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Table of content

When Lamarck stated that organisms were changing through time following the environment in which they were living [START_REF] Lamarck | Système des animaux sans vertèbres[END_REF], the idea did not convince the scientific community, and especially not Cuvier, the father of comparative anatomy. However, when both Wallace and Darwin travelled around the world a few years later, the concept had emerged and allowed them to explain small differences they had observed between species on close islands [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]. What was really new with their contribution was the underlying mechanism: the natural selection. They both stated that there were slight differences among descendants of two parents. Some of these differences could favor their host, which would therefore increase its probability to survive and then transmit these differences to its own progeny. Alongside his tentative to explain little differences between close islands, Wallace also faced a major phenomenon in Indonesia: a huge demarcation between the fauna of two groups of islands despite short distance between them (later called the Wallace's Line). To explain differences between fauna of different islands, he studied mechanisms such as climate, stratigraphy, dispersion or competition [START_REF] Wallace | The geographical distribution of animals: with a study of the relations of living and extinct faunas as elucidating the past changes of the earth's surface[END_REF]. He was therefore among the first biologists who developed the biogeography of animal species (or zoogeography). The present distribution of all taxa was however difficult to explain only with dispersion from an ancestral area. In particular, the Glossopteris flora [START_REF] Cox | Biogeography: An Ecological and Evolutionary Approach[END_REF] in the southern hemisphere is among the most striking distribution patterns to explain (Figure 1).

FIGURE 1: DISTRIBUTION OF THE GLOSSOPTERIS FLORA (COX & MOORE, 2010)

When the meteorologist Alfred Wegener proposed his continental drift theory [START_REF] Wegener | Die Entstehung der Kontinente[END_REF], it allowed a more parsimonious explanation for this type of distribution. He had however no mechanism to explain it, and did not manage to convince scientists. It was only widely accepted in the 1950s, after Arthur Holmes (Holmes, 1931) and later Samuel Carey [START_REF] Carey | The tectonic approach to continental drift[END_REF] were able to clarify underlying mechanisms. Geology, alongside with ecology, climate changes and evolutionary biology are thus all involved to understand the current species distributions. However, if the species concept was rather clear when first biogeography studies were developed (based mainly on morphological similarities between individuals), it seems that the more scientist work on the subject, the less they are able to define it [START_REF] Mayden | A hierarchy of species concepts: The denouement in the saga of the species problem. Species: The units of diversity[END_REF])…

The different species concepts

The biological definition, known of everyone, states that a species is a group of individuals that are able to reproduce and whose offspring are themselves fertile. Horses and donkeys are therefore species, but mules and hinnies are not. It was clarified by [START_REF] Mayr | Systematics and the origin of species, from the viewpoint of a zoologist[END_REF] as: "Species are groups of actually or potentially interbreeding natural populations, which are reproductively isolated from other such groups". However, numerous situations break down this definition. First, it can only apply to sexually reproducing species, and therefore excludes many taxa such as bacteria and most of fungi. Second, it can only apply to extant species, as it is in many cases impossible to know from fossils how individuals could reproduce. Nevertheless, even for extant sexually reproducing species, the reproductive isolation has been recently found difficult to prove.

During the sexual reproduction, each parent transmits half of its characteristics to its offspring through the transmission of half of its genetic information (see Box 2 for more details). At the population scale, it allows a mixing of the whole information and the transmission of characteristics such as resistance against diseases or antibiotics, adaptation to altitude… This phenomenon is called "gene flow" and its absence has long been considered as a prerequisite for speciation (even if recent advances in genetics showed that it is probably more the exception than the rule; see 3.2). On the other side, two populations of a largely distributed species can have differentiated enough to be unable to reproduce anymore (examples of cline and ring species described in 3.2). Therefore, the biological definition of species based on reproduction presents some limits.

Another frequent view of the species is the phylogenetic or evolutionary concept, proposed by Wiley [START_REF] Wiley | The evolutionary species concept reconsidered[END_REF]: "a species is a lineage of ancestral descendant populations which maintains its identity from other such lineages and which has its own evolutionary tendencies and historical fate".

It is based on a more historical concept (all the descendants of a common ancestor). Its use has widely increased with the development of biogeographic studies that include genetic data, as these data compared together allow us to determine if individuals have a recent or older common ancestor (see Box 2 for more details). This species definition is at the basement of the barcoding approach (Hebert et al., 2003). The main idea of this concept is that genetic sequences can be considered as an identity card for each individual, including its affiliation to a species. If we compare sequences which evolve quickly enough to be different between species, but slowly enough to allow very little variation at the intraspecies level, we should be able to assign a species to each individual analyzed. Different markers were chosen depending on the kingdom: COI for animals (Hebert et al., 2003); matK, rbcL, trnH-psbA or ITS2 among others for plants. The number of potential markers in plants is indicative of a major limit of barcoding: one single marker can hardly fit the whole kingdom species delimitation. Even in animals where COI makes consensus, this mitochondrial gene is not suitable for all families (e.g. [START_REF] Meier | DNA barcoding and taxonomy in Diptera: a tale of high intraspecific variability and low identification success[END_REF]. Other options have been proposed to delimitate species, using more markers at the population scale. They are based on the idea that each gene evolves through its own history, and therefore comparing different versions of this gene (called alleles) in different individuals allow us to find when the ancestral form occurred (coalescent theory; [START_REF] Kingman | The coalescent[END_REF]. With this method, even recent speciation events can be detected [START_REF] Heywood | SpedeSTEM: a rapid and accurate method for species delimitation[END_REF], where barcodes struggled. Moreover, the use of different markers allows avoiding artifacts due to incomplete lineage sorting (where the two species do not recover the same sampling from the ancestral alleles, and artificially show a gene tree different from the species tree). Some particular cases like species radiations (where many speciation events occurred through a short period of time) still need specific caution to define species based on genetic data [START_REF] Meiklejohn | Analysis of a rapid evolutionary radiation using Ultraconserved Elements: evidence for a bias in some multispecies coalescent methods[END_REF].

Both evolutionary and morphological / biological species concepts present their own limits, and their results do not always agree. While genetic data allows the discovery of cryptic [START_REF] Bickford | Cryptic species as a window on diversity and conservation[END_REF] and mimetic species [START_REF] Brower | A new mimetic species of Heliconius (Lepidoptera: Nymphalidae), from southeastern Colombia, revealed by cladistic analysis of mitochondrial DNA sequences[END_REF], the approach sometimes suggests grouping different species into one. This is notably the case for sexually dimorphic species, for which male and female had been previously described separately by taxonomists [START_REF] Nakahara | Remarkable sexual dimorphism, rarity and cryptic species: a revision of the 'aegrota species group' of the Neotropical butterfly genus Caeruleuptychia Forster, 1964 with the description of three new species (Lepidoptera, Nymphalidae, Satyrinae)[END_REF]. Finally, we also know today that genetic material can be exchanged at very large taxonomic distance via lateral gene transfer: from bacteria to nematodes [START_REF] Danchin | Horizontal gene transfer from bacteria has enabled the plant-parasitic nematode Globodera pallida to feed on hostderived sucrose[END_REF] or from bacteria to insects [START_REF] Shelomi | Horizontal gene transfer of pectinases from bacteria preceded the diversification of stick and leaf insects[END_REF]. The extent of such exchanges is not yet very well documented, but demonstrates that genomes are permeable, which may imply that usage of a single marker should be avoided.

As this work does not pretend to give an answer to the tough question of "what is a species?", we will use species names as they are stated in recognized databases such as the Handbook of the Birds of the World (HBW), the International Ornithological Congress (IOC) World Bird List or the International Union for Conservation of Nature and Natural Resources (IUCN) red list. Those definitions are mainly historical (and thus based on morphology and reproduction limitations), but are regularly updated following genetic analyses. They are useful for the biodiversity monitoring as species can be seen as units of conservation, but an absence of a consensual concept questions the relevance of such approaches [START_REF] Fraser | Adaptive evolutionary conservation: towards a unified concept for defining conservation units[END_REF]. Understanding processes that generate biodiversity is thus essential in conservation biology, as well as in fundamental research.

The current biodiversity results both from historical processes of speciation, dispersal and extinction (Roy & Goldberg, 2007) and from ecological constraints (Currie et al., 2004). However, the relative importance of the different historical processes through space and time in shaping the richness distribution is still unclear [START_REF] Ricklefs | Clade extinction appears to balance species diversification in sister lineages of Afro-Oriental passerine birds[END_REF], as is the exact context of most speciation events.

This works aims at shading light on the complex scenario that can underline a non-homogeneous current species richness. Diversification is the most studied process (e.g. [START_REF] Magallón | Absolute diversification rates in angiosperm clades[END_REF]Stadler & Smrckova, 2016;part 3), but understanding the species relationships and dating the speciation events are key priors to this type of study (part 4).

Speciation mechanisms

The role of population isolation in speciation

When Wegener proposed his theory of continental drift [START_REF] Wegener | Die Entstehung der Kontinente[END_REF], two major mechanisms of isolation were in competition to explain species distribution. While they were supported by different intellectual currents and seemed therefore incompatible, it is now clear that these two mechanisms coexist. The first way to explain speciation is the dispersion followed by isolation. In this context (Figure 2), a few members of an established species manage to cross a barrier. The second mechanism, vicariance, is due to the appearance of a barrier in the species distribution, splitting the population into two (Figure 3). In these two contexts, barriers can take various forms. The most obvious is the geographic barrier: high mountains or large oceans can be difficult to cross, even for birds (whose flight ability varies greatly between species). However, climatic and/or biotic barriers exist as well. During glacial periods, a mountain that could previously be crossed can host insurmountable glaciers (Figure 4). On the other side, warming and drying periods can break up a previously continuous distribution through the appearance of unsuited environments like desert or savannas (Figure 5). At the genetic scale, the presence of barriers in these two scenarios has a common consequence: sexual reproduction does not occur anymore and the gene flow between the two populations stops. Most of the genetic modifications that occur in the genome are due to noncorrected errors that occur before cell division. When the mutation happens in germinal cells, it can be transmitted to offspring. As these errors occur and are inherited by chance, the allele frequency changes through time. This stochastic phenomenon is called genetic drift [START_REF] Wright | Evolution in Mendelian populations[END_REF] and can be responsible of differences occurring between two distinct populations. However, when two populations are separated by geographic barriers, they can also live in slightly different environments, and therefore be subject to evolutionary pressures which will select for different mutations depending on the group. In the absence of gene flow which mixes all the alleles, the two populations will gradually diverge with time, until phenotypic, behavioral and/or genetic differences does not allow reproduction between them anymore.

However, since the description of these two major speciation processes involving population isolation, others have been described, which could occur in a context of gene flow and/or in sympatry.

Speciation with gene flow

One case of speciation with gene flow is the cline speciation, whose famous example of ring species is often taught in textbooks [START_REF] Mayr | Systematics and the origin of species, from the viewpoint of a zoologist[END_REF]. Due to large distributions, some species can be present in an environment that progressively changes from one extremity to the other. Some variations are well described, like the Bergmann's rule, stating that species are larger in colder environments than in warmer ones [START_REF] Bergmann | Über die Verhältnisse der Wärmeökonomie der Thiere zu ihrer Grösse[END_REF], or the Gloger's rule, stating that endotherms are darker in more humid environments (Gloger, 1833). In such large distributions, even if geographic barriers are absent and gene flow occurs, individuals can only reproduce with closely sited relatives. It could give birth to really different populations at each extremity, populations which could ultimately be unable to interbreed. It can be observed practically when these two extremities meet after a range expansion on both sides of a barrier, forming a ring shaped distribution (Figure 6). A few classical examples are famous, like the salamander Ensatina eschscholtzii in California, the herring gull Larus argentatus around the North Pole, or the greenish warbler Phylloscopus trochiloides around the Himalaya. In these three cases however, recent studies showed that the current absence of barrier is not representative of the whole species history, and that gene flow stopped for some time (Highton, 1998;[START_REF] Liebers | The Herring Gull complex is not a ring species[END_REF][START_REF] Alcaide | Genomic divergence in a ring species complex[END_REF]. This has to be related with differences between time of speciation (often measured in millions of years) and ecological variations (with last glacial maximum "only" 26,500 years ago): it seems highly improbable that present distribution reflects what it was through the whole process of speciation.

Another example of speciation with gene flow is the sympatric speciation, where two species diverge one from another in a same place [START_REF] Smith | Sympatric Speciation[END_REF]. Following [START_REF] Coyne | Speciation[END_REF], a speciation event can only be considered as sympatric if (1) the two species are found at least partly in sympatry, (2) they are sister species, (3) reproductive isolation is proved, and (4) there is no reason to suppose that an allopatric period occurred. If the first three criteria can easily be proved, the last one is often struggled by the improvement of population genetics analyses (Grant & Grant, 2010), as it is the case with the ring species. However, despite discussions on the possibility of other scenarios [START_REF] Stuessy | Evolutionary biology: Sympatric plant speciation in islands?[END_REF], a few examples are still considered as sympatric speciation [START_REF] Savolainen | Sympatric speciation in palms on an oceanic island[END_REF], including in birds [START_REF] Sorenson | Speciation by host switch in brood parasitic indigobirds[END_REF]. To clarify the existence or the absence of an allopatric period, recent methods have been developed, like the ones based on the Approximate Bayesian Computation (ABC) [START_REF] Csilléry | Approximate Bayesian Computation (ABC) in practice[END_REF]. Their use, eased by the increased computational power, has already nuanced previous results of sympatric speciation [START_REF] Martin | Complex histories of repeated gene flow in Cameroon crater lake cichlids cast doubt on one of the clearest examples of sympatric speciation[END_REF].

But without going as far as cline or sympatric speciation, it is now clear that gene flow can occur during what was previously considered an allopatric speciation process (e.g. [START_REF] Roux | Crossing the species barrier: genomic hotspots of introgression between two highly divergent Ciona intestinalis species[END_REF][START_REF] Le Moan | Parallel genetic divergence among coastalmarine ecotype pairs of European anchovy explained by differential introgression after secondary contact[END_REF]. In a context of ecological differences between two populations, if this gene flow does not concern the genomic parts subject to strong divergent selection, it should not delay the speciation process [START_REF] Yang | Can genomic data alone tell us whether speciation happened with gene flow[END_REF]. However, if current methods allow to date and quantify the amount of gene flow, some results are still subject to discussion. First, the speciation process is not instantaneous and gene flow occurring at the beginning of this period, when the two populations are not yet different species, could be falsely detected as ancient gene flow [START_REF] Yang | Can genomic data alone tell us whether speciation happened with gene flow[END_REF]. Moreover, both ancestral population structure and change of population size can be confounding factors and are not easy to take into account within the same model of gene flow presence/absence [START_REF] Yang | Can genomic data alone tell us whether speciation happened with gene flow[END_REF].

Instantaneous speciation through polyploidization or mutations

While previous mentioned mechanisms of speciation involve a gradual divergence of populations, faster processes have been described, even in sympatry but without (or much reduced) gene flow. In particular, the polyploidization, "the presence of three or more chromosome sets in an organism" (Grant, 1981), is a speciation process that is well known in plants where 15% of angiosperm and 31% of fern speciation events come with a ploidy increase [START_REF] Wood | The frequency of polyploid speciation in vascular plants[END_REF] and allopolyploids that are the consequence of hybridization of two different species [START_REF] Otto | Polyploid Incidence and Evolution[END_REF]. Regardless of the mechanism, the difference of chromosome numbers immediately prevents reproduction between diploids and polyploids. This speciation process seems to have played a major role through evolution, as it could be at the origin of a major part of gene redundancy observed today, and a transitional phase for many lineages [START_REF] Soltis | Advances in the study of polyploidy since plant speciation[END_REF]. Another mechanism of rapid speciation may involve sudden mutations with large effects (including genomic re-organizations) that led to the ecological and reproductive isolation of the mutant from its parental species. Such processes have been described in Drosophila (e.g. [START_REF] Masly | Gene transposition as a cause of hybrid sterility in Drosophila[END_REF] or in Agrodiaetus butterflies [START_REF] Kandul | Karyotypic diversity and speciation in Agrodiaetus butterflies[END_REF].

With these few examples, we can already see that the speciation process can be studied at very different scales: from the genetic signature at the intraspecies level, to the worldwide dimension of species distribution, the first being partially responsible of the second. However, in all cases, it is essential to determine first the relationships between the individuals or species studied. To do so, we used phylogenies, based here on molecular data.

Box 1: What is a phylogenetic tree?

A phylogenetic tree is a type of diagram that shows relationships between entities called clades. The term "clade" is used to speak of all the descendents originating from a common ancestor and can include individuals, populations, species... A phylogenetic tree can be roughly compared to a family tree, with little differences. Each leaf corresponds to a clade and each intersection between two branches to a virtual ancestor, living at the time of the speciation event if the two resulting clades are different species (Figure 7).

FIGURE 7: EXAMPLE OF PHYLOGENETIC TREE WITH FOUR DESCENDENTS, SHOWING ANCESTRAL LINEAGE AND SPECIATION EVENT

The farther this ancestor is from the leaves, the older it is. As in genealogic trees, there is a notion of time in phylogenetic trees. However, one of the biggest differences between these two concepts is the idea of evolution. On each branch, a few to many generations occur, corresponding to the unique history of the clade, or to a history shared with a sister clade (Figure 8). Since the most recent common ancestor of two clades, both of them evolved, meaning that characters transmitted from one generation to the following changed.

FIGURE 8: EXAMPLE OF PHYLOGENETIC TREE WITH FOUR DESCENDENTS, SHOWING SHARED AND UNIQUE HISTORY OF TWO DESCENDENTS

When different lineages group together all the descendents of a common ancestor (e.g. lineages B, C and D in Figure 8), the clade is called monophyletic. If it is not the case (e.g. lineages A, C and D in Figure 8), the group is called paraphyletic. Taxonomic groups such as genera or families should be monophyletic. If ancient group definitions do not correspond to monophyletic entities, they are revised (for example, reptiles do not have any significance anymore, as birds are nested into this group).

Today, phylogenies are used to define species (see above), to describe communities (e.g. [START_REF] Matos | Effects of landscape configuration and composition on phylogenetic diversity of trees in a highly fragmented tropical forest[END_REF] or host-parasites co-evolution (e.g. Sweet et al., 2017), to document the spread of an epidemic (e.g. Gire et al., 2014), or to reconstruct the evolutionary history of a clade (e.g. Cibois et al., 2017).

Phylogenies: an essential tool in biogeography

Tree diagrams were used for centuries to depict family pedigrees (genealogical trees) but became more popular to represent species relationships in the early 19 th century [START_REF] Augier | Essai d'une nouvelle classification des végétaux conforme à l'ordre de la nature[END_REF], when scientists began to describe similarities between species to classify them. When Darwin drew his first famous tree in his Notebook [START_REF] Darwin | Notebook B. Charles Darwin's Notebooks, 1836-1844: Geology, Transmutation of Species, Metaphysical Enquiries[END_REF], later clarified in the Origin of Species [START_REF] Darwin | On the origin of species by means of natural selection: or the preservation of favoured races in the struggle for life[END_REF], he changed the meaning of the branches: affinities were inherited and subject to natural selection (see Box 1 for more details). However, formalizing rules to reliably construct these trees happened only in the middle of the 20th century, when the computers became accessible for scientists [START_REF] Felsenstein | Inferring phylogenies[END_REF].

The initial idea of grouping together the most similar species gave birth to both parsimony and distance matrix methods. Parsimony is based on a minimum number of events needed to explain differences between two species [START_REF] Edwards | The reconstruction of evolution[END_REF], when distance matrix methods measure directly the number of differences, grouping together the less different species [START_REF] Cavalli-Sforza | Phylogenetic analysis: Models and estimation procedures[END_REF][START_REF] Fitch | Construction of Phylogenetic Trees[END_REF]. Maximum likelihood and Bayesian statistics were also adapted for tree reconstruction [START_REF] Edwards | Reconstruction of evolutionary trees[END_REF][START_REF] Rannala | Probability distribution of molecular evolutionary trees: A new method of phylogenetic inference[END_REF]. All these methods can be used to every discrete character, either phenotypic or genetic one, postulating they are inherited (homologous).

Phylogenetic trees cannot only represent relationships between individuals or species (dendrogram), but also the evolutionary distance separating the studied entities (phylogram). This distance is shown through the branch length. When molecular data are used to reconstruct a phylogenetic hypothesis, the raw genetic distance has to be corrected to better reflect evolution, as different mutations can occur at the same position, masking the previous events. To consider this, different evolutionary models were proposed. The first and simplest one, the Jukes-Cantor model [START_REF] Jukes | Evolution of protein molecules. Mammalian protein metabolism[END_REF] assumes an equal probability for each type of substitution, no difference regarding the position, and bases in equivalent proportions. However, this model is rather unrealistic, as bases frequencies are not equal, some substitution types are more frequent than others, and some regions are less prone to changes than others. Therefore, other models were proposed to evaluate more accurately the true genetic distance [e.g. the HKY model (Hasegawa et al., 1985); the general time-reversible model (GTR; [START_REF] Lanave | A new method for calculating evolutionary substitution rates[END_REF]Tavaré, 1986)]. Finally, most models allow a slight variation around the mean substitution rate [gamma distributed rate [START_REF] Jin | Limitations of the evolutionary parsimony method of phylogenetic analysis[END_REF]] and/or the existence of invariant sites (Hasegawa et al., 1987). To take into account evolutionary variation between regions, data can be partitioned following their nature (coding sequence, tRNA…) and different models can be applied to each.

Choosing the more representative model is not easy. Balancing realistic models, overparameterization and computing capacities requires model selection criteria [START_REF] Sullivan | Model selection in phylogenetics[END_REF]. This choice can be based on Likelihood-Ratio Tests (LRT), Akaike Information Criterion (AIC) or Bayesian Information Criterion (BIC), the last one being more suitable for large dataset, as it penalizes overparameterization and thus does not select the most complex models with a large number of sites [START_REF] Sullivan | Model selection in phylogenetics[END_REF]. Finally, two tests of model adequacy are often used to evaluate the reliability of the resulting tree: parametric bootstrap and Bayesian posterior probability. The first one uses the selected model and pseudoreplicates of the dataset (random draw of sites with replacement) to reconstruct trees, in which the number of occurrence of each node is counted [START_REF] Felsenstein | Inferring phylogenies[END_REF]. The second uses all the possible trees reconstructed through the Bayesian inference to count the proportion which contains each node [START_REF] Felsenstein | Inferring phylogenies[END_REF]. These two methods allow us to statistically evaluate the confidence we can have in the resulting tree.

With a reliable phylogram, whose branch length are proportional to evolutionary time separating two clades, it is possible to link speciation events with major climatic or geological events such as sea level fluctuation, sea opening, mountain raising, island emerging… It also allows comparing results with previous dates established by other studies. Two main methods are often used for dating.

The first one is based on a molecular rate of evolution that is known from previous studies on this clade or on close relatives. The second one uses dated fossils or major geological events that give clues on appearance or disappearance of different clades. These two methods have their own advantages and limits.

Molecular dating is based on the idea that the number of changes in genomic sequences is mostly stable over time. This was initially demonstrated for mitochondrial genomes of primates and rodents [START_REF] Brown | Rapid evolution of animal mitochondrial DNA[END_REF] and extended to birds. One study focused especially on the mitochondrial cytochrome b gene [START_REF] Weir | Calibrating the avian molecular clock[END_REF], where the molecular rate was evaluated at 2.1% (+/-0.1%).

However, it is now clear that this rate can vary through time (Ho et al., 2005), across lineages and among genes (Nabholz et al., 2016). This method is therefore particularly suited at low taxonomic scale, where improvements have been proposed to take taxonomic or ecological data into account (Nabholz et al., 2016;Quillfeldt, 2017). It is also an option when external calibration is impossible.

Calibrating trees with fossils or geological events is usually done by imposing minimum or maximum age for some speciation events [START_REF] Benton | Calibrating and constraining molecular clocks[END_REF]. A fossil belonging to a genus gives a minimum age for this clade and repartition of fossils can statistically generate a maximum bound [START_REF] Benton | Calibrating and constraining molecular clocks[END_REF]. As using erroneous calibration can have dramatic consequences, it is critical to choose which fossils can be used or not. A fossil should be used only if correctly documented (museum number, provenance…), described by comparison with extant species, precisely located in stratigraphy and dated (Parham et al., 2012). Fossils can also be used like other extant species, as dated tips, and not to calibrate speciation events [START_REF] Heath | The fossilized birth-death process for coherent calibration of divergence-time estimates[END_REF]. On the other side, geological events, which are often used as maximum bounds, should be considered with caution, as speciation does not always occur simultaneously with the geological event that splits or increases the initial distribution [START_REF] Pillon | How old are island endemics?[END_REF].

When a reliable dated phylogenetic tree is obtained, it allows the study of richness distribution through different ways. It permits to hypothesize a history of speciation and dispersal through different regions (e.g. Claramunt & Cracraft, 2015), to evaluate speciation and extinction rates (Paradis et al., 2013), to compare communities compositions (Graham & Fine, 2008)…

The system model: the Columbidae family

During my thesis, I investigated the biogeography of pigeons and doves (Aves: Columbidae), a worldwide distributed family of birds, as our knowledge on the diversification of this group is still incomplete and insufficient to understand how a family could become both widespread and species rich, with an uneven richness distribution. Intuitively, we could think that a worldwide family has reached its distribution thanks to good dispersing capacities. However, these capacities would allow mixing individuals at large scales. Therefore, gene flow should be high, and speciation lowered. Being both widespread and species-rich is thus surprising at first sight, and requires further study.

Columbidae is a relatively large and diverse family, but it remains poorly known to the general audience. If most people thinking of pigeons imagine a medium-sized dull bird, this description does not pay tribute to the wide color diversity that can be observed within the family (Figure 9). The overall morphology is surprisingly conserved across the whole family [START_REF] Gibbs | Pigeons and doves: a guide to the pigeons and doves of the world[END_REF].

Only a few individuals differ markedly by their beak shape (the Tooth-billed Pigeon Didunculus strigirostris, the Thick-billed Ground-Pigeon Trugon terrestris), their long legs (the four pheasantpigeons Otidiphaps spp.) or their very large size (the four crowned pigeons Goura spp., which weigh around 2.2 kg, when the Rock Pigeon Columba livia weighs 200-300 g).

The most studied pigeon is the rock pigeon (both wild and domesticated populations), a species sharing its history with humans for millennia. Wild rock pigeons could have been occasionally exploited for food since the Middle Pleistocene, with regular exploitation by Neanderthals and modern humans for over 40,000 years in a Gibraltar cave, the oldest evidence having been dated at 67,000 years ago [START_REF] Blasco | The earliest pigeon fanciers[END_REF]. The domestication by itself occurred probably in the Middle-East between 3,000 and 10,000 years ago, maybe several times in different places, but with at least proof of thousands of captive birds used as offering in Egypt 3,200 years ago [START_REF] Johnston | Feral pigeons[END_REF]. Since then, domestic pigeons are still bred for food, but also for esthetic purposes and sport competitions, where they exert their orientation capacity to cross large distances. This ability, which previously made them useful in communication, is now highly studied by biologists as a model in bird magnetic sense (e.g. [START_REF] Mora | Magnetoreception and its trigeminal mediation in the homing pigeon[END_REF]. This species is also highly studied in genetics [START_REF] Shapiro | Genomic diversity and evolution of the head crest in the rock pigeon[END_REF], physiology [START_REF] Jacquin | Melanin-based coloration is related to parasite intensity and cellular immune response in an urban free living bird: the feral pigeon Columba livia[END_REF], or medicine [START_REF] Levenson | Pigeons (Columba livia) as trainable observers of pathology and radiology breast cancer images[END_REF]. Despite this, many other Columbidae are not as granted and a lot of knowledge is still lacking for most species.

From an ecological point of view, the understudying of pigeons is surprising, as their function of seed disperser is now clearly established (e.g. [START_REF] Mcconkey | Seed dispersal by Pacific pigeons (Ducula pacifica) in Tonga, western Polynesia[END_REF][START_REF] Bucher | Reassessing the importance of granivorous pigeons as massive, longdistance seed dispersers[END_REF][START_REF] Wotton | Do larger frugivores move seeds further? Body size, seed dispersal distance, and a case study of a large, sedentary pigeon[END_REF][START_REF] Perea | Introducing cultivated trees into the wild: Wood pigeons as dispersers of domestic olive seeds[END_REF]. Moreover, with already 17 extinct species (including the Dodo and the Rodrigues Solitaire from the Mascarene islands; IUCN red list, 2017) and more threatened species than expected by chance [START_REF] Owens | Ecological basis of extinction risk in birds: Habitat loss versus human persecution and introduced predators[END_REF], the Columbidae deserve more consideration. Major threats include both habitat loss and direct impact by humans or invasive species [START_REF] Owens | Ecological basis of extinction risk in birds: Habitat loss versus human persecution and introduced predators[END_REF]. Understanding speciation and diversification of the family could therefore allow targeting regions and/or species as conservation priorities.

On the biogeographic side, they are interesting for several reasons. As previously stated, they are worldwide distributed, absent only from Antarctica, Hawaii and Easter island [START_REF] Steadman | The historic biogeography and community ecology of Polynesian pigeons and doves[END_REF], the last two islands having been only recently colonized by four and one species respectively [START_REF] Del Hoyo | HBW and BirdLife International illustrated checklist of the birds of the world 1: non-passerines[END_REF]. They can be found in very different environments: dense forest, savannah, high mountains… The family is species rich (354 species; del Hoyo & Collar, 2014) and this richness is not equally distributed, attaining its maximum in New Guinea, especially in lowland forests with a maximum of 32 species per 0.5°x0.5° area (Figure 10) and up to 20 species which can co-occur (Pratt & Beehler, 2015). It makes them a good model to study diversification and dispersion, from the local scale to a worldwide perspective, and to understand better the non-homogeneous distribution of the species richness. 

Aims of the thesis

The central objective of this thesis is to describe the dispersion and diversification of a worldwidedistributed family, and to understand the non-homogeneous species-richness distribution. In a first chapter, we will focus on the global pattern by reconstructing a phylogeny for the whole family, with a representative sampling including at least one species per genus. This preliminary work will allow us to understand how the family dispersed to reach its current distribution and how it diversified despite good dispersal capacities. As Columbidae are especially present on islands (almost 60% are island restricted), we will question the importance of this geographical entity throughout the whole process.

Are islands and especially archipelago responsible of recent and rapid speciation events through radiation? Do they play a role throughout the whole history by allowing speciation and/or dispersion? Moreover, the few morphologically divergent species seems to be mainly island species but also species from single-clade genera. Extreme morphologies result often from rapid radiation, with adaption to new ecological niches (e.g. [START_REF] Grant | Ecology and Evolution of Darwin's Finches[END_REF][START_REF] Friedman | Explosive morphological diversification of spiny-finned teleost fishes in the aftermath of the end-Cretaceous extinction[END_REF]. We will therefore look at these species in particular to see if they result from recent explosive diversification, as often described on islands.

To understand the process at a finer scale, we will focus in a second chapter on the speciation process that occurred in New Guinea, the richest part of the world for Columbidae, and resulted in particular in the four crowned pigeon species (Goura spp.). These species, which stand out from others due to their size and the crest they display on their head, have a non-overlapping distribution in a continuous lowland forest round the island. The aim of this chapter is to assess the relative importance of diversification within New Guinea or in places like Australia before the emergence of this young island, and to give a first explanation at the extreme observable richness on this island.

Finally, we will tackle a few ensuing question in discussion, including the whole Columbidae diversity in New Guinea, which could partly be the results of the same process as the crownedpigeons'. We will especially discuss the importance of diversification on the island and of colonization.

Box 2: From the sample to the genome.

Birds, like all animals, are multicellular organisms. Each cell contains information inherited from both parents and responsible of observable characters (as known as phenotypic characters) such as size, color…This information is mainly transmitted via long molecules formed by succession of four different entities called nucleotides: the DNA (DeoxyriboNucleic Acid). Each nucleotide is composed of a sugar, a phosphate group and one of the four bases: Adenine (A), Thymine (T), Cytosine (C) or Guanine (G). Each base is the complement of another one with which it is linked through interaction of their hydrogen atoms. Adenine is the complement of thymine and cytosine is the complement of guanine. The DNA is thus a double-stranded molecule, and the sequencing step allows us to read one of these strains, especially in which order we can find the bases. These molecules are stored as chromosomes and protected within different part of the cell. The largest part is present in the nucleus whereas a smaller part but in many copies is stored in the mitochondria, the "powerhouse of the cell" [START_REF] Siekevitz | Powerhouse of the Cell[END_REF].

To analyze the information stored in each sample, we first need to extract DNA. This step, realized in our case with a commercial kit (Qiagen DNeasy Blood and Tissue kit, Qiagen Inc., Texas), aims at breaking cell and internal membranes and separating the DNA from other molecules such as proteins. In this thesis, the samples were analyzed through shotgun sequencing, meaning the whole genome was sequenced, without targeting special genomic regions of interest, allowing us to obtain DNA sequences from both nuclear and mitochondrial compartments. When purified, the DNA molecules are usually cut randomly in fragments shorter than 700 bases. In the special context of museum samples, due to age of samples and conservation treatment, the DNA is already present in short fragments (< 200-300 bp) in sample and this step is thus not necessary.

As the cut takes place more easily between adenine and his complement thymine (linked by only two hydrogen bounds, against three between cytosine and guanine), the cut does not occur at the same place on both strands (what is called sticky-end) (Figure 11). A phosphate is added on the longest strand at both ends and the shortest end is elongated to obtain blunt ends. An adenine is added on the strand that does not carry the phosphate group. This allows the adding on both sides of the fragment of adapters that carry specific index for each sample. Fragments carrying adapters on both sides are selectively replicated to increase their amount before the true sequencing step. The sequencing was realized through the Illumina technology (Illumina Inc., San Diego). Usually, 24 samples (currently up to 48) are mixed in equal concentrations to be sequenced together. The index will allow to assign each sequence to the originate sample.

FIGURE 11: ILLUMINA'S LIBRARY-PREPARATION WORK FLOW (MARDIS, 2013)

When the mix of libraries is added on the flow cell, the adaptors hybridize with sequence anchored on the support (Figure 12). A complement sequence is elongated from each primer and the original fragments are removed. The anchored sequences fall over and the second adaptor link to the opposite primer for the elongation of the second strand. Thousands of copies are therefore synthesized to form a cluster of identical fragments. The reverse strands are washed away and sequence primers bind on adapters to initiate the reading. A mix of four fluorescent nucleotides is added and the complementary of the fragment base is incorporated. Thanks to the large number of copies, the fluorescence is strong enough to be read. When the maximum sequencing length is reached, the fragment synthesized (called read) is removed and the complement sequence is synthesized from the opposite primer. A second read is sequenced. We thus obtain two reads, each being sequenced from both ends of the original fragment, with converging directions. This type of sequencing is called "paired-end".

FIGURE 12: THE ILLUMINA SEQUENCING-BY-SYNTHESIS APPROACH (MARDIS, 2008)

We thus obtain a computer file containing millions of paired-end reads (short sequences composed of four letters: A, T, C, G). As the original sample contained many cells and therefore many genome copies, and because the cutting step is a random process, the resulting sequences can overlap. This property is used to reconstruct the longest possible sequence from the reads (Figure 13). If the overlapping is too short and then doubtful, we can use the fact that the reads are paired-end to increase the total length. The method that reconstructs the sequence from the reads only is called denovo.

FIGURE 13: DE-NOVO GENOME ASSEMBLY (BAKER, 2012)

If we want to reconstruct only a special portion of the genome (e.g. the mitochondrial genome, specific nuclear markers...) or if the number of reads is too low to allow a de-novo assembly, it is possible to use a sequence from the same or a close species as reference. Each read is mapped against this reference and the final genome is derived from a consensus of these reads (Figure 14).

FIGURE 14: COMPARATIVE ASSEMBLY: READS ARE ALIGNED TO A REFERENCE SEQUENCE (ADAPTED FROM WAJID & SERPEDIN, 2016)

We finally obtain complete mitogenome and nuclear markers of interest for each sample analyzed, and use these data to reconstruct phylogenetic hypotheses. Chapter 1

Biogeography and diversification of a species-rich worldwide-distributed family, the Columbidae: evaluating the role of islands

Introduction

Biodiversity is unequally distributed on Earth, with some regions hosting higher number of species than others [START_REF] Jenkins | Global patterns of terrestrial vertebrate diversity and conservation[END_REF]. However, disentangling the relative roles of present environmental constraints and historical patterns is not straightforward (Roy & Goldberg, 2007). If the current diversity pattern is regulated by environment variables (Currie et al., 2004), speciation, extinction, and dispersal also played a role in the uneven distribution of global biodiversity (Roy & Goldberg, 2007): species rich regions can thus either resulting from high speciation, low extinction and/or high immigration rates.

Islands play a prominent role in this context. Their endemic richness is a magnitude more important than the mainland one [START_REF] Kier | A global assessment of endemism and species richness across island and mainland regions[END_REF] despite covering only 5.3% of the total Earth land area [START_REF] Tershy | The importance of islands for the protection of biological and linguistic diversity[END_REF]. They provide good conditions for allopatric speciation as their geographic isolation slows down gene flow between island and source populations [START_REF] Mayr | Animal species and evolution[END_REF]. But if islands are classically viewed as sinks (receiving colonizers from mainland; [START_REF] Macarthur | Theory of Island Biogeography[END_REF], they can be sometimes a center of diversification for species which can later disperse worldwide, especially when islands are large or old [START_REF] Fjeldså | The global diversification of songbirds (Oscines) and the build-up of the Sino-Himalayan diversity hotspot[END_REF]. They can also be a route for dispersion through oceans [START_REF] Warren | Why does the biota of the Madagascar region have such a strong Asiatic flavour?[END_REF][START_REF] Katinas | Trans-oceanic dispersal and evolution of early composites (Asteraceae)[END_REF]. Therefore, it is necessary to better evaluate the importance of islands throughout the whole diversification process of worldwide species-rich families.

Uneven global distribution of species diversity has been observed in numerous animal groups, even in lineages with supposedly high dispersal ability such as birds. Among them, Columbidae (Pigeons and doves) is the most speciose worldwide-distributed bird family among non-Passeriformes [START_REF] Newton | Speciation and biogeography of birds[END_REF], with more than 340 described species [368 species for HBW (including 18 extinct or extinct in the wild species), 343 species for IOC 7.3 (including 13 extinct species)]. The group is present on all continents and archipelagos except Antarctica, Easter island and Hawaii, where species have been recently introduced by humans (Pyle & Pyle, 2017; Figure 15). The highest species richness is reached in New Guinea, where up to 20 species can co-occur (Pratt & Beehler, 2015; Figure 15). With surrounding regions, they share a rather large amount of diversity (Figure 16). On the other side, relatively poor species diversity is observed in large regions such as Palearctic where only 22 species of Columbidae are recorded.

FIGURE 16: SHARED DIVERSITY BETWEEN PAIRS OF BIOGEOGRAPHICAL REGIONS DEPICTED BY THE ARROW THICKNESS. SHARED DIVERSITY IS CALCULATED FOLLOWING SIMPSON SIMILARITY INDEX (SIMPSON, 1947): THE NUMBER OF SHARED SPECIES BETWEEN TWO REGIONS IS DIVIDED BY THE LOWEST OF THE TWO REGION RICHNESSES. THIS INDEX IS ESPECIALLY WELL SUITED FOR DISSIMILAR REGION RICHNESSES.

When investigating patterns of species distribution over biogeographical regions (defined following [START_REF] Andersen | A phylogeny of kingfishers reveals an Indomalayan origin and elevated rates of diversification on oceanic islands[END_REF], most species of Columbidae show a regional distribution, with only 43 species present in at least two biogeographic regions, and 17 present in more than two regions. The New World is an extreme case, with only endemic species. This high level of endemism is however marked in all regions (Figure 17), with a pattern slightly less marked when genera are considered.

FIGURE 17: DISTRIBUTION AND ENDEMISM OF GENERA AND SPECIES PER BIOGEOGRAPHIC REGION, AS DEFINED BY ANDERSEN ET AL. (2018), WITH AUSTRALIA SEPARATED FROM NEW GUINEA, AND AFRICA FROM MADAGASCAR AND SURROUNDING ISLANDS. A: NUMBER OF GENERA (IN GREY, ON THE LEFT) AND SPECIES (IN COLOR, ON THE RIGHT) PER BIOGEOGRAPHIC REGION. B: PERCENTAGE OF GENERA (IN GREY, ON THE LEFT) AND SPECIES (IN COLOR, ON THE RIGHT) ENDEMIC TO EACH BIOGEOGRAPHIC REGION.

A B Almost 60% of the Columbidae species are insular (i.e. 58.6 and 59.7% according to the IOC and HBW taxonomies, respectively; Madagascar and New Guinea being considered here as the largest islands). Some lineages seem to have diversified on archipelago (e.g. Ducula and Ptilinopus; Gibb & Penny, 2010;Cibois et al., 2014Cibois et al., , 2017)).

Islands are also home of the few morphologically different species, which differ markedly from the general shape of pigeons by their size (Crowned-pigeons, Goura spp., Dodo, Raphus cucullatus; Solitaire, Pezophaps solitaria), beak shape (Tooth-billed pigeon, Didunculus strigirostris; Thick-billed Ground-pigeon, Trugon terrestris), leg length (Pheasant-pigeons, Otidiphaps spp.) or flightlessness (Dodo, Raphus cucullatus; Solitaire, Pezophaps solitaria). While morphologically distinct species are generally observed in explosive radiations for adaptive purpose (e.g. [START_REF] Grant | Ecology and Evolution of Darwin's Finches[END_REF][START_REF] Friedman | Explosive morphological diversification of spiny-finned teleost fishes in the aftermath of the end-Cretaceous extinction[END_REF], most of these Columbidae species belong to monotypic genera.

The spread and diversification of Columbidae needs to be investigated in a phylogenetic framework. However, studies at a family scale are still partial, as many are based on an incomplete sampling (e.g. [START_REF] Johnson | Nuclear and mitochondrial genes contain similar phylogenetic signal for pigeons and doves (Aves: Columbiformes)[END_REF]Shapiro et al., 2002;[START_REF] Johnson | Deletion bias in avian introns over evolutionary timescales[END_REF]Soares et al., 2016) or just focused on few lineages [START_REF] Johnson | A molecular phylogeny of the dove genera Streptopelia and Columba[END_REF]Johnson & Weckstein, 2011;[START_REF] Jønsson | Systematics and biogeography of Indo-Pacific ground-doves[END_REF]Banks et al., 2013;Moyle et al., 2013;Cibois et al., 2014Cibois et al., , 2017;;Sweet & Johnson, 2015;Sweet et al., 2017).

The phylogeny of the family is thus not yet comprehensive and completely resolved, with taxonomic revisions still recently proposed in different groups (e.g. Patagioenas: [START_REF] Johnson | A molecular phylogeny of the dove genera Streptopelia and Columba[END_REF]Gallicolumba: Jønsson et al., 2011;Moyle et al., 2013;Geotrygon: Banks et al., 2013;Ptilinopus: Cibois et al., 2014;Goura: Bruxaux et al., 2018). The only study so far having a rather consequent sampling (39 among the 41 genera) and using a few nuclear and mitochondrial markers (Pereira et al., 2007) allowed inferring a biogeographical scenario involving an ancestral distribution in Gondwanaland with an initial radiation around 54.4 Ma (million years ago). This dating could have been overestimated as recent results place the earliest radiation into the Miocene (24.7 Ma; Soares et al., 2016), involving different contexts of dispersion of ancestral lineages. Moreover, making inferences about the origins of Columbidae is difficult both biogeographically and biologically due to the absence of closely related groups. The closest families could be the Mesitornithidae and Pteroclididae [START_REF] Ericson | Diversification of Neoaves: integration of molecular sequence data and fossils[END_REF][START_REF] Hackett | A phylogenomic study of birds reveals their evolutionary history[END_REF][START_REF] Jarvis | Whole-genome analyses resolve early branches in the tree of life of modern birds[END_REF]Prum et al., 2015;McCormack et al., 2016 [ Here we propose to clarify the phylogeny of Columbidae, a worldwide distributed family of birds, using the best sampling so far, which includes 111 species, all the genera being represented. To improve the reliability of the phylogeny, we use whole mitochondrial genomes (hereafter mitogenomes) for nearly all samples studied, and nuclear markers for most of the 75 samples sequenced specifically for this study. This representative sampling, along with studies published at the genus level, is used to investigate the process leading to a worldwide distribution, and especially the importance of islands in ancient and recent diversification events, but also as a route of dispersal at different stages of the evolutionary history of the family. To do so, we conduct here a biogeographical analysis and evaluate the variation of the speciation rate across the family. This phylogeny will later allow morphological comparisons of islands and single-species clades with the average space occupied by the family.

Material and methods

Phylogeny

Sampling, DNA extraction and sequencing

In this study, we sequenced 66 new tissue or toe-pad samples of Columbidae species and used nine previously sequenced samples [START_REF] Bruxaux | Recovering the evolutionary history of crowned pigeons (Columbidae: Goura): Implications for the biogeography and conservation of New Guinean lowland birds[END_REF] (Supplementary Table 1). We took into account the already published mitogenomes (Supplementary Table 2) and established the sampling to obtain at least one species per genus, and at least one species per intra-genus clade when the monophyly of the genus was discussed. Extractions and sequencing were performed as previously described [START_REF] Bruxaux | Recovering the evolutionary history of crowned pigeons (Columbidae: Goura): Implications for the biogeography and conservation of New Guinean lowland birds[END_REF]; see Chapter 2), except for three samples. Two samples (Microgoura meeki and Starnoenas cyanocephala Scya063) were extracted and sequenced in other labs. [details to request here] Most samples were sequenced with 24 libraries per flow-cell lane, except Starnoenas cyanocephala Scya063 that was sequenced as 1/6 flow-cell lane, and Pezophaps solitaria that was extracted and sequenced following an ancient DNA protocol. [details to request here]

We used mitogenomes of Pterocles gutturalis and Gallus gallus (GenBank accessions: KX902237 and NC_001323, respectively) as outgroups for mitochondrial analyses. Pterocles belongs to Pteroclididae that is known as a putatively close relative family of Columbidae, while Gallus (Phasianidae) belongs to a more distant lineage (Prum et al., 2015).

Finally, two samples of Melanocharis (M. nigra and M. striativentris; Melanocharitidae) were used as distant outgroups in the nuclear genome analyses (Prum et al., 2015). Because their sequencing was performed like the other samples, we were expecting the same type of data (including a rather large part of missing data), which could avoid potential biases linked with differential amounts of data across the phylogeny.

Mitogenome assembly and phylogenetic reconstruction

Mitogenomes were reconstructed as described in [START_REF] Bruxaux | Recovering the evolutionary history of crowned pigeons (Columbidae: Goura): Implications for the biogeography and conservation of New Guinean lowland birds[END_REF]Chapter 2), and MapDamage (Jónsson et al., 2013) was not used for mitochondrial DNA as it was found to not change consensus results in this study.

The 66 mitogenomes reconstructed for this study and the 48 obtained from GenBank were aligned using Muscle implemented in Geneious v.9.1.7 (Biomatter Ltd., Auckland, New Zealand).

Annotations were transferred from previously published genomes to newly sequenced ones, and standardized across the 114-samples dataset. The data were then partitioned by gene and by codon position for coding gene. Each tRNA or ribosomal gene was proposed as a partition, and non-coding data were pulled together to form the last potential one. PartitionFinder v.2.1.1 [START_REF] Lanfear | PartitionFinder 2: new methods for selecting partitioned models of evolution for molecular and morphological phylogenetic analyses[END_REF] was used to find the best partitioning scheme along with molecular evolution models in order to perform both maximum likelihood and Bayesian analysis with RAxML 8.1.5 (Stamatakis, 2014) and MrBayes 3.2.2 [START_REF] Ronquist | MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large model space[END_REF], respectively. Phylogenetic trees were rooted on Pterocles gutturalis and Gallus gallus (Soares et al., 2016).

The maximum likelihood analysis was performed through 20 independent runs, with 1000 replicates of non-parametric bootstrapping. The Bayesian analysis was performed with eight independent runs of four Metropolis-coupled Markov chains (MCMC) for Monte Carlo simulations run for 5,000,000 generations, with parameters and trees sampled every 10,000 generations, and a burn-in of 1,250,000 generations. The convergence of the chains were checked with the package RWTY [START_REF] Warren | RWTY (R We There Yet): An R package for examining convergence of Bayesian phylogenetic analyses[END_REF] run in R v.3.4.0 (R Core Team, 2017).

Due to the expected old ages of speciation events studied here, we could observe saturation due to different substitutions occurring at the same position and therefore masking previous genetic changes. It is especially the case at the 3 rd codon position where the selection is relaxed due to genetic code redundancy. To evaluate the amount of saturation, we compared raw genetic distance with K80 genetic distance [START_REF] Philippe | Comparison of molecular and paleontological data in diatoms suggests a major gap in the fossil record[END_REF] and trees based on coding sequences only, with and without the 3 rd codon position.

Analyses based on conserved nuclear genome regions: assembly and phylogenetic reconstruction

Nuclear genomic regions were retrieved from the 66 samples sequenced for this study and for nine samples sequenced for a previous study [START_REF] Bruxaux | Recovering the evolutionary history of crowned pigeons (Columbidae: Goura): Implications for the biogeography and conservation of New Guinean lowland birds[END_REF]; Supplementary Table 1) using the same approach but a slightly different reference sequence. To avoid possible biases resulting from the usage of a reference sequence whose species is included in the sampling (involving different phylogenetic distances between species and reference across the sampling; [START_REF] Brandt | Mapping bias overestimates reference allele frequencies at the HLA genes in the 1000 genomes project phase I data[END_REF], we replaced the Treron vernans reference (McCormack et al., 2013) by the Pterocles exustus data from the same article.

The Gallus gallus reference (Prum et al., 2015) was kept unchanged. The new set of genes is composed of 1,130 ultra-conserved elements (UCE) with an average length of 351 bp, leading to a total of 1,520 independent loci, which were concatenated to create a unique reference sequence of ca. 890,000 bp.

To root this tree, we used the two Melanocharis species.

As stated in [START_REF] Bruxaux | Recovering the evolutionary history of crowned pigeons (Columbidae: Goura): Implications for the biogeography and conservation of New Guinean lowland birds[END_REF], trimmed reads of each sample were mapped against the nuclear reference using GMAP-GSNAP v.2015-11-20 (Wu & Nacu, 2010), and PCR duplicates were removed with samtools v.1.3.1. [START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF]. We used mapDamage v2.0.2. (Jónsson et al., 2013) to lower the Phread base-quality score of the sites were deamination was highly likely. The consensus sequence was recovered with the doFasta command of ANGSD [START_REF] Korneliussen | ANGSD: Analysis of Next Generation Sequencing Data[END_REF]. We only kept the samples for which at least 1000 reads had mapped against the reference to avoid too much missing data. Six samples were thus discarded, and the 69 remaining samples plus two outgroups were used for the maximum-likelihood phylogenetic analysis performed with RAxML (Stamatakis, 2014) with 20 alternative runs and 100 replicates of non-parametric bootstrapping.

Dating and biogeography

As the mitochondrial dataset has a better sequencing coverage and less missing data than the nuclear dataset, and because coalescent dates estimated from mitochondrial DNA data generally precede population splitting by only 0.2-0.3 million years for birds [START_REF] Moore | Inferring phylogenies from mtDNA variation: mitochondrial-gene trees versus nuclear-gene trees[END_REF][START_REF] Weir | Divergent timing and patterns of species accumulation in lowland and highland neotropical birds[END_REF], we used the mitogenome sequences to date speciation events of the Columbidae. Following mitochondrial analysis conducted on the whole dataset, we kept only one individual per clade, reducing the dataset to 57 samples. Each clade corresponds to a genus, with two exceptions. The genus Claravis was split into two due to its paraphyly (Sweet & Johnson, 2015;Sweet et al., 2017), and the Macropygia and Turacoena spp. were lumped into one clade due to their overall similarity in morphology and calls (Stresemann, 1941). The partitions previously defined were re-used as input for PartitionFinder [START_REF] Lanfear | PartitionFinder 2: new methods for selecting partitioned models of evolution for molecular and morphological phylogenetic analyses[END_REF] for dating analysis with Beast2 v. 2.4.3 (Bouckaert et al., 2014) with one exception: the control region was analyzed with Gblocks v.0.91b [START_REF] Castresana | Selection of Conserved Blocks from Multiple Alignments for Their Use in Phylogenetic Analysis[END_REF] to remove misalignment due to high divergence in this region.

Phylogenetic tree calibration

To date phylogenies in an absolute time, fossils have long been used to calibrate a few nodes [START_REF] Donoghue | Rocks and clocks: calibrating the Tree of Life using fossils and molecules[END_REF]. However, strategies to include these data are still discussed [START_REF] Dos Reis | Bayesian molecular clock dating of species divergences in the genomics era[END_REF][START_REF] Barba-Montoya | Comparison of different strategies for using fossil calibrations to generate the time prior in Bayesian molecular clock dating[END_REF]. First, not all fossils are suitable for use as calibration points (Parham et al., 2012). Second, uncertainty in fossils dating and variable paleontological sampling effort must be taken into account [START_REF] Ho | Accounting for calibration uncertainty in phylogenetic estimation of evolutionary divergence times[END_REF]. Finally, if the oldest known fossils can be used as minimal bound, the method to establish maximal bound and probability densities is still discussed [START_REF] Heath | A Hierarchical Bayesian Model for Calibrating Estimates of Species Divergence Times[END_REF][START_REF] Barba-Montoya | Comparison of different strategies for using fossil calibrations to generate the time prior in Bayesian molecular clock dating[END_REF].

Here, we used a classic strategy of node calibration. The separation of Columbidae and Pteroclidae has been dated by different methods and studies as occurring in the Paleocene [START_REF] Jarvis | Whole-genome analyses resolve early branches in the tree of life of modern birds[END_REF]Claramunt & Cracraft, 2015;Prum et al., 2015) and a normal calibration at 55 Ma ±15 Ma was used by Soares et al. (2016).

Like other birds, Columbidae fossil remains are scarce and only a handful of them are suitable for phylogenetic analyses: Arenicolumba prattae ca. 18.5 Ma [START_REF] Steadman | Doves (Columbidae) and Cuckoos (Cuclidae) from the Early Miocene of Florida[END_REF], close relative of Oena spp. and Turtur spp.; Rupephaps taketake 16-19 Ma [START_REF] Worthy | A large fruit pigeon (Columbidae) from the early Miocene of New Zealand[END_REF], close relative of Hemiphaga; Primophaps schoddei 26-24 Ma [START_REF] Worthy | A phabine pigeon (Aves : Columbidae) from Oligo-Miocene Australia[END_REF], close relative of Petrophassa, Phaps, Geophaps and Ocyphaps; Ectopistes spp. 3.7-4.8 Ma [START_REF] Olson | Miocene and Pliocene birds from the Lee Creek Mine; North Carolina[END_REF]; Zenaida prior (3.6-2.6 Ma) [START_REF] Brodkorb | An ancestral mourning dove from Rexroad, Kansas[END_REF]. Most other remains date only from the Quaternary, or even from the Holocene [START_REF] Balouet | A new extinct species of giant pigeon (Columbidae: Ducula) from archeological deposits on Wallis (Uvea) Island, South Pacific[END_REF][START_REF] Millener | The Chatham Islands pigeon (Parea) deserves full species status; Hemiphaga chathamensis (Rothschild 1891); Aves: Columbidae[END_REF][START_REF] Worthy | A giant flightless pigeon gen. et sp. nov. and a new species of Ducula (Aves: Columbidae), from Quaternary deposits in Fiji[END_REF][START_REF] Worthy | A new species of Gallicolumba: Columbidae from Henderson Island, Pitcairn Group[END_REF][START_REF] Wragg | A new species of extinct imperial pigeon (Ducula: Columbidae) from Henderson Island, Pitcairn Group[END_REF][START_REF] Worthy | A new genus and species of pigeon (Aves: Columbidae) from Henderson Island, Pitcairn Group. Islands of Inquiry -Colonisation, seafaring and the archaeology of maritime landscapes[END_REF][START_REF] Olson | The fossil record and history of doves on Bermuda (Aves: Columbidae)[END_REF], making them unsuitable for old speciation event dating.

All these fossils could hardly be used by previous studies, as most of them were only recently described, while sampling was not always appropriate for the placement of these calibration points.

Moreover, one often used fossil was recently identified as being a Pterocletidae instead of a Columbidae (Gerandia calcaria; [START_REF] Mlíkovsky | Cenozoic birds of the world[END_REF], and the diversification of the family is probably more recent than previously thought (Soares et al., 2016).

We used nucleotide substitution models selected by PartitionFinder, and linked the partitions for the tree reconstruction. We applied a log normal relaxed molecular clock for each partition [START_REF] Drummond | Relaxed phylogenetics and dating with confidence[END_REF][START_REF] Lepage | A general comparison of relaxed molecular clock models[END_REF] and gamma priors for each substitution rate (α:2, β:0.25 for all rates but AG where we used α:2, β:0.5). The five uncorrelated log-normal relaxed clock means were given a gamma prior, and invariant proportion was given a uniform prior at 0.5 [0-1]. All the unstated priors were kept with default values. We ran the analysis with a birth-death Model (Stadler, 2009) for at least 100 million generations, logging every 5000 generations. We discarded the first 10% of trees as burn-in and manually checked for convergence using Tracer v1.6 [START_REF] Bouckaert | BEAST 2: a software platform for Bayesian evolutionary analysis[END_REF]. All analyses were performed using BEAST2 v2.4.3 [START_REF] Bouckaert | BEAST 2: a software platform for Bayesian evolutionary analysis[END_REF].

Biogeographic analysis

The dated tree was then used to infer a biogeographic hypothesis for the dispersion of the Columbidae family using the package BioGeoBEARS (Matzke, 2013a(Matzke, , 2013b) ) in R (R Core Team, 2017). Each tip was assigned the whole genus current distribution (recently extinct species included), described from Baptista et al. (2017) following the biogeographic regions from [START_REF] Andersen | A phylogeny of kingfishers reveals an Indomalayan origin and elevated rates of diversification on oceanic islands[END_REF] in which we separated Madagascar from Africa and New Guinea from Australia, giving a total of nine regions.

Localization of fossils can be included but, due to a possible sample bias resulting from an uneven prospecting effort among regions [see [START_REF] Cracraft | Conceptual and analytical worldviews shape differences about global avian biogeography[END_REF] and [START_REF] Mayr | Avian higher level biogeography: Southern Hemispheric origins or Southern Hemispheric relicts?[END_REF]], the analysis was performed without this information [We will try to include them later]. The maximum range size was set at eight, as none of the genera are present worldwide, and all dispersals were allowed. Each species was assigned the distribution of its whole clade. We tested six different models: the dispersalextinction-cladogenesis model (DEC; [START_REF] Ree | Detecting the historical signature of key innovations using stochastic models of character evolution and cladogenesis[END_REF][START_REF] Ree | Maximum Likelihood inference of geographic range evolution by dispersal, local extinction, and cladogenesis[END_REF], the dispersal-vicariance analysis (DIVA; [START_REF] Ronquist | Dispersal-vicariance analysis: A new approach to the quantification of historical biogeography[END_REF] and the Bayesian analysis of discrete biogeographic area (BAYAREA; [START_REF] Landis | Bayesian analysis of biogeography when the number of areas is large[END_REF], as well as the same models with the possibility of founder-effect (+J; [START_REF] Matzke | Model selection in historical biogeography reveals that founder-event speciation is a crucial process in island clades[END_REF]. All these models were compared through the Akaike second order information criterion (AICc; Akaike, 1987).

Speciation rates variations across the family

Finally, the dated tree was also used to evaluate variations of speciation rates through the family, and especially to observe possible impact of insularity on this process. Only a few methods do not need an exhaustive sampling and are able to deal with higher level phylogenies. We used here the methods described in Paradis et al. (2013) and compared the different models through AIC [START_REF] Akaike | Factor analysis and AIC[END_REF] thanks to their R script run with R v.3.4.0 (R Core Team, 2017). These models were fitted against intra-family data (outgroups excluded) of stem age speciation dates (age of split with the sister clade) and number of species per clade. We used the percentage of species strictly restricted to islands as a measure of clade insularity.

Results

Mitochondrial and nuclear phylogenies

We recovered complete circular mitogenomes for all but five samples [Trugon terrestris (MZB 6123), Ptilinopus regina (MZB 5773), Phapitreron amethystinus (ZMUC 113846), Gallicolumba tristigmata (MZB 33661), Pezophaps solitaria (NHMUK)] for which up to ca. 500 bp were missing in the expected ca. 17,000 bp (<3%).

Following PartitionFinder results [START_REF] Lanfear | PartitionFinder 2: new methods for selecting partitioned models of evolution for molecular and morphological phylogenetic analyses[END_REF], data were split into four partitions for analyses with RAxML (Stamatakis, 2014) and MrBayes [START_REF] Ronquist | MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large model space[END_REF], with small differences between the two repartitions (Supplementary Table 3). All these partitions were assigned a GTR+I+G model (Tavaré, 1986). Convergence of the Bayesian analysis was confirmed by RWTY [START_REF] Warren | RWTY (R We There Yet): An R package for examining convergence of Bayesian phylogenetic analyses[END_REF] with all ESS value greater than 200, and no tree autocorrelation.

Saturation was observed at 3 rd codon position for all coding genes except ND2, ND3, ND4, ND5, and ND6. However, the topology seems to be balanced without major differences in branch lengths between samples, signals coming from sequences without 3 rd codon position and from 3 rd codon position alone seem to be mostly congruent (Supplementary Figure 1), and GTR+I+G models allow to take a lot of rates variation into account. Therefore, we decided to use the complete dataset with partitions and different evolution models, as it allows a better support for the resulting tree, and to compare the results with a dataset of coding sequences without 3 rd codon positions.

We obtained nuclear data for all the samples, with a number of reads mapping against the reference comprised between 98 and 53,451 (mean: 10,588.38, sd: 8,909.94), with one outlier individual more deeply sequenced (Starnoenas cyanocephala Scya063) allowing to recover 258,434 reads. We kept only the 71 samples (including the two Melanocharis samples) for which at least 1,000 reads matched (mean: 12,045.71, sd: 8,581.93; Scya063 excluded).

The topologies obtained from mitogenomic or nuclear genomic data are mostly congruent, except for a few deep nodes that are poorly supported by mitochondrial data, while generally well supported by nuclear data (Figure 2). In particular, the early diverging Columbidae lineage differs between the two reconstructions: with mitochondrial data, the New-World ground doves clade (the clade including Claravis spp.) seems to be sister to all others, while nuclear data favor Starnoenas cyanocephala being sister to all other species, with the Australasian clade sister to the New-World ground-doves and Columba spp. clade. Coding mitochondrial data without 3 rd codon positions confirm clades supported by the two previous analyses but does not allow to settle deep relationships as all these nodes are poorly supported (<80% for bootstrap, <0.9 for posterior probabilities) (Figure 19). The current family distribution was better explained by a Bayesian analysis of discrete biogeographic area (BAYAREA; [START_REF] Landis | Bayesian analysis of biogeography when the number of areas is large[END_REF] in which founder effects were taken into account (+J; [START_REF] Matzke | Model selection in historical biogeography reveals that founder-event speciation is a crucial process in island clades[END_REF], with an AICc weight of 99% (Table 1). Figure 22 shows the most probable ancestral area at each node following this model. Two major dispersal events seem to have occurred between the New World and the Philippines / Wallacea region around 40 and 30 Ma, allowing later diversifications in this region and the surrounding ones. In contrast, our analysis suggests that the four African and Madagascan lineages have originated in Philippines / Wallacea or surrounding regions. 

FIGURE 18: PHYLOGENETIC RECONSTRUCTIONS OF THE COLUMBIDAE FAMILY OBTAINED FROM THE ENTIRE MITOGENOME ON THE LEFT, AND CONSERVED NUCLEAR REGIONS ON THE RIGHT. BRANCH LENGTHS WERE OBTAINED FROM MAXIMUM-LIKELIHOOD ANALYSES. NUMBERS AT THE NODES REPRESENT BAYESIAN POSTERIOR PROBABILITIES (PP) ON THE LEFT, AND MAXIMUM LIKELIHOOD BOOTSTRAP VALUES ON THE RIGHT FOR THE MITOCHONDRIAL TREE. FOR THE NUCLEAR TREE, NUMBERS AT THE NODES REPRESENT MAXIMUM

TABLE 1: PERFORMANCE OF SIX MODELS OF RANGE EVOLUTION TESTED ON THE COLUMBIDAE MAXIMUM CLADE CREDIBILITY TREE, FOR NINE REGIONS AND A MAXIMUM RANGE SIZE OF EIGHT. ESTIMATED PARAMETERS: LNL, LOG-LIKELIHOOD ; P, NUMBER OF PARAMETERS; D, RANGE EXPANSION RATE; E, EXTINCTION RATE; J, RELATIVE WEIGHT FOR FOUNDER-EVENT DISPERSAL AT NODE; AICC, AKAIKE

Diversification analyses

The first model tested assumed a constant speciation rate across the family (pure Yule model). We obtained an estimate 𝜆 ̂ of 0.0818 new species per million year (SE: 0.0054, AIC: 337) (Table 2). Like in Paradis et al. (2013), we did not manage to fit a birth-death model to the data. Most of the tests failed and the few results gave equal rates for speciation and extinction, which is unrealistic as the models assume an initial number of species of 1 (as analyses use stem ages). To test the impact of insularity, we first fitted a model assuming two categories of speciation rates. We separated clades as highly insular (≥50% of island restricted species) and slightly insular (<50%). We obtained speciation rates of 0.0815 (SE: 0.0075) and 0.0822 (SE: 0.0201) for highly and slightly insular clades respectively. This model did not explain better data than the previous one (AIC: 341). We therefore tried three categories, with highly insular clades (>85% of island restricted species), highly continental clades (<15%), and mixed ones (in-between). We obtained much contrasted speciation rates, with 0.0828 (SE: 0.0083), 0.1105 (SE: 0.0313) and 0.0587 (SE: 0.0180) for highly, intermediate and slightly insular clades respectively. This model explained better the data, with an AIC of 330.

Because insularity is probably not the only parameter differentiating clades, we also performed analyses with no a-priori on the number of categories and the distribution of clades among them. The best supported scenario included two categories ( Finally, we tested a model of speciation rate variation across the family and following a normal distribution. This models explains the data as good as the previous one (AIC: 300). We obtained a normal distribution of λ, with a mean of 1.0686 (SE: 0.0560) and a standard deviation of 0.2704 (SE: 0.0549, Figure 23). generations, but dating results seem to be very similar to those recovered with fossils (Supplementary figure 3), and therefore slightly older than Soares' estimates.

Here, we used fossils to calibrate phylogenetic nodes. One recent method which is still under development is the use of fossils as tips, like any other sample [START_REF] O'reilly | Dating Tips for Divergence-Time Estimation[END_REF]. However, their placement in the tree implies the use of morphological data whose recovering could be highly timeconsuming. One intermediate solution is the use of the fossilized birth-death model [START_REF] Heath | The fossilized birth-death process for coherent calibration of divergence-time estimates[END_REF] which can be used with or without morphological data if phylogenetic placement is already known. If we probably will not be able to use morphological data from all the fossils used here, their insertion in a fossilized birth-death model seems more realistic and would allow to take these species into account in the diversification process.

To estimate biases due to possible erroneous calibrations, it would be useful to use different calibration sets by removing each fossil to quantify its impact on the dating analysis. To avoid secondary calibrations using previous dating estimates which could potentially transmit errors, it would also be interesting to try using a maximum age for Columbidae diversification with the method developed by Claramunt & Cracraft (2015), who estimate a prior distribution of the clade age based on fossils occurrences. Moreover, a recent study found that molecular dating could be suitable at the family scale for the Columbidae, as the evolutionary rate seems to be constant (Quillfeldt, 2017). It would therefore allow comparing pure molecular dating with fossils calibrating. All these methods would allow evaluating the confidence we can have in the dating results.

Biogeographic results seem to favor first diversification events in the New World, which confirms previous hypothesis (Pereira et al., 2007), followed by two independent dispersal events to Philippines / Wallacea and surrounding regions. The absence of close relatives for this family makes it difficult to confidently infer an ancestral area, as current distributions could only be the result of dispersal from previous regions now unsuited for the species (e.g. Antarctica). However, dating analyses seem to place the crown age after the Gondwanaland breakup, and first long-distance dispersal detectable in the family seems to have occurred in Eocene, where continents were already well separated. At this time, islands were present in the South Atlantic, which could have allowed dispersal by a stepping-stone process, as previously described for Asteraceae [START_REF] Katinas | Trans-oceanic dispersal and evolution of early composites (Asteraceae)[END_REF].

Other islands were probably present between Africa and Madagascar, as well as between Madagascar and India, through the Seychelles Islands [START_REF] Warren | Why does the biota of the Madagascar region have such a strong Asiatic flavour?[END_REF].

Other more recent long-distance dispersal events seem to have occurred in the opposite direction between New Guinea or Philippines / Wallacea and Africa, Mascareignes or Madagascar.

South-East Asia was at that time more connected due to a lower see-level [START_REF] Hall | Cenozoic geological and plate tectonic evolution of SE Asia and the SW Pacific: computer-based reconstructions, model and animations[END_REF][START_REF] Hall | Southeast Asia's changing palaeogeography[END_REF] and stepping-stones dispersal are plausible as well. Moreover, winds and currents are present between Australia / Indonesia and Madagascar in summer [START_REF] Warren | Why does the biota of the Madagascar region have such a strong Asiatic flavour?[END_REF], which could bring good flyers with them.

One current limit of this analysis is the absence of calibration for the New Guinea availability for colonization. This island is young, probably less than 15 million years [START_REF] Hill | Mesozoic-Cenozoic evolution of Australia's New Guinea margin in a west Pacific context[END_REF][START_REF] Van Ufford | Cenozoic tectonics of New Guinea[END_REF], and should not therefore be usable as an ancestral area before this date. Timestratified analyses can be implemented in BioGeoBEARS and should lead to more realistic scenarios, even if changes should not be substantial.

Diversification analyses

The first diversification analyses conducted here did not favor scenarios where speciation rates would be higher in islands. This can be explained by the existence of species-rich genera which probably drive the models results. These genera can either be restricted to islands (e.g. Ptilinopus spp.), nearly absent from islands (e.g. Streptopelia spp.) or with an intermediate pattern of distribution (e.g. Columba spp.).

As it was impossible here to incorporate extinction rates, it would be interesting to evaluate another method designed for higher-level phylogenies, such as described in Stadler & Smrckova (2016).

Speciation and extinction rates could later be correlated with insularity.

Conclusion

In this second chapter, we reconstructed phylogenetic trees from a comprehensive sampling of Columbidae species. We recovered three major clades, largely consistent with previous studies (e.g. Shapiro et al., 2002;Pereira et al., 2007). Our dating results, which still need further improvement, tend to place the diversification of the family from the end of the Eocene to the middle of the Miocene, corresponding to intermediate results between previous studies (Pereira et al., 2007;Soares et al., 2016). Major dispersion events proposed by the most probable biogeographic scenario could have occurred thanks to stepping-stones movement on different islands [START_REF] Warren | Why does the biota of the Madagascar region have such a strong Asiatic flavour?[END_REF][START_REF] Katinas | Trans-oceanic dispersal and evolution of early composites (Asteraceae)[END_REF]. Our current diversification analyses, on the other side, do not seem to favor scenarios with important role of islands on speciation rate variations.

This phylogeny will also allow studying the morphological diversity of the family, which, despite an important similarity in shape, show a few divergent species. Most of them live or lived on islands and belong to single-species clades, while aberrant morphologies are more often observed in fast placement of Geopelia striata and Phaps histrionica is less clear, with different slightly supported relationships with mitochondrial and nuclear data [to be confirmed with last results].

We place for the first time Cryptophaps poecilorrhoa, as sister of Ducula spp. (as hypothesized by [START_REF] Goodwin | Pigeons and doves of the world[END_REF]. Hemiphaga novaeseelandiae, Gymnophaps stalkeri and Lopholaimus antarcticus are found clustering together, as described by Gibb & Penny (2010). Finally, Ptilinopus spp. and their close relatives are found as described by (Cibois et al., 2014). The general objective of this thesis was to explain the diversification process that gave birth to a species-rich worldwide-distributed family. With ca. 350 species assigned to 50 genera, the Columbidae family forms an interesting model for biogeographical studies of birds. They are distributed through all biogeographic area, except polar regions and extremely isolated islands, which they colonized only since human settlement. Often present on islands (almost 60% of species are restricted to these entities), they are especially diverse on New Guinea, where up to 20 species can co-occur.

Throughout this whole thesis, we used phylogenies to describe speciation from the worldwide perspective to the intra-island level. To obtain representative sampling that allow us to address these questions, we mostly used museum samples (toe-pad from skins) and sequenced them by genome skimming. This method allows obtaining good to excellent coverage for regions such as mitogenomes or nuclear ribosomal cluster, but allows also the study of nuclear single-copy regions at low coverage.

In the following pages, we will briefly summarize major results we obtained in the two previous chapters and highlight a few important points that deserve discussion. We will then tackle different perspectives of this work, once the biogeography analysis of the whole family will be refined.

Summary and general conclusions

Diversification of the Columbidae family probably took place between mid-Eocene and mid-Miocene, where all extant clades were already established. Two independent dispersal events seem to have occurred between New World and Philippines / Wallacea before surrounding dispersals. These dispersions would have taken place thanks to stepping-stones movement through South Atlantic islands to Africa, and subsequently to India. These islands could also explains reverse movements from New Guinea and Wallacea to Africa, Madagascar and Mascareignes, which are supported by winds and currents. On the other side, islands do not seem to have played a so important role in diversification, with rates varying following a normal distribution, more than a model depending of insularity.

Nevertheless, the highest Columbidae species-richness is reached in Philippines, Wallacea and Australasia, regions especially rich in islands. New Guinea, in particular, hosts an impressive diversity.

The biggest extant Columbidae, belonging to the genus Goura (crowned pigeons), are endemic to this island. Their present diversity probably arose within New Guinea since the last 5-6 million years.

Geological events such as the cordillera orogeny probably played a major role by splitting ancestral distribution, while more recent dispersals over barriers may have also led to the settlement of isolated populations that promoted diversification.

Perspectives

Explaining the current extraordinary diversity of Columbidae in New Guinea

New Guinea and its surrounding islands (Rajat Ampat, Geelvink Bay islands, d'Entrecasteaux and Louisiade archipelagos and Aru islands; Bismarck archipelago, New Britain and Solomon islands being not considered here) are inhabited by 49 of the 367 Columbidae species considered in the Handbook of the Birds of the World (Baptista et al., 2017). Among them, 28 are endemic to this region. The New Guinea mainland itself hosts 39 species, including seven endemics.

These species are especially diverse, ranging from the smallest Columbidae species (Ptilinopus nainus, weighing 49 g) to the biggest extant ones (Goura spp., weighing around 2 kg). They belong to 15 genera, from single-species genera to species-rich ones (Figure 24). Surprisingly, all these genera are not closely related (Figure 25) and for some of them, all the species are present in the region (e.g. Goura spp., Otidiphaps spp.), when for others only a little proportion of the genus richness is present in this region (e.g. one Columba spp. among 35). This pattern probably implies complex scenarios of immigration, extinction and in-situ diversification that could be tested statistically thanks to programs like the package DAISIE [START_REF] Etienne | DAISIE: Dynamical Assembly of Islands by Speciation, Immigration and Extinction[END_REF] developed on R (R Core Team, 2017). 

Comparing the crowned pigeons diversification with other New Guinean clades

In the second chapter, we explained the current crowned pigeons distributions by past events such as orogeny of the central cordillera and crossing of ancient barriers like the Aure Trough or the Bird's Neck isthmus. Interestingly, these barriers are common to many New Guinean species distribution (Mack & Dumbacher, 2007) and could therefore have played a major role in many lineages diversification. To evaluate this role at a larger biological scale, it would be interesting to compare these results with those recovered from other clades.

One of these other examples could be the endemic family of Melanocharitidae, which includes four genera and 11 species. Within the Melanocharis genus, one species seems to be especially suited for this comparison, M. nigra (Black Berrypecker). This species, which has four sub-species recognized, present common distributional patterns with the Goura genus. I worked as a side-project on this genus phylogeny. Data are still preliminary but show more deeper divergence than the one observed with the crowned pigeons data (around a level of magnitude higher). This is maybe a consequence of a faster evolutionary rate in Melanocharis spp. than in Goura spp., possibly due to size differences (Nabholz et al., 2016). A dating analysis will be performed to compare diversification of this genus with the one observed in crowned pigeons. 
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 9 FIGURE 9: COLOR, SIZE AND MORPHOLOGICAL DIVERSITY IN THE COLUMBIDAE PHYLOGENY. IMAGES ARE SCALED AND REPRODUCED FROM DEL HOYO & COLLAR (2014) WITH PERMISSION OF LYNX EDICIONS. FROM LEFT TO RIGHT, TOP TO BOTTOM: DREPANOPTILA HOLOSERICEA, CHRYSOENA VICTOR, GALLICOLUMBA RUFIGULA, COLUMBA LIVIA, CALOENAS NICOBARICA, ALECTROENAS PULCHERRIMUS, GOURA VICTORIA, DIDUNCULUS STRIGIROSTRIS, STARNOENAS CYANOCEPHALA, TRUGON TERRESTRIS, OTIDIPHAPS NOBILIS.
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 10 FIGURE 10: SPECIES RICHNESS OF THE COLUMBIDAE FAMILY, PER 0.5°X0.5° GRID CELL. DATA FROM BIRDLIFE INTERNATIONAL AND HANDBOOK OF THE BIRDS OF THE WORLD (2017).
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FIGURE 15 :

 15 FIGURE 15 : SPECIES RICHNESS OF THE COLUMBIDAE FAMILY, PER 0.5°X0.5° GRID CELL. DATA FROM BIRDLIFE INTERNATIONAL AND HANDBOOK OF THE BIRDS OF THE WORLD (2017), MAPPED WITH THE RASTERSP PACKAGE ON R (BIBER, 2017).

  little dataset]) but they are sometimes placed elsewhere in the phylogeny [sister to all Neoaves according to Glenn et al. (2008) and McCormack et al. (2016) [large dataset]; or sister to Cuculidae according to Suh et al.(2015)]. As pointed by[START_REF] Suh | The dynamics of incomplete lineage sorting across the ancient adaptive radiation of neoavian birds[END_REF], these incongruent results could be due to a large amount of polymorphism in ancestral population, which persisted through incomplete lineage sorting.

  FIGURE 18: PHYLOGENETIC RECONSTRUCTIONS OF THE COLUMBIDAE FAMILY OBTAINED FROM THE ENTIRE MITOGENOME ON THE LEFT, AND CONSERVED NUCLEAR REGIONS ON THE RIGHT. BRANCH LENGTHS WERE OBTAINED FROM MAXIMUM-LIKELIHOOD ANALYSES. NUMBERS AT THE NODES REPRESENT BAYESIAN POSTERIOR PROBABILITIES (PP) ON THE LEFT, AND MAXIMUM LIKELIHOOD BOOTSTRAP VALUES ON THE RIGHT FOR THE MITOCHONDRIAL TREE. FOR THE NUCLEAR TREE, NUMBERS AT THE NODES REPRESENT MAXIMUM-LIKELIHOOD BOOTSTRAP VALUES. STARSCORRESPOND TO 1.0 IN PP, AND 100% IN BOOTSTRAP. NODES WITH SUPPORT VALUES LOWER THAN 80% IN BOOTSTRAP WERE COLLAPSED. NODES SUPPORT LOWER THAN 0.95 IN PP AND INTRA-SPECIFIC SUPPORT VALUES FOR COLUMBA LIVIA ARE REMOVED IN THE MITOCHONDRIAL TREE. NON COLLAPSED TREES ARE PRESENTED IN SUPPLEMENTARY FIGURE 2.

FIGURE 19 :

 19 FIGURE 19: MAXIMUM-LIKELIHOOD PHYLOGENETIC TREE OBTAINED FROM MITOCHONDRIAL CODING GENES WHERE 3RD CODON POSITIONS WERE REMOVED. NODES WITH LOW SUPPORT (<80%) WERE COLLAPSED. VALUES AT NODES INDICATE BAYESIAN POSTERIOR PROBABILITIES ON THE LEFT AND MAXIMUM-LIKELIHOOD BOOTSTRAP ON THE RIGHT.

FIGURE 20 :

 20 FIGURE 20: BAYESIAN PHYLOGENETIC TREE DATED BY A BEAST ANALYSIS. NUMBER AT NODES ARE POSTERIOR PROBABILITIES, AND NODES BARS REPRESENT 95% HEIGHT POSTERIOR DISTRIBUTION.

FIGURE 21 :

 21 FIGURE 21: DATED PHYLOGENETIC TREE OBTAINED FROM MITOCHONDRIAL CODING GENES WITHOUT 3RD CODON POSITION. VALUES AT NODES ARE POSTERIOR PROBABILITIES, BARS ARE 95% HIGHEST POSTERIOR DENSITIES.

FIGURE 22 :

 22 FIGURE 22: ESTIMATED ANCESTRAL RANGES OF COLUMBIDAE OBTAINED UNDER THE BAYAREA-LIKE + J MODEL OF RANGE EVOLUTION COMPUTED WITH BIOGEOBEARS, MAPPED ON THE BEAST MAXIMUM CLADE CREDIBILITY TREE. SQUARES ON THE RIGHT REPRESENT REGIONS CURRENTLY OR RECENTLY (FOR EXTINCT GENERA) OCCUPIED BY THE GENUS. LETTERS AT NODES REPRESENT MOST PROBABLE ANCESTRAL RANGES.

Figure S1 :

 S1 Figure S1: Phylogenetic tree including all the mitogenome and minor variants for the 17 individuals involved. On major nodes are mentioned Bayesian posterior probabilities on the left and bootstrap value on the right. Minor variants of group I are written in green, those of group II are in blue.

Figure S2 :

 S2 Figure S2: Comparison of the ratio nuclear / mitochondrial reads between three groups of samples: no minor variant, Group I, and Group II. The difference is statistically significant between the first and last groups (Z=-4.273, p-value = 2.89e-05) and between the last two groups (Z=-3.389, pvalue = 7.01e-04).

Figure S3 :

 S3 Figure S3: Sequencing depth along the GC88 minor mitochondrial DNA-like variant extended. The first part (1611 bp) shows a high homology with the Goura mitogenome, whereas the second part shows a high homology with a nuclear gene encoding a pol-like protein of retrotransposon (LTR).

Figure S4 :

 S4 Figure S4: Phylogenetic tree obtained from all SNP of the conserved nuclear regions, without filtering. * corresponds to a node support of 100, supports lower than 70 were removed.

Figure S5 :

 S5 Figure S5: Phylogenetic tree obtained from SNP of the conserved nuclear regions filtered for a minimal depth of two, alleles present at least two times across individuals, and missing data representing less than 80% of the data at each position. * corresponds to a node support of 100, supports lower than 70 were removed.

Figure S6 :

 S6 Figure S6: Phylogenetic tree obtained from SNP of the conserved nuclear regions filtered for a minimal depth of two, alleles present at least two times across individuals, and missing data representing less than 70% of the data at each position. * corresponds to a node support of 100, supports lower than 70 were removed.

Figure S7 :

 S7 Figure S7: Phylogenetic tree obtained from SNP of the conserved nuclear regions filtered for a minimal depth of two, alleles present at least two times across individuals, and missing data representing less than 60% of the data at each position. * corresponds to a node support of 100, supports lower than 70 were removed.

Figure S8 :

 S8 Figure S8: Phylogenetic tree obtained from SNP of the conserved nuclear regions filtered for a minimal depth of two, alleles present at least two times across individuals, and missing data representing less than 50% of the data at each position. * corresponds to a node support of 100, supports lower than 70 were removed.

FIGURE 24 :

 24 FIGURE 24: SPECIES RICHNESS PER GENUS IN THE NEW GUINEA REGION LATO SENSU. DATA ARE FROM HBW (BAPTISTA ET AL., 2017).

  FIGURE 25: MITOCHONDRIAL DNA PHYLOGENY OF THE COLUMBIDAE FROM CHAPTER 1, WITH NEW GUINEAN LINEAGES HIGHLIGHTED IN ORANGE.

FIGURE 26 :

 26 FIGURE 26: MELANOCHARIS NIGRA DISTRIBUTION MAP, BASED ON (PRATT & BEEHLER, 2015). SUB-SPECIES ARE PRESENTED BY DIFFERENT COLORS: M. N. PALLIDA IN BLUE, M. N. NIGRA IN PURPLE, M. N. UNICOLOR IN RED, AND M. N. CHLOROPTERA IN GREEN.

FIGURE 27 :

 27 FIGURE 27: PHYLOGENETIC TREE OBTAINED THROUGH MAXIMUM-LIKELIHOOD ANALYSIS WITH A GTR+I+G MODEL AND 100 BOOTSTRAPS. VALUES AT NODES INDICATE BOOTSTRAP SUPPORT AND STARS ARE EQUIVALENT OF 100.

FIGURE 28 :

 28 FIGURE 28: MAXIMUM-LIKELIHOOD PHYLOGENETIC TREE OF THE MELANOCHARITIDAE FAMILY, RECONSTRUCTED FROM NUCLEAR CONSERVED LOCI WITH A GTR+I+G MODEL. NODE SUPPORT ARE SHOWN ONLY WHEN DIFFERENT THAN 100.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

SECOND ORDER INFORMATION CRITERION ; AICC_WT, AICC WEIGHT.

  

		LnL	P	d	e	j	AICc	AICc_wt
	DEC	-227.7	2	0.0041	0.0023	0	459.6	6.8e-07
	DEC+J	-217.1	3	0.0035	1.0e-12	0.029	440.7	0.0087
	DIVALIKE	-232.1	2	0.0045	0.0026	0	468.3	8.7e-09
	DIVALIKE+J	-220	3	0.0036	1.0e-12	0.030	446.6	0.0005
	BAYAREALIKE	-242	2	0.0036	0.025	0	488.3	4.0e-13
	BAYAREALIKE+J	-212.4	3	0.0026	1.0e-07	0.045	431.2	0.99

TABLE 2 : RESULTS OF FITTING MODELS OF SPECIATION VARIATION FROM PARADIS ET AL. (2013).

 2 

		ΔAIC	AIC	Estimates	Estimates
					standard-errors
	Equal speciation rates	37	337	𝜆 ̂=0.0818	0.0054
	Two categories of insularity (threshold at 50%)	41	341	𝜆 ̂1=0.0815; 𝜆 ̂2=0.0822	0.0075 ; 0.0201
	Three categories of insularity (thresholds at 15 and 85%)	30	330	𝜆 ̂1=0.0828; 𝜆 ̂2=0.1105; 𝜆 ̂3=0.0587	0.0083; 0.0313; 0.0180
	No a-priori (two categories)	4	304	𝜆 ̂1=0.1651; 𝜆 ̂2=0.0539; 𝑓 ̂=0.1393	0.0260; 0.0064; 0.0690
	Normal distribution		300	g(λ)=ln(-lnλ) ~ N(µ=1.0686; σ=0.2704)	0.0560; 0.0549

Table 3 )

 3 , with speciation rates of 0.1651 (SE: 0.0260) and 0.0539 (SE: 0.0064) and improved markedly the fitting to the data (AIC: 304). The first category included 13.93% of the clades and corresponds to Columba spp., Ducula spp., Macropygia and Turacoena spp., Patagioenas spp., Ptilinopus spp. and Streptopelia spp. These six clades host 46% of the Columbidae species and have recent stem ages (Ducula spp. being the oldest at 25 Ma), implying a fast diversification process. Because ΔAIC between the models at two and three categories was only of four, we looked at the results in this second case. However, this model split the previous group of recent and species-rich clades into two, with equal probabilities for each to be assigned in one group or the second and the same speciation rate in both cases. It has therefore no biological meaning.

TABLE 3 : RESULTS OF FITTING MODEL OF K CATEGORIES SPECIATION VARIATION FROM (PARADIS ET AL., 2013).

 3 

	K	AIC
	2	306
	3	310
	4	314
	5	318
	6	322
	7	319

INFERRED DISTRIBUTION OF THE SPECIATION RATE Λ AMONG CLADES OF THE COLUMBIDAE FAMILY.

  

Table :

 : Number of sites included in each analysis. DP corresponds to the minimal depth, and mac to the minimal allele count.

	Filtering	Only SNP, no	DP2, mac2,	DP2, mac2,	DP2, mac2,	DP2, mac2,
	thresholds	filtering	missing data	missing data	missing data	missing data
			<80%	<70%	<60%	<50%
	Number of	70,556	17,428	16,910	14,646	12,663
	sites analyzed					
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Dating and biogeography

Complete mitochondrial dataset was split into five partitions, with GTR+I+G+X models (Tavaré, 1986) for all of them (Supplementary Table 4), and mitochondrial coding genes without 3 rd coding positions were split into two partitions with GTR+I+G+X models (Supplementary Table 5). We did not [yet] managed to obtain convergence for all parameters. However, large ESS values (>200) obtained for posterior probability, tree likelihoods and most recent common ancestors (MRCA) ages allow to consider the following results with rather good confidence.

We recovered a separation from the Pteroclidae around 70 Ma and a crown age occurring in the second half of Eocene (Figure 20). All the current genera were established before the mid-Miocene.

The topology is roughly the same as the complete mitogenome dataset, with a few old nodes better supported. The New World ground-doves clade is here sister to the Columba spp. clade and the Indo-Pacific clade. Results with mitogenome coding sequences without 3 rd codon positions are also comparable in ages. A few differences are present when comparing topologies of the whole dataset and the coding sequences without 3 rd codon position, despite good node support (e.g. Phapitreron leucotis).

Discussion

Phylogenetic relationships

We recovered the three major clades defined by Pereira et al. (2007): the clade A, also described by Soares et al. (2016) as the Holarctic and New World clade; the clade B of New World ground-doves; and the clade C, formed by Indo-Pacific species. However, we did not recover the relationships proposed by Pereira at al. (2007) who found the clade A sister to both B and C. Here, mitochondrial data seem to favor B sister to A and C, and nuclear data support C sister to A and B. The placement of Starnoenas cyanocephala, which was never included before, seems also subject to discussion.

Incoherence between mitochondrial and nuclear data are frequent, due for example to introgression [START_REF] Ballard | The incomplete natural history of mitochondria[END_REF] or resulting from near-simultaneous speciation events (i.e. Incomplete Lineage Sorting; [START_REF] Suh | The dynamics of incomplete lineage sorting across the ancient adaptive radiation of neoavian birds[END_REF]. However, the different topologies recovered for the same dataset between the two Bayesian analyses performed by MrBayes and BEAST may be due to methodological weakness. Even if these two softwares have a few methodological differences, they should converge to a common topology. Dating analyses are still in progress until we obtain convergence of all parameters. Moreover, the presence in the nuclear dataset of a clear outlier in terms of data amount could possibly unbalance the whole phylogeny, explaining the unexpected relationships found between the major clades, and especially the placement of Starnoenas cyanocephala.

Among the phylogenetic results obtained from the whole dataset, most of the relationships were expected from previous works (e.g. the Claravis spp. paraphyly), but some were slightly different (e.g. Leucosarcia melanoleuca). All of them are reviewed in the Supplementary results.

Dating and biogeographic analyses

The crown age of 42.12 Ma is intermediate between the estimation of Pereira et al. (2007) at 54.4 Ma [95% HPD: 46.1-63.6] and those of Soares et al. (2016) at 24.7 Ma [95% HPD: 18.9-31.3]. The difference with the latter is partially explained by the absence of the New World ground-doves clade in their sampling, but the corresponding speciation event in our results was still older 38.71 ]. To estimate the possible impact of fossil calibration, we tried to use the only calibration Soares et al. (2016) used in their analysis: the normal prior at 55 ± 15 Ma for the Columbidae / Pteroclidae divergence. The analysis did not converge after more than 1 billion adaptive radiations. This should give us a more general understanding of the importance of islands in the process that led to the current Columbidae family.

Supplementary material

The supplementary material includes: Supplementary results: Taxonomic implications of the phylogenetic results.

Supplementary Figure 1: Comparison of the phylogenetic trees built from complete mitogenome on the left and coding sequence without the 3 rd codon position (A) or the 3 rd codon position only (B).

Supplementary Figure 2:

Comparison of the non-collapsed phylogenetic trees built from complete mitogenome on the left and from nuclear genomic data on the right. 3: Dated phylogenetic tree obtained from a BEAST analysis performed without fossils.

Supplementary Figure

Supplementary Table 1:

List and details of samples used in this study.

Supplementary Table 2:

Published mitogenomes included in the phylogenetic analysis. 3: Description of each partition obtained for the whole mitogenome. 4: Description of each partition obtained for the whole mitogenome dating analysis. 5: Description of each partition obtained for the coding sequence mitogenome dating analysis from which 3 rd codon positions were removed.

Supplementary Table

Supplementary Table

Supplementary Table

Supplementary results: Taxonomic implications of the phylogenetic results.

In both mitochondrial and nuclear tree, we recover the same three major clades as Pereira et al. (2007). However, we observe different relationships. Pereira found the clade A (Columba spp. clade) sister to both clades B and C, where we find clade B (the New-World ground-doves) sister to both clades A and C.

Starnoenas cyanocephala, which was not included in previous studies and therefore not assigned to any of the Pereira's clade, was found here sister to both clades A and C with mitochondrial data, and sister to the three clades in nuclear. It was previously considered as a close relative of other New-World Ground-doves (Geotrygon spp.) [START_REF] Goodwin | Pigeons and doves of the world[END_REF][START_REF] Gibbs | Pigeons and doves: a guide to the pigeons and doves of the world[END_REF] or of Australasian genus Geophaps spp. based on behavioral data [START_REF] Olson | The Blue-headed Quail-Dove (Starnoenas cyanocephala): an Australasian dove marooned in Cuba[END_REF].

In the clade B, we confirm the paraphyly of the genus Claravis (Sweet & Johnson, 2015;Sweet et al., 2017). We recover the same relationships as Sweet et al. (2017) for the mitochondrial data but not for the nuclear data, where C. geoffroyi clusters with C. pretiosa.

In the clade A, we confirm the relationships between New World doves (Johnson & Weckstein, 2011;Banks et al., 2013), and between Ectopistes migratorius and Patagioenas fasciata [START_REF] Johnson | A molecular phylogeny of the dove genera Streptopelia and Columba[END_REF]Soares et al., 2016). We find Reinwardtoena reinwardti sister to Macropygia spp. and Turacoena spp., as expected from Pereira et al. (2007) and [START_REF] Fulton | Nuclear DNA from the extinct Passenger Pigeon (Ectopistes migratorius) confirms a single origin of New World pigeons[END_REF]. However, we found Macropygia spp. being paraphyletic, with Turacoena spp. nested inside (Stresemann, 1941). Nesoenas picturatus is found sister of Spilopelia chinensis with mitochondrial data, which confirms results from [START_REF] Johnson | A molecular phylogeny of the dove genera Streptopelia and Columba[END_REF]. Aplopelia larvata, which was never included in any phylogeny before, is found sister of all the Streptopelia spp. with mitochondrial data, with a congruent placement in the nuclear tree when taking into account different sampling and low support of the relation with Nesoenas picturatus.

In the clade C, we confirm the monophyletic group formed by Chalcophaps spp., Oena capensis, Turtur spp., and Treron spp. as sister of the rest of the clade (Shapiro et al., 2002). Despite their name, Phapitreron spp. are not related to the genus Treron, but its placement is still unclear: we find it sister to the clade belonging Gallicolumba spp. for nuclear data, and sister to the Ducula and Ptilinopus clade with mitogenomes. We confirm that all "big and/or peculiar pigeons" (Goura spp., Didunculus strigirostris, Caloenas spp., Otidiphaps spp., Trugon terrestris, Raphus cuculatus, Pezophaps solitaria and Microgoura meeki) cluster together, in line with Soares et al. (2016). In this group, the relative placement of Didunculus and Caloenas is still unclear due to sampling differences between mitochondrial and nuclear data. The placement of Microgoura meeki as sister of Otidiphaps spp. need to be confirmed with nuclear data.

We obtain one clade with Gallicolumba spp., Alopecoenas spp., Henicophaps spp., Leucosarcia melanoleuca, Phaps histrionica, Geopelia striata, Ocyphaps lophotes, Geophaps spp. and Petrophassa rufipennis. We agree with (Moyle et al., 2013) on Gallicolumba monophyly and Alopecoenas differentiation, but find Henicophaps sister to Alopecoenas and the other clade members, unlike [START_REF] Fulton | Nuclear DNA from the extinct Passenger Pigeon (Ectopistes migratorius) confirms a single origin of New World pigeons[END_REF]. The placement of Leucosarcia melanoleuca is highly supported with nuclear data as sister of the last part of the clade, where Moyle et al. (2013) had found Ocyphaps lophotes. The Supplementary Figure 1: Comparison of the phylogenetic trees built from complete mitogenome on the left and coding sequence without the 3 rd codon position (A) or the 3 rd codon position only (B). Branch lengths were obtained from maximum likelihood analyses. Numbers at the nodes represent Bayesian posterior probabilities (PP) on the left and maximum likelihood bootstrap values on the right for the complete mitogenome. For coding sequences, only maximum-likelihood are presented here. Stars correspond to 1.0 in PP, and 100% in bootstrap. In yellow are highlighted non-supported nodes.

Supplementary Figure 2: Comparison of the non-collapsed phylogenetic trees built from complete mitogenome on the left and from nuclear genomic data on the right. Branch lengths were obtained from maximum likelihood analyses. Numbers at the nodes represent Bayesian posterior probabilities (PP) on the left and maximum likelihood bootstrap values on the right for the complete mitogenome. Stars correspond to 1.0 in PP, and 100% in bootstrap.

Supplementary Figure 3: Dated phylogenetic tree obtained from a BEAST analysis performed without fossils. Values at nodes are posterior probabilities, and node bars represent 95% High Posterior Density. (Baptista et al., 2017;IOC 7.3, 2017).

Supplementary

GenBank accession

GenBank Zenaida macroura N Supplementary Table 3: Description of each partition obtained for the whole mitogenome. For coding sequences, first, second and third codon positions are treated separately. Each mitochondrial region is placed in a partition with a given evolutionary model in the Maximum-Likelihood (ML) and the Bayesian analyses. Note that a few genes were in different partitions in the ML and Bayesian analyses. Supplementary Table 4: Description of each partition obtained for the whole mitogenome dating analysis. For coding sequences, first, second and third codon positions are treated separately. Each mitochondrial region is placed in a partition with a given evolutionary model in the Bayesian analysis.

ML Analysis

Bayesian

Evolutionary model

List of mitochondrial genes GTR+I+G+X 12S, 16S, ATP8_1, ND2_2, ND2_3, ND5_1, ND5_2, ND5_3, tRNA-Lys, tRNA-Phe, tRNA-Thr GTR+I+G+X ATP6_1, ATP6_2, ATP8_2, COX1_1, COX1_2, COX2_1, COX2_2, COX3_1, COX3_2, CYTB_1, CYTB_2, ND1_1, ND1_2, ND2_1, ND3_2, ND3_3, ND4_1, ND4_3, ND4L_1, ND4L_2, tRNA-Ala, tRNA-Arg, tRNA-Asn, tRNA-Asp, tRNA-Cys, tRNA-Gln, tRNA-Glu, tRNA-Gly, tRNA-His, tRNA-

Supplementary Table 5: Description of each partition obtained for the coding sequence mitogenome dating analysis from which 3 rd codon positions were removed. First, second and third codon positions are treated separately. Each mitochondrial region is placed in a partition with a given evolutionary model in the Bayesian analysis. ATP6bis_1,ATP6bis_2,ATP8bis_2,COX1bis_1,COX1bis_2,COX2bis_1,COX2bis_2,COX3bis_1,COX3bis_2,CYTBbis_1,CYTBbis_2,ND1bis_1,ND1bis_2,ND2bis_1,ND3bis_2,ND4bis_1,ND4Lbis_1,ND4Lbis_2,ND6bis_1,ND6bis_2 GTR+I+G+X ATP8bis_1,ND2bis_2,ND3bis_1,ND4bis_2,ND5bis_1,ND5bis_2 Chapter 2

Evolutionary model

List of mitochondrial genes GTR+I+G+X

Recovering the evolutionary history of crowned pigeons (Columbidae: Goura):

implications for the biogeography and conservation of New Guinean lowland birds

Chapter introduction

Within this chapter, we focus on the richest biogeographic region for Columbidae: New Guinea. If exploring the extraordinary diversity found on this island will be tackled in discussion, we consider here one special genus: the crowned pigeons, Goura spp.

This genus includes four species, all inhabiting the lowland forest of New Guinea, with nonoverlapping distribution. Little is known about their ecology (even their exact distributions are discussed), and they are all endangered with two species classified as Vulnerable and two as Near

Threatened. Famous for their size and the crest they carry on their head, they are also frequently found in zoos or in personal aviaries.

In this chapter, we wanted to clarify the recently revised taxonomy, currently based on morphological characters. We also tackled the diversification process, in particular regarding the young age of the island and the possibility of diversification in Australia that was proposed for songbirds. To do so, we sequenced 39 individuals (from which 37 were museum samples) and five related species.

Through the bioinformatics process, we encountered unexpected intra-individual variation when reconstructing the mitochondrial genome sequences. We were able to distinguish between heteroplasmy and cases of mitochondrial genomic regions inserted in the nuclear genome. These analyses were described in supplementary material. We also used nuclear data at very low coverage which allowed us to obtain phylogenetic trees fully concordant with the one reconstructed from mitochondrial genomes. Finally, we used these results to discuss their implications for future conservation assessment.

Implications for conservation

Conclusions

Supplementary Material

Recovering the evolutionary history of crowned pigeons (Columbidae: Goura):

implications for the biogeography and conservation of New Guinean lowland birds Jade Bruxaux et al. Unlike the nuclear genome, the mitogenome is maternally transmitted in most animal species and is therefore expected to be homoplasmic [START_REF] Dawid | Maternal and cytoplasmic inheritance of mitochondrial DNA in Xenopus[END_REF]. By using a genome skimming approach, the mitogenome assembling should then give a unique sequence, with minor variants mostly due to sequencing errors in very small proportion. However, a minor variant representing more than 10% of all the reads aligned against a reference genome was observed in 17 cases (out of 39) and this may have three putative causes: nuclear copy of part or whole mitogenome [numt; [START_REF] Lopez | Numt, a recent transfer and tandem amplification of mitochondrial DNA to the nuclear genome of the domestic cat[END_REF]], heteroplasmy [START_REF] Kvist | Paternal leakage of mitochondrial DNA in the great tit (Parus major)[END_REF], or cross-contamination with samples of the same species or a close relative [START_REF] Ballenghien | Patterns of cross-contamination in a multispecies population genomic project: detection, quantification, impact, and solutions[END_REF].

Methods

We used three complementary approaches to determine the origins of minor mitochondrial DNA-like variants:

-Phylogenetic approach: First, we reconstructed a minority-rule sequence of the 17 individuals, choosing the minor variant instead of the major one at each site where a minor variant was present in more than 10% of the reads. When two of these sites were sufficiently close to have been sequenced on the same fragment, we checked for linkage disequilibrium. We distinguished two groups of samples with minor variants: the first one (group I) included samples for which all variable sites had a minor variant present in at least 20% of the reads with a relatively constant frequency (never exceeding 33%), and the second one (group II) contained samples with heterogeneity in the frequency of minor variants between variable sites. We then included these sequences into our mitogenome dataset to investigate their placement relative to other sequences in a phylogenetic tree. Phylogenetic analyses were performed as described in the article. Our expectations were as follows: a) when a minor variant was identical to a mitogenome isolated from another individual, it would indicate a potential cross-contamination between samples; b) heteroplasmic and numt sequences should have evolved differently and then have different placement in the phylogenetic tree. A true minor mitogenome (in a case of heteroplasmy), differing from the major one by only a few bases due to its recent origin, will be obviously related to other mitogenomes of this species. On the other hand, a nuclear copy could have been formerly integrated and have evolved less rapidly in the mitochondria [START_REF] Gray | Mitochondrial Evolution[END_REF], and consequently should be phylogenetically distant from other mitogenomes.

-Relative nuclear-mitochondrial genome sequencing: Second, we hypothesized that numts should be detected in samples with deepest nuclear sequencing. We thus compared for each sample the number of reads mapping against the mitogenome and the number of reads mapping against the conserved nuclear markers (McCormack et al., 2013;Prum et al., 2015). We compared the ratio nuclear / mitochondrial reads between the three groups of samples (i.e. no minor variant, group I, and group II) with a non-parametric test (Kruskal-Wallis test; [START_REF] Kruskal | Use of ranks in one-criterion variance analysis[END_REF] followed by a

Dunn's test [START_REF] Dunn | Multiple Comparisons Using Rank Sums[END_REF] with a Holm correction, using R v.3.3.3 (R Core Team, 2017).

-Evidence for a nuclear origin of the minor variant in GC88: Last, we used the most recent sample (GC88, collected in 2014) and worked more specifically on a 1000-bp part with a high density of variable sites. We used the minor variant sequence of this part as a reference to map reads with Geneious v. 9.0.5 (Biomatters Ltd., Auckland, New Zealand). We used a custom sensitivity with a minimum overlap identity of 99% and reiterate the process to increase the sequence length. At each step, the consensus sequence was increased by choosing the minor variant (before meeting a repeated nuclear region; see below). We carefully checked the sequencing depth and identified the nature of the resulting sequence with BLASTn [START_REF] Altschul | Basic local alignment search tool[END_REF].

Results and discussion

Phylogenetic evidence

We identified two types of minor variants: some sequences (group I) are similar (but never identical)

to majority-rule sequences and are thus embedded in clades that support monophyly of the four Goura species. In contrast, sequences that belong to group II are sister (and paraphyletic) to clades supported by majority-rule sequences (species or pair of species; Fig. S1).

The group I (eight samples) is compatible both with true heteroplasmy or contamination.

However, the minor variant is never found identical to one of the samples analyzed, which thus favors the hypothesis of a heteroplasmic origin. Among the eight samples of this group, seven show only one variable site. This could indicate a recent heteroplasmy, occurring in the individual or transmitted by its mother. On the other side, the last sample (GC09) shows 21 variable sites along the whole mitogenome. Such a pattern may be due to an event of bi-parental transmission of mitochondria [START_REF] Kvist | Paternal leakage of mitochondrial DNA in the great tit (Parus major)[END_REF]. In contrast, the successive sister placements of sequences of group II (nine samples) compared to clades supported by majority-rule sequences should indicate ancient nuclear incorporation of part or the whole mitogenome (numt).

Relative nuclear-mitochondrial genome sequencing

Samples belonging to group II show a significantly higher ratio of nuclear / mitochondrial reads (χ²= 19.996, df = 2, p-value < 0.001; Fig. S2) and these minor variant sequences are likely numts. In contrast, samples belonging to group I or those showing no minor variants were not significantly different based on the ratio of nuclear / mitochondrial reads.

Evidence for a nuclear origin of the minor variant in GC88

From the 1,000-bp segment used as reference, the minor variant (belonging to group II) was extended to approximately 1,600 bp (with a sequencing depth of approximately 45), where a sudden increase of sequencing depth (ca. 750) occurred around position 1,700 (Fig. S3). The first 1,611 bp shows a high homology with the Goura mitogenome. In contrast, after position 1,858, the best matches correspond to a gene encoding a nuclear pol-like protein, similar to those present in LTR retrotransposons [START_REF] Wessler | Transposable elements and the evolution of eukaryotic genomes[END_REF], suggesting that this minor variant may be a copy of a region of mitochondria formerly inserted in the nuclear genome (numt hypothesis).

Conclusions

From these three analyses, we can first conclude that the minor mitochondrial DNA-like variant present in some samples is not the result of a cross-contamination between our samples or with a close species because it was never found identical to one of the majority-rule consensus sequences reconstructed in our study. Second, we can clearly distinguish two groups of samples with a minor mitochondrial DNA-like variant:

-The first one (Group I) includes samples with only a few variable sites. These sequences cluster with sequences of the same species in the phylogenetic tree. They may correspond to true heteroplasmy, with different variants of mitogenomes within the same individual resulting either from mutations within the individual or paternal leakage during sexual reproduction.

-For the second group (Group II), we have strong evidence for the presence of numts, with samples showing more variable sites along a part or the totality of the mitogenome. These numts are detectable among samples with the highest nuclear sequencing depth (Fig. S1).The phylogenetic tree including minor sequences indicates that such numts are not embedded within the Goura species clades supported by mitogenome sequences (i.e. majority-rule consensus sequences). In contrast, each numt sequence is sister to clades supported by majority-rule sequences (i.e. species or pair of species), suggesting recurrent integrations in the nucleus after the first event of diversification in Goura. In addition, numts show slightly shorter branches, suggesting a slower evolution, as expected in the nucleus compared to the mitochondrion [START_REF] Gray | Mitochondrial Evolution[END_REF]. We also found a retrotransposonlike sequence at an extremity of the minor variant of GC88, sustaining the potential nuclear origin of the sequence.

Since the sequencing coverage of numts never exceeded 28% of reads matching to the mitogenome, and heteroplasmic sites were often found alone or in only a few sites along the genome with a rather constant proportion of minor/major variants (never exceeding 33% for the minor variant), using the majority-rule consensus sequence in our analyses likely excludes both numts and heteroplasmic variants from the data set.

Supplementary methods 2: Phylogenomic analyses with filtered nuclear data

Phylogenomic analyses were performed after filtering the low copy conserved markers in order to get rid of sequencing errors or deaminations that can have a strong impact at low coverage [START_REF] Le | SNP detection and genotyping from low-coverage sequencing data on multiple diploid samples[END_REF]. These analyses were conducted on the same 19 Goura individuals as the analysis presented in the manuscript, and Didunculus strigirostris and Caloenas nicobarica as outgroups.

To do so, we used the bam files with quality weighted by mapDamage (Jónsson et al., 2013; see paragraph 2.4.2. for details before this step). These files were compared to the reference sequence with samtools mpileup (with default parameters) v.1.3.1 and bcftools call (with multiallelic caller) v.1.1-60-g3d5d3d9 [START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF] to obtain a first list of SNPs (Single Nucleotide Polymorphism) for each individual. As nuclear data are expected to have either one or two alleles, SNPs with more than two different alleles were not considered and removed with vcftools v0.1.12a [START_REF] Danecek | The variant call format and VCFtools[END_REF]. Data were also filtered with bcftools to keep only SNPs with a minimal depth of 2 to remove errors that are expected to produce false SNPs with low coverage. All resulting SNPs were then merged with vcf-merge [START_REF] Danecek | The variant call format and VCFtools[END_REF] and samtools mpileup was used to retrieve the genotypes for all individuals at all sites. Genotypes in each individual were called only if sites had at least a depth of 2x and a phred-scaled base score of 30 using bcftools filter [START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF]. Finally, vcf-merge [START_REF] Danecek | The variant call format and VCFtools[END_REF] was used to merge the resulting individual genotypes and apply additional filters on this dataset. First, SNPs were kept only when the minor allele was present at least 2 times in the site (corresponding to at least one homozygous individual or two heterozygous ones, option -mac 2). This step should remove most of the private SNPs due to sequencing or deamination errors. Second, a threshold of missing data was applied on each site, ranging from 50% to 80%. This final filtered dataset was converted from vcf to fasta format, where heterozygous sites were coded with IUPAC ambiguities thanks to a perl script adapted from [START_REF] Olofsson | Genome biogeography reveals the intraspecific spread of adaptive mutations for a complex trait[END_REF]. A maximum-likelihood phylogenetic analysis was then performed with RAxML v.8.1.5 (Stamatakis, 2014) with eight alternative runs and 100 replicates of non-parametric bootstrapping, Caloenas nicobarica and Didunculus strigirostris being stated as outgroups.

Most of the SNPs present in the initial dataset are either low covered or detected in only one individual (Table ). Nevertheless, all the resulting trees recovered the same general topology as described in paragraph 3.4, with two clades of two sister species: Goura cristata / Goura sclaterii on one side, and Goura victoria / Goura scheepmakeri on the other side (Fig. S4 to S8). Applying more stringent thresholds does not seem to increase node support, only resulting in slightly shorter branches, especially for the most recent samples (GC88 and GC89). 

Supplementary

General discussion

1.1. Natural history collections importance All these results were obtained thanks to museum collections, which are of critical importance not only for the study of ancient or ongoing phenomenon [START_REF] Dubay | Bird specimens track 135 years of atmospheric black carbon and environmental policy[END_REF], but also for sampling of large, remote areas. Technological development of next-generation sequencing has allowed access to increasingly ancient genetic data [START_REF] Orlando | Recalibrating Equus evolution using the genome sequence of an early Middle Pleistocene horse[END_REF], giving an additional value to these samples.

However, general audience and part of the scientific community display an increasing opposition to modern collections [START_REF] Kaplan | A scientist found a bird that hadn't been seen in half a century, then killed it. Here's why[END_REF], and museums face some difficulties to extend their collections [START_REF] Kaplan | A university is eliminating its science collection -to expand a running track[END_REF]. Our results demonstrate the feasibility of phylogenomic analyses of large groups without field works, and we can barely imagine what future technologies will allow us to gather from centuries-old samples. Natural history collections thus deserve conservation and extension [START_REF] Webster | The Extended Specimen: Emerging Frontiers in Collections-Based Ornithological Research[END_REF].

Sequencing strategies

Many strategies can be adopted to recover genetic data, whether samples are from fresh or ancient samples. If the study focuses on a few genes or regions of interest, they can be recovered by PCR (Polymerase Chain Reaction) or by capture (McCormack et al., 2016). This allows optimizing the data sequenced and the money spent to answer a specific question. On the other side, new questions arising from preliminary or previous analyses can imply resequencing the same sample for different markers.

Here, we used another classical method: genome skimming. The sample is sequenced as a whole, allowing primarily the recovery of mitogenome data due to their better conservation in old samples [START_REF] Pääbo | Ancient DNA and the polymerase chain reaction. The emerging field of molecular archaeology[END_REF]. The major constraint of this method with historical sample is the sequencing of all the contaminants found on its surface. However, we show here that, even when mitochondrial data are the main goal of this sequencing (as with old samples), nuclear data can be exploited, allowing an optimization of the sample usage and a second analysis of older data from which only mitochondrial data had been studied. The amount of missing data does not seem to affect the topology [START_REF] Wiens | Missing Data, Incomplete Taxa, and Phylogenetic Accuracy[END_REF][START_REF] Wiens | Missing data and the accuracy of Bayesian phylogenetics[END_REF] and using nuclear data avoids the limitations of mitochondrial analysis only [START_REF] Zink | Mitochondrial DNA under siege in avian phylogeography[END_REF][START_REF] Galtier | Mitochondrial DNA as a marker of molecular diversity: a reappraisal[END_REF][START_REF] Toews | The biogeography of mitochondrial and nuclear discordance in animals[END_REF].

Clarifying the speciation process at the population scale

As already explained in the introduction, speciation can occur in different contexts and some methods have been developed to clarify the exact underlying process. Both population genomics and coalescent analysis from a few genomes may help to test different scenario of speciation in New Guinea and surrounding archipelagos.

Population genomic analyses

At the population scale, using genomic data from a few individuals/populations of the species studied, it is now possible to compare different scenario of population isolation. Two major advances were recently proposed.

-The first one, by [START_REF] Beaumont | Approximate Bayesian Computation in Population Genetics[END_REF], is the Approximate Bayesian Computation. Its objective was to improve the computational efficiency of classic Bayesian analysis for complex scenarios such as those of population genomics. To do so, rather than calculating the exact value of all parameters, they approximate values of summary statistics by comparing them to those obtained from simulations. It has the advantage that simulations, performed under the coalescent theory, can represent highly complex scenarios. However, testing multiple complex scenarios is computationally intensive and is therefore not always suitable for genome-wide datasets.

-With the same idea of reducing computationally limitation, [START_REF] Gutenkunst | Inferring the Joint Demographic History of Multiple Populations from Multidimensional SNP Frequency Data[END_REF] proposed another method: comparing Allele Frequency Spectrum (AFS) obtained from dataset with those obtained from simulated scenarios. This method uses Maximum-Likelihood analyses rather than Bayesian ones and is based on independent SNP datasets.

These two methods allow dating speciation events (in a number of generations), to evaluate if gene flow occurred and when, if population sizes changed through time… However, it requires including several individuals per species with sufficient nuclear coverage to recover diploids data with confidence, which can be costly and time consuming, especially when working with degraded samples.

The usage of a lot of missing data in very low coverage genomes for these studies would require specific simulations to validate the methods for this specific type of data. To do this, we tried to simulate trees following a known speciation process (strict isolation, ancient or recent gene flow, with constant or variable population sizes) with ms [START_REF] Hudson | Generating samples under a Wright-Fisher neutral model of genetic variation[END_REF] and seq-gen [START_REF] Rambaut | Seq-Gen: an application for the Monte Carlo simulation of DNA sequence evolution along phylogenetic trees[END_REF], and used the sequences obtained to reconstruct reads with gargammel [START_REF] Renaud | gargammel: a sequence simulator for ancient DNA[END_REF]. These reads were then used as input in the population genetics analysis. Unfortunately, scenario selected by the analysis was not the one simulated, even for the simplest model (strict isolation with constant population size) and with complete data. Digging into this unexpected result would have required too much time for a side-project and we did not go further.

Coalescent analysis from a single genome

Another realistic alternative at rather low cost is to use one well-covered and phased genome per species. This is possible using Pairwise Sequentially Markovian Coalescent (PSMC; [START_REF] Li | Inference of human population history from individual whole-genome sequences[END_REF]. This analysis allows recovering population size history of the individual by coalescent analyses of the two copies of each of its genes. The major advantage is that this analysis does not need any a-priori scenario, as it is the case for the two previous methods. However, it is highly sensible to population structure [START_REF] Mazet | Demographic inference using genetic data from a single individual: Separating population size variation from population structure[END_REF][START_REF] Orozco-Terwengel | The devil is in the details: the effect of population structure on demographic inference[END_REF].