birds can combine elements into larger sequences and reopened debates about why animal communication and human language should be considered different. in the last ten years and could be exploited in a behavioural ecology framework.

D. ANIMAL COMMUNICATION VERSUS HUMAN LANGUAGE

WHY LANGUAGE IS DIFFERENT FROM ANIMAL COMMUNICATION?

The word language has multiple definitions. One broad definition of language is, as nicely written by the author Borges 'All language is a set of symbols whose use among its speakers assumes a shared past' [START_REF] Borges | Ficciones[END_REF]. Concretely, language can be any type of system including symbols and rules to combine them. However, the most common definition of language is narrower and designate the faculty of the human species to express their thoughts and communicate between each other by means of conventional signs (vocal or graphic;TLFI, 1994). Based on this definition, any nonhuman animal language is logically impossible, as language is explicitly associated to human communication. Interestingly, this definition depicts how our species detached itself from the communication systems of the other species. By using a specific word for human communication, we set the premise that human language is qualitatively different from animal communication.

Hence, one question naturally arises: what is that crucial difference? This question has been particularly prolific in the scientific literature, often with heated debates between disciplines (e.g., [START_REF] Beecher | Why Are No Animal Communication Systems Simple Languages[END_REF][START_REF] Penn | Commentary : Why Are No Animal Communication Systems Simple Languages[END_REF]. Similar debates have emerged regarding notions of culture [START_REF] Laland | Do animals have culture? Evolutionary Anthropology: Issues[END_REF], or mind (Gallup, 1985). A lack of understanding between disciplines, emerging from larges differences in methods and terminology, still restrain scientific progress to this day [START_REF] Berthet | Animal Linguistics : A Primer[END_REF].

The uniqueness of language based on one or several specific characteristics is not clearly defined. For example, Hockett proposed 16 characteristics to define human language [START_REF] Hockett | Animal « Languages » And Human Language[END_REF] that however have little usefulness in evolutionary biology [START_REF] Wacewicz | Language Evolution : Why Hockett's Design Features are a Non-Starter[END_REF].

Chomsky reduced the difference between human and non-human animals to one crucial ability of hierarchical syntax (i.e. 'Merge', [START_REF] Fujita | Human language evolution : A view from theoretical linguistics on how syntax and the lexicon first came into being[END_REF], which is still debated [START_REF] Progovac | Was Syntax Borrowed from Toolmaking?[END_REF][START_REF] Townsend | Compositionality in animals and humans[END_REF]. Overall, some characteristics of language are repeatedly discussed: language is learned, is a set of symbols with specific meanings, is an internal process, and finally language combines simple elements into complex structures. In all these areas of research, differences of degree rather than qualitative differences between our species and non-human species have been identified. A brief description of the questions and state of research for the first three characteristics are present in Appendix 2. In this thesis, I will specifically develop the last characteristic and introduce the current debates and questions on this subject.

LANGUAGE IS THE COMBINATION OF UNITS IN COMPLEX SEQUENCES

One of the most obvious characteristics of human language is our ability to combine nonmeaningful sounds (phonemes) into meaningful elements (morphemes), and then combine these morphemes into complex sequences with specific rules (i.e., syntax, [START_REF] De Boer | New perspectives on duality of patterning : Introduction to the special issue[END_REF]. This double articulation of language allows productivity: the possibility to say virtually anything based on a restricted number of units [START_REF] Humboldt | On language' : On the diversity of human language construction and its influence on the mental development of the human species[END_REF]. While combinatoriality (Figure 1) is common in animal communication, the use of the term 'syntax' for animal communication has been criticized since some authors consider that we cannot mention syntax if the underlying levels of language construction are not demonstrated (e.g., semantics or intentionality, Bolhuis et al., 2018;Rendall, 2021). In my thesis, I will use the word syntax as any combination of elements for which meaning of the elements has been proven. (Figure 1).

Research about call combinations in animals uncovered diverse types of combinational rules. For example, Campbell's monkeys use some affixes structures ("-oo") to broaden the meaning of one particular call (e.g., hok = alert call for eagle, hok-oo = alert from above, Schlenker et al., 2016). In contrast, for many species, while the elements are indeed produced in a specific order, the information is more in the overall complete sequence rather than on specific elements.

Typically, the territorial songs of bats [START_REF] Bohn | Social context evokes rapid changes in bat song syntax[END_REF] are combinatorial but each element does not refer to one specific information, nor their specific order. This is what some authors have described as 'phonological syntax' (Marler & Peters, 1988) but since this term does not fit the human linguistic definition, another term is now proposed: 'phonocoding' (Engesser & Townsend, 2019). Combinatorial rules are diverse and Engesser & Townsend (2019) described that diversity with great detail. I will in my thesis only focus on one example: compositionality.

Figure 1. Definitions and schematic organisation of the words used in this thesis. The definitions are extracted from Bolhuis et al., 2018a;Engesser & Townsend, 2019;[START_REF] Townsend | Compositionality in animals and humans[END_REF]and Zuberbühler, 2020. Note that the definitions and underlying concepts presented here can be debated [START_REF] Little | What is combinatorial structure? replicatedtypo[END_REF].

COMPOSITIONALITY: THE CASE OF PARIDS' MOBBING CALLS

In human linguistics, compositionality is a specific type of syntax in which "the meaning of an expression is a function of the meanings of its parts and of the way they are syntactically combined" (Bolhuis et al., 2018a, Figure 1). For example, "Ambre loves her cat" is compositional since each word has a specific meaning and since "Her cat loves Ambre" does not have the same meaning. In contrast, idioms typically represent how syntax can be non-compositional: "break a leg" in English or "passer l'arme à gauche" in French are two expressions for which the final meaning is not directly linked to the meaning of the different parts.

While organisational rules in animal utterances are common, this specific type of combination has not been described in the literature until the work of Suzuki et al. (2016) on mobbing calls of the Japanese tit. Indeed, Japanese tits produce a mobbing call made of two distinct parts. First, high frequency modulated elements ('F notes' in this thesis, called 'ABC' notes in the original paper) followed by a series of broadband frequency notes ('D notes'). The call is always produced in that order (F-D). Suzuki and colleagues ran playback experiments in two steps. They first isolated F and D notes and demonstrated that F notes in isolation trigger a vigilance behaviour from conspecifics, while isolated D notes trigger an approach from conspecifics. When the mobbing call was complete, birds both approached and showed vigilance. With this first step, Suzuki and colleagues proposed that the F-D call is the sum of two distinct calls with a specific meaning, associated to create a 'mobbing call.' Secondly, they evaluated whether order was important to trigger a response. Hence, they created playbacks in the reversed order (D-F calls) to which birds did not respond anymore (less approach and less vigilance). Based on this second result, Suzuki and colleagues suggested that the mobbing call of the Japanese tit fits the human definition of compositionality: a sequence for which the general meaning is derived from the meaning of the parts and their order. Dutour et al. (2019) replicated the experiment on a French population of great tits, with less pronounced results.

Several strong critics have been published following the experiment of Suzuki and colleagues (Bolhuis et al., 2018a(Bolhuis et al., , 2018b)). Some authors argued that the reversed call was unnatural hence creating a confounding effect: birds could simply show lower responses to unknown calls rather than invoking a more complex syntactic processing. However, with a second experiment, Suzuki and colleagues (2017) showed similar results with 'artificial' mobbing calls made of the concatenation of two different species, weakening this argumentation. Secondly, some linguists explained that compositionality in the linguistic sense does not only rely on syntactic properties, but also on an internal process allowing human to process hierarchical syntax (Bolhuis et al., 2018a).

To explain their point, they gave a simple example: 'a smart phone company' can be either a company producing phones that is smart or a company producing smart phones. This distinction illustrates how compositionality may not be only the ordination of the elements, but also an internal process hierarchising the elements. This difference is however hardly testable since testing hierarchical processing in animals is difficult, probably impossible on free-ranging animals. Some recent papers explore this lead and we can expect advancements in this question in the next few years [START_REF] Fitch | Artificial grammar learning meets formal language theory : An overview[END_REF].

Apart from the critics stemming from differences with human language, this call organisation could be a worthwhile approach in behavioural ecology to understand coding/decoding strategies in birds. However, for now, we identify several knowledge gaps.

Indeed, the presence of F-D calls in Parids when mobbing is not quantified yet, even in species for which compositionality has been explored. Secondly, the ability to recognize the organisation of calls rather than notes in isolation is not properly demonstrated in Parids: while the second study of Suzuki is a great first step, we need other studies exploring that generalisation of syntax.

We may consider that recognizing syntactic rules may be useful in evolutionary terms for birds. As stated in part II-C, numerous mechanisms can facilitate heterospecific communication, and syntactic recognition has hardly been investigated. Some learning experiments on birds depict that they may be able to generalize new XXY sequences from new XYX sequences (Spierings & ten Cate, 2016;[START_REF] Ten Cate | Rules, rhythm and grouping : Auditory pattern perception by birds[END_REF] but works on natural behaviours are rare. A recent study by Dutour et al. (2019) corroborate that hypothesis: a Parid species, the coal tit Periparus ater, was also sensitive to call reversion of heterospecific calls (great tit calls). Altogether, these findings set the main question of my thesis: could the recognition of similar syntactic organisation be a factor facilitating heterospecific communication when mobbing?

E. OBJECTIVES AND HYPOTHESES

The thesis will be organised with three chapters, each of them exploring a specific question, with a total of eight independent manuscripts. In the first chapter, I will explore how the F-D call is produced and received in Parids communication. In the second chapter, I will explore how protocol choices can impact the interpretation of heterospecific communication. These two first axes will set a clear context to interpret the results of the third chapter. This last chapter will aim at answering whether great tits are able to generalise the F-D syntactic rule when responding to heterospecific calls.

Chapter 1

I will first test whether the F-D call is a useful paradigm by quantifying the production of F-D calls in seven species of Parids (Manuscript 1). I will then explore the factors influencing responses to the F-D calls by focusing on great tits in a conspecific context. Indeed, although significant research is already published on the subject, several contradictory results appear in the literature. I will focus on two levels of variation:

i.

The effect of season on the response to natural or reversed calls (Manuscript 2). The response to natural and reversed F-D calls has been tested by Suzuki and colleagues on Japanese tits (2016), then replicated on a French population of great tits by Dutour et al. (2019) but with contrasting results. These differences may emerge from the season in which birds were tested. Our first manuscript explores that hypothesis.

ii.

The properties of the F-D call (Manuscript 3). While some authors demonstrated that the black-capped chickadee modifies the number of D notes per call depending on the size of the threat, other authors argue that duty cycle (i.e., the amount of signal) is more salient for birds. We test this hypothesis on great tits by modifying F-D call sequences with increased D notes per call and/or increased call rate and recording their responses.

The objective of this first part is to obtain a global view on how F-D calls are produced and received in Parids. This first part is crucial to better discuss and interpret the results of the last part of my thesis.

Chapter 2

Secondly, I will focus on heterospecific communication. Specifically, I will explore how protocol choices can affect results on heterospecific communication. Indeed, the acoustic cues present in the playbacks, such as the species calling or the number of callers can affect birds' responses. In addition, given the dynamic properties of heterospecific communication, we can expect that broad contexts such as the season in which birds are tested can impact results on community responses (Manuscript 4). Secondly, protocols choices when testing responses to unknown heterospecific calls can possibly affect the biological conclusions of experimental papers.

In my second article, I will replicate a study of Dutour and colleagues about a response to an allopatric species and discuss how protocol choices affect the results of the two studies (Manuscript 5). The objective of the second part is, like the first part, to improve our knowledge about heterospecific communication, but more importantly to assess and discuss the importance of protocol choices when investigating heterospecific communication.

Chapter 3

Finally, I will specifically test the degree to which great tits rely on syntactic rules to recognize unknown mobbing calls. To this aim, we first test the response of great tits to the isolated F and D notes of the black-capped chickadee as much as their response to the complete mobbing call (F-D call, Manuscript 6). In a second experiment, we test whether syntactic modifications alone can increase the mobbing response of great tits towards coal tits' mobbing calls (Manuscript 7).

Finally, to thoroughly test whether great tits can generalize the syntactic rule F-D when hearing new sounds, we create completely artificial calls and test great tits' response to different syntaxes (Manuscript 8). We expect that great tits can respond to unknown calls only if they share a similar syntax. With this last part, we make the hypothesis that great tits use syntax as a coding/decoding mechanism and use this recognition mechanism when answering to heterospecific calls.

Each of the eight questions presented here are independent scientific articles. Even though each article precisely describes our methods, I will make a brief presentation of the group I studied (Parids) and the methods used during my PhD.

III. METHODS

A. STUDY SPECIES

PARIDS

Paridae is a passerine family of 58 species with an overall homogeneous morphology (Johansson et al., 2013). With the exceptions of three species (the sultan tit Melanochlora sultanea, the yellow-browed tit Sylviparus modestus and Hume's ground-tit Pseudopodoces humilis), most Parids are small birds with short stout bills and bright contrasted colours [START_REF] Cramp | Handbook of the birds of Europe, the Middle East and North Africa[END_REF]. Their diet comprises seeds and insects, and many of them can store food [START_REF] Cramp | Handbook of the birds of Europe, the Middle East and North Africa[END_REF]. Parids nest in cavities, and about half of them excavate their own nest holes (Johansson et al., 2013).

In metropolitan France, six species of tits can be found throughout the year: the great tit 

THE GREAT TIT, PARUS MAJOR

The great tit is the biggest of the French Parids (~14cm) with a distinct appearance: whitecheeked black head, greyish wings with a white bar (Figure 2, [START_REF] Cramp | Handbook of the birds of Europe, the Middle East and North Africa[END_REF]. The breast is bright yellow with a vertical line. Females have a finer and less defined line. This sexual dimorphism is easily detectable with binoculars, allowing sexing birds without direct contact.

Regarding phylogeny, great tits were recently separated from the Japanese tit Parus minor, and the cinereous tit Parus cinereous [START_REF] Eck | Systematic notes on Asian birds. 49 A preliminary review of the Aegithalidae, Remizidae and Paridae[END_REF]. Currently, fifteen sub-species of great tits are described [START_REF] Gosler | Family Paridae (Tits and Chickadees)[END_REF]; the subspecies most present in France being Parus major major. Great tits are highly vocal, with a large repertoire varying intra-and inter-populations. Male songs comprise motifs of 2-3 notes that are repeated up to ten times. The notes motifs vary a lot and several hypotheses are proposed to explain this variation: (i) avoiding habituation by switching songs [START_REF] Hartshorne | The Monotony-Threshold in Singing Birds[END_REF], (ii) song repertoire could be used by females to assess males' quality [START_REF] Krebs | The significance of song repertoires : The Beau Geste hypothesis[END_REF] (iii) when several birds are singing, song matching/switching with a competitor for breeding is used to assess aggressiveness [START_REF] Krebs | Song matching in the great tit Parus major L[END_REF]. Various modulated high-frequency notes are produced in contexts of flocking, foraging and alert, but the production of these notes is still unclear. The calls produced when mobbing appear as either a combinatorial call (Figure 3) with two distinct parts (high frequency notes followed by broadband frequency notes), or the second part produced in isolation (Manuscript 1 precisely describes the call production in context of mobbing). 

B. PROTOCOL 1. FIELD PROCEDURE

To explore mobbing behaviour and acoustic coding strategies of Parids, we created playback experiments in the field [START_REF] De Rosa | The acoustic playback technique in avian fieldwork contexts : A systematic review and recommendations for best practice[END_REF]. Such protocols are convenient to control the precise stimulus the birds are subjected to. The field procedure used in my thesis is based on protocols created by Mylène Dutour, a former researcher from our laboratory [START_REF] Dutour | Communiquer entre espèces pour faire face au prédateur : Le cas des cris de harcèlement chez les passereaux[END_REF].

Briefly, the protocol is as follows: two experimenters search for a focal bird, free ranging in its natural habitat (peri urban parks and French countryside). Once a bird is detected, one experimenter places a loudspeaker ~ 20 meters from it and starts the playback. The second experimenter follows the bird with binoculars and records the behaviour of the focal bird. The test is short (30 seconds up to 3 minutes in the experiments proposed in this thesis) for two reasons.

The first reason is an ethical choice: while the procedure is not invasive, mobbing a predator is a stressful situation and we reduced this stress by reducing the length of the test. In addition, each bird was tested only once. Once a test was ended, we made sure that the bird resumed its former activity. The second reason is that passerines birds quickly get habituated to experimental procedures [START_REF] Hinde | Factors governing the changes in strength of a partially inborn response, as shown by the mobbing behaviour of the chaffinch (Fringilla coelebs)-I. The nature of the response, and an examination of its course[END_REF][START_REF] Smith | Some factors influencing mobbing behavior in Barn Swallows (Hirundo rustica)[END_REF]. Indeed, while the mobbing response was very often fast and intense, most birds stopped mobbing after 5 minutes.

MOBBING BEHAVIOUR i. Limitations in mobbing behaviour recording

When recording mobbing behaviour, researchers often rely on the definition of Curio (1978): "birds of one or more species assemble around a stationary or moving predator (potentially dangerous animal), change locations frequently, perform (mostly) stereotyped wing and/or tail movements and emit loud calls usually with a broad frequency spectrum and transients.". Yet, in practice, protocol choices regarding the behavioural cues to quantify mobbing behaviour may be restricted. First, each species may possess specific behaviours: for example, the wing-flicking behaviour is common in Paridae (Carlson, Pargeter, et al., 2017;Hinde, 1952), while never described in Laridae, who rather mob in flights and dive and attack the predator [START_REF] Burger | Power failure : Why small sample size undermines the reliability of neuroscience[END_REF][START_REF] Kazama | Individual differences in nest defense in the colonial breeding Black-tailed Gulls[END_REF]. In addition, inter-individual variation is high, with some individuals strongly investing in aggressive behaviour, while other keeping a distance and barely calling (Hurd, 1996). Secondly, mobbing is often a group behaviour involving up to several dozens of individuals. Precise and exhaustive behaviour recording of each individual may be arduous. Finally, the scientific question and stimulus may also imply different techniques and opportunities to record birds' behaviour. For example, videorecording of Australian magpies Gymnorhina tibicen when foraging on the ground allowed for precise measurements such as the calculation of the beak angle [START_REF] Pell | Birds orient their heads appropriately in response to functionally referential alarm calls of heterospecifics[END_REF], while following free ranging tits with a camera in dense foliage is challenging. Therefore, in practice, the behavioural cues used to assess mobbing in birds are chosen according to the species and context of the experiment.

ii. A brief review of how researchers record mobbing behaviour in birds

I reviewed how mobbing behaviour was recorded in birds. To this aim, I extracted data about the behavioural cues used to quantify mobbing in 203 scientific experimental papers 3 These descriptive data depict how much variation there is in studies investigating mobbing in birds; and how little cohesion has been developed between researchers. Such a variability represents an important problem in the current debates about replication crisis in the scientific literature. Indeed, flexibility in protocol choices increases the potential for choosing significant pvalues and decreases the possibility to compare studies [START_REF] Ioannidis | Why Most Published Research Findings Are False[END_REF].

When focusing on Parids (n = 43), the diversity of methods was still remarkably high. I identified 30 different behavioural cues to quantify mobbing (details in Appendix 3). Approach and calling behaviour were the most recorded behaviours. In contrast, direct attacks were almost never recorded, while the wing flicking behaviour and tail wagging are repeatedly described. Finally, more recent papers, and particularly the ones focusing on syntax, recorded the scanning behaviour:

vigilance behaviour in which birds make ~180° head turns.

In my thesis, I will therefore record all behaviours cited above: approach, scanning, calling, wing-flicking and tail wagging. The experiments proposed in this thesis are also a way to explore how these behaviours are correlated depending on the different playback treatment broadcast.

iii.

Practical problems with live recording of behaviours

All these behaviours can be recorded through binoculars, which is a rapid, easy (given a little training) and effective method to record birds' behaviours. However, recording behaviour through binoculars prevent a double-blind analysis of the behaviours. To solve this problem, during my thesis, we tested several apparatuses to video-record the behaviours, but with limited success. Manuscript 3 is one example in which videorecording was possible, but this method was extremely time consuming given the many tests lost due to bad following of the focal bird. Most experiments in this thesis therefore rely on the observations made by me. I was always accompanied by one experimenter that launched the different call playbacks without telling me which treatment was broadcast. However, some call treatments were easily recognizable by ear. Hence, in two experiments (Manuscript 5 and 6), I also had headphones with music to allow blind observations.

In the replication study (Manuscript 5), we show that having the headphones did not change the effect sizes of the differences between treatments. Since this apparatus was particularly difficult to maintain because of the absence of acoustical communication between the two experimenters and given the lack of differences between the two methods, we therefore made the choice to keep the protocol as previously built by Mylène Dutour.

Most of the behaviours studied are clear and easy to detect and I always checked with my co-experimenter whether we both saw the same occurrences of behaviour. The most difficult behaviour to record was scanning. However, several arguments confirm that scanning can efficiently be recorded with binoculars. First, an experiment from Dutour et al. (2019) show that the repeatability between counts of different experimenters were similar and experimenter identity did not have a strong impact on the results. In addition, in Manuscript 4 in which videorecording was tested, the congruence between my counts and the count of my co-experimenter were overall similar (~ 2 scans of difference on average, in a range of [0-22]).

PLAYBACK

We always built our playbacks with AvisoftSASLab Pro. The number of calls, duty cycle, call amplitude, and background noise level were always controlled. The origin of the playbacks was from (i) Sound banks and (ii) Personal recordings.

Recordings from sound banks such as Xeno-canto.org and the Macaulay Library can be criticized. Indeed, while the date and localisation are always given, the context surrounding the recording is often poorly described. When possible, we selected recordings that clearly described a mobbing situation. In addition, for the great tit, we were able to compare our own recordings and the ones from the sound banks (i.e. number of notes, peak frequency, size of the notes, duty cycle etc) to confirm that the playbacks used were representative of a mobbing sequence.

My personal recordings were all recorded in France between 2019 and 2022 with a Fostex FR2LE digital recorder connected to a Sennheiser ME67-K6P microphone. To record birds mobbing, I used a playback of a chorus of birds mobbing, sometimes accompanied by a predator mount (sparrowhawk). Note that the behaviour of the great tit was not affected by the presence or not of the mount 4 .

Pseudoreplication is one risk if only one playback by treatment is broadcast to birds (Kroodsma, 1989[START_REF] Kroodsma | Pseudoreplication in playback experiments, revisited a decade later[END_REF]. One solution is to create as much as playbacks as tested birds (e.g., Manuscript 8). A second solution consist in doing a limited number of playbacks and taking into account the playbacks' ID as a random effect in statistical analyses (e.g., Manuscript 4).

ANALYSES

All statistical analyses were done with R studio. Most analyses comprised generalized linear models given that behavioural cues including counts do not follow a normal distribution. In addition, since we sometimes had to include some random effects (e.g., the individual ID, the playback ID, or the area), we often used generalized linear mixed models. While we report the pvalue resulting from our tests in all experiments, we are aware of the numerous critics arising from the p-value [START_REF] Halsey | The fickle P value generates irreproducible results[END_REF][START_REF] Nakagawa | Effect size, confidence interval and statistical significance : A practical guide for biologists[END_REF]. Consequently, in all experiments, we also report the effect sizes of the differences which have more biological value that the p-value. All the codes and dataset from this thesis will be given to any person e-mailing at salis.ambre87[at]gmail.com.

IV. CHAPTER 1: THE F-D CALL

IN PARIDS

A. MANUSCRIPT 1: MOBBING CALLS OF SEVEN SPECIES OF

PARIDS UNDER THE PARADIGM OF THE F-D SYNTAX INTRODUCTION

Predation pressure is one substantial force affecting prey's populations. In most species, several behavioural responses have been selected when encountering a predator, such as fleeing or freezing (Caro, 2005). One strategy is mobbing (i.e., collective harassment of the predator), leading to predator displacement both at the short and long timescales (Curio, 1978;Pavey & Smyth, 1998).

In birds, mobbing behaviour typically involves calls. These utterances are efficient in attracting both conspecifics and heterospecifics (Dutour et al., 2017;Hurd, 1996). Numerous studies investigated how the acoustic properties (temporal and/or spectral) of note elements involved in mobbing calls are perceived by receivers. For example, in the chaffinch Fringilla coelebs, variation in the repetition rate of a single note can affect heterospecifics' behaviour (low rate: no response, high rate: approaching the playback, Randler & Förschler, 2011). Variation in the number of some specific notes has also been associated with different kind of threats (Carlson et al., 2017;[START_REF] Soard | Chick-a-dee' calls of Carolina chickadees convey information about degree of threat posed by avian predators[END_REF]Suzuki, 2012;Templeton et al., 2005). Finally, the acoustic properties of the notes can also vary with predator type, such as the duration of some notes in both the tufted titmouse Baeolophus bicolor and the great tit Parus major when facing more dangerous predators (Kalb et al., 2019;[START_REF] Sieving | The versatility of graded acoustic measures in classification of predation threats by the tufted titmouse Baeolophus bicolor: Exploring a mixed framework for threat communication[END_REF]. While most studies have focused on these criterion (rhythm, note specificity, acoustic variation), another way of coding information may lie in syntax variation (Kershenbaum et al., 2016): the order of discrete elements into a sequence.

In Parids, syntax may be an interesting pathway to follow. Indeed, while most bird species are known to repeat a single note when mobbing (e.g., [START_REF] Carro | Alarm calls of house wrens (Troglodytes aedon bonariae) elicit responses of conspecific and heterospecific species[END_REF]Randler & Förschler, 2011), Parids are one of the rare clades in which most species use a combinatorial call (e.g., the Japanese tit Parus minor Suzuki et al., 2016;the great tit Dutour et al., 2019; the blackcapped chickadee Parus atricapillus Landsborough et al., 2019). For all these species, the call produced in mobbing situations appear to be the concatenation of two distinct types of notes in a strict order. Recent papers proposed that the first part of the call induces a vigilance behaviour while the second part is a recruitment call (Dutour et al., 2019;Mahurin & Freeberg, 2009;Suzuki et al., 2016). While most authors refer to the second part, comprised of broadband frequency notes, as D notes [START_REF] Hailman | Constrained permutation in "chick-a-dee"-like calls of a black-lored tit parus xanthogenys[END_REF][START_REF] Soard | Chick-a-dee' calls of Carolina chickadees convey information about degree of threat posed by avian predators[END_REF]Thielcke, 1968), the designation of the first part is more varied, depending on the species and the authors: 'HF' notes (Hailman, 1989), 'ABC' notes (e.g., Hailman et al., 1985;[START_REF] Soard | Chick-a-dee' calls of Carolina chickadees convey information about degree of threat posed by avian predators[END_REF]Suzuki et al., 2016), introductory notes (Salis et al., 2020), or Frequency Modulated Elements FME (Dutour et al., 2017(Dutour et al., , 2020;;Salis et al., 2021). Such a versatility demonstrates the lack of homogeneity in studies investigating syntax in Parids' mobbing calls and is likely attributable to the acoustic variations present in these notes. For the sake of clarity, we will only retain FME to designate this note type.

FME seem to possess similar characteristics in all Parid species: higher fundamental frequency than D notes, a small bandwidth, and modulation in frequency, but no quantitative study has yet determined whether this is true in all Parids, nor whether the dichotomy between FME and D notes always stands. In addition, no quantitative study has yet determined whether the FME-D syntax is pervasive in Parids. Indeed, even in studies focusing on the combinatorial properties of Parids' mobbing calls, there is a lack of data about whether the FME-D call is truly the major call produced in a mobbing situation, especially in regard to its opposite syntax (D-FME calls). Given the large debates surrounding the possible use of complex syntactic rules in Parids (Bolhuis et al., 2018a(Bolhuis et al., , 2018b;;Suzuki, 2016;Zuberbühler, 2020), there is a great need for quantitative information on the major production patterns of FME-D calls in different species of Parids. Enough information could foster direct comparative research and less speculation about how complex syntactic abilities can emerge through evolution (Searcy, 2019).

In this study, we therefore analyse mobbing calls sequences of seven species of Parids (from two continents and in 6 different subgenera of Parids). Our aims are to investigate the variations of main acoustic features (duration, bandwidth, peak frequency, modulation) of both note types within the Parids and test (i) whether the discrimination between both note types stands in all species, and if so (ii) whether the FME-D order combination is the most prominent mobbing call structure in Parids.

MATERIAL & METHODS

A. General procedure

We analysed recordings with mobbing calls of seven species of Parids (Figure 1). Five species were from Europe (the coal tit Periparus ater, the great tit Parus major, the blue tit Parus caeruleus, the marsh tit Poecile palustris, the crested tit Lophophanes cristatus) and two species from North America (the tufted titmice Baeolophus bicolor & the Carolina chickadee Poecile carolinensis). The recordings were used for (i) Acoustic analyses to assess the characteristics of FME and D notes and potential stable differences between FME and D notes and (ii) Analysis of the syntax with help of a machine learning program.

B. Acquisition of the Recordings

All recordings were obtained by AS and three trainees in France and by H.H. and K.S. in Florida. In both France and the US, sampling occurred over an area within a 50 km radius and included various habitats (countryside to medium mountains in France, and urban and natural woodlands with a mix of hardwood and pine trees in the US). All recording sites were at least 200 meters apart to avoid recording the same individuals twice (Salis et al., 2022). At each recording site in France, two experimenters placed a Bose Revolve Soundlink at ~1 meter above the ground and then recorded at ~10 m distance from the loudspeaker. In the US, the arrangement was the same, but the speaker was handled by a single researcher. A recording (see below for details) was then launched for a brief period of time (range 20 -150 seconds) until a conspecific approached with stereotypical behaviour (wing flicking, tail wagging, and frequent hops). In France, recordings were taken with Fostex FR2LE digital recorder connected to a Sennheiser ME67-K6P microphone and in the US with a Roland R-26 digital recorder and the same microphone.

In both countries, the original playbacks used to trigger the mobbing response were the concatenation of three conspecifics mobbing simultaneously. This kind of playback has been proven useful to attract conspecific mobbing birds (Salis et al. under review.). For each species, we created three different playbacks (three different callers in each playback) to avoid pseudo replication (Kroodsma, 1989). The original mobbing soundtracks for P. major, P.ater, P.caeruleus and L. cristatus were obtained by AS with predator calls and mobbing choruses of several species in 2019-2020 in the same region (no differences in call rate, call composition nor duty cycle between the two methods of recording). For B. bicolor, P. carolinensis and P. palustris, the call sequences were a mix from the sound bank Xeno-canto.org, Macaulay Library, and previous recordings of KES in Florida, USA.

A recording was kept for subsequent analysis if 1/ the identity of the focal bird was unambiguous, 2/ no other bird was disrupting the calls of the focal bird, 3/ the call sequence lasted at least 20 sec (range 6-71 calls, median 16 calls). Note that since we selected relatively long call sequences from birds that approached closely to human experimenters, our recordings probably represent a sub-sample of all the possible mobbing calls sequences produced by Parids (i.e., we selected intense mobbing from bold individuals). We selected 20 recordings for each species (except for B. bicolor for which one recording was finally discarded due to doubt in identifying the focal individual, hence leading to a sample size of 19 recordings). The duration of each recording varied but the total amount of time analysed was similar for all species (900-1100 sec), so that the sampling effort is equal in both the number of individuals and the amount of time of recordings.

The details of total duty cycle, number of notes and number of calls we analysed for each species can be found in Sup. Mat 1. For each species, we also kept some additional recordings for the training step of the machine learning program (usually the recordings too short to be kept for the analysis part, with a total of ~100 notes per species).

C. Acoustic characteristics and discrimination between FME and D notes

Data extraction

Each recording obtained was cleared from any other bird calls in the background. In parts with no calls, the background noise was reduced. Each soundtrack was cleared from any other bird calls, we added a low pass at 2 kHz and high pass at 17 kHz (no note in these frequencies) and amplitude was homogenized at 75% on the complete file.

For each recording, we selected the 10 FME and the 10 D notes with the best signal-tonoise ratio. With AvisoftSASLab, we created spectrograms (FFT length: 512, overlap: 75%, bandwidth: 324Hz, resolution: 86Hz). We automatically extracted four acoustic characteristics with the Automatic parameter measurement windows (single threshold) and ensured that all FME and D notes were correctly detected and analysed. The acoustic variables extracted were : (i) the mean bandwidth, since D notes have often been described as notes with broadband frequencies (e.g., Salis et al., 2020), (ii) the peak frequency of the note, as FME appear to be pure tones with high frequencies while D notes distribute their energy in both low and high frequencies (LF versus HF in Hailman, 1989), (iii) the absolute value of the difference between the peak frequency at the beginning versus at the end of the note (hereafter designed as modulation), since the acronym FME proposed in some articles stands for Frequency Modulated Elements and (iv) the duration of the note, the most rapid and easiest acoustic property we can analyse, although we expect the difference between FME and D notes to be species specific. Since not all recordings possessed ten D notes and ten FME, the dataset resulted in the analysis of a total of 2362 notes (see Sup. Mat 1 for the repartition).

Data analysis

We used R studio (R version 4.1.1) for all statistical analyses. First, we analysed whether FME and D notes were different in their acoustic characteristics in all species. To this aim, we ran separate models for each species. For each of the four response variables (Bandwidth, Peak

Frequency, Duration and Modulation), we ran generalized linear mixed model type of notes (FME and D notes) as explanatory variable and the recording ID as a random variable. We primarily ran models with a Poisson distribution (log link function). However, when we detected overdispersion (overdisp.glmer, package RVAidememoire), we ran models with negative binomial distributions (glmer.nb, package lme4). We visually checked the correct distribution of the residuals for both the fixed effect and the random effects. In Results, we report the output of the model from function summary.

Secondly, we tested whether these four acoustic measures were effective in automatically classifying FME and D notes. We ran classification analyses for which the prior classification from us (either FME or D) was not known, and we then compared our prior classification to the automatic one. To this aim, we first created, for each species, distance matrixes (Euclidean distance on scaled data) taking into account the peak frequency, the mean bandwidth, the duration, and the modulation of each note. We then clustered the data with a hierarchical cluster analysis (hclust function, package stats, method Ward.D2). We first ran a clustering with only two clusters, to test whether the dichotomy between FME and D notes was detected by the clustering algorithm. We compared the classification of the algorithm to our classification and calculated the percentage of discrepancies between the two methods. Secondly, we determined the optimal number of clusters (k) by computing the gap statistics for each value of k (function clusGap package cluster). With this second method, we determined whether each cluster represented a sub-category of D or FME or whether they contained a mix of FME and D notes.

D. FME-D Syntax consistency

General organization

After confirming that the difference between FME and D notes was present in all species, we analysed the syntax of the calls. While the analyses of the acoustic parameters of the notes were done on a sub-sample of our dataset (i.e., 2362 notes), we wanted to analyse the complete call production of the birds in the totality of our recordings (18843 notes). Analysing the totality of calls is time consuming; we therefore built a machine learning (ML) program able to automatically extract and classify the FME and D notes in our recordings. Indeed, we rely on the idea that the spectrogram of a note can be considered as an image such that we can use the latest developments in computer vision for image classification, in particular deep learning (DL; e.g. bird detection, Kahl et al., 2021;[START_REF] Stowell | Automatic acoustic detection of birds through deep learning: The first Bird Audio Detection challenge[END_REF]. DL is a category of ML that consists in learning the best way For each recording, we therefore obtained each note, its position in the call sequence, and a prediction of its identity (FME or D notes, with respective scores). With these data, we were able to analyse the syntax of the calls.

Finally, we compared our percentages of FME-D syntax with percentages of FME-D syntax in simulated data to test whether the percentage of FME-D calls produced by our seven species occurred more than chance.

Creation of the spectrogram images

First, each recording was opened in R studio (R version 4.1.1) and with the function segment (package soundgen), we detected each segment of sound (i.e., each note). The parameters of the segment were the following: sampling rate = 44100/10, prop noise = 0.01, shortest pause = 1, shortest syllable = 1. The Signal-to-noise ratio was adapted to each file (median = 12; Q1 = 12; Q3 = 20) to avoid the over detection (i.e., one note is detected as several notes) or the underdetection (i.e., no note detected although there is one in the recording). We visually checked the correct detection of notes with the segmentation plot produced by the function. We then extracted a .jpeg picture of each note detected with a unique ID (spectrogram image of width = 240 pixels and height = 480 pixels).

Building the machine learning program

We relied on convolutional neural networks (CNN) models, known to achieve the best performance in image classification since the 2010's [START_REF] Krizhevsky | ImageNet classification with deep convolutional neural networks[END_REF] and now used in different fields including ecology (Christin et al., 2019.;[START_REF] Tuia | Perspectives in machine learning for wildlife conservation[END_REF] . We relied on an EfficientNetB3 model [START_REF] Tan | EfficientNet: Rethinking Model Scaling for Convolutional Neural Networks[END_REF] pre-trained on ImageNet (https://www.image-net.org), with resolution 300x300 and developed our ML program using TensorFlow-Keras in Python. We first split the training data set of FME and D notes into an 80/20 partitioning, to obtain a validation data set on which we evaluated the performance of our CNN model. We then estimated the model parameters using an iterative algorithm, stochastic gradient descent, and stopped the estimation when the validation accuracy (i.e., how much the notes in the validation sets are well classified) did not increase and reached a maximum of 98%. This procedure was run on a Titan X GPU. Finally, our ML program was able to return predicted notes (FME or D) with a certainty score (between 50% and 100%).

Extraction of the syntax results

For each recording, we extracted a dataset for which each line was either a note or the silence between two notes. For each note and each silence, we obtained its duration and the percentage of certainty from the machine learning program. Notes assigned with certainty score of < 90% (9.7% of the notes) were independently checked according to their spectrogram by three experimenters (AS and two trained assistants). If at least two out of the three experimenters disagreed with the machine learning program, the note was changed accordingly (1,67% of the notes). In 75% of these cases in which a note was changed, the three experimenters agreed.

From these files, we extracted calls and their composition. To determine the difference between inter-call and intra-call duration, we plotted a histogram of all durations between notes present in the recording. The intra call duration is a small and stable duration with high occurrence in the call sequence. We therefore were able to visually detect the duration threshold between intra and inter call distance by looking at a rapid and clear discrepancy in the distribution. Once we determined our threshold (one per species, ranging from 0.1 to 0.3 sec) we suppressed all silence lines with a duration inferior to that threshold. We then extracted the calls (e. ). The number of notes was inserted as a response variable, with the type of note (FME or D) as explicative variable. We added the identity of the caller a random variable. Since the number of FME and D notes were paired, we also added the call's ID as a random variable.

Simulation of random syntax datasets

The syntactic form FME-D could simply occur from a stochastic process. To determine whether the percentage of FME-D calls we detected in our population could arise from a simple random picking, we simulated calls with a randomized syntax. With these new 'random syntax' datasets, we were able to compare the percentage of FME-D calls compared to our natural datasets.

To this aim, we created datasets with the same sample size than our natural recordings (20 recordings per species and the same number of calls in each recording). We then synthetized each call by first determining the size of the call (i.e., number of notes in the call) by sampling into the length diversity of our species' data. We then determined note composition (FME or D notes) of the call with a probability for each note extracted from the representation in our dataset (e.g., 13%

of FME for P. major, but 53% of FME for P. palustris). In the end, we obtained a new dataset, with the same proportion of FME and D notes than in the natural recordings, the same number of calls, and the same distribution of call size. The only parameter different was that our dataset did not possess any syntactic rule: the position of FME and D notes were completely independent from each other and based only on their relative presence in the population. Having this new randomized dataset mimicking our own dataset, we then calculated the percentage of FME-D calls in each recording, like we did with the natural calls. We then calculated the difference in percentage of FME-D calls with our own data with a Wilcoxon test. We ran 99 additional randomized dataset and each of them was tested against our own dataset with a Wilcoxon test. For each species, we can therefore calculate the percentage of Wilcoxon tests that were statistically significant.

RESULTS

A. Acoustic analyses: Are D notes and FME two consistent categories?

Acoustic measures

In all species, the bandwidth of D notes was larger than the bandwidth of FME (Figure 2A, Table 1). The differences in bandwidth between FME and D notes were large in all species (D notes being a minimum twice as large as FME, Table 1). In all species, FME had higher peak frequencies than D notes (Figure 2B, Table 1). FME were 35% up to 79% higher in frequency than D notes, except for the coal tit with FME being only 10% higher than D notes. We detected a difference in duration between FME and D notes in all species (Figure 2C, Table 1). However, this difference was not in the same direction for all species. For P. caeruleus, P. major, and L. cristatus, the FME were longer than the D notes. For the four other species, the D notes were longer than the FME. B. bicolor produced the longest D notes (0.24 ± 0.08 sec) and L. cristatus the shortest ones (0.04 ± 0.01 sec). The differences in duration between FME and D notes ranged from an increase of 36% for P. palustris up to 238% for B. bicolor. The differences between the modulation of FME and D notes (i.e., the difference between the peak frequency at the beginning of the note versus at the end of the note) strongly varied with the species (Figure 2D). Indeed, for P. palustris and P.

caeruleus, the FME had larger modulation scores than D notes, as we expected (Table 1). In contrast, for P. major, P. ater, L. cristatus and B. bicolor, we found larger modulation scores for D notes than for FME. Finally, for P. carolinensis, we found no differences in modulation between the two notes.

For all species, the modulation scores varied from 0 up to 3000 Hz.

Classification

First, for each species, we clustered the notes into two groups (k = 2) to assess the dichotomy between FME and D notes. The comparison between the clustering method and our original labelling was congruent. Indeed, the percentages of agreement were 100% for P. major, 99.40% for P. caeruleus, 97.53% for L. cristatus, 96.25% for P. carolinensis, and 98.18% for B. bicolor. Hence, for 5 out of 7 species, the algorithm was efficient in separating FME from D notes without a biased prelabelling. The two species with the lower agreement percentages were P. ater with 81.14 % and for P. palustris with 92.42% of agreement. When clustering the data with the most efficient number of clusters (varying from 5 to 10 depending on the species), we did not modify the scores of the first five species but increased the scores of P. ater (89.90%) and P. palustris (98.20%). By increasing k, we allowed the creation of separated clusters inside FME and D notes. These clusters reflect both the variation in FME and D notes in each species (e.g., in Fig. 1B, the first and last FME of P. ater have different acoustic properties), but also the variation of quality of our recordings. We therefore do not analyse in detail these clusters.

B. Syntax

For five out of seven species, the most common calls were repetitions of D notes. When looking at syntax in a more restrictive sense (i.e., association of different elements and not only repetition of a single element), we found that the FME-D syntax was more common than any other syntax (D-FME calls or more complex associations) in six out of seven species (Table 2). Indeed, the average percentage of FME-D calls ranged from 23% to 67%, except for P. ater with only 6%

of FME-D calls. In contrast, the percentage of D-FME calls never exceeded 2% and such calls are completely absent in four species. Other syntactic forms (e.g., FME-D-FME-FME-FME-D, or D-D-D-FME-D) never reached more than 6% (Table 2).

When comparing the FME-D percentages between our natural data and the simulated ones, we show that for P. major, P. carolinensis, P. caeruleus, L. cristatus and P. palustris, the FME-D calls were produced more than chance (Figure 3). Indeed, 100% of the Wilcoxon tests were statistically significant for P. major, P. carolinensis and P. palustris, 99% for L. cristatus and 97% for P. caeruleus. In 2).

None of the seven species studied produced one typical FME-D call. On the contrary, all species produced FME-D calls with variable number of repetitions of FME and D notes (Figure 4). All species except the tufted titmouse produced a higher number of D notes than FME in their FME-D calls (Table 3). Indeed, the number of FME rarely exceeded five in six out of seven species except for the Carolina chickadee (calls up to ten FME). The blue tit and the Carolina chickadee both used a large range of number of D notes (up to 33 notes in the blue tit), while the other species produced calls between one and fifteen D notes maximum per call.

Table 1. Acoustic differences between FME and D notes for each species extracted from generalized linear mixed models. A negative binomial distribution was used for Bandwidth, Peak frequency, and Modulation. A Poisson distribution was used for Duration. SE = standard error.

Table 2. Description of the percentage of different type of calls produced when mobbing by the seven species of Parids analysed. For each variable, we give mean and standard deviation. In the last line, the two most common calls are given, with their percentages of presence. 

DISCUSSION

In the seven species of Parids we recorded, the dichotomy between FME and D notes was present, especially regarding bandwidth and peak frequency. Looking at the syntax, FME-D calls were present more than chance in five out of seven species. One species, the coal tit, stands out by using different coding strategies, both at the acoustic scale and syntactic scale.

Peak frequency and bandwidth were two efficient ways to distinguish FME from D notes, in line with the description proposed in the literature (Hailman, 1989). In contrast, modulation was not always present in FME, since various species produce pure tones without any frequency variation. The term frequency-modulated-elements proposed in some recent papers could therefore be misleading. Given the major differences in FME properties, we advocate for a more neutral term such as F & D notes for practical and easy labelling. Similarly, duration was not a useful tool to differentiate F from D notes, and a large variation in that duration happened inside both F and D notes. In most species, the congruence between our classification and a nonsupervised classification was very high (> 95%). However, two species had lower agreement percentages: the marsh tit and the coal tit.

For the marsh tit, the lowest congruence between our classification and the non-supervised method can be explained by the presence of a specific F note. This note begins at high frequencies (~8000 Hz) and steeply decreases down to ~3500 Hz, with most of the energy below 5000 Hz (e.g., last F note in Figure 1). Consequently, the peak frequency is lower and mean bandwidth higher than in other notes. Indeed, when increasing the number of clusters, we found one cluster in which most of these notes were present. For the coal tit, the low congruence between the clustering method and our prior classification does not stand from a specific note but rather in the strong variation of the acoustic properties of their notes. Indeed, several notes had mixed properties, for example beginning as a pure note and then ending with broadband frequency (examples in Sup.Mat.2). Even when increasing the number of clusters, we still detected some clusters with F and D notes mixed (e.g., short D notes were clustered with short F notes having complex modulation patterns). The differentiation between F and D notes is therefore probably more gradual than dichotomic. This is congruent with Figure 2B showing that the difference in peak frequency for F and D notes in the coal tit was not as strong as for the other species, emphasizing a lower differentiation between F and D notes in this species. Hailman (1989), when describing calls of the coal tit, even suggested that the 'low frequency notes' (here, D notes) were absent in the coal tit. While we show the acoustic properties of F and D notes are different in the coal tit, we also show that the differentiation is not that clear cut and that the difference between F and D notes is not as strong as in other species.

In most species, the majority of calls were repetition of a single D or F notes. However, we find that for five out of seven species, the F-D syntax occurs more than chance and more than any kind of other syntax. We therefore confirm that the F-D call, and more generally the syntactic organization of calls, should be considered in future studies investigating coding strategies in Parids, in addition to the variation in repetition or acoustic characteristic variation (Kershenbaum et al., 2016). Indeed, one recent study proposed that the great tit process both the syntactic layer and the repetition layer when responding to conspecific mobbing calls (Salis et al., 2022). This association of vigilance and recruitment call may be not specific to the Parids, as it seems that southern pied babblers Turdoides bicolor also produce a call similar in organization (combination of an alert and a recruitment call, Engesser et al., 2016). Interestingly, for all species, the reversed call D-F was almost never produced. This may be in line with the masking hypothesis proposed by Dutour et al. (2020): the D-F call may be counter selected since broadband notes may perceptually mask the following notes when produced at the beginning of the call.

Another striking result is how variable the percentage of F-D calls were in almost all species.

For example, in the great tit, F-D calls could be completely absent or to the contrary represent the totality of the calls produced. In addition, the number of F and D notes inside F-D calls varied a lot, with a greater number of D notes in most species. This result is congruent with previous studies

showing that the number of D notes per call is used as a coding mechanism for urgency in Parids (e.g., Kalb et al., 2019;[START_REF] Soard | Chick-a-dee' calls of Carolina chickadees convey information about degree of threat posed by avian predators[END_REF]Templeton et al., 2005). Overall, these variations show that birds' call production is far from static and probably vary with factors we did not control in our study. For example, the bird community could have impacted our focal bird' acoustic production. Indeed, Carolina chickadee and tufted titmice modify their call production when facing social groups of different size and constitution (Coppinger et al., 2020). Specifically, for the tufted titmice, testing whether the F-D calls were produced only when the focal bird was surrounded by an heterospecific producing such a call (typically, the Carolina chickadee) should be explored. This inconstant use of the F-D syntax may show that some bird species do not only mimic other species calls (Wheatcroft & Price, 2013), but also their syntax. Alternatively, the difference in F-D proportion may be a way of coding some additional information for the birds. For example, an increased F-D proportion may indicate a stronger threat. Here, all birds heard the same stimulus, but we could not control for perceived predation pressure in their territory nor for their personality trait, both factors impacting birds' call production [START_REF] Abbey-Lee | Immediate and carry-over effects of perceived predation risk on communication behavior in wild birds[END_REF]Amy et al., 2010).

Finally, while we show that for most species, the F-D call syntax is present in mobbing situations, we do not show that the F-D call is specific to that situation. Indeed, at least for the Carolina chickadee, the F-D call is used in several contexts such as aggression and food searching (Freeberg & Lucas, 2002). The degree of specificity of F-D calls to a mobbing situation may very much differ from one species to another and should be explored to properly discuss the potential referentiality of such calls.

Finally, as with the acoustic analyses, the coal tit's syntax stands out from the other species.

While most species produced calls with a strong intra versus inter call difference, the coal tit produced mostly isolated notes with variable distances between notes. The F-D syntax, D-F syntax, or any other type of syntax appeared by chance rather than by a specific rule like the other species.

Consequently, while the call production of the great tit, blue tit, crested tit, marsh tit and Carolina chickadee are similar and alike the semantic compositionality proposed by Engesser and Townsend (i.e., two different calls with specific meaning clustered together in a fixed order, 2019), the call production of the coal tit is probably different. We can hypothesize that the order is less important than the proportion of each note in the sequence (i.e., stochastic structures), as in black-fronted titi monkeys Callicebus nigrifrons [START_REF] Cäsar | Titi monkey call sequences vary with predator location and type[END_REF]. Alternatively, the use of different call type can indicate conflict in different states of the caller (i.e., intermediate structures, Engesser & Townsend, 2019). While we did not quantify this in our study, the coal tit also appears to use a bigger number of different F notes than the other species (Carlson et al., 2017). The various combinations, rhythms and notes found in the coal tit's utterances probably indicates that this species uses a completely different system to mob predators. In spite of this specific acoustic organization, this species is central in mobbing choruses, even approaching the definition of community informant (Carlson et al., 2020). Investigating its coding and decoding strategies may shed light onto the mechanisms implicated in heterospecific communication, in particular when mobbing a predator.

To conclude, the dichotomy between F and D notes is present in all the species studied and mostly efficiently done with only two parameters: peak frequency and bandwidth. Five out of seven species used F-D call more than by chance and more than any other type of syntax, showing that this way of studying Parids' calls may be a useful paradigm for future studies. We however show that the use of F-D calls is extremely variable and probably dependent on other factors than the stimulus. Finally, we show that at least one species of Parids, the coal tit, is different both in acoustical and syntactical production. All these results properly set a basis of analysis of Parids' syntax and open the way for future studies. Duty cycle (ratio time with calls / total time of the recording) 0,19 ± 0,08 0,24 ± 0,10 0,34 ± 0,15 0,22 ± 0,7 0,28 ±0,07 0,18 ± 0,10 0,34 ± 0,15

INTRODUCTION

Animal communication is one of the most prolific subjects in animal behaviour studies (Bradbury & Vehrencamp 2011), with one major question being the extent to which we can compare it to human language. Some defining characteristics of human language are classically presented as intentionality, referentiality, vocal learning, and syntax [START_REF] Hauser | The Faculty of Language: What Is It, Who Has It, and How Did It Evolve?[END_REF]. Numerous comparative studies conducted in animal systems have focused on the first three criteria -intentionality [START_REF] Seyfarth | Signalers and Receivers in Animal Communication[END_REF][START_REF] Graham | Scratching beneath the surface: intentionality in great ape signal production[END_REF] (Searcy 2019). In contrast, the presence of analogous traits in distant species suggests convergence: the independent rise of the same evolutionary strategy (Searcy 2019). Birds are one great example of distant taxa possessing characteristics similar to human language, especially regarding complex combinatorial rules (i.e., a set of principles by which meaning-bearing units can be combined into well-formed complexes, Zuberbühler 2019a).

However, previous findings have focused on sequences lacking direct semantic content, with many combinatorial forms being phonocoding (i.e., sound combinations whose individual parts do not possess proper meaning, Engesser & Townsend 2019). Numerous examples of such combinatorial rules can be found in bird songs. For instance, while information about male quality is extracted from the global song, the individual syllables that make up the song do not carry specific information [START_REF] Catchpole | Bird song: Themes and variations[END_REF].

Recently, studies have begun to discover various forms of semantic combinatoriality in animals, with some recent research focusing on compositional syntax (Engesser & Townsend 2019, Suzuki et al. 2019b, Zuberbühler 2019b). This is observed when, in opposition to phonocoding, the meaning of the whole depends on the meanings of the component parts, and the way they are organized [START_REF] Hurford | The linguistic theory of numerals[END_REF]. Cases where animals use such compositional structuring have been reported in birds when mobbing predators (Engesser et al. 2016, Suzuki et al. 2016, Suzuki et al. 2017).

Mobbing -when a prey moves towards and harasses a predator to chase it away (Carlson et al. 2018) -is a suitable behaviour to study compositional syntax. Indeed, prey produce calls to recruit mobbers from a variety of species (Hurd 1996, Randler & Vollmer 2013, Dutour et al. 2016).

In such risky situations [START_REF] Curio | Predator harassment implies a real deadly risk: A reply to Hennessy[END_REF], where callers and receivers have a level of shared interest, and communication should be clear and unambiguous to co-ordinate a response that combines several behaviours, it has been suggested that compositional syntax could emerge (Griesser et al. 2018). Experimental studies in the Japanese Tit Parus minor provide the strongest case of compositional syntax to date (Suzuki et al. 2016, Suzuki et al. 2017, but see also Engesser et al. 2016 on Southern Pied Babblers Turdoides bicolor). Indeed, Suzuki and colleagues demonstrated that the mobbing sequences of Japanese Tits are made through the concatenation of two types of notes -Frequency modulated elements (FME) and D notes (FME-D calls), respectively triggering a vigilance and an approach behaviour -and that order has importance (Suzuki et al. 2016). Debates about these results have been profuse (Bolhuis et al. 2018a, 2018b, Suzuki et al. 2018, Townsend et al. 2018), and there is a need for broader data on potential compositionality in birds.

Dutour et al. (2019b) replicated the same experiment on a French population of Great Tits

Parus major, during the breeding season. This species is the closest relative of the Japanese Tit [START_REF] Päckert | The great tit (Parus major) -a misclassified ring species[END_REF], Johansson et al. 2013) and produces similarly structured mobbing calls (FME-D calls, Fig. 1). For both species, the FME motif appears to be used in vigilance situations and serves as an alarm signal to which receivers respond by scanning for danger (Suzuki et al. 2016[START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF]). The D notes are produced within foraging flocks and by nest mates to recruit social partners and elicit an approach by receivers (recruitment calls, Suzuki et al. 2016[START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF]). Therefore, these acoustically distinct calls fulfil the first characteristic of compositionality (i.e., each different part has meaning when produced in isolation). In addition, Great Tits showed excitement signs (wing flicking and body swinging) only toward the combined FME-D calls, and never toward the isolated parts, indicating a meaning more complex than the simple sum of the isolated parts (Salis et al. 2020). The second characteristic of compositional structuring reflects the importance of organization, tested through measuring the Great Tits' response when the sequence is reversed (D-FME, demonstrated in the Japanese Tit, Suzuki et al. 2016). Here however, almost as many Great Tits approached the speaker to natural sequence (FME-D) than to reversed sequence (D-FME, [START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF]. Therefore, the conclusion on syntax use in Great Tits suggested it may not be as clear-cut as for the Japanese Tit and may globally weaken a generalization of syntax results to other species in the genus.

One crucial distinction between the studies of Japanese Tits and Great Tits, however, is that the response of Japanese Tits to the inverted sequence was tested during the non-breeding season in winter flocks (Suzuki et al. 2016), while these tests were done in a reproductive context at the onset of the breeding season for the Great Tits [START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF]). The behaviour of Parids is known to vary markedly between seasons. When breeding, they show enhanced individual territoriality and aggressive behaviour [START_REF] Shedd | Seasonal Variation in Mobbing Intensity in the Black-Capped Chickadee[END_REF], Krams and Krama 2002, Samplonius 2018). In contrast, they join other individuals and form flocks in winter (Hinde 1952[START_REF] Marra | A call for full annual cycle research in animal ecology[END_REF]. In addition, Great tits approached more heterospecific calls in winter than in the breeding season (Dutour et al. 2019a). The attention paid to the same auditory stimuli therefore seems to be dependent on the reproductive state of the birds. We can hypothesize that increased aggressiveness toward intruders in spring may directly affect the behavioural response recorded during syntax-related studies (i.e., approach and scanning, Suzuki et al. 2016). In addition, sensibility to conspecific D notes may increase in spring, as pairs use them frequently, and fledglings use similar notes when calling their parents (M.D. pers.obs). In the same way, an increased response toward heterospecific calls (even towards unknown ones, Dutour et al. 2017b) in winter potentially indicates an increased attention towards new calls. As a consequence, different biological conclusions could result from the same experiment done in different parts of the life cycle, even if the general syntax-processing ability of the bird remain the same. On a more global scale, determining whether context can impact conclusions on syntax use in Great Tits could be of value in influencing future studies investigating complex language features in animals.

Here, we used field playback experiments to examine whether season has an impact on sensitivity to syntax reversion in Great Tits, allowing us to understand the differences found in the two studies investigating the use of syntax in the family Paridae. Specifically, we recorded the behavioural response of Great tits to either naturally ordered calls, reversed calls, or to a control (background noise) in two seasons: in spring, when territoriality is increased, compared to winter, when individuals join other species in flocks.

METHODS

Study sites and experimental design

Data The ecological context of the two seasons is different. In spring, Great Tits invest mainly in breeding (i.e., defending a territory, building a nest, rearing a brood of nestlings, [START_REF] Cramp | Handbook of the birds of Europe the middle east and north Africa Vol. 7: Flycatchers to shrikes[END_REF].

The defence of the nest against any intruder is intense and well documented (Hinde 1952, Hollander et al. 2008). As winter arrives, Great Tits join small conspecific groups and often heterospecific flocks (Carlson et al. 2020). Even if some dominance relationship remains [START_REF] Oberski | Territoriality and site-related dominance: on two related concepts in avian social organization[END_REF], flocks can combine, and space is divided into undefended overlapping home ranges rather than discrete territories [START_REF] Ekman | Ecology of Non-Breeding Social Systems of Parus[END_REF]. Flocks are thought to be an efficient behavioural response toward predator and foraging pressures being different in winter (Sridhar et al. 2009). Indeed, increased food storage to counteract the loss of food supply increases predation risk (increase of body mass being negatively correlated with manoeuvrability, [START_REF] Gosler | Predation risk and the cost of being fat[END_REF], while a decrease in individual territory defence whilst not breeding allows birds to gather without strong competition [START_REF] Morse | Ecological Aspects of Some Mixed-Species Foraging Flocks of Birds[END_REF].

In order to examine whether the response of Great Tits was dependent upon season, we conducted three playback types. First, we examined whether tits hearing the combined motifs in the natural order (FME-D calls, natural mobbing call sequence) displayed a combination of the behaviours classically monitored in mobbing studies (approach and scan, see below for more details), and we tested whether this was also the case when the combined motifs were presented in the reverse order (D-FME calls, artificially reversed mobbing call sequence). Finally, we also performed control tests for which the playback contained only background noise (hereafter referred as BN tests). We conducted these tests on 120 adult Great Tits (20 individuals for each call sequence, at two different seasons). 2) approach within 15 m of the loudspeaker (Dutour et al. 2017b).

Field test procedure

Scanning for threats is a stereotyped agitation behaviour [START_REF] Curio | The functional organization of anti-predator behaviour in the pied flycatcher: a study of avian visual perception[END_REF](Curio , 1978) ) commonly measured in studies of mobbing response of tits (e.g., Suzuki et al. 2016, Carlson et al. 2017, Suzuki et al. 2017). Both dense vegetation and the small size of these passerine birds prevented a detailed measurement of scanning behaviour using video-recording. These behaviours were thus directly counted an observer using binoculars and reported on a digital audio recorder. To minimize the measurement errors and to make scanning as objective a behaviour as is possible, we considered an individual to scan only if the head movements of the bird from right to left or left to right were obvious. These methods were unable to completely eliminate the potential for unconscious observer bias and we acknowledge that future studies using similar techniques should ideally employ fully blinded designs.

All trials were conducted between 06:00 and 13:00 h during calm and dry weather. On average 10 tests were done each day. Selection of all focal animals was based on location, ensuring successively tested animals were always separated by more than 100 m to minimize pseudoreplication risk and ensure that tested birds had not heard a previous test, given that the active space of a sound emitted at 80 dBA with a 46 dB background noise level was less than 100 m [START_REF] Brenowitz | The active space of red winged blackbird song[END_REF][START_REF] Lengagne | The effects of rain on acoustic communication: tawny owls have good reason for calling less in wet weather[END_REF].

In addition, we never returned to the same forest path, the size of the research area was large (i.e.

~ 43 km²), and population density in this area is high (M.D. unpubl. data). No bird was seen following us. Hence, although birds were not individually ringed, the probability of testing the same individual twice was low and we are confident that our observations were performed on different individuals.

Playback stimuli and materials

We used mobbing calls produced by three Great Tits, previously recorded in response to intraspecific mobbing calls (Dutour et al. 2017b) (Kalb & Randler 2019). We also constructed 20 control soundtracks using sections where no birds were calling in the same recordings as natural mobbing calls (BN). In order to avoid pseudoreplication (Kroodsma et al. 1989), each soundtrack was played back only once.

Statistical analysis

All analyses were carried out in R Studio 1.2.5033 (R core development team 2018) using generalized linear mixed models (GLMM, glmer package lme4). Because the same soundtracks were used in both seasons, soundtrack ID was included as a random effect. To analyse the number of horizontal scans, we used a Poisson error distribution, and a log-link function as no overdispersion was detected (overdisp.glmer, package RVAideMemoire). We also included the actual time that the bird had been seen during the one-minute trial as offset (57.48 ± 6.36 sec, mean ± sd) and discarded three individuals (all in the spring-natural order call sequence) for which the time was under 20 sec (i.e., sample size for each treatment is 20, except for the spring-natural call sequences with n = 17). Approaching behaviour (approaching vs. not approaching, where 1 = response, 0 = no response) was analysed using a binomial distribution for the error term.

For both behavioural variables, the same three steps of analysis were carried out: (1) we first ran a model with the three treatments (BN, Natural, and Reverse) at each season. We then extracted the estimated marginal means and pairwise comparisons with related effect sizes (package emmeans, function emmeans, and package multcomp, function multcomp::cld). We only focused on five comparisons: in each season, the BN treatment versus the two other treatments, and the difference between the BN treatment in spring and in winter. We therefore used Bonferroni correction with alpha = 0.05/5 = 0.01. ( 2) Secondly, we discarded the BN tests and ran a model only with Natural and Reversed treatments in order to test the significance of the interaction term (Season* Treatment, Anova function, package car). This term indicates whether the difference between the two treatments is different between seasons. ( 3) Finally, we reported the effect sizes of the difference between Natural and Reversed treatments for the two seasons (two comparisons: α= 0.025). The pairwise comparisons and the related effect sizes of the differences were assessed using odds ratio (hereafter OR, odds.ratio, package questionr) for the approach behaviour, and with the exponential effect size for the scanning behaviour (package emmeans and multcompview).

Finally, we also verified that approaching behaviour was not correlated to scanning behaviour using

Wilcoxon tests for each season and each playback type. As revealed by these analyses, no association between these two behaviours was detected (all P > 0.05).

RESULTS

Scanning Behaviour

In both seasons, Great Tits scanned less toward the control treatment (BN = background noise) than toward the two other call sequences (all P < 0.001, Fig. 2, Table 1a), except for the reversed call sequences in spring (P = 0.89, Table 1a). There was no significant difference in scan number between seasons for BN soundtracks (P = 0.03, α = 0.01, Table 1a).

The interaction between treatment and season was statistically significant when the control tests were discarded (Table 1b), with a substantially larger difference between acoustic treatments in spring than in winter. Indeed, Great Tits produced 2.29 more scans toward natural calls than toward reversed calls in spring (Table 1c, Fig. 2), while there was no such difference between treatments in winter (ratio of 1.3, Table 1c, Fig. 2). The treatment term was also statistically significant, indicating an overall reduced response to reversed calls (P < 0.001, Table 1b).

Approaching behaviour

Respectively 50% and 65% of Great Tits approached natural calls in spring and winter. In contrast, only 5% of Great tits in spring, and none of them in winter, approached toward the controls (Fig 3). The difference between natural calls and controls was statistically significant in both seasons (Table 1a). In contrast, no statically significant difference in probability of approach was detected between reversed calls and controls (35% in spring, 25% in winter, Fig 3,Table 1a). There was almost no approach exhibited to control playbacks and so the difference between controls in spring and in winter was not significant (P = 0.49, Table 1a).

The interaction between treatment and season was not statistically significant in our model (P = 0.25, Fig 3,Table 1b), but the treatment term was statistically significant (more approach to the natural treatment, P = 0.02, Fig 3). Nonetheless, even though no interaction was detected, we found a statistically significant difference between reversed and natural playback in winter (OR = 5.57, Table 1c), but not in spring (OR = 1.86), indicating that Great Tits reduced their response toward reversed calls in winter, but approached both treatments similarly in spring.

DISCUSSION

Great Tits reduced their overall behavioural response toward reversed calls compared to natural ones. However, season affected the strength of that effect. Great Tits strongly reduced their scanning behaviour when hearing reversed calls compared to natural calls in spring, but such a reduction was not statistically significant in winter. In contrast, for the approach behaviour, the difference between natural and reversed call sequences was statistically significant in winter, but not in spring. The compositional syntax hypothesis requires a decrease in behavioural responses (i.e., scanning and approaching) toward reversed call sequences. Here, we demonstrate that testing birds in different seasons would have resulted in different biological conclusions about syntax-use ability in tits.

For the approach behaviour, the difference between natural and reversed calls was significant in winter, but not in spring. Importantly however, the interaction in our model was not statistically significant. This may be due to the response variable being binary, thus limiting power to detect effects with the available sample sizes. Nonetheless, the fact that this difference was strong in spring but not in winter is some evidence of an effect of season on the response to different treatments by Great Tits. The absence of variation in the probability of approach in spring is consistent with the results of [START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF] in which the same protocol was used, and could therefore explain the difference with the study of Suzuki et al. (2016), in which birds were tested in winter. These results therefore suggest that season does affect Great Tit behavioural responses to natural and reversed playback.

Seasonal effects on responses to different syntactic forms has previously been demonstrated in birds. For example, a similar result was found by [START_REF] Clucas | Chick-a-Dee Call Syntax, Social Context, and Season Affect Vocal Responses of Carolina Chickadees (Poecile Carolinensis)[END_REF] investigating the vocal response of Carolina chickadees Poecile carolinensis when confronted with familiar (AAADDD) and unfamiliar order calls (ADADAD): birds discriminated the familiar from the unfamiliar calls in winter, but not in summer. Both Carolina Chickadees and Great Tits live in mixed species flocks during winter (Hinde 1952), which are thought to increase both foraging efficiency and defence against predators (Sridhar et al. 2009). Vigilance toward heterospecific and potentially unfamiliar calls may therefore increase in winter, as contact with heterospecifics with respect to food and alarm calls is common [START_REF] Morse | Ecological Aspects of Some Mixed-Species Foraging Flocks of Birds[END_REF], Clay et al. 2012). Corroborating this hypothesis, Great Tits increased their response toward heterospecifics in winter compared to spring (Dutour et al. 2019a). We can therefore hypothesize that in winter, birds are highly vigilant and more efficient in discriminating unfamiliar calls, consequently leading to high scanning behaviour and low approach behaviour toward artificial sequences. In contrast, during the breeding season, the response of Great Tits is probably linked to strong competition and reproductive investment expressed through increased aggression [START_REF] Wingfield | Testosterone and Aggressive Behaviour during the Reproductive Cycle of Male Birds[END_REF]. This leads to a more risk prone behaviour: approaching toward any calls similar to recruitment calls (i.e., calls with D notes, Kalb et al. 2019) without necessarily scanning. Further research is clearly required to test this hypothesis and to understand why the response to reversed ordering of the mobbing call sequence varies according to the season. In particular, comparisons of the response to the isolated recruitment call (FME notes) and alarm call (D notes) according to the season is still lacking. Such experimental analysis is required to fully appreciate the underlying reason for scanning and approaching behaviours varying according to the season. Moreover, testing such a hypothesis could help understand whether during the breeding season, Great Tits are indeed more sensitive to recruitment calls, irrespective of the syntactic form.

Our findings reveal that in spring, we could not conclude that Great Tits reduced their approach behaviour when hearing reversed calls. On the opposite, the reduced scanning response was statistically significant in spring, but not in winter. Consequently, the same experiment done in different seasons would not have led to the same biological conclusions. Indeed, approaching and scanning more toward natural mobbing call sequences than toward reversed call sequences is an essential prerequisite for compositional syntax in birds (Suzuki et al. 2016). Concluding whether Great Tits do truly use syntax is consequently difficult: it is unlikely that high mental ability such as syntax use vary with the seasons; but we show that the external proof of it (the bird's behaviour)

does. This may reflect a change of priorities in birds between seasons (heterospecific co-operation in winter versus high territorial defence in spring). In fact, such a problem may be common in language-related studies of animal behaviour [START_REF] Graham | Scratching beneath the surface: intentionality in great ape signal production[END_REF]. For example, deciphering whether chimpanzees Pan troglodytes possess a zero or second order intentionality level (i.e., when the sender does or does not intend to signal and attribute mental state to the receiver; Townsend et al. 2017) is dependent on aspects of predator stimuli [START_REF] Crockford | Wild Chimpanzees Inform Ignorant Group Members of Danger[END_REF][START_REF] Schel | Chimpanzee Alarm Call Production Meets Key Criteria for Intentionality[END_REF][START_REF] Graham | Scratching beneath the surface: intentionality in great ape signal production[END_REF].

Even if the effect sizes of the differences varied between the two seasons, we found an overall reduced response in both scanning and approaching behaviours in response to the reversed mobbing calls. This is consistent with previous studies of bird syntax (Suzuki et al. 2016, 2017[START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF]. Discussion of whether this reduced response does support the presence of compositional syntax in birds has been intense (see Bolhuis et al. 2018a, 2018b, Suzuki et al. 2018).

Indeed, active use of compositional syntax by birds or simpler mechanisms such as the masking hypothesis (D notes put in the first place acoustically hiding the FME notes, [START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF], Dutour et al. 2020) are still to be tested. We advocate for the monitoring of other fine behavioural cues such as wing flicking, tail flit or calling in order to provide a more reliable overview of the bird's internal state, [START_REF] Cully | Comparative Mobbing Behavior of Scrub and Mexican Jays[END_REF], Carlson et al. 2017, Salis et al. 2020). Other lines of inquiry, for example in neurobiology, may complete field data and allow a broader view of birds' abilities [START_REF] Marler | Bird Calls: Their Potential for Behavioral Neurobiology[END_REF]. Experiments on Black-capped Chickadees Poecile atricapillus brains have shown, for example, that the neural response (i.e., protein expression important for processing and categorizing conspecific vocalizations) increased with the level of threat conveyed in the calls [START_REF] Avey | Neural Correlates of Threat Perception: Neural Equivalence of Conspecific and Heterospecific Mobbing Calls Is Learned[END_REF]. Consequently, going one step further by studying neural responses to different syntactic forms and thus, the neural mechanisms underlying the production and perception of call combinations could be investigated (Suzuki et al. 2019a).

In conclusion, context can affect the behavioural cues used to assess syntax understanding by Great Tits, and thus affect biological conclusions about syntax use in this species. Thorough work on the impact of context on animal behaviour could turn out to be of critical importance and directly impact future studies investigating high cognitive processing in non-human animals. 1.
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8. or the number of calls per minute on the behaviour of great tits with a playback experiment on free-ranging tits. Great tits did not change their approach behaviour depending on the treatments broadcast. However, they increased their vigilance level with an increased number of D notes in the total sequence. We propose that great tits can consider the overall amount of D notes as a form of information about the predator being mobbed. In addition, an increased number of D notes did not modify the approach behaviour but modified the vigilance behaviour, possibly indicating that great tits process the complete FME-D call as a whole mobbing unit rather than the simple sum of a vigilance call (FME) and a recruitment call (D notes). Our study enlightens the coding system of great tits when mobbing a predator and more generally how animals can combine simple syntactic rules and gradual variations when communicating.

Significance Statement

Information transfer when communicating about a predator is well described, particularly when mobbing a predator. However, it is unclear which specific variable(s) receivers rely on when adapting their response. Here, we test whether great tits adapt their response when the number of calls per minute and/or the number of notes per call is increased. Our results indicate that great tits rely on the overall number of notes in a calling sequence as a proxy for urgency. We also propose that the combinatorial call they use when mobbing is considered as a whole rather than the simple sum of its constituents. Understanding how information transfer occurs in birds using combinatorial calls instead of simple note repetition adds to the current insights about compositional syntax in animals.
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INTRODUCTION

When facing a threat, acoustic communication is one efficient way to increase the probability of prey's surviving and is indeed extremely common in various taxa (Caro 2005;Carlson et al. 2018). The advantages of alarm calling are present for receivers (lower risk of being attacked both on short and medium time scales, Magrath et al. 2015) and for emitters (general flock advantages, e.g., dilution and confusion effects, Sridhar et al. 2009;Magrath et al. 2015). One strategy consists of mobbing the predator by approaching, displaying stereotypic aggressive behaviour, and calling (Carlson et al. 2018). Such behaviour is thought to increase the displacement of the predator to another location, hence decreasing the chance for the predator to hunt in the area (the move-on hypothesis, Curio 1978). In this situation, and particularly in birds, the calls produced are directed towards the predator but also have a recruitment function of both conspecifics and heterospecifics (Carlson et al. 2018).

The acoustic characteristics of these calls have been the subject of several studies (Templeton et al. 2005;Courter and Ritchison 2010;Carlson et al. 2017), as much as the response of both conspecifics and heterospecifics to these call variants (Templeton and Greene 2007;Kalb and Randler 2019). Two types of variation are classically opposed: discrete variation in calls and gradual variation. In the first situation, different calls (i.e., vocal variants easily distinguishable from each other) are produced when facing different conditions. In the second situation, the same call is produced but with gradual differences, either in its individual property (e.g., longer length, higher fundamental frequency) or in its temporal property (higher number of repetitions of the same call).

Both discrete and gradual variations have been evidenced in Parids: while the Japanese tit (Parus minor) uses 'jar' calls towards snakes and 'chicka' calls towards crows and martens [START_REF] Suzuki | Communication about predator type by a bird using discrete, graded and combinatorial variation in alarm calls[END_REF], several other species gradually modify their calls when facing predators of different threats (Templeton et al. 2005;Carlson et al. 2017;Kalb et al. 2019a).

Some species, such as the great tit (Parus major), seem to use both discrete and gradual variation to convey information. Indeed, this species produces a mobbing call made of two parts:

first, a few frequency-modulated elements (FMEs) triggering vigilance in conspecifics, which are then followed by a string of broadband frequency notes ("D notes", following the Hailman et al. 1985) triggering approach (Fig. 1, Suzuki et al. 2016;Dutour et al. 2019). Only the complete call (i.e., FME-D) triggers a mobbing behaviour (Salis et al. 2021a), while the isolated FMEs and D notes trigger incomplete responses (respectively only scanning or only approaching, Dutour et al. 2019). Given that D notes represent 85% of the notes produced in a mobbing context (Kalb et al. 2019b), studies have focused on whether gradual variation in the D notes could transmit specific information to receivers. Indeed, several variables were modified when the great tit faced different models of predators: the space between D notes, the number of D notes, the number of calls, and the length of D notes (although differences occur between populations, Carlson et al. 2017;Kalb et al. 2019a). An increase in the number of D notes per call and the number of call repetitions have also been detected in the black-capped chickadee (Parus atricapillus, Templeton et al. 2005), supporting the hypothesis that a higher number of D notes informs about a higher threat. Indeed, when facing calls formerly recorded from great tits facing more dangerous predators, receivers behaved more intensely (Kalb and Randler 2019).

One challenge in communication studies is to understand which specific gradual information is salient to the receivers. For example, as stated above, increasing threat increases different acoustic variables, and little is known about which of these variables is processed by receivers to assess the urgency level. Receivers can rely on several cues, and if these cues are always correlated, this correlation may indicate redundancy in the signal. Redundancy may be fundamental when the medium strongly degrades the signal (Bradbury and Vehrencamp 2011). Such redundancy has been found by Ellis (2008), who studied the effect of call rate and number of elements per call on the mobbing response of white-throated magpie jays (Calocitta formosa). On a more global scale, investigating how receivers of different species process different acoustic cues may provide insight into phylogenetically shared mechanisms implicated in communication. For example, nonlinearities in calls (deterministic chaos, subharmonics, and other nontonal characteristics that can give vocalizations a rough, noisy sound quality, Liuni et al. 2020) seem to be recognized by numerous phylogenetically distant species as signs of arousal and negative emotion (e.g. Blumstein and Récapet 2009). Studies investigating how receivers process specific acoustic cues are therefore needed. Here, we use a factorial design to test the relative effect of the number of D notes per call and the number of call repetitions per minute (hereafter designed as call rate). We tested freeranging great tits with a playback experiment and recorded their complete mobbing response (Suzuki et al. 2016, Dutour et al. 2019): scanning the environment (vigilance behaviour) and approaching the loudspeaker. However, given recent insights about potential combinatorial processing in the great tit, two hypotheses can be proposed. In the first scenario, great tits process the FME-D call as a mobbing call and therefore increase their complete behavioural response when the variables of interest are increased. In this scenario, we expect both the vigilance and the approach behaviour to increase with either an increase of D notes per call and/or an increase of call rate. Alternatively, a second scenario can be proposed: great tits could process the FME-D call only as the sum of a vigilance (FME) and a recruitment call (D notes). In this scenario, D notes were associated only with an approach and not vigilance when produced alone (Dutour et al. 2019);

an increase in D notes could impact only the approach behaviour and not the vigilance behaviour.

Consequently, although our experiment first and foremost aims at testing which cues great tits rely on when responding to callers, it also indirectly informs us about compositional processing in the great tit.

METHODS

General methods

The behaviour of free-ranging great tits was recorded when hearing different soundtracks.

We built a fully factorial design by creating soundtracks of FME-D call sequences for which either 94 the number of D notes per call or the call rate could vary, as described in Table 1. The behaviour of birds was recorded while hearing 4 different treatments: soundtracks with a High call rate and a

High number of D notes per call (HCR-HD treatment, Table 1), a Low call rate and a High number of D notes (LCR-HD treatment), a High call rate and a Low number of D notes (HCR-LD treatment), and finally a Low call rate and a Low number of D notes (LCR-LD treatment). In the HCR-HD treatment and HCR-LD treatment, the amount of FME was the same (60), and in the LCR-HD and LCR-LD treatments, the FME amount was also equal (30). The total number of D notes was the highest in the HCR-HD treatment (300), intermediate in the HCR-LD and LCR-HD treatments (120 and 150), and lowest in the LCR-LD treatment (60). We also tested great tits with a control soundtrack consisting of the song of a noncompetitive heterospecific, the common chaffinch (Fringilla coelebs).

Preparation of call sequences

For each treatment, we tested 20 free-ranging birds. To avoid pseudoreplication (Kroodsma 1989), each bird was tested with a different soundtrack. We therefore selected 20 oneminute-long soundtracks from 20 different individuals (great tits producing mobbing calls) and then artificially modified the call rate and number of D notes per call to create our four different treatments (HCR-HD, HCR-LD, LCR-LD, LCR-HD). In the end, we obtained 80 different soundtracks originating from 20 different individuals. Our call sequences of great tits were built using mobbing calls obtained from the XenoCanto online database (www.xeno-canto.org), selected with A or B quality and under the denomination 'Alarm call'. The recordings were all FME-D sequences as described in Dutour et al. (2019). XenoCanto files can be criticized given the variability of context in which birds were recorded. However, thanks to another experiment carried out later in the year, we compared our XenoCanto soundtracks with actual mobbing calls of great tits of our region. We found that our soundtracks contained the same mobbing calls that great tits produce in our region (same syntax, call rate, number of D notes per call and length of D notes).

We are therefore confident that our soundtracks represent calls produced in a mobbing situation by great tits in our population. The number of FMEs was rarely more than 2 (range [1][2][3][4], median = 2), while as expected, the D note number varied greatly (range [2][3][4][5][6][7][8][START_REF] Carlson | Mobbing in animals: a thorough review and proposed future directions[END_REF][START_REF] Carlson | Wild fledgling tits do not mob in response to conspecific or heterospecific mobbing calls[END_REF][START_REF] Charrier | Call-based species recognition in black-capped chickadees[END_REF][START_REF] Suzuki | Wild Birds Use an Ordering Rule to Decode Novel Call Sequences[END_REF][13][14][15][16][17][18], median = 6). To decide which number of D notes and which call rate should be used as "low" and "high", we analysed 53 mobbing call recordings and counted the number of calls per min and the number of D notes per call. The low/high limits were then obtained by adding or removing 1 standard deviation to the mean, ergo 15 and 30 for the number of calls per minute (X = 22.64, SD = 8.09) and 4 and 10 for the number of D notes (X = 6.78, SD = 2.93). Therefore, the HCR treatments possessed 30 repetitions in one minute, while the LCR treatments possessed 15 call repetitions in one minute.

In the HD treatments, the calls were made of two FMEs followed by 10 D notes, while in the LD treatments, the calls were made of two FMEs and 4 D notes.

We then selected the 20 best tit soundtracks with no other species in the background and with a high signal-to-noise ratio to create our four treatments. We built 80 FME-D soundtracks of great tits of 1 min using Avisoft-SASLab software (Avisoft Bioacoustics e.K., Goethestr, Germany). We controlled for the space between D notes, as it has been shown to vary with the urgency of the threat (Kalb et al. 2019a). We also homogenized the FMEs. Indeed, we always put two chevron-shaped FMEs (Fig. 1), as it is the most common type of FME used (described in Kalb et al. 2019a and present in 43% of the analysed recordings). The 20 control soundtracks were also built with the XenoCanto database. We chose 20 clear recordings of the song of the common chaffinch, a common bird of the region, yet not in competition with the great tit. The soundtracks contained 10 repetitions of the song (natural song rate, [START_REF] Falconer | Observations on the singing of the chaffinch[END_REF]. For each of these 120 soundtracks, background noise was reduced, and amplitude normalized at 75% on the entire file.

We played back each soundtrack using a Shopinnov 20 W loudspeaker. The sequence was emitted with a mean maximum sound pressure level of 79.8 ± 1.9 dB(C) (measured at 1 m from the loudspeaker using Lutron SL-4001, C weighting, slow settings, re: 20 μPa), which is congruent with the amplitude of mobbing calls produced by great tits (77 to 80 dB, Templeton et al. 2016).

Conduct

We performed a playback experiment on free-ranging birds. Data were collected in the northeast region of Lyon, France, at the beginning of autumn (October 2019) in several calm peri-urban parks. Tests were conducted on 20 individuals for each call sequence type, each with one different individual and one different soundtrack (ergo 100 individuals and 100 different soundtracks, Kroodsma 1989). Tests were carried out between 06:00 and 13:00 h during calm and dry weather. In addition, we performed spatial analyses to evaluate spatial autocorrelation in our results. Specifically, we first calculated the Moran's I statistic on the residuals from the generalized linear mixed model of the scanning behaviour (see statistics paragraph). This analysis did not suggest the presence of spatial autocorrelation among the residuals (i.e., observed Moran's I = -0.0201, expected Moran's I = -0.0127, Z = -0.179, P = 0.85). We also performed a supplementary analysis considering the potential spatial autocorrelation among the datasets, which confirmed the absence of spatial autocorrelation. Therefore, even if the birds were not individually ringed, we are overall confident that individuals were tested only once.

Each test was conducted by two experimenters (AS and a field assistant). One of the experimenters was assigned to the soundtrack operation, while the other was assigned to the filming of the focal bird. For each test, an individual was detected by ear and binoculars. We waited one minute to ensure that the bird was not beginning a mobbing event beforehand. A loudspeaker was placed ~20 m to the bird (19.05 ± 5.81 m) and at less than 3 m to a potential roost (bushes/trees) to allow the approach of the focal bird. The two field assistants were then placed in retreat (minimum of 10 m to both the bird and the loudspeaker) when launching the soundtrack. When the soundtrack was launched, the first field assistant began to film it for 1 min with a Nikon D7000 with a Nikkor 18-300 mm zoom. Since some trees still had leaves, the birds were sometimes lost for a few seconds.

Therefore, in the analysis, we considered the actual time the bird was seen as an offset in the models implying quantitative measurements (X = 48.53 ± 9.37 sec).

Given that different conclusions can be reached depending on the level studied (individual versus group-level, da Cunha et al. 2017) and in opposition to [START_REF] Landsborough | Variation in chick-a-dee call sequences, not in the fine structure of chick-a-dee calls, influences mobbing behaviour in mixed-species flocks[END_REF], who investigated the general flock response of birds, we focused on individual responses of great tits.

Two behavioural responses were noted. First, we calculated the approach by reporting for each test the distance of the bird from the loudspeaker at the beginning of the test and the closest distance of the bird during the test. To suppress observer-expectancy bias, we used a Leica DISTO D210 telemeter. We then divided the closest distance by the distance at the beginning, and the bird was considered approaching when the ratio was < 0.5 (dichotomic variable: 0 = no approach, 1 = approach). This definition of approach allowed us to consider the initial distance of the bird instead of relying on a particular threshold distance and is appropriate, given that the approach is often clear-cut (only 7 tests obtained scores between 0.40 and 0.60). To confirm that our results were not biased by the way we defined the approach, we also ran analyses in which the minimal approach was a response variable with the original distance as an offset, which led to the same conclusions (Online Resource 4). Second, we analysed the number of scans produced by great tits during the one-minute test by blindly analysing the corresponding video recordings. Scanning is defined as an ~180° head turn from left to right or right to left (Suzuki et al. 2016). Two independent experimenters (A.S. and a field assistant) counted the scans, and when the number of scans differed, another analysis was produced until the two assistants agreed (differences in counts were on average of 1.9 ± 1.4 scans, with A.S. counts being 29% higher than the field assistant's counts).

Statistical analyses

All analyses were performed in R studio 1.4.1103 (R Core Team 2018, with R 4.0.3). Two behavioural responses were analysed: the proportion of individuals who approached and the number of scans produced during the one-minute test.

Confirmation of the control.

Before testing the potential interaction between call rate and D notes per call, we tested whether our control, chaffinch song, triggered lower responses than conspecific mobbing calls for both behaviours. To this aim, we ran generalized mixed models (GLMM) with the original sound file used to create the soundtracks as a random effect. We first used a GLMM with a logistic regression (binomial distribution and logit link function, glmer, package lme4) for the propensity to approach.

For the scanning behaviour, we ran a GLMM with a Poisson error distribution (glmer, package lme4) since no overdispersion was detected (ratio = 1.5, function overdisp.glmer) with the type of call sequence as an explanatory term and the actual time seeing the bird in the one-minute observation as an offset. For both variables, we tested whether the control treatment differed from the four conspecific soundtracks with a Dunnet-Hsu correction (functions emmeans and contrast, package emmeans).

Relative impact of D notes per call and call rate on mobbing behaviour

We tested the effect of call rate and number of D notes per call on great tit response. We built the same models as with the comparison with the control but ran a partial analysis (i.e., discarding control treatment) to compare the response of tits according to the number of D notes per call and the call rate. We therefore ran models with the number of D notes (low vs. high) and call rate (low vs. high) as explanatory variables, with their interaction. We then tested the full model with the Anova function (package car) to test the importance of each term, combined with model comparisons to confirm the significance of each term (anova function). The post hoc comparisons for both behaviours were achieved by calculating the estimated marginal means (packages emmeans and multcompview) with a Sidak correction for multiple testing. By indicating that the comparisons should be given in the response scale, we were also able to have the effect sizes of the differences of interest (column 'ratio').

RESULTS

Comparison with the control.

Great tits produced, on average, 5.03 ± 4.05 scans when hearing the control treatment.

They scanned more to the four conspecific treatments than to the control (all P < 0.001). Only 5% of the birds approached the control treatment. The difference between the controls and the four other treatments was statistically significant, except for the control vs. LCR-LD comparison, which did not reach the statistically significant threshold of 5% due to multiple testing correction (P = 0.08).

Relative impact of D notes per call and call rate on mobbing behaviour

For scanning behaviour, the interaction between the number of D notes per call and call rate was not statistically significant (P = 0.14, Table 2A). Both the call rate and the number of D notes per call were statistically significant terms (P = 0.02 and P = 0.03, Table 2A). The only statistically significant difference was between the two extreme treatments (HCR-HD vs. LCR-LD, z = 3.18, P = 0.008), with great tits scanning 1.40 ± 0.15 (mean ± standard error) more during the treatment with high call rate and a high number of D notes per call (mean ± standard deviation:

11.1 ± 3.78 scans) than during the treatment with low call rate and a low number of D notes per call (8.3 ± 3.9 scans, Fig. 2). The two transitional treatments (LCR-HD and HCR-LD) triggered intermediate responses and very similar responses (LCR-HD: 9.2 ± 3.41 scans, HCR-LD: 8.95 ± 4.61 scans, LCR-HD vs. HCR-LD ratio = 1.02, P = 0.99). For the approach behaviour, neither the 100 call rate, the number of D notes per call nor their interaction affected the behaviour of the birds (all P > 0.05, Fig. 3, Table 2B). No difference was detected among the four treatments (Fig. 3, all P > 0.05).

DISCUSSION

Both an increase in call rate and in the number of D notes per call increased the scanning behaviour of great tits. Unexpectedly, the propensity to approach was similar in all four treatments.

Therefore, although great tits appeared sensitive to call variation, their actual investment did not vary with them. Finally, the fact that different numbers of D notes modified the vigilance behaviour rather than the approach behaviour can be discussed with regard to the current debates about compositional syntax in birds.

Approach towards the loudspeaker is an extremely common measure in mobbing studies in birds (Curio et al. 1983;[START_REF] Hetrick | Antipredator calls of tufted titmice and interspecific transfer of encoded threat information[END_REF], and the minimum distance has often been the only proxy used to assess the investment of birds in mobbing (Ficken and Popp 1996;Dutour et al. 2017a). Here, we found no differences among the four treatments broadcasted, with an overall approach of 50% of the birds in each treatment. These percentages are in line with previous studies on great tits of the same region (Dutour et al. 2017b(Dutour et al. , 2019(Dutour et al. , 2020)), indicating that the lack of difference cannot be attributed to a general lack of response from the birds. Personal investment in mobbing may be dependent on other acoustic properties, such as nonlinearities (Liuni et al. 2020). Alternatively, external contexts such as the season strongly impact the behaviour of great tits (Salis et al. 2021b). Finally, the internal state of the bird, such as its age (Carlson et al. 2019), personality (Hollander et al. 2008;Amy et al. 2010) or short-term agitation level [START_REF] Mcivor | Testing social learning of anti-predator responses in juvenile jackdaws: importance of accounting for levels of agitation[END_REF], can all influence personal investment in mobbing behaviour. Therefore, more than the acoustic properties of the call, other factors could better impact the personal investment of great tits in mobbing. Such a hypothesis complies with the large variability of the number of scans recorded for the control treatment (range [0-17]). Testing birds in a more controlled apparatus such as large realistic aviaries may help control external sources of variation while reducing the pitfall of stress induced by captivity. Alternatively, the 'low' and 'high' thresholds used for the call rate may be biased: analysed recordings (from both XenoCanto and our personal recordings) were from individuals invested in a mobbing situation enough to be approached and recorded by a human experimenter, which can lead to recordings with high call rates compared to more natural situations.

Other studies recording birds in a more passive way, for example, under a predator model, depict lower call rates (e.g., ~15 calls/min in Kalb et al. 2019b). Therefore, the thresholds impacting the approach may be different from those impacting vigilance in birds. In addition, the 100 metres of distance between tests can be criticized: while we showed that it is unlikely that birds were tested twice, we cannot rule out the hypothesis that birds from consecutive tests heard the previous playback and were impacted by it. However, we reduced this potential precedence effect by waiting 15 minutes between tests and never testing birds already producing agitated behaviours (calling, approaching human, wing flicking). More importantly, we alternated our playback treatments so that even if birds are impacted by previous playbacks, this results as noise in our analyses and not bias. Even though the 100 m of distance should be increased in future experiments, we are confident that this protocol choice did not influence the difference found between our acoustic treatments.

A lack of difference in the approach does not necessarily imply that great tits do not possess the ability to distinguish our treatments. We also recorded scanning, a more subtle behaviour and proxy for vigilance (Suzuki et al. 2016). While scanning may be prone to observational bias [START_REF] Rosenthal | The effect of experimenter bias on the performance of the albino rat[END_REF], the use of video recording here allowed us to perform a blind analysis of the recordings and an opportunity to confirm our personal definitions of scanning in this species.

Our results depict that great tits show higher vigilance towards soundtracks containing either an increase in D notes per call or an increase in call rate. With an increase in call rate, the number of FMEs in the call sequence increased, which is congruent with the original statement that vigilance is linked to FMEs in the great tit (Dutour et al. 2019). However, great tits also increased their vigilance when the number of D notes per call increased, while the number of FMEs was strictly equal between treatments. A more parsimonious explanation may be that great tits focus on the overall quantity of D notes in the call sequence, irrespective of its organization. Indeed, an increase in D notes per call or an increase in the number of calls both increase the overall number of D notes in the playback sequence. This result is in line with [START_REF] Landsborough | Variation in chick-a-dee call sequences, not in the fine structure of chick-a-dee calls, influences mobbing behaviour in mixed-species flocks[END_REF], who also concluded that the overall duty cycle (i.e., the proportion of the calling sequence when the signal is present, [START_REF] Marler | Vocal communication in the domestic chicken: II. Is a sender sensitive to the presence and nature of a receiver?[END_REF]) modified the mobbing behaviour of black-capped chickadees. The overall amount of D notes could therefore transmit information to receivers about the situation perceived by senders. However, the specific message conveyed in such variation can be delicate to understand. While many species adapt their coding strategies when facing different predators (Evans et al. 1993; Suzuki 2016), disentangling whether the variation is referential (e.g., indicating different predators) or a more general indication of an increased urgency is challenging. In birds, coding for urgency (Baker and Becker 2002) or predator threat (Kalb et al. 2019a) is common, especially when investigating gradual variations. A recent study by Engesser and colleagues (2017), however, demonstrated that pied babblers encode referential meaning with different repetitions of a single note. Different methods, such as prime probe (e.g., [START_REF] Zuberbühler | Conceptual semantics in a nonhuman primate[END_REF]) and habituation-dishabituation experiments (Gill and Bierema 2013), may provide information on the specific information conveyed in the calls.

In previous studies investigating syntax, isolated FME notes increased vigilance but not approach in great tits and Japanese tits, while D notes increased approach but not vigilance (Dutour et al. 2019;Suzuki et al. 2016). Suzuki and colleagues demonstrated that when combining the two notes, the resulting FME-D call triggered both behaviours, while the reversed order (D-FME) did not. The authors suggested that some bird species may use compositional syntax, a linguistic term defined as when the meaning of combined parts is dependent on their individual meaning and their order in the sequence (Suzuki et al. 2018(Suzuki et al. , 2019)). The use of semantic compositionality in nonhuman animals, in opposition to phonological compositionality (in which the individual elements do not possess a specific meaning, Templeton and Carlson 2019), could be one crucial step to understand the evolution of syntax and language evolution (Suzuki et al. 2019). Therefore, finding a link between a specific behaviour (scanning or approaching) and a specific acoustic element (FMEs or D notes) is one central argument towards complex syntax in animals. Here, the increase in D notes did not result in an increased approach but influenced vigilance behaviour. The quantity of FMEs or D notes in the call sequence therefore appears uncorrelated with the behaviours associated with the FMEs or D notes when they are isolated (vigilance and approach, respectively). Although our experiment does not specifically test this aspect, we can hypothesize that great tits perceive the FME-D combination not as the simple sum of its constituents but rather as a new perceptual unit associated with mobbing behaviour, in line with a recent study (Salis et al. 2021a) that described specific mobbing behaviour (calling and wing flicking) only towards the complete FME-D sequence. Given our results regarding the impact of gradual variation on vigilance behaviour, we

propose two different and complementary mechanisms used by great tits. First, great tits may process the syntactic organization of the call to recognize a mobbing situation. Second, if the FME-D call is present, gradual factors such as the number of D notes per call or the number of call repetitions (both increasing the overall number of D notes in the sequence) are used to infer the level of urgency. Studies often explore acoustic animal communication with one specific information-embedding mechanism, such as the diversity of notes, gradual variation, syntax variation or rhythm (Kershenbaum et al. 2016). However, several layers of information are probably produced with a combination of different coding mechanisms. For example, sperm whales (Physeter macrocephalus) combine call repetition and timing to modulate the information produced [START_REF] Watkins | Sperm whale codas[END_REF]. By combining a syntactic layer and a repetition layer, great tits are a promising example of complex communication in animals. We advocate for future studies investigating different layers of information-embedding mechanisms to better comprehend the complexity of animal communication. If more than half of the CIs overlapped, the difference was not considered statistically significant with an α = 0.05 (Cumming et al. 2007) 

CAPTIONS

TABLES

Supplementary Information

Online Resource 1 R code used to analyse the data presented in this article.

Online Resource 2 Raw data set used to analyse the data presented in this article.

Online Resource 3 Supplementary experiment on the independency of points spaced at 100 m.

Online Resource 4 Additional analysis of the approach behaviour

V. CHAPTER 2:

HETEROSPECIFIC COMMUNICATION

INTRODUCTION

The vast majority of research in animal communication focuses on intraspecific interactions, while heterospecific exchanges of information are often interpreted as simple by-products of conspecific communication. For example, birds responding to each other alarm calls are more readily seen as by-product mutualism, where the information produced is mostly directed toward conspecifics, and by chance, is also useful to heterospecifics listeners (Bradbury & Vehrencamp, 2011). However, recent studies have begun to unravel complex interactions between different species, especially in bird flocks [START_REF] Goodale | Response to conspecific and heterospecific alarm calls in mixed-species bird flocks of a Sri Lankan rainforest[END_REF]Coppinger et al., 2020;Carlson et al., 2020). The gathering of birds of different species, either all year round in tropical environments (Goodale et al., 2015) or during the non-breeding season in temperate environments (Dutour et al., 2019a), is widespread and usually thought to be beneficial for both foraging efficiency and predator defence [START_REF] Berner | An Experimental Analysis of Mixed-Species Flocking in Birds of Deciduous Woodland[END_REF]. These benefits mainly depend on an increased transfer of information; with vocal communication being one efficient strategy (Bradbury & Vehrencamp, 2011). Indeed, food calls [START_REF] Newman | Co-operative and non-co-operative bases of foodcalling[END_REF], contact calls (Kondo & Watanabe, 2009) and alarm calls have been thoroughly described (Caro, 2005). In this latter category, two type of alarm calls are classically opposed. Flee calls, difficult to localize due to their pure tones (Marler, 1955), are produced when facing an urgent threat and provoke an escape or a freezing reaction from birds in the vicinity (Caro, 2005). In opposition, mobbing calls are used when facing an intermediate threat (e.g. a non-hunting predator, [START_REF] Andrew | The Motivational Organisation Controlling the Mobbing Calls of the Blackbird (Turdus merula) IV. A General Discussion of the Calls of the Blackbird and Certain Other Passerines[END_REF], and are often made of notes with broadband frequencies, helping localisation (Marler 1955).

Mobbing typically induces the approach of other potential prey (conspecifics and heterospecifics) and active harassment of the predator (Carlson et al., 2018;Curio, 1978) and is consequently one great opportunity to study heterospecific communication (Hurd, 1996;Dutour et al., 2019a;[START_REF] Yu | Heterospecific alarmcall recognition in two warbler hosts of common cuckoos[END_REF].

Studies about the mechanisms underlying heterospecific communication suggest that both learning and innate processes are in place: associative learning has been evidenced both in the adult response to mobbing calls and in the ontogeny of mobbing behaviour in fledglings (Magrath et al., 2015;[START_REF] Potvin | Birds Learn Socially to Recognize Heterospecific Alarm Calls by Acoustic Association[END_REF]Carlson et al., 2019;[START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF]. This could well explain higher responsiveness toward sympatric species than toward allopatric ones (Wheatcroft & Price, 2013).

Still, responsiveness towards allopatric species is rather widespread (Johnson et al., 2003;Fallow et al., 2011;Randler, 2012;Dutour et al., 2017;[START_REF] Yu | Heterospecific alarmcall recognition in two warbler hosts of common cuckoos[END_REF] and, although not sufficient in itself, phylogenetic conservation or convergence of mobbing call characteristics could also well explain such a phenomenon [START_REF] Stefanski | A study of distress calls of song, swamp, and white-throated sparrows (Aves : Fringillidae). II. Interspecific responses and properties used in recognition[END_REF]Fallow et al., 2011;Randler, 2012;[START_REF] Wheatcroft | Rates of signal evolution are associated with the nature of interspecific communication[END_REF]Dutour et al., 2017).

The acoustic structure of mobbing calls has been described in many passerine species (Ficken & Popp, 1996) and recent studies suggest that some Parids use a combinatorial call sequence to encode information in mobbing calls: the association of introductory notes with strong frequency modulation (here referred as the I notes, Figure 1) and several broadband elements (referred as D notes, following Hailman et al., 1985). Alone, introductory notes are used to warn neighbours about a threat and induce vigilance behaviour; while D calls have a recruitment function (in various contexts such as mating or foraging) and thus trigger an approach of conspecifics (Suzuki et al., 2016). Although the use of a combinatory call sequence in eliciting mobbing behaviour of a conspecific receiver has been evidenced in several passerine birds (Suzuki et al., 2016;Engesser et al., 2016;[START_REF] Dutour | Syntax manipulation changes perception of mobbing call sequences across passerine species[END_REF], until now, little has been done to understand to which extent this process also applies to heterospecific mobbing sequences. Yet, such test may bring information on how birds perceive and deal with combinations and shed light on whether it could be considered semantic compositionality in the human sense [START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF]. Semantic compositionality (also termed compositional syntax by some authors) occurs when a combination of words has a meaning emerging from its individual parts (each part having its own meaning), and when the order of such parts is important (Engesser & Townsend, 2019;Suzuki et al., 2019;Zuberbühler, 2019). Debates on whether the "I notes followed by D notes" mobbing sequence can approach human compositional syntax have been profuse (Bolhuis et al., 2018a;2018b;Suzuki et al., 2018). Determining how Parids respond to unknown calls but with similar syntax would improve the current knowledge of birds' ability to process syntactic rules. Only one study (Suzuki et al., 2017) demonstrated that Japanese tits respond to artificial mobbing sequences made of the concatenation of introductory notes of their own species and D notes of another sympatric Parid species, the willow tit (Poecile montanus). By testing birds with allopatric calls, we here have the advantage of ruling out any learning effect and focus on birds' ability to generalize from similar acoustic properties.

Several studies have already showed the European great tit's (Parus major) responsiveness to the allopatric black-capped chickadee's (Poecile atricapillus) mobbing call sequence, although the intensity of the responsiveness varied to some extent between studies (Randler, 2012;Dutour et al., 2017).

Acoustic properties of their mobbing calls have been extensively studied (black-capped chickadee: Landsborough et al., 2019, great tit: Kalb et al., 2019b), and both species display a sequence that involves a combination of introductory and D notes in a fixed order [START_REF] Templeton | Allometry of Alarm Calls : Black-Capped Chickadees Encode Information About Predator Size[END_REF][START_REF] Dutour | Syntax manipulation changes perception of mobbing call sequences across passerine species[END_REF], see Figure 1). Therefore, these two species are particularly suitable for testing whether combinatorial heterospecific mobbing calls are decoded in a similar way than intraspecific ones. Here, we first investigated how great tits alter their behavioural responses when exposed to a conspecific mobbing call sequence or its isolated decomposition into introductory or D notes, in order to verify that the combinatory sequence is an indispensable prerequisite to elicit mobbing in the receiver. We measured vigilance effort, willingness to approach (Suzuki, 2017;[START_REF] Dutour | Syntax manipulation changes perception of mobbing call sequences across passerine species[END_REF], propensity to mob as well as level of excitement. We then examined whether great tits adopt similar behavioural responses when they are exposed to a black-capped chickadee mobbing call sequences or their isolated decomposition into introductory or D notes. According to previous studies, we should expect that great tits would be sensitive to mobbing call sequences of the blackcapped chickadee, but less responsive than to those of conspecifics (Randler, 2012;Dutour et al., 2017;2019a). We hypothesized that the similarity in call organisation (i.e. introductory notes followed by D notes) between great tit and black-capped chickadee calls would engender similar behaviours (scanning to introductory notes, approaching to D notes, and displaying a complete mobbing behaviour to the complete sequence).

METHODS

General organisation

Our aim was to test whether great tits are able to adequately respond to isolated parts of never heard before heterospecific mobbing sequences. We performed a call-to-behaviour experiment, a classical method used to study acoustic communication (Schlenker et al., 2016). More specifically, we set up 8 different treatments: first, great tits were subjected to stimuli with the complete, natural (I-D) mobbing call sequence of black-capped chickadees (BCCH), then only with the introductory notes or only with the D notes. Second, great tits were subjected to the three same types of sequence (I-D, I alone and D alone) but from other great tits (GRTI). Finally, two different types of controls were broadcast: background noise or the song of the black-capped chickadee, to distinguish the response due to novelty from the actual mobbing response. For each of the eight treatments, we created 20 different stimuli with different callers, and then performed 20 independent tests (i.e. different receiver and emitter for each of the 160 tests performed).

Preparation of stimuli

Our stimuli of great tits and black-capped chickadees were designed using recordings obtained from the Xeno-canto online database (www.xeno-canto.org) and the Macaulay Library treatment hereafter referred as C2) from Xeno-canto database, with a rate of 18 song/min (natural rate, calculated from the original recordings). Each of these 160 stimuli were cleared of any other bird calls, background noise was reduced, and amplitude homogenized.

Field tests

Tests were performed in the east of France at the beginning of the breeding season, in spring (April 2019) in a radius of 25 km around Lyon (45°53'39.3"N 5°03'05.7"E).

Each test was performed by two field assistants. One of them was assigned to the playback operation, while the other was kept unaware of the selected stimulus (using headphones with music) and assigned to the behavioural recording of the focal bird. For each test, after detecting an individual using binoculars, the focal bird was observed for at least 1 min, and the pre-test behaviour (usually singing or foraging) was noted. If the animal displayed an alarm behaviour, no test was performed. A loudspeaker was placed 16 meters from the bird (16.79 ± 6.27 m), and at less than 3 meters of a potential roost (bushes/ trees) to allow the approach of the focal bird. The two field assistants were then placed away (minimum of 15 meters to both the bird and the loudspeaker) before playing the stimulus with a remote control. All stimuli were broadcast using a Shopinnov 20 W loudspeaker with an intensity of 79.8 +/-1.9 dB(C) (measured at 1 m from the loudspeaker using Lutron SL-4001, C weighting, slow settings, re: 20 μPa).

Tests were carried out between 06:00 and 13:00 h during calm and dry days. To avoid pseudoreplication, all selected focal birds were distant from one another by at least 100 meters (Dutour et al., 2019;Dutour et al., 2020). Two or three different calling males were usually detected within 100 m, we never went on the same path twice, and we made sure that no bird was following us. We are thus confident that each focal bird participated in only one test. Moreover, each of the 8 treatments were tested each day in a different order to avoid autocorrelation among the responses of focal birds.

Behavioural observations

During 1 min of playback, four types of behavioural states were assessed, (1) Vigilance effort as indicated by the number of horizontal scans displayed (the number of movements that birds made with their heads from left to right or right to left, approximately a 180° turn; Suzuki et al., 2016);

(2) Approach inferred using a dichotomic variable (approaching at least halfway from their starting point) measured with a Leica DISTO D210 telemeter, (3) Mobbing behaviour, recorded when birds approached, scanned and produced mobbing calls (assessed by the person without headphones). This variable was also a dichotomic variable (1 = mobbing, 0 = not mobbing); we therefore had to transform the continuous scanning variable into a dichotomic one. We considered that a bird had scanned if it produced more than the 99% CI of the BCCH-Song Control, hence 5 scans (99% CI: [1.75; 4.2]). ( 4) The presence of either wing flicking behaviour or tail wagging (both described in Hinde, 1952;Carlson et al., 2017;2019) was used as a proxy for a higher excitement from the birds (dichotomic variable: 1 = presence, 0 = absence), since these behaviours were previously associated with intense mobbing (Hinde, 1952;[START_REF] Andrew | The Motivational Organisation Controlling the Mobbing Calls of the Blackbird (Turdus merula) IV. A General Discussion of the Calls of the Blackbird and Certain Other Passerines[END_REF]Carlson, 2017). All observations were made using binoculars and recorded on a voice recorder (Sony ICD-PX370) by the same two trained persons. We limited disturbance for birds with short duration tests, and testing birds only once. Moreover, after our tests, we checked that all birds returned to their pretest behaviour in less than 5min.

Statistical Analysis

All analyses were done in R Studio 1.2.5033 (R core development team 2018). The propensity to mob and the propensity to approach the loudspeaker (both dichotomic variables) were analysed using a logistic regression (binomial distribution and logit link function) with the treatment (the two type of controls, and each type of sound sequences for each species) as an explanatory term.

We first performed a contrast analysis to verify that the responsiveness of great tits did not significantly differ between the two control tests (C1 versus C2). We then pooled the two controls and tested whether the responsiveness to each type of sound sequence (I alone, D alone, or I-D) of both species differed from this pooled control tests using a Dunnet-Hsu correction. A partial analysis (discarding both control tests) was performed to compare the response of tits to the three types of sound sequences (I alone, D alone, or I-D) according to the emitter species. More specifically we examined the interaction between both factors to test whether the responsiveness variation among the sound sequences differed according to the issuing species. We used odds ratio (OR) for post-hoc comparisons (odds.ratio, package questionr). For the approach variable, we first made sure that the complete (I-D) and D alone sequences engendered a similar response, then pooled these two treatments before comparing them to responses elicited by sequences with only with introductory notes.

The number of scans displayed by focal birds during tests was analysed using a generalized linear model (negative binomial error distribution and log-link function, glm.nb, package MASS, since an overdispersion of 2.09 was detected with a Poisson error distribution) and the actual time seeing the bird in the one minute observation as offset. We followed the same framework than for mobbing and approach behaviour; except that further comparisons between the types of sound sequences and emitter species were performed using contrasts analyses (functions emmeans and multcomp::cld, packages emmeans and multcompView).

Finally, since the occurrence of signs of higher excitement was low (19 out of 160 tests), we used a Fisher exact test to compare the proportion of individuals that displayed signs of higher excitement through the different sound treatments and the pooled controls; then calculated the odds ratio for the highest responses.

When reporting the comparisons of interest in the results section, we relate to the different treatments with first the emitter species in the stimuli (BCCH for black-capped chickadees stimuli, GRTI for those with great tits' calls), then with the parts of the call sequence present ('Complete'

if both Introductory notes and D notes were kept, 'I' for stimuli for which the D notes were discarded, and 'D' for stimuli in which the introductory notes were removed).

RESULTS

How do great tits respond to the complete conspecific mobbing sequence and its isolated parts?

If a complete mobbing sequence is a prerequisite for eliciting mobbing in receiver, great tits should display a mobbing response (approach, scan and call) towards stimuli with complete mobbing call sequence (Introductory notes + D notes), but should only scan to introductory notes and approach to D notes.

Our results show that birds mobbed more often toward the conspecific complete mobbing sequences than toward the controls (Controls versus GRTI-Complete: OR = 0.01, 95 % CI [0.0006; 0.19], p = .002; Figure 2). For treatments with only introductory notes or D notes, mobbing response was infrequent and did not differ from controls (all p > .05). In addition, only the complete mobbing sequences triggered excitement in birds (Fisher exact test, p < .001, Controls versus GRTI-Complete: OR = 0.03, 95%CI [0.004, 0.27], p = .002).

Great tits scanned more toward any call than the controls (all p < .001; Figure 3), and scanned more toward Control 2 (black-capped chickadee song) than Control 1 (background noise; C1 versus C2: z = 2.73, p = .006). As expected, introductory notes stimuli triggered as much scanning behaviour as complete call sequences (GRTI-I versus GRTI-Complete: z = 1.27, p = .20). Unexpectedly however, birds also scanned as much toward isolated D notes stimuli as toward stimuli with introductory notes (GRTI-D versus pooled GRTI-I /GRTI-Complete: z = 0.76, p = .45).

Finally, for the approach behaviour, birds responded more often to both the complete and isolated D notes stimuli than to the controls (all p < .05; Figure 4). They also approached complete mobbing sequences and isolated D notes sequences more often (GRTI-D versus GRTI-Complete: OR = 0.50, 95% CI: [0.12; 1.89], p = .31) and approached isolated introductory notes stimuli less often than stimuli with D notes (GRTI-I versus pooled GRTI-D/ GRTI-Complete: OR = 0.20, 95% CI:

[0.06; 0.63], p = .008).

Does responsiveness to different types of call sequences vary according to sender species?

If great tits decrypt allopatric mobbing calls in the same way as conspecific calls, we should not detect interaction between treatment and emitter species whatever the behavioural response. As for conspecific calls, introductory notes should trigger vigilance, D notes trigger approach, and the complete sequence (I-D) trigger mobbing and excitement signs.

For mobbing behaviour, no interaction between the emitter species and the type of call was detected (GLM, Species*Test: χ² = 1.07, df = 2, p = .58; Figure 2), but great tits mobbed conspecific more than allopatric calls (GLM, Species effect: χ² For the scanning behaviour, no difference between allopatric and conspecific calls was detected (GLM, Test*Species effect: χ² = 0.23, df = 2, p = .89, Species effect: χ² = 2.11, df = 1, p = .14, n = 120; Figure 3). Specifically, great tits scanned as much black-capped chickadee's complete mobbing sequences than black-capped chickadee's isolated introductory notes stimuli (BCCH-Complete versus BCCH-I: z = 1.27, p = .20), but also scanned as much black-capped chickadee's isolated D notes stimuli as toward calls containing introductory notes (BCCH-D versus pooled BCCH-I / BCCH-Complete: z = 0.76, p = .45).

As was the case for mobbing behaviour, great tits approached black-capped chickadees calls less than great tits calls (GLM, Test*Species effect: χ² = 0.33, df = 2, p = .85, Species effect: χ² = 15.82, df = 1, p < .001, n = 120; Figure 4). Great tits approached black-capped chickadee's complete call sequences and black-capped chickadee's isolated D notes stimuli more than controls (both p < .05).

They also approached complete mobbing sequences as much as isolated D notes sequences (BCCH-D versus BCCH-Complete: OR = 0.78, 95% CI: [0.19; 3.15], p = .72). The slight increase of approach toward sequences with D notes compared to isolated introductory notes sequences was not statistically significant (BCCH-I versus pooled BCCH-D / BCCH-Complete: OR = 0.29, 95% CI: [0.04; 1.25], p = .13). Still, the effects sizes are similar between species' calls (0.20 versus 0.29, confidence intervals largely overlapping, Cumming et al., 2007), indicating that great tits altered their behaviour the same way (i.e. approached) to both species' calls.

DISCUSSION

Overall, less birds responded to the allopatric calls than to the conspecific calls. Yet, we found that whatever the emitter species (conspecific or allopatric), Great tits mobbed (scanned, approached and called but also displayed signs of excitement) when the sequence was complete (introductory notes + D notes). Moreover, isolated introductory notes triggered vigilance while isolated D notes triggered approach. Unexpectedly, Great tits scanned also when hearing isolated D notes of both great tits and black-capped chickadees.

Response to conspecific calls: a new argument towards semantic compositionality?

Only the combinatorial mobbing sequence (i.e. I-D) triggered mobbing behaviour in Great tits, while isolated introductory notes triggered scanning and D sequences induced an approach to the loudspeaker. This result is in adequacy with the emerging hypothesis of semantic compositionality in Parids (Engesser and Townsend, 2019;Suzuki et al., 2019;Zuberbühler, 2019). To be true, this hypothesis must meet several criteria: (i) A different order should trigger a different response, which has been demonstrated for conspecific calls in the Japanese tit (Suzuki et al., 2016), but also recently for the great tit toward the black-capped chickadee calls (Dutour et al., 2020). (ii) The whole sequence should not only be the sum of its different parts, but have a new emergent meaning, which is the main result of our study. Here, great tits not only scanned and approached, but also produced mobbing calls and displayed signs of excitement such as wingflicking and tail wagging. This suggests that they extract a semantic content in I-D call sequences different from the simple sum of introductory and D call sequences: the meaning of the complete call is related to the parts (Engesser & Townsend, 2019), but is not simply the sum of these parts.

Finally, (iii) the two parts, when isolated, should still be meaning-bearing units. This latter has been confirmed in Suzuki et al. (2016) and [START_REF] Dutour | Syntax manipulation changes perception of mobbing call sequences across passerine species[END_REF] but is only partly corroborated in the present study. Indeed, for the scanning behaviour, no difference was found between isolated introductory and D calls. Yet, the isolated part meaning criterion is of primary importance to consider the great tits' coding system as semantic and not only phonological compositionality (i.e.

when elements are combined but meaningless on their own, like in birdsong, [START_REF] Marler | The origin and diversification of language[END_REF]. If great tits do also scan the environment when hearing isolated D calls, the vigilance meaning of introductory notes may not be specific, consequently weakening the semantic compositionality hypothesis.

Several non-mutually exclusive explanations may be proposed: (i) Scanning, interpreted as a vigilance behaviour, may be caused by many environmental and internal parameters. For instance, high stress levels may increase vigilance and scanning behaviour. Nonetheless, individuals are known to deal differently with stress [START_REF] Koolhaas | Coping styles in animals: Current status in behavior and stress-physiology[END_REF] and both a freezing and a highly active individual can have high levels of stress hormones, although behavioural measures such as scanning would be different [START_REF] Careau | Energy metabolism and animal personality[END_REF]. Consequently, we can hypothesize that individuals with different coping styles (i.e. how individuals react to stress) would give opposite results in scanning behaviour, and therefore that scanning behaviour is not a relevant variable in these contexts. (ii) Protocol choices such as the distance to the focal bird may impact bird behaviour. Since mobbing calls are meant to indicate a potential threat in the vicinity, the willingness to scan the environment may be strongly dependent on the proximity to this potential threat [START_REF] Seppänen | Social information use is a process across time, space, and ecology, reaching heterospecifics[END_REF]. While Suzuki and colleagues (2016) were at ~ 5 meters from the birds, the present study tested birds at ~ 16m. We can hypothesize that distance is used by great tits as a proxy for urgency: a more distant sound would engender increased scanning for any sound, while closer sounds would trigger more urgent response such as direct physical movement (i.e.

approaching or fleeing away). Nonetheless, the control (black-capped chickadee song) we used provoked less scanning than any of the conspecific calls. Even if distance was probably implicated, this parameter cannot explain the absence of difference between all conspecific treatments. Finally, we cannot rule out the hypothesis that previous work may have been biased by observer's expectations [START_REF] Rosenthal | The effect of experimenter bias on the performance of the albino rat[END_REF][START_REF] Holman | Evidence of Experimental Bias in the Life Sciences: Why We Need Blind Data Recording[END_REF], as we are the first study for which the main observer did not hear the broadcast treatment. Nevertheless, our own protocol could also be improved. For example, video recording the great tits to confirm the reliability of our observations was not possible but will be prioritized in future experiments.

Responding to allopatric calls: less response from great tits, but similar in kind.

A second important result in our study is that great tits always responded more to conspecifics than to heterospecifics. This result is congruent with various studies using heterospecific call sequences, and particularly Randler (2012) that found a lower response of great tits to black-capped chickadees calls, but not with Dutour et al. (2020) who did not detect differences in approach when comparing conspecific and heterospecific calls in the great tit. This low level of response could be explained by the choice we made when preparing our stimuli.

Indeed, we chose to control by the duty cycle to compare the two species: whatever the length of introductory and D notes, great tits all heard calls of the same length for both great tits and blackcapped chickadees calls. As D notes of black-capped chickadees are longer, the playbacks for this species contained only 2-3 D notes per mobbing call but 6-8 D notes for great tits. Yet, in Parids, D notes are probably used to code for the level of threat [START_REF] Templeton | Allometry of Alarm Calls : Black-Capped Chickadees Encode Information About Predator Size[END_REF]Kalb et al., 2019b), and this information is also considered in heterospecific communication (Templeton & Greene, 2007;Randler & Förschler, 2011;Randler, 2012). Still, recent work aiming at disentangling the effect of number of notes and duty cycle found that the latter was of greater importance for the birds' response (Landsborough et al., 2019); our choice was therefore in adequacy with current knowledge on the subject. Either way, the impact of duty cycle or number of D notes indicates that gradual factors may be as important as semantic compositionality in the decoding processes of the great tits. An additional explanation for this increased response toward conspecific calls may be that great tits vary their investment depending on the reliability of the information (Magrath et al., 2015). There is a trade-off between the risk of not responding (potential death) and the energy lost in investing in false mobbing calls. The first option leading to more important negative consequences than the second, responding to not wholly reliable cues could be selected (the "Better safe than sorry" hypothesis, Haftorn, 2000). Still, birds can take into account the quality of the sender [START_REF] Goodale | Response to conspecific and heterospecific alarm calls in mixed-species bird flocks of a Sri Lankan rainforest[END_REF]Magrath et al., 2009).

Conspecific calls being more reliable than unknown calls, a lower number of birds responding is therefore expected and is congruent with results in other species (Johnson et al., 2003;Dutour et al., 2017).

Even if their response was lower than to conspecifics calls, great tits approached to D notes and scanned to introductory notes of the black-capped chickadee. Moreover, more birds mobbed to complete allopatric mobbing sequence than to either of the two controls. Both the introductory and D notes share some key characteristics (sharp modulation of frequency for the first, broadband frequency resulting in a harsh sound for the latter, Fig 1). Therefore, great tits can respond to allopatric calls that are relatively similar to their own. A misinterpretation due to the notes' similarity may explain these results. Nevertheless, humans easily distinguish these different sounds and it seems thus unlikely that birds, known for their fine acoustic discrimination abilities [START_REF] Bloomfield | All "chick-a-dee" calls are not created equally Part II. Mechanisms for discrimination by sympatric and allopatric chickadees[END_REF][START_REF] Fishbein | Sound sequences in birdsong: How much do birds really care?[END_REF], performed worse than humans. More likely is the generalization of the introductory and D notes, implying that great tits were able to differentiate the two close stimuli, but focused on their similarity when responding (Ghirlanda & Enquist, 2003). Indeed, generalization has recently been proposed as a mechanism explaining heterospecific acoustic communication (Fallow et al., 2011;[START_REF] Little | What is combinatorial structure? replicatedtypo[END_REF]. The ability to generalize a syntactic rule makes sense since some birds can generalize the underlying structure of a sound (differentiating new XYX sounds from new XXY sounds, Spierings & ten Cate, 2016). We can therefore hypothesize that, when hearing I-D mobbing calls, great tits generalize from their own call structure and expect to find a predator nearby. By responding to allopatric I-D calls by mobbing, isolated introductory notes by scanning, and D notes by approaching, great tits give us another argument toward the semantic compositionality theory. Consequently, as they respond to heterospecific and conspecific calls in the same manner, we can hypothesize that great tits probably attribute some general meaning of alert to introductory notes and recruitment to D notes, but also a general mobbing meaning to I-D sequences, which states that the concatenation of introductory and D notes may be seen as true semantic compositionality. Nonetheless, although our results seem to corroborate that hypothesis, they do not directly prove the neural processes implied in these responses. Our work is therefore one encouraging first step towards a stronger understanding of syntactic-like processes in the Paridae. We advocate for cautious replicates in other species and trans-disciplinary collaborations such as with neurology to clarify this subject. 

FIGURES LEGENDS

INTRODUCTION

Prey commonly use acoustic strategies to warn about predator threats (Caro 2005). Such a transfer of information can occur between different species (Magrath et al. 2015). Typically, in birds, alarm calls such as flee calls or mobbing calls frequently trigger response from heterospecifics (Magrath et al. 2015). Information transfer from one species to another can be obtained with different and sometimes complementary proximal mechanisms (Magrath et al. 2015). First, birds can learn to respond to heterospecifics through repeated associations between the heterospecific call and the predator cue (i.e., associative learning, Dutour et al. 2019). This suggests that sharing the same local community and the same predators is necessary for learning mechanisms to be efficient.

Secondly, birds can share similar coding mechanisms which could facilitate the decoding process of mobbing information contained in heterospecific calls. This similarity can arise from evolutionary conservatism in closely related species, or convergent evolution towards the same coding strategies. One clear example is how an increased call rhythm signals a more important threat in most bird species, probably due to increased arousal (Randler and Förschler 2011). A second example is how external pressure such as predation can lead to calls of similar function having similar acoustic characteristics. Typically, most flee calls are pure tones with high peak frequency, rendering their localization difficult by the predator (Marler 1955). Sharing similar coding mechanisms can lead to the ability to respond to calls from unfamiliar species, hence possibly expanding the flexibility of antipredator communication.

While rhythm and spectral similarity have been the mechanisms investigated in the response towards unknown mobbing calls, coding mechanisms used by birds are varied (e.g., rhythm, syntax, diversity, Kershenbaum et al. 2016). Surprisingly, while call organization has been identified as a promising lead in recent articles on parids' mobbing calls (Suzuki et al. 2019) such process based on the ordering of different call element in a mobbing sequence has barely been investigated for heterospecific communication. Indeed, in most Parids, the mobbing calls are made of two distinct parts in a fixed order (Suzuki et al. 2016;Dutour et al. 2019).

First, high pitch pure tones, often with frequency modulation (F notes) followed by a string of broadband frequencies notes (D notes). In the great tit Parus major and the Japanese tit Parus minor, the order is important to trigger a mobbing behaviour (Suzuki et al. 2016;Dutour et al. 2019), opening debates on how birds can process syntactic rules (Bolhuis et al. 2018a;Bolhuis et al. 2018b).

Sharing the same call organization between species may facilitate heterospecific communication between birds of similar ecological niche. Indeed, most Parids produce F-D sequences (Hailman 1989), but few studies have investigated the mobbing response from one Parid species to another with this angle. In Suzuki et al. (2017), researchers created new F-D sequences by concatenating conspecific notes and heterospecific notes. Yet, since the heterospecific parts were from a sympatric species, the learning mechanism cannot be strictly put aside. Dutour et al. (2020) found a decreased response from great tits Parus major toward reversed unknown calls (from the black-capped chickadee Parus atricapillus) for the vigilance behaviour but not for the approach behaviour. Altogether, although these results point towards the potential for syntax discrimination by Parids, other studies are needed to test whether notes' organization alone can trigger a mobbing response towards unknown calls.

In this study, we test the response of the great tit Parus major to the coal tit Periparus ater. Both species are particularly active in mobbing choruses and frequently participate in heterospecific communication (Hinde 1952;Carlson et al. 2020). Both species produce F and D notes in their mobbing call sequences, but with a different call organization and different spectral properties of their notes. Indeed, great tits mostly produce calls of six to twelve notes with an F-D syntax. In contrast, the coal tit is one of the few Parids that does not produce F-D sequences when mobbing (Hailman 1989): their call sequences are F and D notes alternated in various ways within calls of varying length. In Anonym Country, while the great tit is present in a large range of habitats, the coal tit is restricted to coniferous forests. We first take advantage of the partial overlapping distribution range of both species to test whether the great tits response to coal tits' mobbing calls vary according to their presence in the same local community. Given the low acoustic similarly of calls between both species (Hailman 1989), we hypothesized that the great tits response to the coal tit's calls should involve learning.

Specifically, we expect a higher propensity of great tits' response to coal tit's calls when both species are sympatric compared to when they are allopatric. Secondly, given previous studies of syntax recognition in great tits, we tested whether modifying the organization of the notes of coal tits could improve the mobbing response of allopatric great tits. If note organization is a sufficient criterion to recognize a mobbing call, we expect a higher response from great tits to these F-D sequences.

METHODS

General design

To answer both questions, we ran a playback experiment in the east of Anonym Country near Anonym City. We selected two different regions where the great tit is widespread: (i) the countryside of the north-east of Anonym City, in which coal tits are rare (i.e., allopatric situation), and (ii) the Anonym region, situated 40 km east of the previous one and corresponding to middle mountain coniferous forest, in which the density of coal tits is very high (one calling male every 150m on average). In each region, we selected three study areas of ~15 km² separated from each other from a minimum of 10 km. In the allopatric region, where coal tits are rarely observed (1 to 5 observations per year, anonymized participative database).

Moreover, we avoided coniferous forests and mixed ones to ensure the absence of coal tits in the local bird community. Although we cannot rule out the presence of rare erratic animals in these sectors, we did not meet nor hear coal tits during any of the 117 tests done in this region.

All playback tests (see §Behavioral test for details) were done during winter 2021-2022 (October 2021 and January 2022) since heterospecific communication is usually enhanced during this season (Dutour et al. 2019). Within each of the six study areas, 13 individual tests were performed for each soundtrack type (natural great tits' calls, natural coal tits' calls within all study areas, reorganized coal tits' calls only in the allopatric situation), leading to a total of 195 tests. In order to minimize the risk of pseudo replication, when searching for focal birds to perform individual tests within a study area, each pathway was explored only once, and tests were done at a distance greater than 150m from each other since a distance of 100 m was found sufficient to avoid testing the two same birds within a few minutes (Salis et al. 2022). Moreover, we alternated our soundtrack types to avoid spatial autocorrelation.

Soundtrack preparation

For each soundtrack type (natural great tits' mobbing calls, natural coal tits' mobbing calls and reorganized coal tits' mobbing call, hereafter respectively referred as the GT-Nat, CT-Nat and CT-FD soundtracks), 39 different exemplars of 1-minute duration were built, so that each exemplar was tested only once within each region (note that the CT-FD soundtracks were only tested in the allopatric region).

All soundtracks were built from recordings performed by Anonym Author from 2019 to 2021 in the same area near Anonym City. All these recordings were obtained using a conspecific mobbing chorus (either three coal tits or three great tits) to trigger mobbing calls of the focal birds, and only recordings for which the focal bird mobbed (i.e., approaching while calling with wing flicks, tail flits, and hops) were retained. A total of 39 different recordings of mobbing calls for each species was then selected to build the different exemplars of each soundtrack type. For each file, we homogenized the amplitude at 75% on the entire file and filtered with a low pass at 2kHz to limit background noise. We constructed the GT-Nat, CT-Nat, and CT-FD soundtracks (Figure 1) with the natural calls but controlled several factors to ensure the comparability of the soundtracks. Specifically, all soundtracks contained the same number of notes (100 notes in 1 min), and same percentage of F notes compared to D notes (15% of F notes). In the CT-Nat soundtracks, the notes were not organized into F-D sequences and contained a variable clustering pattern. Indeed, while the great tits' soundtracks were a series of 10 clusters of notes (10 F-D calls), the natural sequences of coal tits varied greatly: some soundtracks contained the same clustering pattern as the great tit (~10 clusters within a minute) while other soundtracks contained a greater number of small clusters (maximum 41 clusters).

Finally, we built the CT-FD soundtracks with the exact same notes than the CT-Nat soundtracks but reorganized with the same call organization as the GT-Nat soundtracks (F notes followed by D notes). Details regarding our choices are added as supplementary material and the final properties of each soundtrack type are added in Table 1.

Behavioral tests

Each of the 195 tests followed the same procedure with two experimenters: when a freeranging, foraging bird was detected by one experimenter, a loudspeaker (Bose Revolve Soundlink) was placed 20 meters from it (19.91 +-4.04 meters). The two experimenters retreated (~20 meters from the bird and from the loudspeaker) and a 1-min long soundtrack was launched after verifying that the focal bird was not alarmed and the absence of any other birds in the vicinity. As soon as the playback began, and for 90 sec (60 sec of soundtrack + 30 sec of additional recording), the behaviour of the focal bird was followed using binoculars and reported on a voice recorder by one of the observers (who also told when the bird was out of sight, i.e., hidden in the vegetation) while the other reported the distance of the bird from the loudspeaker. We focused on five types of behaviours usually associated to mobbing: the recent articles on syntax in mobbing calls, we treated the propensity of approach as dichotomic variable, considering a bird has approached if it approached at least halfway from its initial distance (Dutour et al. 2017;Dutour et al. 2019;Dutour et al. 2020). Analysing the distance of approach (i.e., the minimal distance using the initial one as an offset) gives the same effect sizes between soundtrack types (results not shown). The residuals of the models (for those using a negative binomial distribution) were visually inspected to assess the fit of the models. The significance of each explanatory term was assessed using function Anova type III (package car, Fox and Weisberg 2019) and non-significant terms were successively removed in a hierarchical order in order to obtain the final model. Some specific comparisons were then performed using the package emmeans (function emmeans, Lenth 2021).

Secondly, we tested whether the response of great tits towards coal tits mobbing calls differed between the natural and reorganized soundtracks (i.e., CT-Nat vs CT-FD) when both species are allopatric (i.e., in the allopatric region). We followed the same model framework as before but with only the soundtrack type as explicative variable. We report in Results the contrast extracted with emmeans between the two soundtrack types.

As indicated in above, CT-Nat soundtracks greatly vary in their clustering pattern (median of 22, Q1: 17, Q3: 30, Table1). In order to test whether the clustering pattern is important to great tits, we examined whether great tits responded with higher mobbing responses towards the soundtracks with less clusters (i.e., similar number of calls as the GT-Nat soundtracks). We therefore used a spearman correlation test to assess the correlation between the number of clusters in the CT-Nat soundtracks and the intensity of responses of great tits (i.e. the number tail flits, wing flicks, calls, or scans). Similarly, since duty cycle (i.e., the amount of acoustic signal in the sequence) varied in the 39 coal tits' soundtracks (range 9.7 sec up to 22 sec, Table 1) and since duty cycle has been suggested to have importance in Parids' call sequences (Landsborough et al. 2019;Salis et al. 2022), we also tested the correlation between duty cycle and the intensity of the response of great tits.

RESULTS

Responses to natural mobbing calls according to the allopatric status

We detected a significant interaction between the allopatric status and the soundtrack type regarding the four count-response variables (i.e. number of scans, wing flicks, tail flits, and calls, Table 2, Figure 2a-d). Indeed, in the sympatric situation, we did not detect a difference in the number of calls produced by great tits when facing conspecific calls or coal tits' calls (Table 3, Figure 2b). The same results were obtained for the number of wing flicks, tail flits, and scans (Table 3, Figure 2a,c,d). In contrast, in the allopatric situation, great tits produced more calls when facing conspecific calls than when facing soundtracks of coal tits (Table 3, Figure 2b). This difference was also significant regarding the number of scans, and even more stringent for the aggressive behaviours (wing flicks and tail flits, Ratios > 10, Table 3, Figure 2a,c,d).

No significant interaction between the allopatric status and the soundtrack type was detected regarding the propensity to approach (Table 2). Yet, similarly to the four other behavioral responses, we detected a difference between the two soundtrack types concerning the propensity to approach in the allopatric situation, but not when both species are sympatric (Table 3, Figure 2e).

Impact of note organization

Rearranging the coal tits' mobbing calls according to the F-D syntax strongly increased the mobbing response of great tits when both species are allopatric. Indeed, great tits produced more calls when facing the mobbing coal tits' calls organized with an F-D syntax than towards the natural coal tits' mobbing calls (Table 3, Figure 2b). We also detected a statistically significant difference for the number of scans, number of wing flicks, number of tail flits and propensity to approach (Table 3, Figure 2 a,c,d,e).

Impact of clustering pattern

We did not find any correlation between the intensity of response and the number of clusters present in the CT-Nat soundtracks (Table 4a). In the same way, no correlation was detected between the duty cycle of the CT-Nat soundtracks and the response of great tits, for none of the four behavioral variables we explored (Table 4b).

DISCUSSION

Great tits responded to natural coal tit's mobbing calls only when they shared the same community with this species. These results suggests that great tits can learn to discriminate mobbing information contained in heterospecific calls even when their syntax is different. By rearranging the coal tits' mobbing calls according to the F-D syntax, hence creating soundtracks fitting the syntax of great tits, we increased great tits' mobbing response in the allopatric situation suggesting that birds also respond to unfamiliar heterospecific calls if they share the F-D syntax regardless their frequency content.

Great tits mobbed in response to coal tits' mobbing calls when coal tits were present in the local bird community but did not respond to the coal tits' mobbing calls when coal tits were absent from the local community. Familiarity with the coal tit, associated with their shared risk of predation from the same predators, appears as an important criterion to trigger a mobbing response. Although such a difference between the allopatric and sympatric situation could result from local selection, it seems more likely that learning processes are involved. Such a mechanism has indeed been demonstrated, with several species responding to heterospecific alert calls only if they are in sympatry (Magrath et al. 2009;Magrath et al. 2015). Learning mainly occur through associative learning, and several experiments have demonstrated that birds can learn to mob new sounds if they are repeatedly associated to mobbing situations (in blackbirds, crows, super fairy wrens or great tits, Curio et al. 1978;Cornell et al. 2012;Magrath et al. 2015;Dutour et al. 2019).

Modifying the organization of the elements in the coal tits' soundtracks significantly increased the mobbing response from great tits. When modifying our soundtracks, we changed two criteria: the order of the notes and in some cases the clustering pattern of the notes. Indeed, we placed F notes before D notes, and created clearly separated clusters of 10 notes. Great tits could have recognized both the general clustering pattern and/or the syntactic rule 'F before D'

when responding to our CT-FD soundtracks. We did not detect any correlation between the number of clusters in the CT-Nat soundtracks and the number of tail flits, wing flicks, scans or calls produced by the focal birds. This therefore rather suggests that the clustering pattern was not the key property influencing great tits' response. Yet, to properly test this issue, creating soundtracks with the same clustering patterns while only modifying the order of the notes should be explored.

We here demonstrate that great tits can respond to unnatural F-D sequences but do not mob to the natural non-F-D sequences of coal tits. Previous studies on related questions (Suzuki et al. 2017;Dutour et al. 2020) have mainly assessed the approach and scanning behaviour, two behaviours that could be interpreted as curiosity rather than true mobbing behaviour. In our study, we confirm that great tits can strongly change their mobbing behaviour when hearing different note organization by recording several signs of intense mobbing behaviour (wing flicks, tail flits, and calls). An overall increased aggressiveness towards unknown sounds cannot explain our results since we rarely recorded any aggressive response toward the naturally ordered coal tits' mobbing calls. In addition, testing the birds in winter allow us to put aside any effect of increased aggressiveness present during the reproductive season due to increased territoriality and brood defence.

We did not detect an impact of the duty cycle of the soundtrack on great tits' response to the mobbing calls of unfamiliar coal tits. This was not expected since previous experiments reported an effect of duty cycle on conspecific and heterospecific communication to mobbing calls (Randler and Förschler 2011;Landsborough et al. 2019;[START_REF] Dutour | Is the urgency message encoded in heterospecific alarm calls perceived by domestic chickens?[END_REF]Salis et al. 2022). Our results suggests that duty cycle is less important than other acoustic characteristics of the call sequence. Since great tits strongly responded to coal tits' calls when they were reorganized as F-D sequences, the F-D syntactic rule appears as one of these crucial acoustic characteristics recognized by great tits when hearing unfamiliar calls. While the recognition of some general call features has been proposed as a mechanism for heterospecific communication (Magrath et al. 2015), studies often focus on spectral properties such as the peak frequency of the notes (Fallow et al. 2011;Fallow et al. 2013). We here suggest that great tits could recognize the 'F-then D' syntactic rule.

Such a recognition may be beneficial since most Parids' species produce mobbing calls organized as F-D sequences (Suzuki et al. 2016;Dutour et al. 2019;Landsborough et al. 2019).

Therefore, the presence of F-D sequences within the community acoustic networks may overall The ontogeny of this F-D recognition could emerge either through an innate heuristic or through a generalization process. Heuristics are simple rules of choice that allow for swift action in face of scarce information (Gigerenzer 2021). Innate heuristics are common, such as for example some preferences of pollinators towards specific flowers (Latty and Trueblood 2020). In our case, the recognition of conspecific calls may be crucial at a young age to properly react to different threats. For example, in the Japanese tit Parus minor, offspring respond by crouching in the nest when hearing general mobbing calls but fly out of the nest if hearing antisnake ('jar') calls (Suzuki 2011;Suzuki 2012). Preferences towards a specific syntax have been demonstrated in other species regarding song preference (Marler and Peters 1988). It is however difficult to test whether these preferences and behaviours are innate or developed early in life through rapid learning. Indeed, the response to unknown calls may also emerge from a generalization process. Generalization is when a behaviour has been established in response to a stimulus and that novel stimuli resembling the first one will elicit the same response (Ghirlanda and Enquist 2003). This process necessitates learning processes and the first part of our experiment confirm that learning through life is common regarding mobbing calls. This generalization process could occur on a general recognition of the spectral properties of the F-D call (e.g., high frequency sound followed by broadband sound) or on a more complex recognition of the syntactic rule 'F then D'. While we are not aware of any experiment demonstrating the ability of great tits to generalize syntactic rules, this has been tested and confirmed in at least one other bird, the budgerigar Melopsittacus undulatus (Spierings and ten Cate 2016). Indeed, this species was able to differentiate sounds with similar organization (i.e., of great tits is 143 ± 45 notes/min and 123 ± 49 notes/min for the coal tit. However, since D notes of coal tits are longer, the duty cycle is increased, leading to lower space between clusters of notes of coal tits that between clusters of great tits. We therefore chose to create soundtracks with 100 notes per minute: this is still in the natural range of both species notes' rate, and this lower number of notes allow us the creation of clusters that are clearly separated from each other in the CT-FD soundtracks. We therefore suppressed some notes if needed to make the note rate and the F-D ratio similar between GT-Nat soundtracks and CT-FD ones.

Consequently, the 39 soundtracks of coal tit and 39 soundtracks of great tits were similar in their note rate and percentage of F and D notes. To target the effect of notes' organization on great tits' responses to coal tits' calls, we created a third soundtrack type with the same soundtracks of coal tits' calls as above for which the notes were re-organized (CT-FD, Figure 2c). We re-organized the notes with the same rule as for great tits' natural call: 1.41 ± 0.32 F notes followed by 7.63 ± 1.13 D notes. Consequently, these 39 soundtracks contained the same note rate, percentage of F notes, and the exact same notes as coal tits' natural soundtracks. The call organization, in contrast, was the same as great tits' natural mobbing calls: same call rate (10.4 ± 1.37 calls/min) and same syntactic rule (only F-D calls). 
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The degree to which Parids process syntax is yet to be comprehended. Recent studies have

shown that some species respond to F-D calls never heard before (7,8) . These results may be explained by the fact that mobbing calls are often characterized by signals with F-D syntax. To test this hypothesis, we first examined whether great tits Parus major and blue tits Parus caeruleus, two common European Parids, can respond variable artificial F-D calls and whether the specific F-D syntax was used as mobbing call recognition mechanism in the two species.

To this aim, we synthetized artificial soundtracks by simplifying F and D notes based on the analysis of 420 notes from seven species of Parids. We built F notes as any high frequency pure tones with one frequency modulation and D notes as noise with large frequency bands. We created 30 different recordings, each with a different F note and a different D note, organized with the same syntax as great tit and blue tit mobbing calls. We then tested the response of free ranging individuals of both species to these artificial F-D call sequences. We also built a second call sequence with the same notes but in a non-F-D order to test the importance of syntax in our results, and we used conspecific mobbing calls as a positive control.

The first and most direct behavioural measure for mobbing in birds is the approach [START_REF] Carlson | Mobbing in animals: a thorough review and proposed future directions[END_REF], with an increased approach of the loudspeaker emitting mobbing calls usually interpreted as higher investment from the birds. In our experiment, no difference of approach was detected between our soundtrack types for both the great tit and the blue tit (Table 1 Approach and scanning behaviour are two behaviours usually recorded in previous studies on syntax in birds. This is congruent with the hypothesis that F notes are related to a vigilance meaning while D notes are interpreted as recruitment calls. However, when testing the response to unknown soundtracks, both the approach and the scanning behaviour could as well be interpreted as inspection behaviour rather than true mobbing behaviour. We therefore also tested whether the mobbing intensity varied according to the presented soundtrack. Mobbing intensity was inferred from three behaviours associated to aggressiveness or arousal (calling intensity, wing flicking and tail wagging, (7,[START_REF] Carlson | Wild fledgling tits do not mob in response to conspecific or heterospecific mobbing calls[END_REF] see Methods for details). For both the blue tit and the great tit, significantly more birds produced signs of intense mobbing when hearing soundtracks with F-D calls (artificial or natural) than towards the artificial non-F-D calls (Table 1). Four times more blue tits produced signs of intense mobbing towards the F-D artificial calls than towards the non-F-D artificial calls (Odds ratio 7.43;95%CI: [2.08;26.55], P = 0.002), and two times more for the great tits (Odds ratio: 4.12; 95%CI: [1.39; 12.27], P = 0.01). Whatever the shape of F notes and D notes in the recordings, both great tits and blue tits mob in response to soundtracks organized with the same syntax as their own calls, but do not mob when the calls are organized as non-F-D calls. Acoustic properties of the calls can also have some impact on the alarm response of some bird species [START_REF] Charrier | Call-based species recognition in black-capped chickadees[END_REF]. Here, we additionally tested whether the acoustic properties of the artificial calls also influenced the birds' mobbing responses (e.g., the length of the D notes, 10 acoustic variables tested, see Sup. Mat. 1 for details). We did not find any acoustic difference between the F-D soundtracks to which birds responded compared to soundtracks to which birds did not respond (all p > 0.05). The presence of the F-D syntax therefore appears sufficient in itself to trigger a mobbing response, without needing some specific acoustic parameters.

While previous studies showed that some Parids respond to unknown calls sharing the F-D syntax (7,[START_REF] Suzuki | Wild Birds Use an Ordering Rule to Decode Novel Call Sequences[END_REF] we demonstrate here for the first time that this statement can be generalized: both great tits and blue tits can mob to any F-D calls, even when notes are strictly reduced to simple artificial sounds. More importantly, we find that modifying the order of the notes directly affect

Material and Methods

General procedure and study model

Our aim was to test whether two species of Parids could respond to artificial F-D mobbing calls with variable acoustic properties. To this aim, we first analysed calls of seven species of Parids and used these data to create artificial calls based on realistic acoustic properties. We then tested the response of the blue tit and the great tit to these artificial calls in the F-D order or in non-F-D order, as such as their response to conspecific calls. These two species are the two most common species of Parids in France and occur in the same territories. They both intensely invest in mobbing of predators such as the Eurasian Sparrowhawk (Accipiter nisus) or the Eurasian Pygmy Owl (Glaucidium passerinum). The great tit is community informant, i.e., produces stable information for heterospecifics about predator threats (1), and the blue tit is one of the most active species in mobbing (2). Both species produce a specific mobbing call with few F notes followed by a string of D notes. In addition, the sensitivity to call reversion and the ability to respond to unknown mobbing calls with an F-D syntax has been demonstrated for the great tit (3)(4)(5).

Soundtrack preparation

Most species of Parids produce F and D notes in their mobbing calls (6). F notes vary in their length and modulation, but all are pure tone with high peak frequencies. In contrast, all D notes have broadband frequencies and homogeneous repartition of the energy. To create completely artificial soundtracks sharing these characteristics, we first quantified the diversity in the acoustic properties of F and D notes in Parids.

We analysed the calls of five species from Europe (the coal tit Periparus ater, the great tit Parus major, the blue tit Parus caeruleus, the marsh tit Poecile palustris, the crested tit Lophophanes cristatus and two species from North America, the tufted titmice Baeolophus bicolor and the Carolina chickadee

We synthetised the F notes with the graphical synthetiser of Avisoft SASLab (click & drag to the corresponding frequencies). The D notes were built by synthetising white noise and then suppressing sound at the chosen limits, hence creating notes with broadband frequencies and homogenous energy repartition. We created 30 different F and D notes.

Secondly, to build combinatorial call sequences with a similar call syntax as with the great tit and blue tit, we analysed 25 recorded mobbing call sequences of both species. The recordings were all produced by A.S. by stimulating blue tits and great tits of the same region (2021-2022) with a mobbing chorus of three conspecifics. From these 50 recordings, we extracted the call rate, the number of F notes per call, the number of D notes per call, and the interval between notes inside calls (Table 1). We chose a fixed value for all these parameters at the intersection of the distribution of great tits and blue tits. Hence, all artificial call sequences were made with two F notes and ten D notes per call, with an inter-notes interval of 0.04 sec and a call rate of 18 calls per min.

Consequently, each of the 30 soundtracks created were the repetition of a unique F-D call for one minute long. We created the non-F-D sequences by taking the same recordings but modifying the order of the notes. In each soundtrack, we chose three different orders (repeated 6 times to obtain the same call rate of 18 calls per min). The new orders were randomly chosen but we discarded orders in which the F notes were in the first place (i.e., all FXXXXXXXX call sequences discarded where X designate indistinctly F or D). The interval between notes was kept the same. 3, 5, 7) done by the focus bird during the test. The mobbing was classified as intensive (versus non-intensive) if the bird displayed either tail flitting (i.e., the quick swinging of the body towards the ground while raising its tail (3, 8), wing flicking (i.e., short opening and closing of the wings without changing places) or intense calling. Both tail flitting and wing flicking are associated to aggressively or arousal (3). Since more than half of the birds produced at least one call, and birds produced in average 3 calls during the test, we used the threshold of 3 calls to segregate intensive calls from non-intensive ones (i.e., intensive calls if more than 3 calls emitted during the test, non-intensive calls otherwise).

Statistical analyses

All analyses were done with R Studio (R version 4.1.1). First, to analyse the minimum approach to the loudspeaker, we ran a generalized linear model with a negative binomial distribution to accommodate overdispersion of our dataset (inflating factor > 3), treating the minimal distance as the dependent variable and introducing the initial distance as an offset. The soundtrack type (conspecific calls, artificial F-D soundtracks, and artificial non-F-D soundtracks), the species (blue tit and great tit) and their interaction were included in the model. We then reduced the full model with a stepwise procedure (function anova) to determine the significant terms of the model. Finally, we extracted the effect sizes of the differences of interest (function emmeans on the response scale). The same analysis framework was used to investigate the effect of the soundtrack type and the receiver species on the scanning behaviour. To analyse the propensity to mob intensely, we ran a generalized linear model with a binomial distribution and reduced the full model with a stepwise procedure. The Odds ratio of the differences were also extracted with package emmeans.

To determine whether the acoustic properties of the artificial F-D soundtracks also impacted the birds' response, we compared the level of acoustic properties in the group of birds that responded with intense mobbing versus the group of birds that did not responded with intense mobbing, for each species ( Npositive response = 16 and Nnegative response = 14 for the blue tit, Npositive response = 18 and Nnegative response = 12 for the great tit). We extracted and analysed 10 acoustic variables: the complete call duration, the peak frequency of the F notes, the maximum modulation of the F notes, the duration of the F notes, the bandwidth of D notes, the lowest frequency of D notes, the highest frequency of D notes, the duration of D notes, the difference between peak frequency of F and lowest frequency of D notes, and the difference between peak frequency of F notes and the highest frequency of D notes. All comparisons were done with non-parametric Wilcoxon tests (all p-values > 0.05).

The main objective of this thesis was to explore whether recognition of note order could be a mechanism used for heterospecific communication when mobbing in Parids. To answer that question, we first needed to explore how the F-D call is produced and processed in Parids, and particularly in the great tit. In addition, the general idea behind this thesis was based on recent debates about compositionality in birds' communication. Hence, from the eight manuscripts presented above, three statements are proposed and will be discussed separately:

(1) The F-D call as the mobbing call of the great tit

(2) Recognition of syntax as a mechanism used in heterospecific communication

(3) Compositionality in Parids as a valuable direction for future research

In each part, I will discuss the results present in this thesis and end with current limitations and ideas to explore these themes. Finally, a thesis often represents a serious opportunity to gain experience about and possibly improve the methods used in our research field. I will therefore end with a last part on critical assessment of the methods used throughout this thesis.

A. THE F-D CALL IN THE GREAT TIT

MOBBING CALLS IN BIRDS

Mobbing is a combination of behaviours varying from one clade to another (Carlson & Griesser, 2022) and in this situation, vocal species such as birds often produce calls. These calls can be specific to the mobbing situation (Suzuki, 2012) or can simply result in a change of rhythm of a more general call (Randler & Förschler, 2011). Mobbing calls have a complex role: they are directed toward the predator but also attract conspecifics and heterospecifics to the mob (Carlson & Griesser, 2022). Mobbing is a very conspicuous behaviour and probably evolved to be as detectable as possible, since more birds joining the mob imply less individual risk for the mobbers (see II.B.2 for details). Indeed, most mobbing calls are loud calls with broadband frequencies [START_REF] Dutour | Communiquer entre espèces pour faire face au prédateur : Le cas des cris de harcèlement chez les passereaux[END_REF][START_REF] Marler | Specific distinctiveness in the communication of birds[END_REF]. Broadband frequencies allow an easy localisation of the sound [START_REF] Klump | Acoustic Behaviour of Birds and Mammals in the Predator Context; I. Factors Affecting the Structure of Alarm Signals. II. The Functional Significance and Evolution of Alarm Signals[END_REF], suggesting a correlation between function and acoustic parameters (Marler, 1955).

The importance of note order in these call sequences, while heavily studied for birdsongs [START_REF] Berwick | Songs to syntax : The linguistics of birdsong[END_REF], has rarely been explored in birds' mobbing calls. Indeed, syntax is nonsensical for species that have a single note as mobbing calls (e.g., the chaffinch). In contrast, some species use combinatorial calls when mobbing. The call sequences of Corvidae are one example currently explored (Engesser et al., 2016;[START_REF] Kaplan | Alarm Calls of the Australian Magpie (Gymnorhina tibicen) : Predators Elicit Complex Vocal Responses and Mobbing Behaviour[END_REF]. In this project, we focused on Parids, another promising clade that commonly combine notes to form complex calls (e.g., see [START_REF] Bijnens | Vocalizations in a Belgian Blue Tit Parus c. Caeruleus population[END_REF] for an example of the diversity of combinations in the blue tit Parus caeruleus). We specifically focus on the great tit, a common species in France, and investigated experimentally how this species uses and processes combinatoriality when mobbing.

THE F-D CALL IS A MOBBING CALL IN THE GREAT TIT

i.

Confirmation that F-D calls are present in mobbing situations

While previous studies have presented the F-D call as a mobbing call in the great tit (Dutour et al., 2019), this statement was lacking some formal evidence. In Manuscript 1, we confirm that the great tit produces F-D calls more than chance when in a mobbing situation. Yet, the specificity of the F-D call to a mobbing situation is still to be confirmed. During my fieldwork, I did not detect any F-D calls outside mobbing behaviours, but I currently lack quantitative data to confirm this statement. Demonstrating the specificity of F-D call requires recordings in all sorts of situations for which the context surrounding the focal bird is known (Gill & Bierema, 2013). Testing the specificity of production of some calls have rarely been investigated in birds. One example, produced by [START_REF] Gyger | Semantics of an avian alarm call system : The male domestic fowl, Gallus domesticus[END_REF] on alert calls of chickens, have shown that several strong limitations occur. First, animals may be prone to errors (e.g., alerting to a plane instead of a predator), and more generally follow the general principle of 'Better safe than sorry' (Suzuki, 2016). This principle, first described on the willow tit Parus montanus [START_REF] Haftorn | Contexts and Possible Functions of Alarm Calling in the Willow Tit, Parus montanus; The Principle of « Better Safe than Sorry[END_REF], state that the cost of calling is far less important than the cost of ignoring a potential threat.

Consequently, producing a percentage of erroneous alarm calls can be maintained without any intention of manipulation from the callers. Second, it is extremely difficult to know what the birds perceive (e.g., one predator may be detected by the focal bird but not detected by the researchers, Searcy & Nowicki, 2005). Some high-tech apparatuses combining high quality video recording and microphones directly placed on birds could increase the amount of data on the call production and surrounding context. These methods, however, can be extremely time consuming when analysing the data.

ii. The absence of D-F calls

Interestingly, we never recorded great tits producing reversed D-F calls (Manuscript 1). This absence of D-F calls may have emerged because of acoustic constraints: D notes, with their large bandwidth, degrade less in the environment, and therefore may perceptually mask the F notes (The Masking Hypothesis, Dutour et al., 2019). Alternatively, Schlenker and colleagues (2016) proposed that putting the most urgent information first may be a universal principle in animal communication (The Urgency Principle). Such theory is congruent with calls of Putty-nosed monkeys Cercopithecus nictitans (Schlenker et al., 2016). The F notes of the great tit have been associated with an alert meaning (Dutour et al., 2019), hence following that hypothesis. Tests on a larger set of species should be explored to contrast these two hypotheses: if calls referring to urgent situations are always put before other elements in a sequence, whatever the acoustic properties of the notes, then the Urgency Principle should be favoured. In contrast, if notes with large bandwidths are always produced after some small bandwidth notes, then the Masking hypothesis should be favoured. However, most alert calls (e.g., flee calls) share the same properties: pure tones without frequency modulation (Marler, 1955). This correlation between function and acoustic shape may prevent us to disentangle both hypotheses.

iii. A strong variability in syntax production

Great tits overall produced F-D calls more than chance when mobbing, but we detected a strong inter-individual differences in syntax use (some birds produced only F-D calls while others produced only D calls, Manuscript 1). Since F-D calls are related to intense mobbing behaviour, we can expect that an increased percentage of F-D calls signal a more important threat.

Indeed, a current project in our team involve analysing calls of blue tits when facing different taxidermic mount (sparrowhawk, woodpecker, or pigeon). The first results show that blue tits produce higher percentages of F-D calls when facing the more threatening predator, the sparrowhawk (article in preparation). The relative use of F-D calls may therefore indicate the level of threat posed by a predator.

However, in Manuscript 1, all recorded birds were tested with the same stimuli, putting away any coding mechanisms about the threat's characteristics. This variation could rather be explained by individual differences in personality: if F-D calls are signs of intense mobbing, some pro-active individuals may invest more intensely than others. Personality related to mobbing behaviour has indeed been demonstrated in great tits, with exploratory individuals producing more mobbing calls in front of a potential threat (Hollander et al., 2008). We could therefore hypothesize that aggressive individuals also produce greater proportions of F-D calls when mobbing. To explore this question, we require repeated measures on individuals: projects exploring the link between personality and syntax production should be done in populations of ringed individuals.

In contrast, variation in syntax use may be related to different physiological and emotional states. Typically, perceived predator pressure has behavioural and physiological effects on great tits (risk taking behaviours: , 2014). In an additional experiment not included in this thesis (article in preparation), we tested whether short-term experience (one-week of playback presentation of either predator calls or chaffinch song) could affect subsequent response to conspecific mobbing calls in great tits. Great tits hearing calls of predators for a week increased their mobbing response towards conspecific mobbing calls compared to individuals hearing chaffinch songs. However, too few birds called to provide robust data on their F-D call production.

The variable use of F-D calls in the great tit is therefore still to be elucidated.

iv. Syntax is combined with other coding mechanisms

Animals combine different coding mechanisms when producing call sequences (Kershenbaum et al., 2016). While we demonstrate the importance of combination and order of different elements in great tits' mobbing calls, other coding systems are probably added to modulate the meaning of the sequence. For example, the number of D notes per call and the call rate both impacted the behavioural response of great tits in Manuscript 3. Repetition and rhythm are therefore two additional coding mechanisms used by great tits to inform about a more important threat. These results are in adequation with previous studies on other Parids. Indeed, both Carolina chickadees and black-capped chickadees increase their call rate and the number of D notes per call when facing more important predators [START_REF] Barnett | Predator stimuli and calling behavior of Carolina chickadees (Poecile carolinensis), tufted titmice (Baeolophus bicolor), and white-breasted nuthatches (Sitta carolinensis)[END_REF]Templeton et al., 2005).

These variations modify the behaviour of heterospecific receivers (Carlson et al., 2020;Templeton & Greene, 2007). Fine acoustic variations such as the length of D notes have also been detected in the great tit (Kalb et al., 2019b). Combining several coding mechanisms greatly increases the potential for fine-tuned information to be transmitted from one individual to another. Some mechanisms may involve signal redundancy to enhance transmission efficiency (Ellis, 2008). Other mechanisms can complete the general information given. For example, non-linearities in calls are signs of more intense threat in several species [START_REF] Fitch | Calls out of chaos : The adaptive significance of nonlinear phenomena in mammalian vocal production[END_REF]Magrath et al., 2015) and modulate receivers' response (Blumstein & Récapet, 2009).

THE F-D CALL IN OTHER PARIDS

In Manuscript 1, we show that seven species of Parids use combinations of F and D notes when mobbing, and that most of them produce F-D calls more than chance. The F-D coding system may be an ancestral trait from all Parids. However, replicating the experiment on more Parids (58 species) and closely related groups (e.g., Remizidae, Alandidae) and comparing differences in calls through phylogeny should be done before concluding anything regarding the evolution of coding mechanisms in Parids. This apparent homogeneity in coding mechanisms should be discussed for two reasons: using an F-D call when mobbing does not necessarily imply that the coding mechanisms are the same, and we do have some clear examples of species that do not use F-D calls when mobbing.

The specificity of the F-D call to a mobbing situation is probably different between species.

Indeed, while from my personal experience, great tits appear to produce F-D calls only when mobbing, this statement is known to be false for several species. For example, the Carolina chickadee produces F-D calls in various contexts such as when discovering food (Mahurin & Freeberg, 2009). In several Parid species, differentiating between a mobbing context or a food discovery is made possible through changes in proportion of the different F and D notes. For example, the Carolina chickadee produce an F-D call in which three different F notes can be combined, always in the same order (A, B, and C notes). In this species, the presence of a predator to mob is coded through increased D notes in the F-D call [START_REF] Barnett | Predator stimuli and calling behavior of Carolina chickadees (Poecile carolinensis), tufted titmice (Baeolophus bicolor), and white-breasted nuthatches (Sitta carolinensis)[END_REF] Mobbing can be a costly behaviour (see II.B.2). Hence, the ability to respond to the most meaningful calls from heterospecifics should be favoured by natural selection. The most straightforward solution is to recognize the species that produce reliable and informative calls.

Typically, birds respond to species that share the same predators and that reliably produce information regarding these threats (Carlson et al., 2020). In Manuscript 4, we demonstrate that the bird community respond differently to the coal tit and the crested tit. While we recorded only a simple type of response (approaching and producing calls); other experiments have shown fine differences in the acoustic production of Parids depending on the other heterospecific present in the mob (Coppinger et al., 2020). These recent findings illustrate the dynamic properties of heterospecific communication, but we currently lack a more general picture on how the presence of heterospecifics, both closely and at a distance, can affect heterospecific communication. Recent technologies, combining long term acoustic census and machine learning, may add precise information on how local and general community variations could affect response to heterospecific calls.

The number of individuals calling is another cue that several species can assess in threatful situations [START_REF] Benson-Amram | Numerical assessment in the wild : Insights from social carnivores[END_REF][START_REF] Coomes | Evidence for individual discrimination and numerical assessment in collective antipredator behaviour in wild jackdaws (Corvus monedula)[END_REF]. In Manuscript 4, we had higher responses toward the playbacks with three callers than towards playbacks with only one caller. We cannot conclude on the mechanism used to assess the number of individuals calling: the difference between the one-caller and three-caller treatments were different in the number of birds calling but also in their duty cycles. Whether Parids rely on the duty cycle or on the sum of different voices is still debated. In conspecific communication (Dutour et al., 2021, article co-authored), it appears that great tits can differentiate playbacks with different number of callers (with equal duty cycle).

However, when the same experiment was done with heterospecific calls (chaffinch calls), no behavioural change was detected (Dutour & Randler, 2021). Complementary experiments are needed to evaluate whether these results were due to (i) great tits being able to recognize calls only from phylogenetically closer species (e.g., blue tits), or calls with large inter-individual differences, or (ii) a lack of motivation rather than a lack of ability to differentiate. In the latter case, this may be explored with a go/no-go experiment. If great tits can differentiate between the call treatments, the lack of response in natural settings could be explained by the fact that great tits bias their attention towards the cues than are less prone to degradation (here, duty cycle) when facing real calls.

In this thesis, I focused on number of callers and species identity as cues for heterospecific communication. The list of cues integrated by birds is however much longer. For example, crested pigeons Ocyphaps lophotes produce a typical wing whistle when taking off, and receivers' rely on this cue [START_REF] Hingee | Flights of fear : A mechanical wing whistle sounds the alarm in a flocking bird[END_REF]. The distance of the visual stimuli is also decisive: examples with predator dummies are numerous [START_REF] Barnett | Predator stimuli and calling behavior of Carolina chickadees (Poecile carolinensis), tufted titmice (Baeolophus bicolor), and white-breasted nuthatches (Sitta carolinensis)[END_REF]Dutour et al., 2020;[START_REF] Kryštofková | Nest Defense in Blackbirds Turdus merula : Effect of Predator Distance and Parental Sex[END_REF]. The position of the sound can also be assessed by birds, for example when assessing neighbours' songs [START_REF] Brindley | Response of European robins to playback of song : Neighbour recognition and overlapping[END_REF]. In the field, we never triggered an approach from a bird that was at a distance greater than 50 meters, although the sound was well hearable at this distance [START_REF] Morton | Ecological Sources of Selection on Avian Sounds[END_REF]. The amplitude and/or relative degradation of a sound could be cues assessed by Parids when hearing mobbing calls, which has been already demonstrated for territorial songs [START_REF] De Rosa | The acoustic playback technique in avian fieldwork contexts : A systematic review and recommendations for best practice[END_REF].

The response to these different acoustic cues is however not stable: the context surrounding the response to heterospecific calls can strongly affect their response, and seasonal variation is one major example (shown in Manuscript 2 and 4). Since Parids breed annually, the specific factor explaining the change in behaviour is difficult to pin. First, physical factors directly linked to the seasons such as the temperature or humidity may directly impact birds' behavioural response (Regelmann & Curio, 1983). The heterospecific community, changing throughout the year because of migrant birds, may also explain some change in behaviour (Krams & Krama, 2002).

In contrast, behavioural modifications may rather be directly linked to the reproductive status of the birds. Indeed, when engaging in a reproductive attempt, physiological changes occur and affect the behaviour of the birds. For example, testosterone levels are higher when male great tits breed, and these levels affect their aggressivity [START_REF] Van Duyse | Effects of Testosterone on Song, Aggression, and Nestling Feeding Behavior in Male Great Tits, Parus major[END_REF]. In addition, when breeding, Parids vigorously defend their nest. This territorial defence also affects their exchanges with heterospecifics (Samplonius, 2018). This variation due to season illustrates that communities and therefore, the acoustic production of these communities, is rarely stable through time. These variations probably make individual recognition of heterospecifics rather ineffective, and one solution could be to develop general strategies to recognise unknown calls.

SYNTAX AS ONE CUE FOR HETEROSPECIFIC RECOGNITION OF UNKNOWN CALLS?

Responding to unknown heterospecific calls may develop through the recognition of general acoustic cues. First, an increased rhythm signals a mobbing situation in many species [START_REF] Méndez | Dual Function of Chip Calls Depending on Changing Call Rate Related to Risk Level in Territorial Pairs of White-Eared Ground-Sparrows[END_REF]Randler & Förschler, 2011;[START_REF] Wheatcroft | Repetition rate of calls used in multiple contexts communicates presence of predators to nestlings and adult birds[END_REF]. Peak frequencies can also be valuable indicators of some situations (e.g., flee calls, Fallow et al., 2013). While rhythm and peak frequency have been the two coding mechanisms the most studied regarding heterospecific communication, birds use a larger set of coding mechanisms (e.g., repetition, diversity, combination, ordering, overlapping, or timing, Kershenbaum et al., 2016). All of them could, in principle, be used as cues for heterospecific communication, provided that they reliably indicate a mobbing situation on a meaningful predator for the receiver. In this thesis, I suggest that the order of the different elements in a sequence could be one mechanism implicated in heterospecific communication.

This hypothesis arises from the results of our first manuscript, demonstrating that most French Parids produce F-D calls when mobbing (the blue tit, the great tit, the marsh tit, and the crested tit). The only French species we could not analyse was the willow tit Poecile montanus, because this species is less common, hence leading to a greater difficulty to record it. We however recorded ; but these mechanisms imply stable interactions with a given species and probably rely on learning mechanisms. Yet, the interactions between species are rarely stable and fixed. Indeed, communities can vary with season (changes due to migration or reproduction, Krams & Krama, 2002), from one year to another (natural or anthropogenic changes, [START_REF] Lindström | Rapid changes in bird community composition at multiple temporal and spatial scales in response to recent climate change[END_REF], and biotope (e.g., some species are present only in coniferous trees, [START_REF] Cramp | Handbook of the birds of Europe, the Middle East and North Africa[END_REF]. All these variations increase the odds to meet unknown species that can possibly produce useful acoustic information regarding predator threats. Previous

ii. Ontogeny

Two different explanations can be proposed to explain great tits' response to unknown F-D calls. First, responding to unknown calls that share the same syntax may simply emerge from an innate heuristic. Heuristics are simple rules of choice that allow for swift action in face of scarce information (Gigerenzer, 2021). Innate heuristics are common, such as for example some preferences of pollinators towards specific flowers (Latty & Trueblood, 2020). In our case, an innate preference toward the F-D syntax could have been selected from intraspecific communication. Indeed, the recognition of conspecific calls may be crucial at a very young age to properly react to different threats. For example, in the Japanese tit, offspring respond by crouching in the nest when hearing general mobbing calls but fly out of the nest if hearing anti-snake ('jar') calls (Suzuki, 2011(Suzuki, , 2012)). In contrast, Carlson et al. (2019) did not record complete mobbing responses from blue tit's fledglings hearing conspecifics and heterospecific (great tit) mobbing calls.

For the great tit, one experiment showed that great tits reared without predator contact failed to react to a predator model [START_REF] Kullberg | An Experimental Study of Predator Recognition in Great Tit Fledglings[END_REF]. Unfortunately, studies on the ontogeny of mobbing behaviour do not inform us on innate preferences for specific call properties. Preferences towards a specific syntax have been demonstrated in other species regarding song preference (Marler & Peters, 1988). Consequently, responding to an unknown call sharing the same syntactic rule may be a beneficial by-product of a bias selected first for conspecific communication.

Alternatively, the response to unknown calls may emerge from a generalisation process.

Generalisation is when a behaviour has been established in response to a stimulus and that novel stimuli resembling the first one will elicit the same response (Ghirlanda & Enquist, 2003).

Generalisation processes are common in birds (e.g., hens recognize humans irrespective of height, sex and presence of spectacles, [START_REF] Barnett | Predator stimuli and calling behavior of Carolina chickadees (Poecile carolinensis), tufted titmice (Baeolophus bicolor), and white-breasted nuthatches (Sitta carolinensis)[END_REF]. This process necessarily implies learning processes, which is congruent with the results of Manuscript 7: only great tits in sympatry with coal tits responded to their natural calls, implying that learning can be used by great tits to properly answer to heterospecific calls. While I am not aware of any experiment demonstrating the ability of great tits to generalize syntactic rules, this has been tested and confirmed in at least one other passerine, the budgerigar Melopsittacus undulatus. Indeed, this species was able to differentiate sounds with similar organisation (i.e., new XYX orders from new XXY orders). Generalisation of syntax from great tits when answering to unknown mobbing calls is therefore a reasonable hypothesis.

Since the innate bias hypothesis is less cognitively demanding that the generalisation process, we should prefer the former hypothesis if no additional information is provided. One way to answer this could be to explore the ontogeny of the response to unknown F-D calls in the great tit and the coal tit. These two species have different coding mechanisms regarding syntax (F-D calls are common in the great tit but almost never occur in the coal tit). If the innate bias emerging from conspecific communication is the correct hypothesis, we could expect a stronger response toward unknown F-D calls early in life for the great tit compared to the coal tit.

C. COMPOSITIONALITY IN BIRDS

GENERAL CONTEXT

Human and animal communication have historically been distinct fields of research (linguistics and ethology/ecology), with very different methods and philosophical backgrounds.

Recently, an attempt to bring these two fields has emerged with the creation of animal linguistics [START_REF] Berthet | Animal Linguistics : A Primer[END_REF]. Studying animal communication through the lens of human linguistics is an attempt to bring linguistic tools and methods on animal communication systems together [START_REF] Berthet | Animal Linguistics : A Primer[END_REF]. Indeed, linguistics is a complex and broad field of research that has developed efficient methods to analyse human vocal production. Up to date, a lack of academic exchanges and strong differences in terminology have prevented fruitful collaboration between these two fields of research. Indeed, while some ethologists have been blamed to be anthropomorphic (i.e., to attribute human traits, emotions, or intentions to non-human entities, Rendall, 2021), some linguists have proposed a view of language openly anthropocentric (i.e., the view that human are the most important and efficient entity of the planet, [START_REF] Kwok | The human-animal divide in communication : Anthropocentric, posthuman and integrationist answers[END_REF]. With animal linguistics, the objective is to reconciliate these fields with fruitful discussions and collaborations between two strongly distinct cultures. Recent animal linguistics articles have indeed proposed a series of methods to explore notions of semantics (i.e., the core content of a signal, or in other words its meaning) and syntax (the organisation of elements into a sequence) in non-human animals [START_REF] Berthet | Animal Linguistics : A Primer[END_REF].

In addition to new tools for animal communication research, looking for core properties of human language in animal communication may help unravel the evolution of communication systems [START_REF] Bolhuis | Birdsong, speech, and language : Exploring the evolution of mind and brain[END_REF]Searcy, 2019;Zuberbühler, 2020). While the majority of studies have focused on the communication of our closest relatives in order to explore a continuum between non-human primate and our species (homologies, Schlenker et al., 2016), comparative research with distant clades is now explored with greater care (Griesser et al., 2018). Indeed, finding similar communication systems in phylogenetically distant species may indicate analogies (Searcy, 2019). These findings should eventually put in evidence what are the common characteristics that allowed for some systems to emerge. For example, there is some evidence that complex social systems co-evolved with larger communicative systems (the social complexity hypothesis, [START_REF] Hedwig | Does Social Complexity Drive Vocal Complexity? Insights from the Two African Elephant Species[END_REF][START_REF] Krams | Linking social complexity and vocal complexity : A parid perspective[END_REF][START_REF] Peckre | Clarifying and expanding the social complexity hypothesis for communicative complexity[END_REF].

Different concrete examples of linguistic concepts in animal communication studies have recently emerged. For example, affix structures ("-oo") are used by Campbell's monkeys to modify the meaning of some specific calls. Hence, the calls indicating the presence of leopards and eagles have a broader sense when associated with the affix '-oo' and therefore indicate a more general threat from the ground or from the sky [START_REF] Ouattara | Campbell's Monkeys Use Affixation to Alter Call Meaning[END_REF]. Phonemic contrasts (i.e., different meanings triggered by differences in only one phoneme, for example between 'cat' and 'bat') have been explored in chestnut-crowned babbler (Pomatostomus ruficeps). Long distance dependencies (i.e., when the production of an element in a sequence depends on the presence of an element produced considerably before) have also been discovered in song sparrows (Melospiza melodia). In this thesis, we focused on compositionality, namely when: "the meaning of a sequence is determined by the meanings of the constituent parts and the rule that combines them" (Zuberbühler, 2020). Compositionality is present in most sentences produced by humans. Demonstrating compositionality in distant clades could strongly affect the persisting view that animal communication is simple and reflexive.

Indeed, compositionality is both the resulting call sequence produced and the internal process that combines new elements to produce a novel meaning. The presence of compositionality in one species does not only mean that this species can produce a sequence in a strict order, but that they cognitively cluster these elements together to create a new meaning, hence implying more complex mechanisms in decoding/coding information that usually attributed to birds. This linguistic concept is more and more examined in non-human animal communication, and Parids are one clade for which the most influential work has been published (Dutour et al., 2019;Suzuki et al., 2016).

HOW TO TEST COMPOSITIONALITY IN BIRDS?

In the sentences "the dog is eating," and "I am cuddling the dog," the word "dog" always refers to the same object. In addition, humans can create an immense number of new sentences in which the word dog will always have the same meaning. This notion is called productivity and is considered to be one criterion to be tested when exploring compositionality in animals [START_REF] Berthet | Animal Linguistics : A Primer[END_REF]. Indeed, to confirm that one word alters the meaning of a sequence in a stable way, we need to confirm the meaning of this word in other contexts, hopefully in other sequences in which it adds the same meaning. The affix "-oo" of Campbell's monkeys is one simple example of

CAN THE EXPERIMENTS FROM MY THESIS ILLUMINATE THIS QUESTION?

When beginning my thesis, one goal was to explore notions of compositionality through the lens of heterospecific communication. Indeed, using heterospecific communication to understand syntax use in birds was first developed by Suzuki and colleagues (2017). This team created unnatural playbacks of mobbing calls mixing F and D notes from two distinct species.

Great tits responded to calls in the F-D order, but not in the reversed order. These results are one example of productivity of the F-D call organisation [START_REF] Berthet | Animal Linguistics : A Primer[END_REF]. Since heterospecific communication is complex and well developed in Parids, we were expecting that new insights regarding the mechanisms of these exchanges, especially if these mechanisms involve syntax recognition, could also add some insights about compositionality in animals.

In this thesis, I developed a series of experiments (Chapter 3) in which we demonstrate the ability of great tits to respond to unknown F-D calls. I now suspect that responding to unknown heterospecific mobbing calls may not help debates about compositionality in birds. Indeed, the clear result of our experiments is that great tits recognize unknown calls as mobbing calls if they share a similar syntax. This possible generalisation of syntax may be an independent and additional mechanism to compositionality. To explain this idea, I will use an example from human language: I have learned that "mum" in English, "maman" in French, and "mam" in Welsh all refer to a female person that has given life. Therefore, when hearing the word "ama" in Basque, I can easily suppose that this also means "mother." Since most languages refer to the same object with similar coding mechanisms, I can generalize the rule in order to recognize unknown languages.

Of course, this does not imply that I will always be true (e.g., mother is "hooyo" in Somalian), but that the general rule stands in most cases. My ability to generalize does not lessen my ability to use compositionality. Consequently, I interpret the results of Chapter 3 as a description of one mechanism implicated in communication by great tits that does not discard nor confirm any other potential mechanism such as compositionality.

While our experiments focusing on response to unknown calls are therefore not suitable to explore compositionality in great tits, other results should be mentioned. Indeed, we demonstrated that great tits produced stereotyped aggressive behaviours only toward the complete F-D call, and not toward the isolated F and D notes (Manuscript 6). Stereotyped behaviours such as wing and tail flicks are very common in mobbing of real predators (Hinde, 1952); we can therefore confirm that great tits process the F-D call as a true mobbing call and not simply the sum of an alert (F notes) and recruitment call (D notes). In addition, [START_REF] Suzuki | Experimental evidence for core-Merge in the vocal communication system of a wild passerine[END_REF] have shown that, in the Japanese tit, the adjunction of F and D notes from two different loudspeakers did not trigger any mobbing response from birds, while the same notes sent with only one speaker did trigger a mobbing response. Suzuki et al.'s experiment suggests that the F-D calls is internally processed as a mobbing call by birds. Corroborating these results, vigilance and approach were not correlated to an increased amount of respectively F and D notes in Manuscript 3. These results indicate that when together, F and D notes relate to a general mobbing meaning and not anymore to the repetition of alert and recruitment calls. However, to properly confirm our interpretation, we are lacking a playback experiment in which we test whether an increase of isolated F notes correlates with an increase of vigilance in great tits (and conversely, whether an increase in number of D calls increases the approach behaviour of birds). Altogether, these results

indicate that the F-D sequence has a new meaning related to the meaning of the different parts, which corroborate the hypothesis of compositionality in this species. As stated above, a larger dataset exploring the use of the different notes in various contexts is the only protocol that answer the question of compositionality in birds.

D. A CRITICAL ASSESSMENT OF THE METHODS USED IN THIS THESIS

PLAYBACK EXPERIMENTS

One challenge when studying animal behaviour is to record unbiased behavioural responses. Experiments in laboratories, or even in semi-constrained environments such as large aviaries, all share the risk of recording unrealistic behaviour due, for instance, to stress of captivity.

Research on animal communication is no exception and perhaps even more importantly affected by captivity. One way to circumvent this problem is to test free-ranging animals with playback experiments. Indeed, playback experiments are used since at least 1890 in primate studies [START_REF] Radick | Primate Language and the Playback Experiment, in 1890 and 1980[END_REF] No experimental setup is perfect, and playback experiments usually go with several risks and disadvantages. First, the human presence is often needed, and behavioural responses possibly biased by this presence. Usually, this problem is solved by having a fixed time before each test to allow accommodation from focal individuals. In our case, Parids are species living in close proximity to humans. When foraging, birds rarely altered their behaviour when detecting us; but that effect may be more significant for birds that are nesting. In addition, some risks of bias can be introduced in the playbacks prepared by the experimenters. For example, Kroodsma (1989[START_REF] Kroodsma | Pseudoreplication in playback experiments, revisited a decade later[END_REF] alerted on the risk of pseudo-replication when using only one playback for each treatment. Even Finally, the most important problem with playback experiments, particularly salient in animal linguistics, is the importance given to interpretation of the behavioural responses. This problem is present in most animal behaviour studies and has been one major critic from linguists to studies testing human characteristics in animal communication (Bolhuis et al., 2018a(Bolhuis et al., , 2018b)).

Approach to the loudspeaker is one perfect illustration of that problem. Indeed, approach to the playback has been repeatedly used as a proxy for mobbing behaviour in birds (Carlson & Griesser, 2022). Yet, approaching the sound source is not always synonym with mobbing behaviour. Indeed, birds can approach the sound source to gain information on the threat, without investing in mobbing behaviour. Approach could be interpreted as a sign of curiosity rather than mobbing.

Because of this limitation, we improved our protocols by including the largest number of behaviours possible. While one behaviour alone is probably not enough to interpret the birds' behaviour as mobbing, series of behavioural cues such as wing flicking, approaching, hopping, scanning, and calling give a more detailed and clear vision of the bird's state. In addition, the establishment of one or several controls is crucial to make the results less prone to personal interpretation. In any case, playback experiments have limited power regarding the cognitive and neural mechanisms involved in birds' behaviour. Other protocols such as Go/No-Go protocols (e.g., Spierings & ten Cate, 2016) and neurological measures (e.g., [START_REF] Avey | Differential effects of vocalization type, singer and listener on ZENK immediate early gene response in black-capped chickadees (Poecile atricapillus)[END_REF][START_REF] Avey | ZENK Activation in the Nidopallium of Black-Capped Chickadees in Response to Both Conspecific and Heterospecific Calls[END_REF] bring a different point of view and complementary data to answer given questions.

Perspectives -Project # 3

Do mobbing increase linearly with the risk imposed by the threat?

Many studies report that mobbing intensity increases gradually with the risk perceived by the birds. Yet, this view may not be true at both the upper limit and lower limits of the mobbing intensity levels. Indeed, if the threat is too high, most individuals will abruptly cease their mobbing behaviour and flee into hiding. Typically, the same predator can be mobbed or escaped depending on its behaviour: a sparrowhawk flying (i.e., probably hunting) will be avoided while the same species perching silently can be mobbed. There is therefore probably a risk threshold that change a mobbing behaviour to a fleeing behaviour. On the opposite side of the problem, distinguishing a mobbing behaviour from simple curiosity/collecting of information from the bird is rarely discussed. Hence, several studies may not report an increased intensity of mobbing, but rather the emergence of mobbing after a certain risk detection threshold. This problem asks whether mobbing behaviour should be seen as a distinct behaviour that begin with one specific behavioural cue (e.g., producing an F-D call, or wing-flicking), or whether mobbing should be seen a completely continuous variable that begins with simple curiosity from the birds. The reality probably lies in a mixture of the two views (e.g., begins gradually but can abruptly stop).

To test the presence of lower and upper threshold limits to mobbing, we could design an experiment in which we artificially modify the risk proposed to great tits. What we consider as an increased risk is probably prone to personal interpretation, and we should therefore test several situations that all relate to a potentially gradual risk situation. One example could be to place a taxidermic mount at a large distance from a bird and gradually approach the stuffed predator. We would report the complete behavioural response of the focal bird at each distance from the threat. This method could help the establishment of a more controlled way of recording mobbing behaviour in birds and should be evaluated for each species of interest, in various contexts.

MACHINE LEARNING

In Manuscript 1, we had the opportunity to build a machine learning program able to differentiate F from D notes in the seven species studied. Machine learning is more and more developed in ecology, with various applications such as individual recognition, behavioural measures, or population monitoring (Christin et al., 2019). In acoustics, machine learning can be developed through the use of spectrogram images (like in Manuscript 1), by directly analysing the sound [START_REF] Borowiec | Deep learning as a tool for ecology and evolution[END_REF], or with a mix of these two methods (Kahl et al., 2021). Supervised methods (i.e., methods in which we label and give the program the different categories to learn) require a large amount of data for the learning phase [START_REF] Bianco | Machine learning in acoustics : Theory and applications[END_REF]. In our case, while the number of notes to analyse was high (18843 notes), the learning part with ~100 notes per note for each species was the lowest limit possible to make the program effective. In addition, the time invested in the cleaning of the different recordings was particularly high. This project was a great opportunity to exchange with researchers from a different field of research and to explore new ways of analysing data. However, we believe that such methods should be more appropriate for larger sets of data.

GENERAL IMPROVEMENT IN BEHAVIOURAL ECOLOGY

Experimental studies are prone to methodological problems, and the field of behavioural A second problem with tests done on wild animals is the low sample size. Indeed, testing wild animals is often linked to some ethical considerations (endangered species or stress inducing protocols), leading to restricted number of individuals tested. In our case, the protocols were not invasive, inducing a relatively low stress, and did not require any special permit. Yet, playback studies on Parids rarely exceed a sample size of thirty individuals per treatment, leading to low power [START_REF] Jennions | A survey of the statistical power of research in behavioral ecology and animal behavior[END_REF]. The large variability of response from great tits, due to the numerous uncontrolled factors in our experiments, induce noise in the behavioural data obtained, leading to results that can be just above significance thresholds. While I first relied on previous studies when choosing my sample size, I choose to increase the sample size in Manuscript 7 and 8 to obtain more robust statistical analyses. Indeed, small sample sizes increase both the alpha and beta risks [START_REF] Burger | Power failure : Why small sample size undermines the reliability of neuroscience[END_REF], hence leading to irreproducible results [START_REF] Higginson | Current Incentives for Scientists Lead to Underpowered Studies with Erroneous Conclusions[END_REF]. Linked to the sample size problem is the overreliance on p-values. In Manuscript 5, we demonstrated that minor differences in effect sizes resulted in large differences in p-values. The p-value is heavily criticized [START_REF] Goodman | A Dirty Dozen : Twelve P-Value Misconceptions[END_REF][START_REF] Halsey | The fickle P value generates irreproducible results[END_REF][START_REF] Nakagawa | Effect size, confidence interval and statistical significance : A practical guide for biologists[END_REF]. Indeed, p-values flicker, even with large sample sizes [START_REF] Halsey | The fickle P value generates irreproducible results[END_REF]. A strong reliance on p-values instead of effect sizes, in combination with a file drawer effect (publication only of the statistically significant results [START_REF] Grimes | Modelling science trustworthiness under publish or perish pressure[END_REF] generate irreproducible results [START_REF] Ioannidis | Why Most Published Research Findings Are False[END_REF]. To avoid the file drawer effect, some journals propose the pre-registration of the hypothesis and methods, committing to publish the research when completed, whatever the conclusions. Transparency is also another lever to increase the quality of published papers. Some organisations such as Peer Community In (tested for Manuscript 4), allow the publication of peer-reviewed journals without the usual constraints of classical publishing agencies: (i) everything is free, from the researcher to the reader, (ii) Reviewers' comments are published with the final article, and (iii) all datasets and code are available with the article. I believe that these methods are good candidates to improve our general methods, hence leading to more reproducible results.

PHILOSOPHICAL DEBATES AROUND LINGUISTICS STUDIES: A BRIEF OVERVIEW

Language has been considered for centuries to be unique to our species, becoming progressively the flag of human essence [START_REF] Kwok | The human-animal divide in communication : Anthropocentric, posthuman and integrationist answers[END_REF]. Anthropocentrism (i.e., positioning our species at the centre of meaning, value, knowledge and action, [START_REF] Weitzenfeld | An overview of anthropocentrism, humanism, and speciesism in critical animal theory[END_REF], pervasive in occidental societies, has impacted science by always constructing a hierarchical system in which human have the highest place. While the theory of evolution by natural selection [START_REF] Darwin | On the Tendency of Species to Form Varieties;and on the perpetuation of Varieties and Species by Natural Means of Selection[END_REF] has strongly impacted this view, language is still presented as far more complex and Perspectives -Project # 4

One concrete example of how larger views on linguistics concepts could improve scientific knowledge in a broader sense in the current exploration of universal linguistic rules in communication systems. In long strings of informational content, general organisational rules may be ubiquitous. For example, Zipf law of brevity states that the units that are produced most often are also the shorter ones [START_REF] Zipf | Human behavior and the principle of least effort : An introd[END_REF]. This rule is true in most languages [START_REF] Bentz | Zipf's law of abbreviation as a language universal[END_REF], in several animal communication systems [START_REF] Favaro | Do penguins' vocal sequences conform to linguistic laws?[END_REF][START_REF] Semple | Linguistic laws in biology[END_REF] and even in genetic code [START_REF] Naranan | Information theory and algorithmic complexity : Applications to linguistic discourses and DNA sequences as complex systems part I: Efficiency of the genetic code of DNA[END_REF]. Here, using concepts that have primarily emerged in a linguistic context may finally generate a broader theory on how information is constructed and what are the universal constraints on such systems. These general laws represent an inspiring example of why exchanges between different scientific fields are crucial in science.

Up to date, the majority of the studies on linguistic laws have been carried out on nonhuman primates [START_REF] Semple | Linguistic laws in biology[END_REF]. There is a lack of data on birds; and especially a lack of information on how context and protocol choices can possibly affect the analysis of call sequences.

One example on chimpanzees' gestures demonstrates that Zif's law was confirmed when the individuals signed in play sequences context but not when the individuals called in a sexual solicitation context [START_REF] Safryghin | Variable expression of linguistic laws in ape gesture: a case study from chimpanzee sexual solicitation[END_REF]. Similarly, exploring linguistics laws in closely related species with different call organisation may help unravel the relative importance of clustering patterns in methods exploring linguistics laws. Parids, and especially the coal and the great tit, are two promising models to test this.

The original goal of this thesis was to explore a possible link between heterospecific communication and syntax in Parids' mobbing calls. By designing different experiments these last three years, I had the opportunity to explore various themes of behavioural ecology, each with its own literature and concepts. The take-home message of this thesis is that great tits can respond to unknown calls if they share their own syntactic rule. This statement opens a whole new range of questions about the mechanisms, the evolution, and the relative complexity of the cognitive processes involved. A second important finding is how much protocol choices can affect our biological conclusions. I personally genuinely appreciated learning about the scientific methodology and tried to improve my methods as time went by. I feel lucky and grateful for the opportunity I got to explore these captivating questions. With the help of my supervisors and (a substantial number of) interns, we managed to fulfil the objectives proposed in the original project and I feel excited by all the novel ideas that emerged these last months. While I reckon that birds are a very fascinating clade, I would be interested in exploring related questions (heterospecific communication, syntax, linguistic rules) in distant clades (e.g., insects). I also have a personal attachment to the coal tit, one species that probably uses quite different and complex ways of coding information. Altogether, this thesis project confirmed my passion behavioural ecology and make me even more enthusiastic by future scientific projects.

IX. REFERENCES Résumé

Face à un prédateur, les proies peuvent se regrouper et le harceler jusqu'à engendrer sa fuite. Le harcèlement de prédateur est un comportement collectif impliquant de nombreuses espèces, notamment chez les oiseaux. Dans ce contexte, certaines espèces de mésanges assemblent plusieurs éléments afin de créer un nouveau cri, et de récents travaux ont démontré que l'ordre de ces éléments revêt une importance particulière. Dans cette thèse, j'explore l'importance relative de la syntaxe (i.e., l'ordre des éléments dans la séquence) dans la reconnaissance des cris hétérospécifiques chez la mésange charbonnière. Je complète ce travail par des expériences ciblant la production et la réception des cris de harcèlement chez les mésanges ainsi que l'impact du protocole sur les études portant sur la communication hétérospécifique. Les résultats des huit expériences proposées dans cette thèse corroborent l'hypothèse que la reconnaissance de la syntaxe est un système efficace de reconnaissance utilisé par la mésange charbonnière face à des cris inconnus. Par ailleurs, ces résultats permettent de démontrer l'importance du protocole dans l'interprétation des résultats et ouvrent une discussion nouvelle sur des notions de linguistique animale.

Mots clés : Communication acoustique, Communication hétérospécifique, Harcèlement de Prédateur, Paridés, Syntaxe

Abstract

One strategy for prey facing a predator is to harass it until it flees. Mobbing is a collective behaviour involving many species, especially in birds. In this context, some species of Parids assemble several elements to create a new call, and recent work has shown that the order of these elements is of particular importance. In this thesis, I explore the relative importance of syntax (i.e., the order of the elements in the sequence) in the recognition of heterospecific calls in the great tit. I complete this work with experiments targeting the production and reception of harassment calls in Parids and the impact of the protocol on studies about heterospecific communication. The results of the eight experiments proposed in this thesis support the hypothesis that syntax recognition is an effective recognition system used by the great tit in response to unfamiliar calls. Furthermore, these results demonstrate the importance of the protocol in the interpretation of the results and open new discussions and projects in animal linguistics.

Figure 2 .

 2 Figure 2. Picture of a female great tit, Parus major. [Credit: A. Salis]

Figure 3 .

 3 Figure 3. Spectrogram of a mobbing call of the great tit, Parus major. Made with AvisoftSASLab: FFTLength 512; Bandwidth 324 Hz; Resolution 96 Hz.

  to filter an image to extract image patterns that discriminates different image categories (here the FME and D notes). As any ML method, DL requires a training data set, here a list of FME and D notes that have been manually identified. The first step consisted in creating spectrogram images of the notes of both training recordings and the recordings of interest (called the test data set in the ML literature). The training images were then given to the machine learning program to learn to differentiate FME from D notes. Once the efficiency of the machine learning program was verified, we then gave the recordings of interest to the program.

  g., FME-FME-D-D-D-D-D) and created variables to describe these calls qualitatively and quantitatively: number of notes FME, number of notes D, total number of notes, first letter of the call, and number of transitions FME to D or D to FME (e.g., FME-D-D-D-D-D has only one transition). If the first letter of the call was a FME and if only one transition occurred inside the call, the call was therefore labelled as an FME-D call (e.g., FME-D-D, FME-FME-FME-D-D-D-D, and FME-FME-FME-FME-FME-FME-FME-D were all considered as FME-D calls). For each recording, we were therefore able to calculate the percentage of calls that were FME-D calls compared to any other syntax (D notes only, FME only, D-FME calls, and any other combination). From this final dataset, we were able to calculate the average number of notes in calls, call number per minute, and duty cycle (Sup. Mat 1). Finally, we tested whether birds used more FME or D notes inside FME-D calls. For each species, we ran generalized linear mixed models with a Poisson distribution and log link function (function glmer package lme4

  contrast, respectively only 1% and 2% of Wilcoxon tests reached statistical significance for P. ater and B. bicolor. While for P. ater this is not surprising since the percentage of FME-D calls is overall quite low, the results for B. bicolor show that the averaged percentage of FME-D calls in our sample (n = 19) was mainly led by four individuals who mostly used FME-D calls (> 50% of calls being FME-D calls) while half of the individuals produced less than 13% of FME-D calls. For all the five species using FME-D calls more than the randomized data, the percentage of FME-D calls varied greatly from one individual to another, as exposed by the large standard deviation (Table

Figure 1 .Figure 2 .

 12 Figure 1. Examples of mobbing calls produced by each species. We contrast notes with broadband frequencies (D notes, in purple) and high frequency pure tones often with frequency modulation (FME, in green). P. caeruleus = Blue tit, P. carolinensis = Carolina chickadee, P. ater = Coal tit, P. major = Great tit, L. cristatus = Crested tit, P. palustris = Marsh tit, B. bicolor = Tufted titmice

Figure 3 .

 3 Figure 3. Percentages of FME-D calls (purple) for seven species of Parids (n = 20 except for B. bicolor n = 19). Three simulations of the data are added to illustrate the occurrence of FME-D syntax in randomized syntax (yellow to brown). Error bars are 95% confidence intervals.

Figure 4 .

 4 Figure 4. Variation in number of FME and D notes in FME-D calls produced by each species. Boxplots are given (horizontal line: median value; box ends: upper and lower quartiles; whiskers: variation range of values).

  were collected at the start of the breeding season when individual territories are established (February/ March 2018, territories are established in February and defended until June in the study population) and during the winter when tits often form mixed-species flocks (November 2018/ January 2019, Hinde 1952), in the north of Lyon, France.

  Each test was conducted by two field assistants. One was assigned to the soundtrack preparation and playback operation, while the other was assigned to the observation of the focal bird. After the localization of a focal bird, the loudspeaker was placed 30 m away from the bird at the bottom of a tree. Both field assistants were positioned opposite each other at vantage points at least 15 m from the loudspeaker and the focal bird to avoid any perturbation during the test. Prior to playback, the baseline behaviour of the focal bird was observed for at least a one-minute pre-trial period. The playback was started when there was no other passerine observed near the focal individual. If the bird showed alarm behaviour before the test (e.g., gave mobbing calls), or if other birds also responded to the playback, the test was abandoned. The sequence was broadcast using a remotely controlled Shopinnov 20 W loudspeaker with an amplitude of ~ 80 ± 3 dB(A) (measured at 1 m from the loudspeaker using Lutron SL-4001, Taipei, Taiwan; C weighting, slow settings, re: 20 μPa), as this is the natural amplitude of Great Tit mobbing calls (from 77 to 80 dB,Templeton et al. 2016). The background noise observed in the field (mean ± sd = 46.1 ± 2.1 dB(C), n = 20 measurements) associated to the spherical spread and excess attenuation of sound energy radiating from a source in a deciduous forest[START_REF] Lengagne | The effects of rain on acoustic communication: tawny owls have good reason for calling less in wet weather[END_REF] allowed us to estimate that the broadcast signal reached background noise level at 60-70 m distance.Subsequently, during one minute of playback treatment, two behavioural variables were recorded, respectively, (1) the vigilance effort with the number of horizontal scans (we counted the number of obvious movements that birds made with their heads from left to right or right to left (~ 180° turn,Suzuki et al. 2016) and (

  (a) Refers to the comparisons with the control (BN), (b) to the model in which control tests werediscarded, and (c) to the comparison between natural and reversed calls in the two seasons studied. For scanning behaviour, the ratio (effect size) indicates the strength of the difference between the first and the second term (e.g., Great Tits scanned on average 1.44 times more toward background noise in spring than in winter). The same reasoning applies for the odds ratio (OR) for the approach behaviour. A GLMM with a Poisson error distribution was used for the number of scans (~180° horizontal head turns) during 1min. A GLMM with a binomial error distribution was used for approach behaviour. The pairwise comparisons were extracted from the model and P-values were corrected for multiple comparisons (Bonferroni correction: α = 0.01 for (a), α = 0.05 for (b), and α = 0.025 for (c) due to correction for multiple comparisons
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 3 Figure 3. Mean number of scans (horizontal head movement of ~ 180°) produced in 1min by
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 3 Figure 3. Percentage of individuals (± 95% CI) approaching the speaker as a function of the call

  Spatial and temporal effects were avoided by testing each of the 5 call sequences each day in a different order. To reduce the risk of unintentional retesting of the same individuals, each test was separated by at least 100 m (median = 128, 25% quartile = 109.75, 75% quartile = 172.5, Salis et al. 2021a). We carried out a simple experiment in 2021 in the same area to test the movement of birds between consecutive tests at 100 m distance: birds moved on average 40 m between two consecutive tests, and none of them approached the second playback (see Online Resource 3 for more details).
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 123 Fig. 1 Example of the mobbing call of a great tit. The call is first composed of frequency-modulated

  = 4.68, df = 1, p = .03). Great tits mobbed only towards the complete allopatric mobbing call sequences (Controls versus BCCH-Complete: OR = 0.04, 95 % CI [0.002; 0.89], p = .04), and only this sequence triggered excitement in birds (Controls versus BCCH-Complete: OR = 0.10, 95%CI [0.01, 0.99], p = .049).

FIGURE 4 :

 4 FIGURE 4: Spectrograms of typical mobbing call of (a) great tits (Parus major), and (b) black-capped chickadees (Poecile atricapillus). X-axis is Time (seconds) and Y-axis is frequency (kHz). For both species, the mobbing call is made of the combination of a few introductory notes followed by several broadband frequency notes (D notes). Made with Avisoft SASLab: FFTLength 512; Bandwidth 324 Hz; Resolution 96 Hz.

FIGURE 5 :

 5 FIGURE 5: Proportion of individuals that mobbed (approached, scanned the environment, and produced mobbing calls) when hearing the different treatments. C1 & C2 represent the two controls (C1= background noise, C2 = black-capped chickadee song). I = stimuli with only introductory notes, D = stimuli with only D notes, and I-D = stimuli with the complete mobbing sequence (I + D notes). Colours represent the emitter species. N = 20 for each treatment.

FIGURE 6 :

 6 FIGURE 6: Estimates (mean number of scans produced by great tits in 1 min) and 95% CI extracted from our model (negative binomial error distribution with the time we saw the bird as an offset), according to the call sequence and the emitter species. Colours indicates the emitter species. C1 & C2 represent the two controls (C1= background noise, C2 = black-capped chickadee song). I = stimuli with only introductory notes, D = stimuli with only D notes, and I-D = stimuli with the complete mobbing sequence (I + D notes). N = 20 for each treatment.

FIGURE 7 :1

 7 FIGURE 7: Proportion of individuals approaching the speaker given the emitter species and the call sequence. C1 & C2 represent the two controls (C1= background noise, C2= black-capped chickadee song). I = stimuli with only introductory notes, D = stimuli with only D notes, and I-D = stimuli with the complete mobbing sequence (I + D notes). Colours represent the emitter species. N = 20 for each treatment.

  indicate a mobbing situation, especially in winter when Parids flock together. The evolutionary emergence of the F-D call recognition in heterospecific communication may be the result of two circumstances: first, a general phylogenetic conservatism in Parids has kept the F-D sequence as a mobbing call in this family. Secondly, a strong predator pressure on young great tits may have selected individuals able to quickly recognize F-D sequences from their counterparts. Consequently, the recognition from great tits of F-D sequences from unfamiliar heterospecifics may be a positive by-product of conspecific communication. However, the cost/benefits ratio of this F-D call recognition should be relatively low only if the F-D call organization is (i) specific to the species sharing the same predators and (ii) produced only in a mobbing context. Additional experiments on these two aspects should be done to properly discuss the relative costs and benefits of such F-D call recognition.
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 1 Fig 1. Spectrograms (x: time, y: frequency) of the soundtrack types used to test the mobbing

Fig 2 .

 2 Fig 2. Behavioural responses from blue tits (left) and great tits (right) to three different soundtrack
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  different individuals and 65% of the calls recorded were F-D calls. Hence, French Parids appear to commonly use F-D calls when mobbing. Parids are vocal species, frequently involved in mobbing situations (from my review in part III, one fifth of the studies were on Parids), and they commonly flock together in winter. Most Parids share similar predators (sparrowhawk, tawny owl, pygmy owl, Cramp & Perrins, 1992), and therefore mob the same predators. The logical consequence is that most mobbing chorus with Parids should contain F-D calls, and reliably indicate the presence of meaningful threat to any other Parids. Recognising a meaningful mobbing situation could occur through the recognition of each species specifically (e.g., the community responded differently to coal and crested tits in Manuscript 4)

  and have been developed in all clades (birds: De[START_REF] De Rosa | The acoustic playback technique in avian fieldwork contexts : A systematic review and recommendations for best practice[END_REF] cetaceans: Deecke, 2006; fishes:[START_REF] Holles | Boat noise disrupts orientation behaviour in a coral reef fish[END_REF] primates: Radick, 2005; insects: Speck et al., 2020). Playback experiments usually consist in playing specific pre-prepared recordings to some focal animals for which behavioural responses are recorded. Playback experiments have numerous advantages. First, as stated above, they allow the recording of a focal individual that is completely free ranging, hence decreasing any potential stress. This situation results in behavioural recordings that are as close as possible to natural behaviours, especially when the behavioural recording is automated (e.g., with video) allowing the absence of human experimenters on the field. Playbacks also allow researchers to set experimental procedures with clear hypotheses, and to emancipate from correlational studies that cannot rule out confounding factors. In addition, playbacks allow the precise control over the acoustical stimuli proposed to focal individuals and allow researchers to easily isolate the precise criterion to change between different playback treatments. Playback experiments are relatively economical and quick compared to studies with animals in captivity, especially when working on common species. The preparation of the playbacks is, thanks to specific software (e.g., Avisoft, Raven, or Audacity), an easy task given a little knowledge about acoustics. Finally, playback experiments are efficient ways to record precise behavioural responses, especially when videorecording is possible. All these reasons make playback experiments popular experimental setups in behavioural ecology.

  when using different playbacks, others factors could possibly affect the behaviour of the birds (e.g., the quality or the direction of the sound, De Rosa et al., 2021). Another serious drawback of playback experiments in nature is the lack of control over the individuals tested. While ringing the individuals can improve the knowledge about the focal bird (sex, age), some other factors can hardly be controlled (emotional state, health status).

  ecology is no exception to these pitfalls. Generalizability of the results is one strong limitation of most behavioural ecology studies. Most studies test only one species, in only one population, and in only one context (e.g., in only one season). These limits are present in my thesis: what has been observed in the great tit may probably not be true for other Parids. Regarding the effect of season, debates can arise about the interest of testing mobbing tests during reproductive seasons. Indeed, during spring, Parids defend their nest and show increased aggressive behaviours. These changes may add a confounding effect: for example, when great tits respond to conspecific calls, is the behavioural response of the bird a mobbing response or territorial defence? In the same way, is a response toward predator cues a nest defence response or a mobbing response? Mobbing tests are usually done during spring because birds are most vocal, hence more easily detectable in the field.However, because of this doubt for interpretation, we preferred to ran the experiments of Manuscript 7 and 8 outside the reproductive season to ensure that we recorded a mobbing response.

  

  

  

  

  Parus major, the blue tit Parus caeruleus, the marsh tit Poecile palustris, the crested tit Parus cristatus, the coal tit Periparus ater and the willow tit Poecile montanus. The coal tit, crested tit, and willow tit are more easily found in conifer forests. The great tit and the blue tit are the most common ones. They can nest near human habitations and accept quite well human nest boxes. During my thesis, I specifically focused on the great tit, given its prevalence and the large scientific literature allowing for better discussion of my results.

Table 1 .

 1 Examples of behavioural cues recorded in studies assessing mobbing behaviour of birds.

	(21%

Conspicuous movement Attack Example Citation Example Citation

  

		Approach and call were the two most recorded behavioural cues: 68.8% of the studies
	investigating mobbing in birds looked at the approach behaviour, and 65.9% focused on the calling
	behaviour. 42.4% mentioned looking at signs of excitement, 40% mentioned attack, and 29.3%
	focused on attention variables. Out of the 203 papers I looked at, 33% used continuous variables
	only, 21% used dichotomic variables only, 11.7% used a score and 33.6% used a mix of dichotomic
	variables, continuous variables and/or scores. On average, authors used 3.94 ± 2.45 behavioural
	cues (max= 13) when quantifying mobbing, and only 14.6% relied on only 1 behavioural cue.
	Studies using scores were able to focus on more behaviours (5.79 ± 1.84 behaviours were used in
	studies using scores compared to 2.77 ± 2.32 for dichotomic-studies and 3.51 ± 2.21 for
	continuous-studies). 45.4% of studies merged their variables at some point (e.g., in a principal
	component analysis).		
	Wing flick	Ostreiher 2003	Attack with contact	Balbontin et al. 2020
		Salis et al. 2021		Currie et al. 2001
	Circling	Barrionuevo 2019	Swoop/Dive	Burger & Gochfeld 1988
		Koboroff et al. 2013		Griesser & Ekman 2004
	Bill snap	Davies & Welbergen 2009	Latency to attack	Pozgayova et al. 2009
		York & Davies 2017		
	Hops	Guillette & Sturdy 2011		
		Koboroff et al. 2013		
	Tail flits	Jones & Whittingham 2008		
		Mc Lean et al. 1999		

Table 3 .

 3 Differences

	Species	Estimate	SE	Z	P value
	B. bicolor	-0.11	0.09	-1.17	0.24
	L. cristatus	-1.47	0.07	-22.27	< 0,001
	P. ater	-0.92	0.19	-4.88	< 0,001
	P. caeruleus	-1.88	0.08	-21.93	< 0,001
	P. carolinensis	-1.10	0.05	-20.34	< 0,001
	P. major	-1.52	0.07	-20.32	< 0,001
	P. palustris	-0.76	0.07	-11.00	< 0,001

in number of FME and D notes inside the FME-D calls of each species (generalized linear mixed models with a Poisson distribution). SE = standard error.

  , referentiality (e.g., in Siberian Jays Perisoreus infaustus, Griesser 2008), and vocal learning (e.g., song in oscines, Wilbrecht & Nottebohm 2003, Tyack 2019) -and haverevealed that these abilities are present in diverse animal species, emphasizing the importance of studying animal communication in our understanding of the evolution of language(Fishbein et al. 

	2019). Indeed, finding such characteristics in our closest relatives may indicate a gradual emergence
	of language features

  From these recording files, we built 20 unique soundtracks of natural mobbing calls (i.e., 20 soundtracks with one individual per soundtrack) using Avisoft-SASLab software (Avisoft Bioacoustics, Glienicke, Germany, one sample of spectrogram and audio file available in Sup.Mat.).These soundtracks were then used to construct the D-FME (i.e. reversed) calls by reversing the motifs order of the original FME-D calls of Great Tits. The same donor individuals were therefore used for both the natural and reversed call sequences. Within each soundtrack, calls were repeated at a rate of 26 calls per minute (characteristics within the range of the natural repetition rates,[START_REF] Dutour | The role of associative learning process on the response of fledgling Great tits (Parus major) to mobbing calls[END_REF]). We used a series of five to eight D motifs to construct playback (mean ± se = 7.11 ± 0.06). In each track, D notes were placed 82 ± 40 ms before FME (no difference with

	. Calls were recorded with a Fostex FR2LE digital
	recorder (Tokyo, Japan) connected to a Sennheiser ME67-K6 microphone (Wedemark, Germany;
	see Dutour et al. 2017b for more details). We also used mobbing calls obtained from the Xeno Canto
	online database (www.xeno-canto.org) recorded in different European countries (N = 7). By

controlling several factors when constructing our playbacks (see below), we homogenised our stimuli and reduced potential variation between different geographical areas. We recorded or selected good quality (sampling rate: 44.1 kHz; sample size: 16-bits) recordings, and all playback files were saved as .wav files. time between FME and D notes in the natural sequence; t-test = 1.79, P > 0.05). All playback sequences were arranged to control the ratio of the D notes over the FME notes in a mobbing call sequence, as note composition is known to alter Great Tits' response

TABLETable 1 .

 1 Details of the pairwise comparisons (a, c) and model output (b).

Table 1

 1 Summary of the factorial design used in our playback experiment. "Low" and "High"

	thresholds for call rate and number of D notes per call were chosen following the analysis of 53
	mobbing call recordings (see paragraph Preparation of call sequences for more details)
		High number of D notes per	Low number of D notes per
		call	call
		(10 per call)	(4 per call)
	High call rate	HCR-HD treatment	HCR-LD treatment
	(30 per min)	Total number of D notes: 300	Total number of D notes: 120
		Total number of FME: 60	Total number of FME: 60
	Low call rate	LCR-HD treatment	LCR-LD treatment
	(15 per min)	Total number of D notes: 150	Total number of D notes: 60
		Total number of FME: 30	Total number of FME: 30

Table 2

 2 Results of the analysis of deviance (Type II chi-square tests) of the full models for the two behavioural variables under study (scanning behaviour and approach behaviour). The effect of call

	rate (number of calls per min) and number of D notes per call are set at explanatory variables, as
	such as their interaction. a : degree of freedom; b : p value (α = 0.05). Statistically significant P values
	are in bold face			
		χ²	Df a	P b
	A. Scan			
	Call rate	5.72	1	0.02
	D notes	4.63	1	0.03
	Call rate * D notes	2.19	1	0.14
	B. Approach			
	Call rate	0.44	1	0.51
	D notes	0.05	1	0.82
	Call rate * D notes	0.45	1	0.50

Table 2 Outputs of the Generalized Linear Mixed models comparing the response of great tits when facing different soundtrack types (conspecific mobbing calls or coal tits' natural mobbing calls) in two different regions (in sympatry or in allopatry with the coal tit).

 2 

	Response variable	Dependent variables	χ²	P
	Number of scans			
		Soundtrack type	17.18 < 0.001
		Area	0.70	0.40
		Soundtrack type * Area 10.05	0.002
	Number of calls			
		Soundtrack type	6.26	0.01
		Area	0.83	0.36
		Soundtrack type * Area	5.90	0.02
	Number of wing flicks			
		Soundtrack type	22.28 < 0.001
		Area	0.05	0.82
		Soundtrack type * Area 15.08 < 0.001
	Number of tail flits			
		Soundtrack type	20.35 < 0.001
		Area	0.40	0.53
		Soundtrack type * Area	9.34	0.002
	Approach (dichotomic)			
		Soundtrack type	5.19	0.02
		Area	0.05	0.82
		Soundtrack type * Area	3.11	0.08

Table 3 For each behavioural variable recorded, we provide three contrasts of interest. First, in allopatry, the difference in response of great tits when facing either conspecific calls (GT) or coal tits' natural calls (CT Nat). Secondly, the same difference but in the sympatric area. Thirdly, the difference in response of great tits when facing either coal tits' natural calls or coal tits' calls organized as F-D sequences (CT FD). This last difference was calculated from a separate model with only the two soundtrack types included.
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	Response variable	Contrasts	Ratio SE	z	P
	Number of scans				
		ALLOPATRY -GT vs CT Nat	1.64 0.20	4.13	< 0.001
		SYMPATRY -GT vs CT Nat	1.04 0.12	0.30	0.77
		ALLOPATRY -CT Nat vs CT FD	1.56 0.22	3.17	0.002
	Number of calls				
		ALLOPATRY -GT vs CT Nat	3.00 1.30	2.54	0.01
		SYMPATRY -GT vs CT Nat	1.48 0.63	0.91	0.36
		ALLOPATRY -CT Nat vs CT FD	2.4	1.07	1.97	0.049
	Number of wing flicks				
		ALLOPATRY -GT vs CT Nat	10.35 5.40	4.48	< 0.001
		SYMPATRY -GT vs CT Nat	1.16 0.46	0.37	0.71
		ALLOPATRY -CT Nat vs CT FD	8.89	6.4	3.03	0.002
	Number of tail flits				
		ALLOPATRY -GT vs CT Nat	17.09 11.65	4.16	< 0.001
		SYMPATRY -GT vs CT Nat	1.42 0.70	0.70	0.48
		ALLOPATRY -CT Nat vs CT FD	11.6 8.97	3.16	0.002
	Approach (dichotomic)				
		ALLOPATRY -GT vs CT Nat	2.86 1.34	2.24	0.03
		SYMPATRY -GT vs CT Nat	1.11 0.52	0.23	0.82
		ALLOPATRY -CT Nat vs CT FD	4.55 2.22	3.10	0.002

Table 4 Spearman correlations between acoustic parameters in the CT-Nat soundtracks (number of calls or duty cycle) and the intensity of mobbing responses from great tits in the allopatric area.

 4 

	Acoustic parameter	Behavioral variable	S	Rho	p-value
	(a) Number of calls				
		Number of scans	10947	-0.11	0.51
		Number of tail flits	11619	-0.18	0.28
		Number of calls	8416.4	0.15	0.37
		Number of wing flicks	10105	-0.02	0.89
	(b) Duty cycle				
		Number of scans	7446	0.25	0.13
		Number of tail flits	10647	-0.08	0.13
		Number of calls	10436	-0.06	0.73
		Number of wing flicks	8521.3	0.14	0.40

  In contrast, they differed in duty cycle (coal tit: 15.19 ± 2.66 sec and great tit: 8.81 ± 1.58 sec), acoustic properties (differences in length, peak frequency and bandwidth, Hailman 1989 for descriptive work, Anonym author et al. under review for quantitative analyses), and call organization (clustering pattern and syntax).

Table 1 . Models estimating the variation in behavioural response from great tits and blue tits when facing our three different soundtrack types. P = p-value. Df = degree of freedom

 1 

		χ²	df	P
	Approach			
	Soundtrack type	2.27	2	0.32
	Species	2.98	1	0.08
	Soundtrack type: Species	1.97	2	0.37
	Scanning			
	Soundtrack type	23.92	2	< 0.001
	Species	9.67	1	0.002
	Soundtrack type: Species	5.59	2	0.06
	Intense mobbing			
	Soundtrack type	22.35	2	< 0.001
	Species	2.07	1	0.15
	Soundtrack type: Species	0.49	2	0.77

Table 1 .

 1 Acoustic parameters extracted from 25 individual recordings of blue tit and 25 recordings of great tits. For each recording, ten calls were analysed. The last line is the final parameters, at the intersection of blue tits' distribution and great tits' distribution.

		Number of Calls	Number of D notes Space between notes
	Great tit	21.04 ± 7.53	6.62 ± 2.79	0.04 ± 0.010
	Blue tit	17.56 ± 6.07	11.81 ± 3.13	0.04 ± 0.007
	Chosen fixed			
	parameter	18	10	0.04

  [START_REF] Mathot | Does metabolic rate predict risk-taking behaviour? A field experiment in a wild passerine bird[END_REF] body mass: Mathot et al., 2016; parental care : Moks & Tilgar, 2014; or sleep schedules: Stuber et al.

RELATIVE IMPORTANCE OF SYNTAX RECOGNITION IN HETEROSPECIFIC COMMUNICATION 1. HOW CAN BIRDS RECOGNIZE A MEANINGFUL MOBBING SITUATION? THE CASE OF ACOUSTIC CUES.

  

	, while
	variations in the different F notes indicates other situations (e.g., more C notes could indicate food
	discovery, Freeberg & Lucas, 2002; but see Mahurin & Freeberg, 2009 for an alternative
	interpretation). Even if we recorded F-D calls when mobbing in most species, these results clearly
	demonstrate that coding strategies differ between the different species, hence making general
	statements about Parids difficult.

B.

Note however that in the reproductive season, aggressive nest defence may not perfectly fit the definition proposed by[START_REF] Hartley | An experimental analysis of interspecific recognition[END_REF], since the mobbing is probably produced to protect offspring. The term 'nest defence' is more appropriate.

Papers were searched through google scholar and web of science with the terms « mobbing + birds ». I put aside papers that (i) did not concern birds, (ii) did not really recorded mobbing behaviour in an experimental setting (e.g., reviews or descriptive papers).

Variables compared were : Number of calls, scans, wing flicks, tail flits, ratio of approach, time at < 3m from the loudspeaker. All p > 0.05 (Wilcoxon tests, N mount = 40, N playback = 60).

Posthuman theories try to re-conceive classical humanism in which human have a particular place in the world because of their rationality and free-will, emerging notably because of language.

Sex Adult vs. juveniles Sex Sex Parents vs. juveniles Sex Species specific differences Sex, Age Sex Species specific differences Sex Nesting stage Paternal quality, size, age Species specific differences Sex Sex

2017 2017 2017 2017 2017 2017 2017 2017 2017
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Compositional syntax has been investigated in mobbing calls of two closely related tit species, the Japanese Tit Parus minor and the Great Tit Parus major, but with one contrasting result: hearing calls in the reversed order diminished the behavioural responses of Japanese Tits, however only partially those of Great Tits. This difference may have been due to an external factor such as the season in which the experiment was undertaken, as the Japanese Tits were tested in winter and Great Tits in spring. Here, we studied the responses of Great Tits towards natural and reversed mobbing sequences during spring and winter by investigating two behaviours: approaching and vigilance behaviours. We found that sensitivity to syntax reversal was impacted by the season. The birds were vigilant but less likely to approach reversed calls in winter. However the opposite occurred in spring, with the birds scanning less but still approaching. This study suggests that the perception of combinatorial calls in Great Tits is influenced by the season, emphasizing the importance of context in studies investigating complex cognitive processing in animals. 

MOBBING CALLS

In conclusion, both the overall call rate and the number of D notes per call were salient to the receivers, indicating that the overall number of D notes in the mobbing sequence is of importance to great tits. Our results, in association with previously published results, point towards the hypothesis that the great tit processes the FME-D combination as a new perceptual unit rather than the simple sum of its constituents and emphasizes how animals can combine several layers of information when calling. 

Abstract

When mobbing a predator, birds often produce specific mobbing calls that are efficient in recruiting both conspecifics and heterospecifics. Recent studies on Parids have demonstrated that these mobbing calls are in fact a combination of two distinct calls -first, introductory notes eliciting vigilance in the receiver, then broadband frequency notes ("D notes") triggering approach. Debates on a parallel between human syntax and this form of combination have emerged. The degree to which this combinatoriality is perceived in heterospecific communication may shed light onto the relative complexity of such combinatoriality. In this study, our aim was to determine whether European great tits (Parus major) appropriately responded to mobbing calls (and their isolated parts) of an allopatric species, the black-capped chickadee (Poecile atricapillus), a North-American species which produces similar combinatorial mobbing calls. In addition, we tested whether the behavioural response to complete mobbing sequences was different than the simple sum of its two constituents. As we hypothesized, great tits behaved differently when hearing the two isolated calls or the complete mobbing sequence: they produced calls and displayed excitement signs only toward the complete mobbing sequence. Moreover, great tits responded to the introductory and D notes by respectively scanning and approaching, and to the complete sequence by mobbing. Our results altogether support the emerging hypothesis of semantic compositionality in Parids, although the present study does not definitively demonstrate the existence of this cognitive process in the great tit.

Keywords: combinatorial call, heterospecific communication, mobbing, Paridae, Parus major, semantic compositionality (www.macaulaylibrary.org). For both species, we only used good quality recording files (A or B grades) under the denomination "Alarm call"/"Call".

Both species produce a mobbing call with an association of introductory and D notes (Fig. 1).

However, as these notes can also be produced in other context (Freeberg and Lucas, 2002;Kalb et al., 2019b), we controlled several features to ensure that the selected recordings represented mobbing call sequences. To begin, selected recordings were all made of the same introductory and D notes reported in Baker and Becker (2002) and [START_REF] Templeton | Allometry of Alarm Calls : Black-Capped Chickadees Encode Information About Predator Size[END_REF] for the black-capped chickadee and in Randler (2012) and Kalb et al. (2019a) for the great tit.

In addition, for both species, D notes length is known to vary with the context (Templeton et al., 2005;Kalb et al., 2019b); we therefore checked that the D notes in our stimuli had the same length (X = 0.05 s ± 0.01 for the great tit, X = 0,18 s ± 0,02 for the black-capped chickadee). Finally, we verified that no introductory notes used in food or flight related contexts were the most frequent in any of our recordings (i.e. the C notes for the black-capped chickadee associated with flight; and the G, H,I and M notes associated with food for the great tit, Freeberg and Lucas, 2002;Kalb et al., 2019b).

From these recording files, we designed 40 1 min mobbing sequences of great tits and black-capped chickadees (20 for each species, each obtained from a different sender) using Avisoft-SASLab software. To allow comparison between the responses of black-capped chickadees and great tits, we constructed every mobbing sequence with a similar duty cycle (i.e. the amount of time a signal is present over a specified time, Landsborough et al., 2019) and mobbing call repetition (30 calls per minute, natural range of repetition rate, Suzuki et al., 2016). Consequently, each mobbing call emitted by both species had a similar total introductory note duration (0.31 s ± 0.06, mean ± SD) and total D duration (0.50 s ± 0.07), but not the same number of notes, since blackcapped chickadee's D notes are longer (Figure 1).

Isolated introductory notes and isolated D notes stimuli for each species (20 stimuli for each treatment, for a total of 80 stimuli) were constructed by replacing the unwanted notes (D notes for the I notes treatment, and I notes for the D notes treatment) by background noise from the original recording, therefore keeping the same duty cycle of each call type as in the original soundtrack, since this acoustic feature seems more important than the number of notes/elements in eliciting mobbing behaviour (Landsborough et al., 2019). We also constructed 20 background noise stimuli extracted from the original recordings (control treatment hereafter referred as C1) and 20 control stimuli using recordings of songs of black-capped chickadees (the two-note "feebee" song, control

B. MANUSCRIPT 7: MECHANISMS OF HETEROSPECIFIC COMMUNICATION: BOTH LEARNING AND SYNTAX RECOGNITION ARE USED BY GREAT TITS WHEN ANSWERING TO MOBBING CALLS
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LAY SUMMARY

Why should I respond to this alarm call? For great tits, the response lies in learning processes and in the recognition of syntactic rules.

In a playback experiment on wild birds, we show that both mechanisms are complementary. Syntax may play a larger role than previously thought on heterospecific communication systems.

ABSTRACT

Mobbing behaviour, in addition to its complex cooperative aspects, is particularly suitable to study the mechanisms implicated in heterospecific communication. Indeed, various mechanisms ranging from pure learning to innate recognition have been proposed. One promising, yet understudied mechanism could be syntax recognition, especially given the latest works published on syntax comprehension in birds. In this experiment, we test whether great tits use both learning and syntax recognition when responding to heterospecifics. In the first part of the experiment, we demonstrate that great tits show different responses to the same heterospecific calls depending on their sympatric status. In a second part, we explore the impact of reorganizing the notes of the heterospecific mobbing calls to fit the syntax of great tits. Great tits showed an increased mobbing response toward the heterospecific calls when they shared their own call organization. Our results corroborate the recent finding that syntactic rules in bird calls may have a strong impact on their communication systems and enlighten how various mechanisms can be used by the same species to respond to heterospecific calls. Keywords: Combinatoriality; Heterospecific communication; Learning; Mobbing; Syntax propensity to approach the loudspeaker; the number of scans (180° head turns) since it is usually used as a proxy of vigilance effort (Suzuki et al. 2016;Dutour et al. 2019) ; the number of calls emitted since it has been used to assess the mobbing intensity (Carlson and Griesser 2022), the number of wing flicks (rapid opening of the wings without any change in place) as well as the number of tail flits (quick swinging of the body up and down) since these behaviours are common aggressive postures produced by tits when mobbing (Hinde 1952).

After each test, the observers waited for 5 min and made sure that all birds returned their previous activity. On no occasion the focal bird approached the experimenters rather than the loudspeaker.

Statistical analyses

All statistical analyses were done with R Studio (R v. 4.2.1).

We first analysed whether the difference of great tits response towards natural conspecific calls and natural coal tits' calls varies according to the allopatric status of both species (i.e., according to the region) using generalized linear models (GLM). To this aim, both the region (allopatric vs sympatric) and the emitter species (GT-Nat vs CT-Nat) as well as their interactive effect were introduced as explanatory terms in the model. Preliminary analyses did not reveal any significant effect of the study area on the response (see Supplementary material for details), we therefore did not further consider this effect in the subsequent analyses.

Each behavioral variable was analysed in a separate analysis. In the case of count variable (i.e. the number of scans, of calls, of tail flits and of wing flicks) a negative binomial (glm.nb, package MASS, 20) was used since a substantial overdispersion of our dataset was detected (check.overdispersion, package performance, [START_REF] Lüdecke | performance: An R Package for Assessment, Comparison and Testing of Statistical Models[END_REF]. Furthermore, to take into account the actual time of observation, the time the bird was visible was introduced as an offset (82.57 ± 9.54 sec, except for the number of calls, since calls can always be heard). Following new XYX orders from new XXY orders). Generalization of syntax from great tits when answering to unknown mobbing calls is therefore a reasonable hypothesis. Yet, since this process is cognitively demanding, we should favour the first hypothesis if no additional information is provided. 

Playback preparation.

Modification of natural mobbing calls of coal tits and great tits to obtain three soundtrack types: GT-Nat (mobbing calls of great tits with an F-D syntax), CT-Nat (mobbing calls of coal tits that do not produce F-D calls), and CT-FD (mobbing calls of coal tits organized with the syntax of great tits).

First, for great tits' recordings, we selected only the F-D sequences and discarded the strings of D notes alone. Indeed, the D notes alone are produced in various situations while the F-D sequence is associated to a mobbing situation (15,18). We then homogenized the ratio of F notes and D notes in the GT-Nat soundtracks to allow the built of reorganized coal tits mobbing calls (i.e., CT-FD soundtracks, see below for details) structurally comparable to the GT-Nat soundtracks. For this purpose, the F-D calls were thus homogenized with 1.81 ± 0.53 F notes (mean ± SD) followed by 7.82 ± 1.06 D notes (call rate of 10.42 ± 1.01 calls). For the coal tit, previous analyses have shown that they rarely produce F-D structured calls and rather a continuous flow of calls without apparent structuration of the calls sequence (16). We therefore did not alter the calls structuration of coal tits, except by suppressing the rare F-D calls (less than 6% in our recordings) in order to ensure a clear distinction between the natural coal tits' mobbing calls and the reorganized ones. Therefore, the CT-Nat soundtracks all possessed the same number of notes, but the clustering pattern of these notes naturally varied from 10 clusters, like great tits' soundtracks, up to 41 short clusters (the limit to consider separate clusters was 0.4 sec, intra-calls distances being a stable and short distance of maximum 0.3sec).

To build the reorganized coal tits' mobbing call soundtrack (CT-FD soundtracks) with the desirable features, i.e., comparable F-D structuration with the GT-Nat soundtracks while keeping the specific features of the CT-Nat ones, we assessed the note rate and the percentage of F notes in the two species to perform a further homogenization of soundtracks. The natural percentage of F notes in the great tit was 19.5 ± 9.7 % and 9.5 ± 12.7 % for the coal tit. We therefore chose to homogenize this percentage with a 15% of F notes in all soundtracks. This choice allows us to create F-D calls that are truly similar to great tits' call organization while being ecologically relevant for the two natural soundtrack types. To homogenize this percentage, we suppressed or duplicated some F notes. In the same way, the natural note rate Supplementary Information 2.

Testing potential differences between the three

To compare the level of response of great tits between the three study areas chosen in each region (allopatric versus sympatric with the coal tit), we ran generalized mixed models. We ran one model for each behaviour in each region, with the area as explanatory variable. We obtained the contrasts with function emmeans (Table below). Out of the 25 comparisons we ran (three study areas in each of the two regions for the five behaviours), only one comparison turned out to be statistically significant. This comparison involved the number of tail flits produced by great tits from the allopatric region: we recorded a lower number of tail flits in the area labelled A compared to the area labelled B. Given the high number of comparisons we did, we consider the presence of only one statistically significant comparison (4% of our comparisons) to be biologically irrelevant and rather the product of a random variation. In addition, since we ran the same number of tests in each area, we suppressed any risk of bias in our results linked to these three areas. 

Main text

To reduce predator pressure, one collective strategy is to mob the predator until it leaves the area (1). Mobbing is particularly widespread in birds. In this situation, most species produce specific calls that recruit both conspecific and heterospecifics (2). These calls can transmit crucial information about the threat, e.g., the size of the predator (3).

In several Paridae species, mobbing calls are made up of two note clusters: first, F notes, triggering vigilance in receivers, followed by a string of broadband frequency notes (D notes)

triggering approach from conspecifics and heterospecifics (4,5). When reversing the call (D-F calls), the mobbing response of birds is strongly reduced (4,5). A combinatorial call for which each part possesses a specific meaning, and for which order of the parts is crucial to convey meaning, fits the definition of compositional syntax from human linguistics (6).

the mobbing response of both species, and that the absence of response is present not only with inverted clustering (D-F calls), but with any non-F-D syntactic organisation. We thus confirm the hypothesis that birds, and particularly Parids, actually discriminate meaningful calls from syntax variation.

Poecile carolinensis. Specifically, we analysed five calls from six different individuals in each of the seven species, hence leading to the analysis of 210 F notes and 210 D notes. The recordings were obtained in 2019-2020 by K.S. and H.H. for the two American species and by A.S. for the five French species. The calls produced were recorded with a with a Fostex FR2LE digital recorder connected to a Sennheiser ME67-K6P microphone. All recorded birds were stimulated beforehand by a mobbing chorus of three conspecifics, and we verified that, in addition to producing mobbing calls, the birds also showed signs of intense mobbing (wing flicking, tail wagging (3). All recordings were high passed at 17 kHz and low passed at 2 kHz to decrease the impact of background noise on the analyses (no calls in these frequencies).

All acoustic properties were analysed with spectrograms synthetized in Avisoft SASLab (Spectrogram parameters: FFT Length 1024; Bandwidth 56 Hz, Resolution 43 Hz) and with the automatic acoustic analysis process. For each recording, the threshold to separate each note was visually adapted. For the F notes, we extracted duration and peak frequency at the beginning and at the end of the note. For D notes, we extracted duration and the min and maximum frequency of the call (the bandwidth). Once all acoustic parameters were extracted, we constructed 30 unique artificial mobbing calls soundtracks. To create the F notes, we randomly picked into our empirical acoustic diversity of 210 notes (i) the duration of the notes, (ii) the peak frequency at the beginning of the note, and (iii) the peak frequency at the end of the note. We then integrated a modulation in frequency. We then randomly picked the (x; y) coordinates of the modulation. For the x coordinates, the time of the modulation was picked with function RANDBETWEEN in Excel in the interval between 0 and the duration of the note. For the y coordinates, we used the same function but with the minimum (3610 Hz) and maximum (9470 Hz) found in our acoustic analysis.

To create the D notes, we randomly picked into our empirical acoustic diversity of 210 notes (i)

the duration of the notes, (ii) the lowest frequency, and (iii) the highest frequency.

Finally, we build soundtracks with mobbing calls of conspecifics to have a positive control of the mobbing response of great tit and blue tits. We therefore built 30 soundtracks of great tits and 30 soundtracks of blue tits. All original call sequence were recorded by A.S. in 2021-2021 in the same region. To have a robust comparison with the artificial soundtracks, we modified the number of notes in the calls and the call rate, when necessary, by removing or copying some notes.

Hence, the final 60 recordings all possessed calls with 2 F notes, 9 D notes, and 18 calls per min.

The amplitude of all soundtracks (conspecific, artificial F-D and artificial non-F-D) was homogenised at 75% on the entire file.

Field procedure

All playback tests were done in February 2022 by A.S. accompanied by two field assistants.

All tests were done in the North-East of Lyon, France, in the countryside. The birds tested were free ranging but were habituated to the human presence because of their proximity with human habitations. For each soundtrack type, we tested 30 birds of each species (hence a total of 180 tests).

Once a foraging bird was detected, we carefully placed a Bose Revolve Soundlink loudspeaker at ~20 meters from it (21 ± 4.65 meters). Before launching the test, we made sure that no bird was mobbing in the vicinity. We then launched the loudspeaker for the one-minute soundtrack. As soon as the loudspeaker was launched, the behavioural observations began. The observation stopped 30 sec after the end of the broadcast (so that one complete behavioural test = 90 sec). Mobbing activity was inferred from three indicative variable: the distance approach, the vigilance effort, the mobbing intensity. To this aim, the behaviour of focus birds was recorded by A.S. using binoculars. Both the initial distance from the loudspeaker and the minimal distance reached during the test were used to estimate the distance of approach (experimenters were trained beforehand to correctly estimate distances). The vigilance effort was inferred from the number of Supplementary Material 1: Did the mobbing response of Great and Blue tits was dependent on the acoustic cues in the artificial soundtracks?

We explored the impact of acoustic characteristics of the artificial soundtracks on the mobbing response of great tits and blue tits. To this aim, we tested whether the individuals that mobbed intensely (=1) and the individuals that did not mob (=0) differed in the acoustic properties they heard in the soundtracks. We tested 10 different variables for both species and tested the differences with a Wilcoxon test (results given at the right of the graphs). Regarding the F notes, we tested the importance of their peak frequency, modulation, and duration.

Regarding the D notes, we tested the importance of their duration, bandwidth, lowest frequency, and highest frequency. Finally, we tested the effect of total duration of the call and the difference between the peak frequency of the F notes compared to the lowest frequency of the D notes, and in a similar way the difference between the peak frequency of the F notes and the highest frequency of the D notes. In the two graphs given below, boxplots are given (Horizontal line: median value; box ends: upper and lower quartiles; whiskers: variation range of values). Like great tits, coal tits are central in mobbing flocks. Indeed, a large range of birds respond to coal tits' calls and this species regularly respond to other birds (Carlson et al., 2020;Dutour et al. under review). Yet, the coding mechanisms of coal tits are unknown, apart from older descriptive work that lacked the acoustic and statistical analyses that are now easier to explore (e.g., Hailman, 1989;Thielcke, 1968). Therefore, exploring the varying use of the different F and D notes of coal tits in different contexts (e.g., foraging, nesting, alarming), should improve our understanding of the call production in this species. In a second step, investigating the behavioural responses of coal tits to specific notes or specific assemblages of notes with playback experiments should be explored. The diversity of notes in this species could represent a great opportunity to explore a more complex system than great tits' calls.

BLUE TIT

In addition, coal tits have been identified as a species with great cognitive skills. Indeed, coal tits succeeded better than great tits in a cognitive task to find hidden objects, and authors proposed that this can be explained by their general food caching behaviour [START_REF] Marhounová | Object Permanence in the Food-Storing Coal Tit (Periparus ater) and the Non-Storing Great Tit (Parus major) : Is the Mental Representation Required[END_REF]. Several studies have proposed that cognition and complex communication abilities are correlated [START_REF] Fitch | Animal cognition and the evolution of human language : Why we cannot focus solely on communication[END_REF][START_REF] Freeberg | On understanding the nature and evolution of social cognition : A need for the study of communication[END_REF]. Creating a large inter-specific project aiming at comparing cognitive skills (e.g., problem solving tasks) and call complexity (e.g., in terms of combinatorial productions) in Parids could therefore clarify this question.

authors have suggested that the recognition of F-D calls could be one mechanism allowing the recognition of meaningful mobbing calls, even unknown ones (Randler, 2012).

I explored this hypothesis with great tits' response to unknown heterospecific mobbing calls (Chapter 3). In the three experiments, great tits responded to unknown calls only if these calls shared the F-D syntax. Specifically, in Manuscript 6, we show that mobbing responses occur toward complete F-D calls from an unknown species but not toward isolated F or D notes. In Manuscript 7, we demonstrate that modifying the syntax of unanswered calls will increase great tit's mobbing response. Finally, in Manuscript 8, we demonstrate that responding to F-D unknown calls is generalisable and that the precise acoustic properties of both F and D notes do not impact the birds' mobbing response. We therefore confirm that great tits perceive the order of the elements as a useful cue when deciding to invest in mobbing.

MECHANISMS OF SYNTAX RECOGNITION

While our results support the hypothesis that great tits recognize unknown F-D call as a mobbing call, the mechanisms implicated in this recognition should be discussed. 

i. Signal's acoustic properties allowing discrimination

Whether the recognition of F-D call is innate or emerged through generalisation, the precise mechanism allowing recognition is not known. One common ground found in all F-D calls is the difference in acoustic properties between F and D notes (bandwidth and peak frequency, Manuscript 1). We can therefore expect that great tits rely on these bandwidths and frequencies to recognize new calls. In addition, F-D calls all have one transition from F to D notes. However, in Manuscript 8, we show that the transition from F to D notes alone is not sufficient. Indeed, calls in the form DDFDDDFD rarely triggered a mobbing response from great tits, although they contain two transitions from F to D notes and the usual number of F and D notes. Beginning with an F note and/or the presence of only one transition may be additional aspects to consider.

Perspectives -Project # 2

To explore these questions, two experiments can be proposed. First, the perceptual limits of F and D notes could be investigated. Creating a vast range of playbacks combining varying peak frequencies and bandwidth of both F and D notes should enlighten the mechanisms implicated in the discrimination of acoustic features of these two types of notes [START_REF] Green | Categorical perception in animal communication and decisionmaking[END_REF]. Given the large variation in bandwidth and peak frequency that we found in Manuscript 1 (e.g., the peak frequencies of D notes of the blue tit were as high as the peak frequencies of F notes of the crested tit), we can hypothesize that the importance does not lie in the objective spectral characteristics, but on the difference between F and D notes in the call regarding these criteria. By creating D notes with equal peak frequency from F notes but larger bandwidth (and the opposite), we can also test the relative importance of these acoustic characteristics.

Secondly, we can try to disentangle whether it is the number of transitions and/or the presence of the F notes at the onset of the call that are relevant for recognition. To this aim, we could create playbacks with calls of different organisation: FFDDDD; DFFDDD, and FFDDFFDD. The first treatment should work as a positive control. Then, if great tits respond to the second treatment, then we can conclude that the presence of an F notes at the beginning of the call is not crucial for great tits to recognize the call. In contrast, if individuals respond to the third treatment, we could conclude that the number of transitions F→D notes is less important than the presence of F notes at the onset of the call. Here, however, we control for the total number of notes in the call. One critic to the last organisation is that the number of F notes is higher is this treatment. We should therefore add a last playback with a FDDFDD organisation to evaluate whether different responses could arise from a different number of F notes. Finally, to push the reasoning even further, we could create unnatural stimuli with the characteristics targeted above.

Indeed, F-D calls almost always have more D notes than F notes (typically, an F-D call is composed of ~2 F notes and ~7 D notes). By creating unnatural rhythm such as FFFFFFFFFF-DD calls, we could test whether great tits rely on the overall shape of the call when responding or if it is really the rules "F note first" and/or "only one transition" that are crucial for F-D call recognition.

productivity, and F-D calls of Parids could be another one promising example [START_REF] Berthet | Animal Linguistics : A Primer[END_REF].

The greatest challenge is to obtain large datasets on the call sequences of animals and the context in which they were produced. The variable use of different notes, in different sequences, for different contexts, is greatly lacking in the great tit. Specifically, the use of F and D notes outside the mobbing context is poorly known. Kalb and colleagues (2019a) result in an easy localisation of the calls (in contrast to flee calls, for example, that are selected for the opposite function, Marler, 1955). The F notes are even more problematic and even less studied:

in each species we studied, several distinct F notes were used and with different combinatorial rules. We have no data on great tits' F notes to conclude on the specific meaning of each note.

Looking at the meaning and use of F and D notes in calls sequences of great tits is probably the most desirable solution to test for compositionality in birds. However, compositionality is an internal process by which individuals can cluster different elements into larger structures (Bolhuis et al., 2018a(Bolhuis et al., , 2018b)). Testing the potential for compositionality in great tits may also be achieved by exploring similar processes for other functions. Typically, the production of sequential actions is one mechanism similar to syntax processing. Several species use sequential actions for mating purposes, food caching, or in anti-predator defence (Griesser et al., 2018). The organisation of calls in a fixed order may therefore be a consequence of other behaviours that needed this organised order to be completed. Other cognitive mechanisms could be a prerequisite cognitive bias for compositionality to emerge. For example, most interactives situations include an agent (the individual performing the action) and a patient (the individual or object being affected by the action), and several species including humans have a bias towards agents over patients [START_REF] Wilson | The evolutionary origins of syntax : Event cognition in nonhuman primates[END_REF]. Altogether, several cognitive mechanisms may enlighten a similar basis in most species allowing the emergence of compositionality [START_REF] Wilson | The evolutionary origins of syntax : Event cognition in nonhuman primates[END_REF]. more interesting than any other animal communication (e.g., [START_REF] Beecher | Why Are No Animal Communication Systems Simple Languages[END_REF][START_REF] Hauser | The mystery of language evolution[END_REF].

In opposition to this view, most behavioural ecologists see human communication and animal communication are part of a larger evolutionary system that differs in degree, not in nature. This posthuman 5 view [START_REF] Kwok | The human-animal divide in communication : Anthropocentric, posthuman and integrationist answers[END_REF] follows three important statements: (i) Previous knowledge on animals have been biased by our anthropocentric views, (ii) It is more probable that evolution favoured various systems of communication, and several systems share common grounds with our language, without any hierarchical structure between systems and (iii) With scientific methods, we can objectively approach the reality of animal communication.

In this regard, using linguistics methods to study animal communication may be seen as a step back from the final objective of being independent from our own language when studying animal communication. However, while I recognize that the risk of being trapped in linguistics methods when studying animal communication is real, I do not believe that researchers discarding linguistics methods are necessarily less prone to bias. As human beings, we are necessarily biased by our historical and sociological background. Studying language, in this regard, is even more delicate since language and cognition are intrinsically linked and influenced by history. Societies build languages, and languages rules can, in return, affect social constructions. One simple example is how several societies use grammar rules reflecting a dominance of men towards women (e.g., in

French, "the masculine takes over the feminine" when referring to groups of peoples), and how these rules impact the cognitive representations and concrete opportunities of males and females in the society [START_REF] Chatard | Impact de la féminisation lexicale des professions sur l'auto-efficacité des élèves : Une remise en cause de l'universalisme masculin ?[END_REF][START_REF] Gygax | The masculine form in grammatically gendered languages and its multiple interpretations : A challenge for our cognitive system[END_REF]. Pushing that reasoning to the extreme, some authors even propose that understanding language and communication evolution is impossible, since we are trapped in our language and consequently cannot place ourselves as a third entity completely impartial to the situation (the integrationist view, [START_REF] Kwok | The human-animal divide in communication : Anthropocentric, posthuman and integrationist answers[END_REF]. While recognizing that our perception and our past affect our scientific production, the objective of attaining the truth should not be discarded. Scientific methods, while rarely perfect, decrease the uncertainty around hypotheses and progressively improve human's knowledge. Recognizing that we, as human beings, are necessarily biased in our way of doing science, should not completely discard the scientific method and its conclusions. Following the same reasoning, to recognize that using linguistic tools to study animal language may bias our view of animal communication is crucial. However, ignoring the important methods and concepts of this field may, in the end, be even more detrimental.

VIII. CONCLUSION APPENDIX 1.

List of the articles that explored the variation of mobbing behaviour of birds depending on different parameters.

The parameters can be related to social factors, external to the focal bird, internal to the focal bird, or characteristic of the stimulus. The X in the two last columns indicate whether the article has recorded the behaviour and/or the acoustic production of the focal birds (X² = the article only recorded the number of calls)
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Type of predator APPENDIX 2. Language characteristics in behavioural ecology.
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The general domains related to human's characteristics of language have been explored in animal acoustic sequence. I here briefly review the aspects of (i) learning, (ii) symbolism and meaning, and (iii) the cognitive aspect of language.

(i) Language is learned.

In all human populations, it is the repetitive contact with adults that allow the emergence of language in children. Rare examples of children raised with little contact with adults when growing up depict a great difficulty to communicate and to make them learn language [START_REF] Prato | A Special Case of Philosophical Reflection about the Origin of language : Victor, the Wild Child of Aveyron[END_REF][START_REF] Stromswold | The Cognitive Neuroscience of Language Acquisition[END_REF]. Yet, while the rules for adequate communication are learned, it would be incorrect to dismiss the neural and mechanical innate properties facilitating the emergence of language. Indeed, the precise control over our acoustic production as such as specific neural mechanisms all appear correlated with our language abilities with a genetic basis [START_REF] Stromswold | The Cognitive Neuroscience of Language Acquisition[END_REF]. In addition, humans have a sensitive period in which language is more easily acquired [START_REF] Veríssimo | Selective Effects of Age of Acquisition on Morphological Priming : Evidence for a Sensitive Period[END_REF].

Animal communication, in contrast, was classically considered as rigid and reflexive.

However, many studies demonstrate that vocal learning occurs in distant species (mostly birds and mammals, [START_REF] Martins | Vocal learning : Beyond the continuum[END_REF][START_REF] Tyack | A taxonomy for vocal learning[END_REF]. Our closest primates relatives do not rely much on learning for their vocal utterances (although this is still discussed, [START_REF] Fischer | Towards a new taxonomy of primate vocal production learning[END_REF]. In contrast, birds share several characteristics with how humans learn language. Indeed, most oscines have a sensitive period in which offspring can learn the repertoire of their parents (Wilbrecht & Nottebohm, 2003). The control over their vocal production is extremely precise and occur through tutoring of older birds (Wilbrecht & Nottebohm, 2003). In addition, remarkable similarities with humans regarding their neurological and sensory-motor system have been described (Searcy & Nowicki, 2005;Wilbrecht & Nottebohm, 2003). Other species, mostly mammals, are also promising leads (e.g., dolphins and bats: [START_REF] Janik | Cetacean vocal learning and communication[END_REF][START_REF] Vernes | Behaviour, biology and evolution of vocal learning in bats[END_REF].

Consequently, while learning is a crucial property of language, this ability is clearly not specific to the human species.

(ii) Language is a set of symbols carrying meaning.

A second important characteristic of language is the use of specific symbols with apparent arbitrariness that refer to a specific meaning. Indeed, all natural languages use arbitrary association of signs to transfer information from one individual to another. For example, the words 'cow' in English, 'vache' in French, or 'kráva' in Czech all refer to the same animal yet with different sounds with no apparent justification as to why these specific sounds refer to this animal. In contrast, calls triggered by fear, for example, cannot be considered as arbitrary symbols since they directly correlate to an emotional reaction. In addition, signals of urgency mostly use rules of 'more': more call repetition, louder elements, etc [START_REF] Beecher | Why Are No Animal Communication Systems Simple Languages[END_REF], which are therefore not arbitrary. However, vervet monkeys produce different calls to eagles and leopards [START_REF] Seyfarth | Monkey Responses to Three Different Alarm Calls : Evidence of Predator Classification and Semantic Communication[END_REF]. These calls could fit that definition since no logical explanation can be proposed to explain the sound monkeys produced to the different predators. Other examples of apparent arbitrariness such as the famous waggle dance of honey bees have been debated [START_REF] Beecher | Why Are No Animal Communication Systems Simple Languages[END_REF]. Importantly however, the fact that many animal signals are not arbitrary does not impact the meaning of the signals. Indeed, signals can refer to one specific object, such as the word cow in English, whatever the shape of the signal.

This association of signal and meaning is called referentiality in animal communication.

To properly test the presence of referential calls in animals, [START_REF] Evans | Referential Signals[END_REF] proposed two criterions: (i) the call is produced only when facing the correct stimulus (i.e., production specificity), and (ii) the receiver respond with the appropriate behaviour when hearing that sound, without any other cue (i.e., perception specificity). These concrete hypotheses have allowed a great number of studies to test referentiality in several species (Suzuki, 2016). For example, chickens produce different alarm calls depending on whether the threat is aerial or terrestrial and respond differently to these calls (Evans et al., 1993). Similar results have been demonstrated with Japanese tits producing 'chicka' calls when facing crows and 'jar' calls when facing snakes (Suzuki, 2011) and vervet monkeys with different calls towards snakes, eagles and leopards [START_REF] Seyfarth | Monkey Responses to Three Different Alarm Calls : Evidence of Predator Classification and Semantic Communication[END_REF]). Yet, demonstrating production specificity is difficult due to (i) potential errors from the senders, and

(ii) the difficulty to consider what stimulus the animals are really detecting (Searcy & Nowicki, 2005). If we base referentiality on these two criteria, emotion and innate production are of no importance for the signal to convey a specific meaning: the reasons behind call production do not impact how information is transmitted and integrated by the receiver [START_REF] Heesen | Primate communication : Affective, intentional, or both ? Primate Cognitive Studies[END_REF].

Arbitrariness and referentiality are often associated with the idea that humans do not simply learn words, but rather learn the underlying concepts behind these words, i.e., the non-linguistic psychological representation of a class of entities in the world [START_REF] Margolis | Concepts. In Stanford encyclopedia of philosophy[END_REF]. The idea of a cow is the same concept in all languages, even if the acoustic symbol used is different.

This idea requires that language needs an internal process able to comprehend concepts rather than simply associate words with stimuli. This idea has rarely been tested in animals. However, some studies tend to show that animals could comprehend complex concepts. For example, recent work depicts a possible generalisation of the concept of even and odd numbers by honeybees [START_REF] Howard | Numerosity Categorization by Parity in an Insect and Simple Neural Network[END_REF]. In birds, [START_REF] Suzuki | Imagery in wild birds : Retrieval of visual information from referential alarm calls[END_REF] proposed an experiment to demonstrate that Japanese tits Parus minor retrieve a visual search-image of snakes when hearing specific anti-snake calls ('jar' calls).

Indeed, Japanese tits hearing jar calls showed an increased aggressiveness toward a stick moving like a snake but not a stick swinging to a branch [START_REF] Suzuki | Alarm calls evoke a visual search image of a predator in birds[END_REF]. This idea that language necessitates to internalize concepts is in reality part of the third characteristic: language is not only the visible production, but also the internal processes around that production.

(iii) Language is also an internal process

Most linguists consider that language cannot be reduced to the sole acoustic or gestural production: language is both the internal processes and the external proof of it (Bolhuis et al., 2018). This internal aspect can be described by several aspects of language: First, in humans, language is intentional: we communicate with the intention of modifying other individuals state of mind and/or actions and actively control what we want to communicate. In addition, language is reflexive, i.e., we can distance ourselves from our language and are able to talk about it [START_REF] Cuskley | Language evolution : A brief overview[END_REF]. Finally, as described above, language aims at expressing our thoughts: internal thoughts may be a prerequisite to the vocal production of linguistic content [START_REF] Jonker | The origin of the human mind a speculation on the emergence of language and human consciousness[END_REF]. All these characteristics of the human species revolve around the idea of an internal consciousness of communication.

Research about consciousness and concept of minds in animals is emergent and far too little protocols have been tested properly on different clades. Research about consciousness in animals includes research about whether animals can conceptualize time [START_REF] Boeckle | New Caledonian crows plan for specific future tool use[END_REF], abstract concepts [START_REF] Giurfa | The concepts of 'sameness' and 'difference' in an insect[END_REF], self-recognition (e.g., the mirror test, Gallup, 1985), and many others. I will not develop all the concepts briefly described above, but rather focus on one example that is now quite well studied in different animals: intentionality.

Intentionality is defined as 'the cognitive impetus to inform others (or affirm, change, influence, or otherwise engage) their mental state' (Rendall, 2021). Intentionality literature is strongly biased towards non-human primates; although some studies have focused on intention in other clades (e.g., in dogs, ravens, or fishes: [START_REF] Miklósi | Intentional behaviour in dog-human communication : An experimental analysis of « showing » behaviour in the dog[END_REF][START_REF] Pika | The use of referential gestures in ravens (Corvus corax) in the wild[END_REF][START_REF] Vail | Referential gestures in fish collaborative hunting[END_REF]. Intention to communicate can be detected with several behavioural cues [START_REF] Graham | Scratching beneath the surface : Intentionality in great ape signal production[END_REF]. Typical behavioural cues of intention are: (i) Producing the signal only if the receiver is present, (ii)

Checking the audience (making sure that the signal is received by the receiver), (iii) Stopping the signal only when the behaviour of the sender is changed, or (iv) Complex audience effects (e.g., calling more in presence of kin, [START_REF] Cheney | Vervet Monkey Alarm Calls : Manipulation Through Shared Information[END_REF]. While one behavioural cue alone cannot fully demonstrate the intentional aspect of a signal, several cues produced in synergy produce a reasonable basis to interpret intentionality. However, the research around intentionality in animals currently lack a cohesive methodology [START_REF] Graham | Scratching beneath the surface : Intentionality in great ape signal production[END_REF]. Similar studies on the same species, for example, depict divergent results due to methodological differences (e.g., using a moving or static model of snake, [START_REF] Graham | Scratching beneath the surface : Intentionality in great ape signal production[END_REF]). While the number of studies concluding positively on intentional abilities in animals is increasing, research is still needed to produce a cohesive and conclusive evidence for intentionality in non-human animals.

APPENDIX 3. Studies on Parids and the behavioural variables they recorded to assess mobbing.

Mean single = the arithmetic mean of all distance values in a trial weighted by their durations, regardless of the presence of the mate. Mean common distance = same as mean single distance but only when the mate is present. NB: the duration of mobbing implies either approach and/or calls.