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Telomere dynamics and life-history traits

Assessing factors that underlie the variability in longevity and senescence patterns within and across species is an important challenge in evolutionary biology. Evolutionary theories of ageing such as the antagonistic pleiotropy or the disposable soma theory postulate that a substantial allocation to growth and / or reproduction early in life should lead to a decrease in survival and reproductive probabilities in late adulthood. Although those tradeoffs have been repeatedly documented in wild populations of animals, the underlying genetic and physiological mechanisms remain particularly debated. Among those mechanisms, the shortening of telomeric sequences with age could potentially be a key factor. While a theoretical framework giving telomere dynamics a major role in life-history trade-offs has recently emerged, empirical studies performed so far have provided equivocal support for the predictions arising from this conceptual framework.

The aim of my thesis was to test several hypotheses based on a key role played by telomere dynamics in mediating life-history trade-offs, at both inter-and intra-specific levels.

My thesis combined two different methodological approaches; a meta-analytic approach, as well as the analysis of the Soay sheep population (Ovis aries, located in St Kilda, Scotland) for which known-age individuals are monitored longitudinally since 1985 and data on telomere length available since 1998.

In a first step, I challenged the widespread idea that telomere length decreases consistently with age in vertebrates, using a set of meta-analyses. I found that on average, telomere length does decline with increasing age during adulthood. However, this decline was weak and variable across vertebrate classes. Heterogeneity in the age-specific decline in telomere length was mostly explained by the method used to measure telomeres: detectable telomere length declines with increasing age were found only among studies using TRF with in-gel hybridisation and qFISH methods, but not in studies using qPCR and Southern blotbased TRF methods. Then, I stressed whether sex differences in telomere length could potentially explain the sex differences in lifespan typically observed in mammals (e.g. longer lifespan in females compared to males). I found no support for consistent sex differences in telomere length among vertebrates. In addition, the variability in sex differences in telomere length across species was not explained by the species-specific level of sexual selection since I did not find any association between sexual size dimorphism and the magnitude of sex differences in telomere length across vertebrates.

In a second step, I tested whether a strong allocation to growth in lambs and sexual competition (measured through the size of pre-and post-copulatory traits) is negatively associated with telomere length, using Soay sheep as biological models. I found that growth between birth and four months of age was negatively associated with telomere length.

However, I didn't find any effect of the allocation to pre-and post-copulatory traits on telomere length and dynamics. All these results highlight the complexity of telomere dynamics both at intra-and inter-specific level and emphasizes the need for a better understanding of how telomere measurement methodologies influence telomere dynamics.

les études utilisant la méthode TRF suivie d'une hybridation sur gel et la méthode qFISH, mais pas dans les études utilisant les méthodes de qPCR et de TRF suivi par un Southern blot.

Par la suite, en réalisant encore des méta-analyses, j'ai voulu savoir si les différences entre mâles et femelles dans la longueur des télomères pouvaient potentiellement expliquer les différences entre sexe de longévité généralement observées chez les mammifères (où les femelles vivent généralement plus longtemps que les mâles). Je n'ai trouvé aucune preuve de l'existence de différences entre sexe de longueur des télomères chez les vertébrés. En outre, la variabilité des différences entre sexe de longueur des télomères entre les espèces ne s'explique pas par le niveau de sélection sexuelle spécifique à l'espèce, puisque je n'ai trouvé aucune association entre le dimorphisme sexuel de taille ainsi qu'entre le système d'appariement et les différences sexuelles de longueur des télomères chez les vertébrés. Une analyse comparative supplémentaire m'a aussi permis de déterminer que les différences entre mâles et femelles de longueurs de télomères n'expliquait pas les différences de longévité entre sexes.

Dans un deuxième temps, j'ai testé si une forte allocation à la croissance chez les agneaux et à la compétition sexuelle chez les mâles (mesurée par la taille des traits pré et post copulatoires) sont négativement associées à la longueur des télomères, en utilisant les moutons de Soay comme modèle biologique. J'ai ainsi trouvé que la croissance entre la naissance et l'âge de quatre mois était négativement associée à la longueur des télomères.

Cependant, je n'ai pas trouvé d'effet de la taille des traits pré et post copulatoires ni du succès reproducteur sur la longueur et la dynamique des télomères. Tous ces résultats mettent en évidence la complexité de la dynamique des télomères tant au niveau intra-qu'inter-spécifique et soulignent la nécessité de mieux comprendre comment les méthodologies de mesure des télomères influencent leur dynamique. 
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Introduction

Preamble:

Why and how we age are one of the most longstanding and debated questions in evolutionary biology and biogerontology. The understanding of senescence, the decline in survival and/or reproduction probabilities with increasing age, is important for many reasons.

From a fundamental point of view, this understanding would allow us to explain the huge diversity of lifespan and of senescence patterns at both inter and intra-specific levels. In addition, thanks to the progress of medicine since the beginning of the 20 th century, human life expectancy at birth has increased drastically, for instance from 46 years old in 1900 to 82 in 2020 in women in France (Human life-table database), bringing to light many age-related diseases, which represent nowadays the leading causes of death in industrialized countries.

Thus, from a medical perspective, a better understanding of the mechanisms of senescence allows us a better comprehension of these late-onset diseases in order to fight them. Since the first attempts to use evolutionary thinking to explain senescence by August Weismann [START_REF] Weismann | Essays Upon Heredity and Kindred Biological Problems[END_REF], many theories have emerged in order to understand this ubiquitous process.

Currently the role of resource-based allocation trade-offs is considered central to the evolution of senescence, especially in the evolutionary ecology community (Kirkwood & Rose, 1991;Stearns, 1992). However, physiological and genetic processes underlying those trade-offs remain debated. Over the last decade or so, telomere length has emerged as a potentially important candidate marker of physiological senescence and telomere attrition has been proposed as an important mechanism underpinning organismal ageing and life-history tradeoffs (P. Monaghan & Haussmann, 2006;Young, 2018). In my thesis, I will focus, in a first step, on understanding the dynamics of telomere length across vertebrates' populations. Then, in a second step, I will focus on assessing the relationship between telomere dynamics and lifehistory traits in an unmanaged population of Soay sheep (Ovis aries).

Evolutionary theories of ageing

Ageing or senescence (those terms will be considered as synonyms throughout my thesis), classically defined by evolutionary biologists as the decline in survival and/or reproductive probability with increasing age [START_REF] Partridge | Optimality, mutation and the evolution of ageing[END_REF], is an almost ubiquitous process in the living world (Nussey et al., 2013). It has long been thought that senescence was not likely to occur in the wild due to a high environmentally-based mortality [START_REF] Medawar | Traffic noise exposure affects telomere length in nestling house sparrows[END_REF]. However, it is now well admitted in the scientific community that this statement is fallacious, and that senescence does occur in the wild (Nussey et al., 2013), making wild populations an extremely important observatory for analysing evolutionary-conserved mechanisms of ageing. Long-term studies have shown that there is an impressive diversity in senescence patterns [START_REF] Jones | Diversity of ageing across the tree of life[END_REF] that are, to date, not fully understood. At first glance, ageing is a counter-intuitive evolutionary process as natural selection is expected to maximise the fitness of individuals.

However, the decline in reproductive and survival capacity with increasing age (i.e. reproductive and actuarial senescence, respectively) impairs individual fitness [START_REF] Medawar | Traffic noise exposure affects telomere length in nestling house sparrows[END_REF]. How is it possible that ageing could evolve under natural selection?

The first biologist to analyse ageing "in the light of evolution" was August Weismann more than a hundred years ago. [START_REF] Weismann | Essays Upon Heredity and Kindred Biological Problems[END_REF] developed his theory of ageing by observing the huge diversity of lifespan among the living-world. For Weismann, individuals must fulfil their functions, namely to reproduce and to provide parental care for the good of the group. Once these roles are fulfilled, the individual is no longer of any use to the group. The individual even becomes deleterious to the group, since it will consume resources that other individuals still participating in reproduction will not have. Thus, the death of individuals who have "fulfilled their duty" as written by Weismann, meaning individuals that have ended their reproductive lifespan, is beneficial to fitness at the group level. Thus, Weismann developed an adaptive theory of ageing, meaning that the process of ageing conferred a selective advantage. However, it is now generally accepted that natural selection acts at the individual rather than at the group level [START_REF] Williams | Adaptation and Natural Selection: A Critique of Some Current Evolutionary Thought[END_REF]. And, while Weismann's theory of ageing is now considered as erroneous, it has shed light on the fact that ageing could be studied through evolutionary biology lenses. The question whether death could be programmed (and thus adaptive) is still present in the literature [START_REF] Kowald | Can aging be programmed? A critical literature review[END_REF] and adaptive ageing may evolve under particular circumstances through kin selection in species showing extreme level of relatedness and social organization [START_REF] Galimov | Death happy: Adaptive ageing and its evolution by kin selection in organisms with colonial ecology[END_REF]. However, nowadays, most accepted evolutionary theories of ageing view ageing as a non-adaptive process, implying that genes influencing the ageing process are inherently harmful to fitness or, at most, selectively neutral.

The first non-adaptive theory of ageing was proposed by [START_REF] Medawar | Traffic noise exposure affects telomere length in nestling house sparrows[END_REF] under the term Mutation Accumulation theory (MA hereafter). MA posits that mutations could randomly accumulate in the genome all along the lifetime of an individual. Such mutations may have latelife deleterious effects and would not be counter-selected due to the decline of the strength of natural selection after sexual reproduction. Indeed, the strength of natural selection on a trait is expected to decline after sexual reproduction begins because environmentally-induced mortality reduces the probability of late-life reproduction [START_REF] Hamilton | The moulding of senescence by natural selection[END_REF]. Old individuals have already produced a major part of their lifetime reproduction and so have already transmitted their genes. According to the MA theory, ageing is then the result of this accumulation of age-specific deleterious mutations. This theory of the decline in the strength of natural selection with age was first proposed by [START_REF] Haldane | New Paths in Genetics[END_REF], however Medawar crystallized it and brought it to general scientific attention. It is important to note that this idea is the basis of all evolutionary theories developed since Medawar [START_REF] Charlesworth | Fisher, Medawar, Hamilton and the Evolution of Aging[END_REF].

While Medawar focuses almost exclusively on late-acting deleterious mutations, he also mentioned that small advantage early in life may outweigh dramatic disadvantage in late-life [START_REF] Medawar | Traffic noise exposure affects telomere length in nestling house sparrows[END_REF] because the strength of natural selection declines with age. This idea, termed the Antagonistic Pleiotropy of ageing (AP hereafter) was further developed by George Williams. The AP theory of ageing posits that genes with age-dependent pleiotropic effects underpin the ageing process (Williams 1957). In particular, a gene that is highly beneficial early in life would be strongly selected, even if the same gene could have harmful effect late in life due to the decrease in the strength of natural selection with age. Then, following the AP theory, genes with an antagonistic pleiotropy effect that produce the ageing phenotype could be positively selected if the same gene provides a benefit for fitness early in life. Many genes with an antagonistic pleiotropy effect have been found in laboratory animals (e.g. daf-2 in C. elegans [START_REF] Chen | A demographic analysis of the fitness cost of extended longevity in Caenorhabditis elegans[END_REF], InR in D. melanogaster: Tatar et al., 2001). It is noteworthy that both theories (i.e. MA and AP) are non-mutually exclusive and that recent research provide support for these two theories [START_REF] Austad | Is antagonistic pleiotropy ubiquitous in aging biology? Evolution[END_REF][START_REF] Flatt | Integrating evolutionary and molecular genetics of aging[END_REF]Gaillard & Lemaître, 2017).

Two decades after Williams' work on the antagonistic pleiotropy, Thomas Kirkwood proposed a new evolutionary theory of ageing, now considered as a physiologically-explicit variant of the AP theory, termed the Disposable Soma Theory (DST hereafter) (Kirkwood, 1977). To develop his theory, Kirkwood made the distinction between two cell types: the germline cells that contribute to the transfer of information to next generations and somatic cells. Contrarily to somatic cells, error in the germline would have dramatic consequences and would be counter-selected. However, because cellular damage occurs constantly, organisms have developed repair mechanisms to limit and repair those damages (i.e. maintenance of the soma). Such mechanisms are energetically costly, though, and resources are limited. Thus, the preamble of the theory predicts that a trade-off is expected to occur between repair mechanisms for the germline and repair mechanisms for somatic cells. The DST has, then, been enlarged to progressively incorporate ecological aspects [START_REF] Kirkwood | Why and how are we living longer[END_REF], predicting that organisms have to make a compromise in energy allocation between reproduction and somatic maintenance to maximize their fitness. Although DST was initially framed around energy allocation trade-offs between reproduction and somatic maintenance (which impacts lifespan and ageing), many different aspects of organismal life-history and physiology, including processes associated with growth and development, can produce damage and trade-off against maintenance (Kirkwood & Rose, 1991). Fundamentally, DST predicts that a negative correlation should exist between performance early in life (e.g. reproductive and growth) and the accumulation of cellular damage (and thus reduced survival probability and reproductive performance) later in life. With limited available resources, increasing early life investment in growth or reproduction should come at a cost to survival or reproduction later in life. Those trade-offs, termed early/late tradeoffs, have been found almost everywhere where they have been thoroughly investigated (see Lemaître et al., 2015;Lemaître et al., 2020 for complete reviews on those trade-offs).

More recently, the so-called 'developmental theory of ageing' (DTA) or 'early-life inertia' theory (E-LIT) has emerged in the literature as an alternative physiologically-explicit evolutionary theory [START_REF] Carlsson | Ageing as "early-life inertia": Disentangling life-history trade-offs along a lifetime of an individual[END_REF][START_REF] Maklakov | Evolution of ageing as a tangle of trade-offs: Energy versus function[END_REF]). E-LIT theories posit that early-life physiological processes associated with development are optimized for early-life fitness by natural selection but not for late-life due to the decline in the strength of natural selection with age. More specifically, the level of expression of a gene or the level of activity of an enzyme is optimized for the development of an individual, but in later life the gene or the enzyme may become harmful to organismal function but it is not fully downregulated because selection is too weak. Recent research in C. elegans suggest several pathways which may impact early-versus late-life fitness in this way [START_REF] Carlsson | Ageing as "early-life inertia": Disentangling life-history trade-offs along a lifetime of an individual[END_REF][START_REF] Lind | Cost-free lifespan extension via optimization of gene expression in adulthood aligns with the developmental theory of ageing[END_REF]. Under E-LIT theory, it is possible to uncouple the negative relationship between lifespan and reproduction predicted by DST. Contrary to the DST that was tested many times in wild populations, support for E-LIT to date comes from the laboratory [START_REF] Lind | Cost-free lifespan extension via optimization of gene expression in adulthood aligns with the developmental theory of ageing[END_REF][START_REF] Lind | Experimentally reduced insulin/IGF-1 signaling in adulthood extends lifespan of parents and improves Darwinian fitness of their offspring[END_REF]. However, new experiments in variable environments showing the same outcome suggest that those E-LIT may occur in the wild [START_REF] Carlsson | Ageing as "early-life inertia": Disentangling life-history trade-offs along a lifetime of an individual[END_REF].

Whether we use the theoretical framework of the DST or the E-LIT, early/late trade-offs (reviewed in Lemaître et al., 2015 andLemaître et al., 2020) are predicted to occur in the wild. However, while those trade-offs seem to be ubiquitous in the living-world, physiological and genetic mechanisms underlying them remain highly debated.

Genetic and physiological determinants of ageing in the wild

Almost ten years ago, López-Otín and colleagues published "The hallmarks of aging", a review that proposes nine general mechanisms that are thought to be involved in the ageing process across different cell types and taxa (López-Otín et al., 2013) (See Box 1). This paper along with many others tackling the same issue [START_REF] Kennedy | Geroscience: Linking Aging to Chronic Disease[END_REF][START_REF] Kenyon | The genetics of ageing[END_REF][START_REF] Partridge | Facing up to the global challenges of ageing[END_REF], provide a framework for the biological study of ageing.

B Box 1: The current view of the hallmarks of ageing:

López-Otín and colleagues (López-Otín et al., 2013) proposed nine hallmarks that are linked to the accumulation of cellular damage, assumed by the authors to be the general cause of ageing (defined here by the authors as "the time-dependant functional decline that affects most living organisms"). According to the authors, a hallmark of ageing needs to meet three criterions: it should manifest during normal ageing (i.e. without experimental manipulations), its experimental aggravation should accelerate ageing and finally its experimental amelioration should delay the normal ageing process and, hence, increase healthy lifespan. Hallmarks are classified into three categories: primary hallmarks, which are the primary causes of damages; antagonistic hallmarks, which are beneficial at low levels but become detrimental at high levels; and integrative hallmarks which are the result of interactions between primary and antagonistic hallmarks and are responsible for the phenotype of ageing.

Primary hallmarks:

Genomic instability: Ageing is associated with the accumulation of genetic damage (e.g. mutations, translocations, chromosomal gains and losses) due to exogenous and endogenous factors.

Telomere attrition: Telomere length, declines with each cell replication round and protects DNA from oxidative stress. Short telomere length is associated with ageing and various age-related diseases. This will be discussed in details in this thesis.

Epigenetic alterations: Epigenetic marks (e.g. methylation patterns, modification of histones, chromatin remodelling) change throughout the life course.

Loss of proteostasis: Mechanisms responsible for proteostasis, or protein homeostasis (the dynamic regulation of balanced and functional proteins), are altered with ageing. These mechanisms are responsible for the remodelling and/or the removal of misfolded proteins that accumulate with ageing.

Antagonistic hallmarks:

Deregulated nutrient sensing: Nutrient sensing, and more specifically the insulin and IGF-1 signalling (IIS) pathway, are linked with ageing. Reducing the function of this pathway increases lifespan in many species.

Mitochondrial dysfunction: Ageing leads to a loss of efficiency of the respiratory chain, which results in a decrease in ATP production and an increase in electron leakage. These dysfunctions are responsible for the increase in the production of reactive oxygen species (ROS) which cause oxidative damage.

Cellular senescence: An increase of senescent cells or a decrease in the removal of such cells by phagocytosis leads to their accumulation in specific tissues, fastening ageing.

Integrative hallmarks

Stem cell exhaustion: The accumulation of DNA damage through ageing is suspected to lead to the decline in the proliferation of stem cells. Stem cells enable tissue regeneration. Altered stem cell proliferation is then responsible for the decline in tissue regeneration.

Altered intercellular communication: The accumulation of senescent cells and the deterioration of the immune system could lead to an alteration of intercellular communication, the most well-known process of which is the increase in inflammatory reactions with ageing, termed inflammageing.

Despite recent critics based on the fact that cellular damage may not be the unique cause of ageing and that it is still rather unclear how primary hallmarks give rise to secondary hallmarks and how the secondary and tertiary hallmarks cause ageing [START_REF] Gems | The hoverfly and the wasp: A critique of the hallmarks of aging as a paradigm[END_REF], "The hallmarks of aging" provides a general framework of the mechanisms linked to ageing that are studied in the field of biogerontology.

Research in biogerontology has generated critical insight into the ageing process. However, experimental research on model species in laboratories is not sufficient to explain the complexity and the diversity of ageing patterns across all species and environmental settings [START_REF] Fletcher | Aging in the wild: Insights from free-living and non-model organisms[END_REF]. Indeed, the use of controlled conditions, genetically modified individuals and genetically identical strains does not reflect the heterogeneity (either environmental or genetic) found in natural populations and therefore does not necessarily reflect the mechanisms that have been selected by natural selection (Nussey et al., 2013). In addition, for practical purposes, biogerontology research mostly focus on species with fast life-histories and therefore does not reflect the entire continuum of life-histories. For many years now, ecologists have been using the knowledge gained in biogerontology to test the role played by some physiological markers on life-history traits, notably lifespan, and demographic ageing metrics, directly in natural populations. In this context, the definition of a hallmark of ageing (i.e. the experimental modification of the hallmark should decrease or increase the rate of ageing, See Box 1) becomes less relevant due to the difficulty of experimentally testing the increase or the decrease of a process. However, the study in natural populations allows us to take into account the effect of the environment on ageing [START_REF] Cooper | Ageing with a silver-spoon: A meta-analysis of the effect of developmental environment on senescence[END_REF] which plays a key role in shaping ageing patterns. Indeed, conspecifics living in contrasting environments may display different actuarial senescence patterns [START_REF] Gaillard | Roe Deer Survival Patterns: A Comparative Analysis of Contrasting Populations[END_REF][START_REF] Stubsjøen | Moose (Alces alces) survival in three populations in northern Norway[END_REF] and environmentally-based mortality induce contrasting selection pressure on ageing rates [START_REF] Cayuela | Thermal conditions predict intraspecific variation in senescence rate in frogs and toads[END_REF]. In fine, working on natural populations allows us to have a clearer vision on how the physiological mechanisms underlying the ageing process have been fine-tuned by evolution.

One physiological mechanism associated with ageing which has been studied in natural populations is oxidative damage. Reactive Oxygen Species (ROS) are highly reactive chemical species that are known to damage cellular macromolecules such as lipids, proteins and nucleic acids and are generated primarily as a by-product of mitochondrial oxidative phosphorylation [START_REF] Balaban | Mitochondria, Oxidants, and Aging[END_REF]. The free radical theory of ageing proposes that the accumulation of oxidative damage throughout life is an important physiological cause of ageing [START_REF] Harman | Aging: A Theory Based on Free Radical and Radiation Chemistry[END_REF].

When viewed within the broad DST framework (See Part 1), the allocation of energy to a lifehistory trait (e.g. reproduction or growth) will lead to an increase in ROS production and/or a decrease in antioxidant production and finally potentially an increase in oxidative damage (Metcalfe & Monaghan, 2013). However, to counteract this production of ROS and prevent damage, organisms have developed defence mechanisms: the antioxidants. These antioxidants, whether endogenous (i.e. synthesised by the organism) or exogenous (i.e. from the diet), neutralise ROS. It is therefore this balance between ROS and antioxidants (termed oxidative status) which, when disrupted, will lead to an increase in cellular damages [START_REF] Monaghan | Oxidative stress as a mediator of life history trade-offs: Mechanisms, measurements and interpretation[END_REF] and potentially lead to a faster ageing process. Four different components could be measured to estimate the level of oxidative stress: the level of free radical production, the concentration of antioxidant defences, the level of oxidative damages and the level of repair mechanisms. However, studies that have investigated whether oxidative stress mediates lifehistory trade-offs have reported contrasting results. While some studies reported a positive association between oxidative damage and reproductive effort [START_REF] Bergeron | The energetic and oxidative costs of reproduction in a free-ranging rodent[END_REF][START_REF] Heiss | Oxidative Cost of Reproduction Is Sex Specific and Correlated with Reproductive Effort in a Cooperatively Breeding Bird, the Florida Scrub Jay[END_REF], many studies failed to detect such associations and, to date, most of the studies in the wild did not find any relationship between oxidative stress and reproduction (reviewed in Metcalfe &Monaghan, 2013 andSpeakman &[START_REF] Speakman | Oxidative stress as a cost of reproduction: Beyond the simplistic trade-off model[END_REF]. There are many different ways of measuring ROS and many different forms of oxidative damage and antioxidants that could potentially be measured, and some findings in the wild suggests that different measures of damage or antioxidants are not well correlated [START_REF] Christensen | Plasma markers of oxidative stress are uncorrelated in a wild mammal[END_REF], making it even more difficult to study oxidative stress as a mediator of life-history traits.

The decline in immune performance with age, immunoscenescence, is also a physiological process which is thought to be involved in declining health and fitness in later adulthood.

Pathogens represent a major selective force that has led to the evolution of highly complex immune systems [START_REF] Sheldon | Ecological immunology: Costly parasite defences and trade-offs in evolutionary ecology[END_REF]. In vertebrates, the immune system is composed of two complementary components: the innate component which is a rapid and non-specific response, and the adaptive component which is based on the recognition of foreign substances, called antigens, and the specific elimination of such antigens [START_REF] Stanley | Essentials of immunology & serology[END_REF]. Many components of the adaptive immune system are known to decline with age in humans and laboratory rodents [START_REF] Simon | Evolution of the immune system in humans from infancy to old age[END_REF]. A recent meta-analysis looking at the decline in immune performance with age in captive and wild populations of non-model vertebrates found tendencies for a decline in some markers of the immune system with age [START_REF] Peters | Immunosenescence in wild animals: Meta-analysis and outlook[END_REF].

More precisely, they found a decline in markers of the adaptive immune system but no decline in components of the innate immune system. In addition, this meta-analysis also found that inflammatory markers increase with age. This process, known as inflammageing is considered as one of the hallmark of ageing by biogerontologists (See Box 1 and López-Otín et al., 2013).

Developing and maintaining an efficient immune system is energetically costly and when viewed within the DST framework, energy allocation to the immune system would compete with other energy-demanding processes such as growth and reproduction [START_REF] Lochmiller | Trade-offs in evolutionary immunology: Just what is the cost of immunity?[END_REF], which explains why the immune system is thought to mediate life-history trade-offs [START_REF] Sheldon | Ecological immunology: Costly parasite defences and trade-offs in evolutionary ecology[END_REF]. Supporting this prediction, positive associations between reproductive effort and the incidence of parasitic infections (a proxy of a poorer immune system) were found in wild populations [START_REF] East | Does lactation lead to resource allocation trade-offs in the spotted hyaena?[END_REF][START_REF] Festa-Bianchet | Individual Differences, Parasites, and the Costs of Reproduction for Bighorn Ewes (Ovis canadensis)[END_REF].

However, to date, evidence of trade-offs between components of the immune system (i.e. not incidence of infection) and life-history traits (i.e. growth and reproduction) came mostly from experimental studies where reproductive efforts where experimentally increased (French et al., 2015;[START_REF] Verhulst | Brood size and immunity costs in zebra finches Taeniopygia guttata[END_REF]. Observational studies in the wild looking for a trade-off between immune system and life-history traits remain scarce and provide equivocal results. For instance, in young roe deer (Capreolus capreolus), costs due to fast growth were negligible on immune functions and visible only in few components of the immune system [START_REF] Cheynel | Does body growth impair immune function in a large herbivore?[END_REF]. All those results lead to the point that, despite contrasting results, the immune status might underpin ageing in the wild.

In conclusion, biogerontology research has paved the road to the study of physiological mechanisms underpinning ageing in the wild. Many physiological processes have been measured and tested in natural populations, including oxidative status and the immune system, of which I provided a quick overview. All those findings lead to the fact that there is not one mechanism explaining ageing, but rather multiple interconnected pathways. In this context, the study of telomere dynamics in the wild, one of the hallmarks of ageing (See Box 1 and López-Otín et al., 2013), has seen a surge of interest in the last twenty years. As I will describe below, telomere dynamics is tightly linked to oxidative stress, immunoscenescence and ageing, making it a promising physiological mechanism underlying life-history trade-offs.

Telomeres

The discovery of telomeres

Telomeres (from the greek "telos": end and "meros": part), the protective cap of linear chromosomes, were first mentioned by Hermann Muller more than 80 years ago [START_REF] Muller | The remaking of chromosomes[END_REF].

Working on chromosome rearrangement induced by X-rays in fruitflies, D. melanogaster, Muller observed that chromosome ends do not react in the same way as the rest of the chromosome after exposure to X-rays. From his observations, he concluded that chromosome ends may be different from the rest and may thus be important for chromosome integrity: "The conclusion can therefore be drawn […] that the terminal gene must have a special function, that of sealing the end of the chromosome, so to speak, and that for some reason, a chromosome cannot persist indefinitely without having its end thus "sealed". This gene may accordingly be distinguished by a special term, the "telomere"." [START_REF] Muller | The remaking of chromosomes[END_REF]. Few years later, Barbara

McClintock found that chromosomes would merge and frequently break during mitosis if these specific end structures were not present, and that the consequent chromosomal instability was harmful to cells [START_REF] Mcclintock | The Stability of Broken Ends of Chromosomes in Zea Mays[END_REF].

Although these results seemed interesting, it was not until 30 years later that new discoveries on telomeres were made. Indeed, during this period, the double helicoidal structure of DNA was discovered by [START_REF] Watson | Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid[END_REF] as well as the mechanisms allowing DNA replication during cell divisions. At the same period, Hayflick and Moorhead, found that human somatic cells can only divide a limited number of times in vitro (termed the Hayflick limit) [START_REF] Hayflick | The serial cultivation of human diploid cell strains[END_REF]. Once this number is exceeded, the cells go into "cellular senescence", as termed by the authors, ceasing to divide and beginning degeneration. Hayflick and Moorhead hypothesised that this cellular senescence is due to an intrinsic factor of the cell and not to external factors or culture-related artefacts.

Inspired by Hayflick's work, Alekseï Olovnikov proposed that these intrinsic factors limiting the proliferative capacity of cells may be related to the inability of DNA polymerase to replicate the entire DNA strand during cell replication [START_REF] Olovnikov | Principle of marginotomy in template synthesis of polynucleotides[END_REF][START_REF] Olovnikov | A theory of marginotomy: The incomplete copying of template margin in enzymic synthesis of polynucleotides and biological significance of the phenomenon[END_REF]. This process, coined "marginotomy" by Olovnikov is now best known as the "end-replication problem". Olovnikov proposed that because of marginotomy, the extremity of chromosomes (i.e. the telomeres) shortened with each cell division, acting as a buffer to protect coding sequences. Hence, after a number of mitoses (i.e. the Hayflick limit), telomeres would be exhausted, leading to cellular senescence. Thus, following Olovnikov, cells' lifespan depends on their telomere length and telomere shortening rate. Quite interestingly, he also proposed that telomere length should be species-specific, but with individual variation within species, which would explain, following Olovnikov, the diversity of lifespan both between and within species.

Finally, Olovnikov hypothesised that both germline cells and tumour cells may protect their telomeres from shortening by expressing a specific DNA polymerase, counter-acting the endreplication problem. While Olovnikov's work was theoretical, most of his hypotheses were demonstrated several years later by laboratory experiments.

Telomeres were assumed to exist, but never identified until the first telomeric sequences were characterized few years later. This work was done on Tetrahymena thermophila, a ciliate species, whose particularity is to present two nuclei; a micronucleus with normal chromosomes and a macronucleus containing chromosomes fragmented into multiple small DNA segments, termed extrachromosomes. Elizabeth Blackburn and Joseph Gall found that the extremity of extrachromosomes were constituted of 20 to 70 repetitions of the hexanucleotide sequence CCCCAA [START_REF] Blackburn | A tandemly repeated sequence at the termini of the extrachromosomal ribosomal RNA genes in Tetrahymena[END_REF]. The same repeated sequence was also found later in normal chromosomes in the micronucleus [START_REF] Yao | Tandemly repeated C-C-C-C-A-A hexanucleotide of Tetrahymena rDNA is present elsewhere in the genome and may be related to the alteration of the somatic genome[END_REF]. However, at that time, it was uncertain whether those repeated sequences were a universal mechanism or specific to Tetrahymena. The doubt was reduced when Jack Szostak and Elizabeth Blackburn created a linear plasmid by joining extremity of extrachromosomes of Tetrahymena to a yeast (Saccharomyces cerevisiae) vector that was successfully replicated by the yeast [START_REF] Szostak | Cloning yeast telomeres on linear plasmid vectors[END_REF]. Their work demonstrates that S. cerevisiae have the ability to replicate the telomeres of Tetrahymena even though they are two evolutionarily distant species. This suggested that the replication mechanism of chromosomal ends (i.e. telomeres) seems to be evolutionary conserved among eukaryotes. In a further work, Elizabeth Blackburn and her PhD student Carol Greider, finally found an activity for a DNA polymerase, called telomerase, that added telomeric repeats at the end of Tetrahymena chromosomes. This validated the hypothesis of Olovnikov. For their discovery of the structure of telomeres and telomerase, Elizabeth Blackburn, Carol Greider and Jack Szostak were awarded the 2009 Nobel Prize for Physiology and Medicine.

Telomere biology and dynamics

Telomeres consist of sequences of non-coding double-stranded DNA that are repeated in tandem at the extremity of linear chromosomes (Figure 1.1A). A common feature of telomeres is that the 3'end is composed of guanosine-rich sequences lacking cytosine (Palm & de Lange, 2008). Telomeres are found in every organism with linear chromosomes. Although their functions of protection and maintaining chromosome integrity are conserved, telomeric sequences can vary between taxa (See Table 1 for an overview of various telomeric sequences found in the living world). For the rest of the thesis, I will only refer to the typical vertebrate telomeres. In vertebrates, telomeric sequence is (TTAGGG) [START_REF] Meyne | Conservation of the human telomere sequence (TTAGGG)n among vertebrates[END_REF]. Vertebrates' telomeres do not have blunt ends, but instead have a single stranded 3′-protrusion of the G-strand, known as the 3′

overhang. The G-strand and its complementary strand (i.e. C-strand) form a complex structure Telomeres are also bound to a complex multiproteic structure called shelterin [START_REF] De Lange | Shelterin: The protein complex that shapes and safeguards human telomeres[END_REF]. In mammals, sheleterin is composed of six different proteins: TRF1, TRF2, POT1, TPP1, RAP1 and TIN2. TRF1 and TRF2 both bind to double strand telomeric sequence [START_REF] Ghilain | Multifunctionality of the Telomere-Capping Shelterin Complex Explained by Variations in Its Protein Composition[END_REF]. TRF1 acts principally in the replication and elongation of telomeric chromatin, but is also involved during mitosis and meiosis [START_REF] Ohishi | TRF1 Ensures the Centromeric Function of Aurora-B and Proper Chromosome Segregation[END_REF]Wang et al., 2018). TRF2 mainly protects telomeres from repair-mechanisms and from telomere fusions [START_REF] Ghilain | Multifunctionality of the Telomere-Capping Shelterin Complex Explained by Variations in Its Protein Composition[END_REF]. TRF2 also has a role in the t-loop formation [START_REF] Timashev | Characterization of t-loop formation by TRF2[END_REF] and facilitates replication at the telomere and centromere regions of the chromosome [START_REF] Mendez-Bermudez | Heterochromatin replication goes hand in hand with telomere protection[END_REF]. Finally, TRF2 is also involved in the transcription of several genes [START_REF] Mukherjee | Telomere repeat-binding factor 2 binds extensively to extra-telomeric G-quadruplexes and regulates the epigenetic status of several gene promoters[END_REF]. POT1 binds to the G-strand overhang and forms a dimer complex with TPP1 [START_REF] Rice | Structural and functional analysis of the human POT1-TPP1 telomeric complex[END_REF]. They prevent DNA repair mechanisms from binding the overhang, and thus from telomeric fusion [START_REF] Kratz | Protection of telomeres 1 proteins POT1a and POT1b can repress ATR signaling by RPA exclusion, but binding to CST limits ATR repression by POT1b[END_REF]. They also help reforming the overhang after replication [START_REF] Wu | Telomeric 3ʹ Overhangs Derive from Resection by Exo1 and Apollo and Fill-In by POT1b-Associated CST[END_REF] and have a role in telomerase activity [START_REF] Pike | TIN2 Functions with TPP1/POT1 To Stimulate Telomerase Processivity[END_REF]. [START_REF] Lototska | Human RAP1 specifically protects telomeres of senescent cells from DNA damage[END_REF] and regulates gene expression [START_REF] Martinez | Mammalian Rap1 controls telomere function and gene expression through binding to telomeric and extratelomeric sites[END_REF]. Finally, TIN2 binds TRF1, TRF2 and TPP1 together, providing a bridge between double-strand and single-strand parts of the telomeric region [START_REF] Ghilain | Multifunctionality of the Telomere-Capping Shelterin Complex Explained by Variations in Its Protein Composition[END_REF]. The shelterin complex is then essential for the structure and for maintaining telomeric integrity. However, while the shelterin complex is deeply studied in humans and laboratory animals by biogerontologists, its diversity and function has not been studied in other vertebrates.

The final protein complex tightly linked with telomeres is telomerase. Telomerase is a ribonucleoprotein enzyme, which means that telomerase consists of nucleoprotein conjugated with ribonucleic acid (RNA). The protein subunit, the telomerase reverse transcriptase (TERT), is the catalytic component of the telomerase that adds the telomeric repetitive DNA sequences using the telomerase RNA (TER) as a template [START_REF] Dey | Current Perspectives of Telomerase Structure and Function in Eukaryotes with Emerging Views on Telomerase in Human Parasites[END_REF]. Telomerase can therefore lengthen telomeres, counteracting the inefficiency of DNA polymerase at the chromosomal termini during DNA replication (i.e. the end-replication problem) [START_REF] Chan | Telomeres and telomerase[END_REF]. While the lengthening of telomeres by telomerase is a widespread mechanism among eukaryotic organisms, some species, such as the fruitfly D. melanogaster, do not have telomerase but instead have retrotransposons at the end of their chromosomes [START_REF] Mason | Drosophila telomeres: An exception providing new insights[END_REF]. Although, theoretically, telomerase could compensate for the decrease in telomere length due to the end replication problem, in human somatic cells, telomerase activity is high until about 20 weeks of embryonic development, then this activity disappears at birth meaning that telomerase is inactive in most somatic cells shortly after birth [START_REF] Wright | Telomerase activity in human germline and embryonic tissues and cells[END_REF]. However, telomerase is expressed in highly proliferative tissue such as hematopoietic stem cells and germline cells [START_REF] Wright | Telomerase activity in human germline and embryonic tissues and cells[END_REF]. Telomerase activity is also high in almost all tumour cells [START_REF] Shay | Telomeres and telomerase: Three decades of progress[END_REF] making telomerase and telomerase activity in tumours cells a target for anti-cancer therapies. However, while more studied than the shelterin complex, there is still lots of grey areas regarding telomerase function and activity in other vertebrates than human and laboratory animals [START_REF] Smith | Telomerase activity in ecological studies: What are its consequences for individual physiology and is there evidence for effects and tradeoffs in wild populations[END_REF]. In mammals, telomerase activity in fibroblasts seems to be tightly linked to the species' body mass, with detectable telomerase activity found mostly in species weighting less than 2kg (Gomes et al., 2011) or in very proliferative tissue such as antlers in cervids (Li, 2012). High telomerase activity was found in bone marrow in two long-lived bird species but not in two short-lived bird species (Haussmann et al., 2007).

Finally, telomerase activity was found in somatic tissue in the few fish, reptiles, and amphibians investigated thus far (Gomes et al., 2010).

Telomere length is dynamic and is a result of a balance from shortening and lengthening.

Telomere length is expected to decline with each round of cell replication due to the 'endreplication problem' (as described previously). However, the end-replication problem does not appear to be the major cause of telomere shortening. Indeed, due to their guanine-rich structure, telomeres are highly sensitive to oxidative damage. As described above, ROS damage nucleic acids and more specifically the 'GGG' sequence of telomeres (Kawanishi & Oikawa, 2004).

Oxidative damage due to oxidative stress is then thought to shorten telomeres by producing single-strand breaks that are not fully replicated during the replication cycle. As a result, oxidative damage magnifies the loss of telomeric sequences during cell replication [START_REF] Von Zglinicki | Accumulation of single-strand breaks is the major cause of telomere shortening in human fibroblasts[END_REF]. Telomere length restoration is mainly driven by telomerase, however, telomerase activity is repressed in most somatic tissue shortly after birth. Once telomeres reach a critical length threshold, cells stop dividing (i.e. cellular senescence) and eventually enter in apoptosis.

The early work on humans found that telomere length differs between individuals [START_REF] Cooke | Hypervariable telomeric sequences from the human sex chromosomes are pseudoautosomal[END_REF] and telomere length was found to vary between somatic and germinal tissues [START_REF] Cooke | Variability at the Telomeres of the Human X/Y Pseudoautosomal Region[END_REF]. Shortening of telomere length with donor age was found in fibroblasts as early as 1990 (Harley et al., 1990), and it is now well accepted that telomere length declines with age in human (Aubert et al., 2012;Lapham et al., 2015) at an annual rate of approximately 30-35bp in blood leukocytes (Herrmann et al., 2018). In addition to the effect of chronological age, telomere length in humans is also impaired by environmental factors such as alcohol consumption (Harpaz et al., 2018), smoking (Astuti et al., 2017), the lack of physical activity (Mundstock et al., 2015) or the level of perceived life stress [START_REF] Epel | Accelerated telomere shortening in response to life stress[END_REF]. Gender is also known to impact telomere length with women having longer telomeres than men (estimated difference of around 176bp) (Gardner et al., 2014) possibly due to the antioxidant nature of oestrogens in women [START_REF] Aviv | Telomeres, sex, reactive oxygen species, and human cardiovascular aging[END_REF]. While studying the factors that influence telomere length, researchers found that telomere length and more specifically, short telomeres are associated with many age-related diseases such as cardiovascular diseases [START_REF] Brouilette | Telomere length, risk of coronary heart disease, and statin treatment in the West of Scotland Primary Prevention Study: A nested case-control study[END_REF] or Alzheimer's disease (Forero et al., 2016) among others (reviewed in Herrmann et al., 2018). In addition, while results remain debated, both short and long telomeres were found to be linked to cancer risk [START_REF] Haycock | Association Between Telomere Length and Risk of Cancer and Non-Neoplastic Diseases: A Mendelian Randomization Study[END_REF][START_REF] Wentzensen | The Association of Telomere Length and Cancer: A Meta-analysis[END_REF], which is largely due to the complex relationships linking telomere dynamics and carcinogenesis in the living world (Ujvari et al., 2022). Overall, short telomeres are associated with a high mortality risk in humans (Wang et al., 2018). Previous findings in biogerontology provided a theoretical, experimental and methodological approach that can be widened to study telomere dynamics in wild animals.

Telomere dynamics in the wild

The growing interest of ecologists and evolutionary biologists in proximate mechanisms of senescence, combined with the development of relatively cheap and less technically demanding methods for measuring telomeres (See Box 2), has resulted in a surge of studies on telomere dynamics in wild populations of animals over the last two decades (See Figure 1.2). Overall, these studies allow us to gain a better understanding of the relationships linking telomere dynamics and life-history traits. One of the reasons for the burst in the number of studies in ecology and evolutionary biology on telomeres, in addition to the growing interest of researchers, is the development of new methods to measure telomere length that I will now briefly describe. TRF (for Telomere Restriction Fragment) is the first method that was developed to measure telomere length (Harley et al., 1990). This method used restriction enzymes, that do not cut within the telomeric sequence, to digest genomic DNA. Digested DNA is then separated using an agarose gel electrophoresis. Finally, telomere-specific probes are used to visualise the telomere smear on the gel and to measure telomere length thanks to a molecular weight-marker [START_REF] Kimura | Measurement of telomere length by the Southern blot analysis of terminal restriction fragment lengths[END_REF]. Hence, TRF provides an absolute measure of the mean telomere length in a sample of cells. Two different types of TRF exist: the TRF followed by a southern blot ("TRFS") and the TRF with in-gel hybridization ("TRFI") (Nussey et al., 2014). In the TRFS, the separated DNA fragments are transferred from the electrophoresis gel to a hybridization membrane. During the process, the DNA is denatured, allowing the probe to bind to telomeres stricto sensu and to telomeric interstitial sequences, which are telomeres repeats located inside the chromosomes [START_REF] Foote | Extent and variability of interstitial telomeric sequences and their effects on estimates of telomere length[END_REF]. In contrary to TRFS, the TRFI directly probes the electrophoresis gel. Hence, because DNA is non-denatured, the probe binds to the singlestranded overhang of the telomere and therefore measures only telomeres stricto sensu, at the cost of less bound probe and reduced sensitivity (Nussey et al., 2014). However, despite the advantage of providing mean absolute telomere length measurement, TRF methods are technically challenging to set up, are low throughput and require a large amount of DNA. Thus, although the TRF approach was once considered a gold standard for measuring telomeres, most studies in ecology and evolutionary biology now use another method for measuring telomeres that is high throughput, easier to set up and requires only a small amount of DNA: qPCR.

The qPCR method for telomere measurement (for quantitative Polymerase Chain Reaction) was developed by Richard Cawthon in 2002 for human samples (Cawthon, 2002). This method was subsequently adapted a few years later in birds [START_REF] Criscuolo | Real-time quantitative PCR assay for measurement of avian telomeres[END_REF], becoming the most widely used method in ecology for measuring telomeres. This method uses telomere-specific primers to amplify telomeric sequences from DNA extracted from a pool of cells. As the primers are composed of an intercalating dye, the number of amplification cycles required to reach a fluorescence threshold is proportional to the initial amount of telomeric sequences in the initial mix. However, to overcome the fact that the number of cells could be different between samples, a single copy gene that is autosomal and does not vary in copy number is also amplified. The qPCR method provides a ratio of the amount of telomeric sequence in a sample to the amount of a single copy gene therefore providing a relative measure of telomere length. In order to validate the qPCR, each new assay ideally needs to be cross-validated with absolute measurement (e.g. compared to TRF measurement), and single copy gene need to be chosen wisely. In addition, due to the relative nature of the measures, this method also makes between-study comparisons more complicated [START_REF] Criscuolo | Real-time quantitative PCR assay for measurement of avian telomeres[END_REF]. Finally, as for TRFS, in order to be amplified, the DNA is denatured and interstitial telomeric sequences could therefore be amplified along with telomere (Nussey et al., 2014). The qPCR is now the most used method to measure telomere length in ecology and evolutionary biology. qFISH (quantitative Fluorescence In Situ Hybridization) was developed to measure telomere in 1996 [START_REF] Lansdorp | Heterogeneity in telomere length of human chromosomes[END_REF], and later improved to increase throughput [START_REF] Canela | High-throughput telomere length quantification by FISH and its application to human population studies[END_REF]. This method is barely used in ecological and evolutionary biology studies [START_REF] Whittemore | Telomere shortening rate predicts species life span[END_REF]. Indeed, qFISH assays are expensive and technically demanding to set up. The qFISH technique measures the fluorescence intensity of a fluorescent telomeric repeat probe that bind to telomeres. The fluorescence signal, proportional to telomere length, is then standardized to the fluorescence of a sample of known TL. Therefore, this method provides an absolute measurement of TL and can detect critically short telomeres (Nussey et al., 2014). However, the probe can also hybridize with interstitial telomeric repeats. This list is not exhaustive, and other methods to measure telomere exist (STELA, dot blot, see [START_REF] Lai | Comparison of telomere length measurement methods[END_REF]Nussey et al., 2014), however, those methods have never been used so far in ecological studies. In overall, the multiplicity of methods has enabled many laboratories to measure the telomeres of the species they were studying, increasing drastically the amount of data available in many different species. Nevertheless, the use of different methods makes comparisons between studies more complicated, and the methods used are known to be an important source of heterogeneity, especially in meta-analyses (Chatelain et al., 2020;Gardner et al., 2014, Chapter 2 and Chapter 3). Understanding how and why different methods differ in the result they produce is now a key point in telomere biology.

The earliest work on telomeres in the field of ecology and evolution sought to test the mitotic clock hypothesis, proposing that telomere length could be used to infer the chronological age of individuals (Haussmann & Vleck, 2002). Indeed, knowing the age of a captured individual is of great importance in population monitoring, notably to assess the demographic properties of the population (Stearns, 1992). In order to know the exact age of an individual, it is necessary -in most species -to be able to capture and mark it during its juvenile stage when the chronological age can be assessed without any doubt. However, when this is not possible, age is generally inferred through morphometric characteristics such as tooth wear [START_REF] Hewison | Tests of estimation of age from tooth wear on roe deer of known age: Variation within and among populations[END_REF], plumage coloration [START_REF] Delhey | Age differences in blue tit Parus caeruleus plumage colour: Within-individual changes or colour-biased survival[END_REF] or skeletochronology [START_REF] Castanet | Time recording in bone microstructures of endothermic animals; functional relationships[END_REF]. The problem with these methods is that they are not very reliable and can therefore have a large margin of error, and in some cases may require destructive sampling (especially in fish). Thus, since telomere length is expected to decrease with age in humans and in laboratory animals, it was predicted that telomere length, could be a relevant proxy of chronological age. However, although the first work showed a relatively strong relationship between telomere length and age in the zebra finch (Taeniopygia guttata) (R²= 0.54) (Haussmann & Vleck, 2002), research since then has shown high heterogeneity in the relationship between telomere length and chronological age [START_REF] Haussmann | Telomeres shorten more slowly in long-lived birds and mammals than in short-lived ones[END_REF]Hoelzl et al., 2016;Pauliny et al., 2006). Nevertheless, this question is still present in the ecological literature, and for the past 20 years, many studies aimed to build a telomere clock, particularly in aquatic vertebrate species due to the difficulty, if not the impossibility, of tagging neonates (e.g. Cherdsukjai et al., 2020;Izzo et al., 2011;Olsen et al., 2014;[START_REF] Tsui | Evaluation of telomere length as an age-marker in marine teleosts (University of Hong Kong)[END_REF]. Many different hypotheses linking telomere length/shortening, ageing and life-history trade-offs have been proposed in the last 20 years. A recent reviews whose aim was to classify every name-given hypotheses on telomere dynamic in the field of ecology and evolution found no less than 23 various hypotheses [START_REF] Tobler | Telomeres in ecology and evolution: A review and classification of hypotheses[END_REF] that were grouped into four research questions: ageing, marker of quality, physiological currency and mediator of life-history trade-offs [START_REF] Tobler | Telomeres in ecology and evolution: A review and classification of hypotheses[END_REF]. Regarding telomere dynamic and life-history trade-offs, when viewed within the DST framework, telomere length has been hypothesized to mediate life-history trade-offs (P. Monaghan & Haussmann, 2006;Young, 2018). Indeed, growth in early-life and investment in reproduction are thought to accelerate telomere shortening which may in turn affect survival prospect. I will first review studies linking telomere dynamics and lifespan/survival, then, in a second time, I will investigate studies that linked investment in growth and/or reproduction and telomere dynamic.

Telomere dynamic and lifespan/survival

Besides the telomere clock hypothesis, the question of whether telomere length and, more generally, telomere dynamics could have an impact on species longevity (as predicted by Olovnikov [START_REF] Olovnikov | A theory of marginotomy: The incomplete copying of template margin in enzymic synthesis of polynucleotides and biological significance of the phenomenon[END_REF]) was raised. Indeed, since telomere length is related to cellular senescence, it is possible that species with shorter telomeres on average and/or a faster decline in telomere length are also species that have a shorter average lifespan. Haussmann and his colleagues were the first to investigate and detect such associations across wild bird species [START_REF] Haussmann | Telomeres shorten more slowly in long-lived birds and mammals than in short-lived ones[END_REF]. By measuring telomere length in different individuals of five different bird species, they found that the average telomere rate of change of the species (i.e. the difference in telomere length from one year to the next year) was highly positively correlated with the species maximum lifespan (R² = 0.99). The same relationship (despite being weaker) was further documented in birds using larger sample size [START_REF] Criscuolo | The influence of phylogeny and life history on telomere lengths and telomere rate of change among bird species: A meta-analysis[END_REF]Dantzer & Fletcher, 2015;Tricola et al., 2018). Accordingly, telomere rate of change with age was found to be not only correlated to species maximum lifespan, but also to the slow-fast axis of life history, with species with faster life-histories undergoing faster telomere erosion (Criscuolo et al., 2021;Dantzer & Fletcher, 2015). Telomere rate of change were also found to be evolutionary conserved within bird families, meaning that closely related species are more prone to share the same rate of change [START_REF] Criscuolo | The influence of phylogeny and life history on telomere lengths and telomere rate of change among bird species: A meta-analysis[END_REF]Tricola et al., 2018). Contrarily to birds, in mammals, telomere length in adult fibroblasts cultured in vitro is negatively correlated with species lifespan (i.e. shorter-lived species have longer telomeres) (Gomes et al., 2011). Using a high throughput qFISH method to measure telomere length, Whittemore and colleagues [START_REF] Whittemore | Telomere shortening rate predicts species life span[END_REF] found that telomere shortening rate predicts species lifespan in birds and mammals. However, their results should be taken with caution since they measure telomere length in a few numbers of individuals per species (i.e. from 4 individuals in Sumatran elephant (Elephas maximus sumatranus) species to 21 individuals in Audouin's gull (Ichthyaetus audouinii) species) and their result are based on non-significant estimates of telomere shortening rate. A more recent studies on 23 wild marine mammals species, using qPCR to quantify telomere length, failed to find any relationship between telomere length and life expectancy [START_REF] Buddhachat | Life Expectancy in Marine Mammals Is Unrelated to Telomere Length but Is Associated With Body Size[END_REF]. Again, results from this study should be interpreted with extreme caution since qPCR methodology appeared poorly optimized in this study (average coefficient of variation of each individual of 40%). In addition, as described above (See Box 2), qPCR is not a reliable method upon which to base interspecific comparisons.

Overall, due to the small number of studies in wild mammals that measure reliable absolute telomere rate of change, the relationship between telomere shortening rate and species lifespan remains unknown in mammals.

At the within-species level, telomere length was found to predict lifespan and/or survival in some bird species (Bize et al., 2009;Heidinger et al., 2012). A recent meta-analysis based on 28 studies (Wilbourn et al., 2018) on non-model vertebrates found that telomere length was negatively associated with mortality risk, meaning that within species, individuals with shorter telomeres have a higher mortality risk. However, this result was mainly driven by studies in birds (24 studies in birds, 1 in mammals and 3 in reptiles), which makes it impossible to extrapolate a role of telomere length in mortality to other taxa. So far, one of the most detailed analyses in non-avian vertebrate has been performed using a longitudinal data in Soay sheep.

The authors found that the relationship between telomere length and mortality was weak in this species and was not causal but explained by selective disappearance of individuals with short telomeres on average that have a lower survival rather than by variation in rates of telomere shortening (Froy et al., 2021). In the badger (Meles meles), early-life telomere length was found to be positively linked to early-life survival, however telomere length in adulthood did not predict survival to the following year (van [START_REF] Van Lieshout | Individual variation in early-life telomere length and survival in a wild mammal[END_REF]. On the opposite, in a cattle population where individuals are culled due to health issue, mean telomere attrition predict lifespan of individuals rather than mean telomere length or their early-life telomere length [START_REF] Seeker | Life-long telomere attrition predicts health and lifespan in a large mammal[END_REF].

Overall, the magnitude of the relationship between telomere length and/or dynamics and survival in the living world is still unclear, despite the mounting evidence for a relationship reported in birds.

Telomere dynamic, growth and reproduction

Before looking at studies linking growth and/or reproduction and telomere dynamics, it is important to understand why a high allocation of resources towards some specific life history trait might modulate telomere dynamics. There are two mechanisms by which an allocation towards growth and/or reproduction can impact telomere length: an increase in the number of cell divisions, and a shift in the oxidative balance (Pat Monaghan & Ozanne, 2018;Sudyka, 2019). On the one hand, during the developmental period and the growth of sexual traits, the number of cell divisions is increasing. Because telomere length is expected to decline with each round of cell division, increasing the number of cell divisions should accelerate the decline of telomere length (Pat Monaghan & Ozanne, 2018). Accordingly, telomere loss was found to be more pronounced in early-life than in adulthood in birds (Hall et al., 2004) and in mammals (Frenck, Blackburn, & Shannon, 1998;Froy et al., 2021;Seeker et al., 2018). Allocation of resources towards growth and/or reproduction, on the other hand, means an increase in energy expenditure, which could translate into an increase in the synthesis of ROS (see [START_REF] Smith | Meta-analysis indicates that oxidative stress is both a constraint on and a cost of growth[END_REF] for a meta-analysis that found that faster growth was associated with increased oxidative damage) and thus more oxidative damage to telomeres. Conversely, it is also possible that ROS production may not change during the increase in energy expenditure. However, following the DST, an increase in energy devoted to growth or reproduction should decrease the amount of energy available for somatic maintenance mechanisms (i.e. antioxidant production). This would create a shift in the oxidative balance which would lead to more oxidative damage and so an increase in telomere shortening. For instance, in the Australian Painted Dragon (Ctenophorus pictus), a species whose males display coloration to attract females, males that are better at maintaining their coloration during the reproduction season have faster telomere erosion (Giraudeau et al., 2016). In this species, coloration is due to two pigments, carotenoid and pteridine, that have antioxidant properties. Thus, by devoting those molecules into coloration, they lose their antioxidant function, leading to a shift in the oxidative balance and ultimately to more telomere erosion. Pathways by which an increase in resource allocation to growth and/or reproduction could impair telomere length are depicted in Two recent syntheses link telomere dynamics with growth (Pat Monaghan & Ozanne, 2018) and reproduction (Sudyka, 2019), These studies have reviewed the literature on that topic, and what emerges from this is that the conclusions are not as strong as the theoretical framework might suggest. In fact, results are really variable, especially in studies looking at the growthtelomere relationship, and no typical patterns seem to emerge. Since their review was published more than four years ago and given the rapid increase in telomere studies in evolutionary ecology, I updated the review of the literature performed by Monaghan and Ozanne (2018) (See Table 1.2). Using the keyword "telomere AND growth" restricted to Multidisciplinary Sciences, Ecology and Evolutionary Biology categories of the Web of Science database, I was able to add 13 new studies, 12 on wild populations and 1 on a semi-captive population. We can see that the original review (Pat Monaghan & Ozanne, 2018) has stimulated lots of research in that area since I retrieved as many studies on wild vertebrates published between 2018 and May 2022 as their first search that covered 14 years. However, this qualitative synthesis did not allow me to identify a general trend for the growth/telomere relationship since studies that found significant relationship between growth and telomere dynamic found whether positive or negative association. However, this literature search allows me to identify some limitations and poorly studied questions in this field of research. First and foremost, most studies available to date on wild vertebrates have been performed on birds, very few on mammals, reptiles and fish (68%, 7%, 11% and 14% for birds, mammals, reptiles and fish respectively) and none on amphibians. Hence, a global pattern cannot be generalised at the vertebrate level. Especially when we look at growth, since birds and mammals have a determinate growth whereas most reptiles and fish have an indeterminate growth [START_REF] Sebens | The Ecology Of Indeterminate Growth In Animals[END_REF]. Whether those two different growth tactics have a different impact on telomere dynamics is still unknown. Since in species with indeterminate growth, growth occur throughout life we would expect telomere length to shorten at approximately the same rate throughout life. However, in those species, telomerase activity has been found throughout life and many indeterminate growing species show no decline of telomere length with age [START_REF] Lund | Expression of Telomerase and Telomere Length Are Unaffected by either Age or Limb Regeneration in Danio rerio[END_REF][START_REF] Plot | Telomeres, Age and Reproduction in a Long-Lived Reptile[END_REF]Rollings et al., 2017). In addition, even birds and mammals have different growth tactics. While bird growth is fast in nestlings and mainly takes place until the fledgling stage, mammals' final body size is reached at sexual maturity and growth rate is slower (Pat Monaghan & Ozanne, 2018).

Regarding studies performed so far on the association between allocation to reproduction and telomere dynamics (see Sudyka et al., 2019) experimental studies support the general prediction that reproduction is associated with telomere shortening. However, results from correlational studies are mixed with as many studies that report negative relationship between reproduction and telomere dynamics as studies that report positive relationship (Sudyka, 2019). In addition, most studies are performed on females (mainly due to the difficulty of assigning paternity in species with limited paternal care). Hence, very little is known about males, despite the fact that promiscuous and polygynous males allocate a lot of energy to developing and maintaining large secondary sexual traits throughout life (but see Giraudeau et al. 2016). In addition, in species where females mate with multiple males during the same reproductive bout, males have generally evolved post-copulatory traits that maximise their fertilisation rate, such as high rate of sperm production (Lemaître et al., 2020). While postcopulatory trait are suspected to be costly to produce and maintain (Lemaître et al., 2020), to date, no study has been done on the cost of the allocation towards post-copulatory traits on telomere dynamics in males. In general, most studies have attempted to link reproductive success to telomere dynamic, but much fewer have studied the cost of allocating to reproductive traits per se. Finally, most studies use cross-sectional sampling, which prevent to find any effect on telomere length. Indeed, telomere length could also be seen as a biomarker of individual quality, since individuals with short telomeres may display a higher mortality rate (e.g. Wilbourn et al., 2018). Indeed, positive correlation between life-history traits could occur within individuals of 'high quality' being able to increase their reproductive output for instance without suffering any cost on survival (Reznick et al., 2000). The difference in individual quality could be due for instance, to a variation in acquisition or assimilation of resources [START_REF] Van Noordwijk | Acquisition and Allocation of Resources: Their Influence on Variation in Life History Tactics[END_REF]. Thus, following the hypothesis of telomere length as a surrogate of individual quality. Individuals of 'higher quality', if they have long telomeres at birth, can invest more energy in growth and/or reproduction and still have longer telomeres than low quality individuals (Sudyka, 2019), thus masking trade-offs in cross-sectional studies. Indeed, those two hypotheses (i.e. reproductive cost and quality) are not mutually exclusive; individuals that allocate more resources to growth and/or reproduction may pay a cost on telomere length, however because they are of better quality, they may also have longer telomeres than bad quality individuals that reproduce less. This quality hypothesis is supported by studies that found positive relationships between allocation to growth and/or reproduction and telomere dynamics. For instance, in the barn swallow (Hirundo rustica), individuals with longer telomeres have higher seasonal reproductive success [START_REF] Parolini | Telomere length is reflected by plumage coloration and predicts seasonal reproductive success in the barn swallow[END_REF]. In contrast, Soay sheep, females that give birth have shorter telomeres than females that do not reproduce, thus supporting the cost hypothesis. However, females that gave birth and successfully weaned their lamb (thus paying the cost of gestation and lactation) have longer telomeres than females that gave birth but whose lamb died as neonates (Ravindran et al., 2021), which supports the quality hypothesis.

To conclude, telomere dynamics may be a key physiological mechanism underlying trade-offs and thus a key mechanism underlying ageing. However, results from studies in wild populations provide at best equivocal support for this idea. Whether telomere dynamics underlie trade-offs is a hot topic but remains an open question. 

Structure of the thesis

In this thesis I will present my work regarding telomere dynamics and life-history traits in non-model vertebrates species. More precisely, the main goal of my thesis is to test various hypotheses conferring telomere dynamics a key role in mediating life-history trade-offs. This work is structured around two main axes, each subdivided into two chapters. First, I will take advantage of the increasing number of published studies on telomere dynamics on non-model vertebrates species to perform meta-analyses. In a second step, I will focus on the study of a wild mammal population: the Soay sheep, which is monitored since 1985 and whose telomeres

were measured between 1998 and 2016.

Telomere length is known to decline with increasing age in humans due to cell replication and oxidative stress. However, when we look outside human, a variety of patterns of telomere length with age have been described. Hence, in Chapter 2, through an extensive review of the literature, I will perform a meta-analysis on the association between telomere length and age in non-model vertebrates. In a second time I will also perform a meta-regression to assess which factors could drive the observed patterns.

The gender gap in longevity in human is considered as being one of the most robust feature in biology. Despite some heterogeneity following the population considered, women outlive men. This observation is not specific to human since in general among mammals, females live longer than males. Previous qualitative works hypothesized that the sex difference in life expectancy could be due to sex differences in telomere length since telomere length is linked to mortality. Hence, following that prediction, telomeres have been shown to be longer in woman than in man. In Chapter 3 of my thesis I will perform a meta-analysis to assess whether there are sex differences in telomere length in non-model vertebrates. I will then test whether sexual selection could explain sex differences in telomere length among other factors by performing a meta-regression. In a final step I will used the sex differences in telomere length calculated for the meta-analysis and published sex-specific survival probability to assess whether the gender gap in longevity could be explained by sex differences in telomere length.

Following the two meta-analyses, in Chapter 4, I will present the Soay sheep population of St Kilda. I will then describe briefly the methodology used to measure telomere length in the sheep.

Growing faster provides immediate survival benefits. For example, in Soay sheep, growth is tightly linked to overwinter survival their first year of life. However, growing faster comes also at a cost in late-life survival. Indeed, following the disposable soma theory of ageing, resources that are allocated in growth will not be allocated toward somatic maintenance.

Since growth is expected to increase the number of cell replication and the level of oxidative stress, it was hypothesized that the negative relationship between early-life growth and late-life survival might be mitigated by telomere length. Therefore, in Chapter 5, I will test the effect of both embryonic growth and post-natal growth on telomere length using the long-term monitoring of the Soay sheep population living in St-Kilda.

The disposable soma theory also predicts that a high investment in reproduction would impair investment in the soma that could be reflected on telomere dynamics. Soay rams provide a perfect framework to test this prediction, since they are expected to invest a high amount of energy in both pre and post-copulatory traits to access to reproduction. Hence, in Chapter 6, I will focus on the relationship between the investment in reproductive traits and telomere length in males Soay sheep. I will then test the effect of a high allocation in both pre and postcopulatory traits as well as annual breeding success on telomere length.

I will then finish, in Chapter 7, by discussing some of key results I got from my work and will draw some perspectives for future works.

During my PhD I passed a University Degree in Evolutionary Biology and Medicine at the University Claude Bernard Lyon 1, for which I wrote a small review on sex differences on telomere length in human, which is provided in appendices (See Appendix 3). The prediction that telomere length (TL) shortens with increasing age is a major element in considering the role of telomeres as a key player in evolution. While telomere attrition is found in humans both in vitro and in vivo, the increasing number of studies reporting diverse age-specific patterns of TL challenges the hypothesis of a universal decline of TL with increasing age. Here, we performed a meta-analysis to estimate the relationship between TL and age across 175 estimates encompassing 98 species of vertebrates. We found that, on average, TL does decline with increasing age during adulthood. However, this decline was weak and variable across vertebrate classes, and we also found evidence for a publication bias that might weaken our current evidence of decreasing TL with increasing age. We found no evidence for a faster decline in TL with increasing age when considering the juvenile stage (from birth to age at first reproduction) compared to the adult stage. Heterogeneity in TL ageing rates was explained by the method used to measure telomeres: detectable TL declines with increasing age were found only among studies using TRF with in-gel hybridisation and qFISH methods, but not in studies using qPCR and Southern blot-based TRF methods.

While we confirmed that TL declines with increasing age in most adult vertebrates, our results identify an influence of telomere measurement methodology, which highlights the need to examine more thoroughly the effect of the method of measurement on TL estimates.

ageing, life-history traits, qPCR, systematic review, telomere attrition, telomere restriction fragment von Zglinicki et al., 2001). Accumulation of oxidative damage, known as oxidative stress, is favoured when the generation rate of reactive oxygen species (ROS) exceeds the antioxidant machinery. ROS are highly reactive and cause damage to nucleic acids, proteins and lipids. Because of their guanine rich structure, telomeres are highly sensitive to oxidative damage (Kawanishi & Oikawa, 2004). Telomere erosion patterns can be modulated by the activity of telomerase.

This enzyme is a reverse transcriptase that adds telomeric repeats and can potentially compensate telomere shortening (Sherratt et al., 2004). In mammals, the activity of telomerase in most somatic cells is negatively linked to the species body mass and is mostly expressed (at least in fibroblasts) in species weighing less than 2 kg (Gomes et al., 2011) and in very proliferative tissue (e.g., antlers in cervids; Li, 2012). In birds, high telomerase activity was found in bone marrow in two long-lived species but not in two short-lived species (Haussmann et al., 2007). Telomerase activity was found in somatic tissue in the limited number of fish, reptiles and amphibians studied to date (Gomes et al., 2010), which suggests different telomere dynamics compared to birds and mammals. However, available data remain scarce and little is known about telomerase activity in vertebrates and the effect of this activity on age-related telomere dynamics.

Early research on telomere dynamics in humans found that TL consistently declines with increasing age in cultured fibroblasts (Harley et al., 1990) and the research that has been done on human's telomere dynamics since (Aubert et al., 2012;Lapham et al., 2015) has led to the same conclusion. The shortening of telomere repeats and telomere length is known to predict subsequent morbidity (Herrmann et al., 2018). In addition, shorter telomeres are linked to an increased mortality risk in both humans and nonhuman vertebrates (Wang et al., 2018;Wilbourn et al., 2018). Telomere length and dynamics have also been linked to growth (Monaghan & Ozanne, 2018) and reproduction (Sudyka, 2019), conferring them a possible key role in mediating life-history trade-offs. Since the early 2000s, we have witnessed a burst of studies measuring TL in laboratory animals and wild populations (Monaghan et al., 2018). Similarly to the patterns observed in humans, most of these studies reported a decline in TL with increasing age (e.g., Pauliny et al., 2006 (Hoelzl, Smith, et al., 2016 in the edible dormouse, Glis glis; Ujvari & Madsen, 2009 in the water python,

Liasis fuscus).

Patterns of telomere attrition also vary within species, which suggest that environmental conditions might to some extent also modulate telomere dynamics [START_REF] Salmón | Urban environment shortens telomere length in nestling great tits, Parus major[END_REF]Wilbourn et al., 2017). Various patterns (i.e., an increase, a decrease or no relationship of TL with age) that have been reported across all classes of vertebrates calls into question the hypothesis that TL is a universal marker of ageing. Here, we use meta-analyses to test whether or not the decline in TL with increasing age constitutes a general pattern in vertebrates. We also aim to identify factors that could modulate the strength of the decline in TL with increasing age, and determine whether these are ecological, biological or methodological.

One factor that might explain variation in the relationships reported between TL and age among vertebrates is phylogeny. Indeed, telomerase is differentially expressed throughout life across taxa and across species within taxa (Gomes et al., 2010;[START_REF] Olsson | Ectothermic telomeres: It's time they came in from the cold[END_REF]. Besides telomerase expression, fish, reptiles and amphibians are indeterminate growers (in contrast with birds and mammals), which might influence the relationship with age. Indeed, somatic growth is linked to an increase in cell division and oxidative stress that will impair TL (Monaghan & Ozanne, 2018). It is then expected that organisms that grow throughout their life should display different age-specific patterns of TL than determinate growers.

Related to phylogeny, the decline in TL with increasing age might vary with the species-specific life history. So far, studies have highlighted that telomere attrition rate negatively correlates with maximum lifespan in birds (Dantzer & Fletcher, 2015;Tricola et al., 2018) and more generally that telomere attrition rate is linked to the species position along the slow-fast continuum of life histories (Dantzer & Fletcher, 2015), with fast-living species (i.e., short-lived species that start to reproduce early and produce several offspring per year) displaying steeper rates of telomere attrition than slowliving species (i.e., long-lived species that start to reproduce late and produce one offspring or less per year). The difference in telomere attrition rate between short-and long-lived species might be due to a difference in telomerase expression between those species or a lower level of oxidative stress in long-lived species than in shortlived ones (Tricola et al., 2018;Vágási et al., 2019). However, this relationship has not yet been investigated in nonavian taxa, due to an evident lack of studies available. Besides the slow-fast continuum, we should observe different patterns of telomere dynamics, at least in mammals, in different-sized species because the activity of telomerase is higher in mammal species weighing less than 1 kg (Gomes et al., 2011).

In addition, because TL shortens with each mitotic cycle and cellular division may occur at a faster rate during the growth period, this may lead to a steeper decline in TL during the juvenile stage than during the adult stage (Monaghan & Ozanne, 2018). Substantial telomere loss has been found during the embryonic and the nestling stages in three species of birds (Boonekamp et al., 2014;Stier, Metcalfe, et al., 2020;Vedder et al., 2017) compared to adults. In addition, greater telomere shortening throughout the juvenile stage compared to the adult stage has been observed in some bird species (Hall et al., 2004;Pauliny et al., 2006) as well as in mammals (Aubert et al., 2012;Fairlie et al., 2016;Frenck et al., 1998;Seeker et al., 2018). A human-based mathematical model further suggests that the rapid telomere loss during the juvenile stage (a four-fold difference between juvenile and adult stages, Zeichner et al., 1999) could be explained by a higher turnover rate of peripheral mononuclear cells in children than in adults (Sidorov et al., 2004). Hence, depending on the life stage analysed, the relationship between TL and age may not be consistent.

The type of data collected might also influence the reported patterns. Indeed, because short telomeres might be associated with a higher mortality risk [START_REF] Bichet | Telomere length is repeatable, shortens with age and reproductive success, and predicts remaining lifespan in a long-lived seabird[END_REF]Bize et al., 2009;Wilbourn et al., 2018), the selective disappearance of individuals carrying short telomeres could lead to underestimation of the age-specific decline in TL with increasing age (see also [START_REF] Nussey | Measuring senescence in wild animal populations: Towards a longitudinal approach[END_REF] for a broader discussion of the importance of considering selective disappearance in the context of senescence). Therefore, the analysis of age-specific TL data collected from longitudinal studies, where known-aged individuals are regularly sampled throughout their life, will provide a much more accurate pattern of the changes in TL with increasing age.

Finally, the method used to measure TL is known to be a source of heterogeneity in TL that potentially influences age-specific patterns. Currently, three methods are generally employed (Nussey et al., 2014), which provide absolute or relative measures. The first technique used is the telomere restriction fragment method (TRF), which involves the use of restriction enzyme to digest the genomic DNA without cutting within the telomeric fragment. Telomeric fragments are then separated by gel electrophoresis and probed with telomeric sequences providing an absolute measure of the mean TL in a sample of cells (Harley et al., 1990). Two different types of TRF have been developed: TRF with in-gel hybridization (hereafter TRFI) and TRF followed by a southern blot (hereafter TRFS). In TRFI the probe binds to the single-stranded overhang of the telomere and therefore only telomeres at chromosome ends are measured.

In contrast, DNA is denatured in TRFS and the probe binds not only to terminal telomeres but also to interstitial telomeric sequences, which are telomere repeats located all along chromosomes, that can vary in length both between and within species (Foote et al., method (qPCR) and gives a relative measure of TL by amplifying telomeric fragments and a nontelomeric reference gene that does not vary in copy number (Cawthon, 2002). As for TRFS, qPCR amplifies both telomeres and interstitial telomeric sequences. Finally, the quantitative fluorescent in situ hybridisation (qFISH) technique uses a specific fluorescent-conjugated telomere probe to quantify average TL from tissues or isolated cells [START_REF] Lansdorp | Heterogeneity in telomere length of human chromosomes[END_REF]. It is important to mention that methodologies are not equally distributed across the phylogeny. Indeed, while qFISH methodology is barely used in ecology, TRFI is mostly used in birds. In a previous meta-analysis looking at sex differences in TL in humans (Gardner et al., 2014), TL was found to be longer in women only in studies using the TRF (TRFS and TRFI pooled) method. In a meta-analysis linking TL and mortality in vertebrates (Wilbourn et al., 2018), the negative relationship between TL and mortality was stronger in studies using qPCR.

We performed a phylogenetically-controlled meta-analysis to examine the relationship between TL and age in nonhuman vertebrate species. We predicted that telomere dynamics with age should vary depending on the class of vertebrates due to differences in telomerase expression. More precisely, we expected a stronger decline in species where telomerase expression seems to be repressed (e.g., large mammals and short-lived birds). We also predicted that TL declines on average with increasing age across vertebrates but with a steeper decline during the juvenile than the adult stage. Based on both theoretical aspects and previous empirical studies, we also predicted that the decline in TL should be more pronounced in short-lived species, since the TL decline is fastest in short-lived species of birds. We also predicted that the decline in TL with increasing age is more likely to be recorded in longitudinal studies due to selective disappearance in transversal studies. All analyses were corrected for the method used to measure telomeres and associated heterogeneity was calculated to assess whether the method used influenced the detected association between telomere length and age.
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The literature search was performed using the ISI Web of Science 1).

|

To assess the relationship between TL and age, we calculated We finally transformed the correlation coefficient to Fisher's Z:

And we calculated the sampling variance associated:

Zr was used over the correlation coefficient because Zr is northe correlation coefficient. A negative effect means a decrease of TL with increasing age, whereas a positive effect means an increase of TL with age. Following the Cohen's rule of thumb (Cohen, 1977), absolute values of Zr of 0.25, 0.5 and 0.75 represent low, moderate and strong relationship, respectively.

Fisher's Z was calculated separately in juveniles and adults (i.e., before and after the species-specific age at first reproduction, defined as the earliest age at which females give birth). We also calculated Zr set), which leads to three distinct data sets.

|

To investigate the various factors that could explain the direction and the magnitude of the relationship between TL and age, we included the following moderators as covariates in the meta-analytic models:

-The age at first reproduction (hereafter AFR) of the species was used as a proxy of the slow-fast continuum of life histories (Gaillard et al., 2005).

-The mean body mass of adult females for each species was included since body mass is negatively correlated with telomerase expression in mammals (Gomes et al., 2011).

-The method of telomere measurement was included as a fourlevel factor: TRFI, TRFS, qPCR and FISH.

-The ratio of the age range covered by the data (hereafter lifespan coverage) corresponds to the age range covered by the data divided by the maximum lifespan of the species. With a wider lifespan coverage, we expected a more accurate estimate and so a higher probability to detect a change in TL with age. However, this moderator was not tested on the juvenile data set because the age range was inevitably too low in this specific case.

r = t × ( 1 + N i N o × R ) × √ 1 -R √ t 2 × ( 1 + N i N o × R ) 2 × (1 -R) + N o -k , r = t √ t 2 + df , Zr = 1 2 log ( 1 + r 1 -r ) . Vz = 1 N i -3 .
from [START_REF] Liberati | The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions: Explanation and elaboration[END_REF] All species information (i.e. AFR, mean adult female body mass and maximum lifespan) was retrieved in the literature (see Supporting Information).
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The meta-analysis was performed using R (version 4.0.2) (R Core Development Team, 2020). Phylogenetically-corrected mixed effect models were run using the package metafor (Viechtbauer, 2010). To assess phylogenetic relatedness, since there is no single pan-vertebrate phylogeny, a phylogenetic tree was built using the website http://www.timet ree.org/ (Kumar et al., 2017). A correlation matrix of phylogenetic relatedness among the species was then extracted from the tree.

Random-effects meta-analytic models were performed with the effect sizes entered as the dependent variable along with the sampling variance associated with each effect size included in the model. The phylogeny (using the phylogenetic distance matrix), the population and the species independently of the phylogeny were included as random factors. The same model was used for each age a summary of the data analysed). To quantify heterogeneity in our data accounting for random factors, we estimated I 2 for each random factor (i.e., the percentage of the total variance explained by each random factor) as well as I 2 total (i.e., the percentage of the total variance explained by the between-study variance) following Nakagawa and Santos (2012).

First the overall association between TL and age was quantified using the intercept model (i.e., null model). Next, we added the taxonomic class as a fixed effect to analyse the heterogeneity between vertebrate classes. Finally, to explain the variability in the association, we built a full model that included the moderators listed above

For the data set on juveniles, we tested the same moderators but we removed the lifespan coverage. For all models, AFR and body mass were log-transformed to improve normality. Since results from the the adult data set, we decided, for the sake of clarity, to present only the results on juveniles and on adults in the main text. Results on the

Figures S1-S4

). To avoid the use of multiple correlated proxies of life-history (Table S11), AFR and body mass were included separately in the full model. Since results did not change qualitatively whether we used AFR or body mass, we decided to present results using only the AFR. In addition, the use of phylogenetically-controlled mixed models allowed us to test the effect of different life history variables while accounting for the phylogenetic relatedness among species.

The sex of individuals might be a source of heterogeneity in telomere dynamics as males and females of the same species might have a different relationship between TL and age (Barrett & Richardson, 2011; but see [START_REF] Remot | No sex differences in adult telomere length across vertebrates: A meta-analysis[END_REF]. However, due to a high number of studies that did not report information regarding the sex of the individuals, we analysed the effect of sex separately and these results are presented in the Supporting Information section (Tables S5-S7).

For this complementary analysis, we built a new data set by calculating Zr for each sex separately.

Models with every possible combination of fixed effect were then compared using the corrected Akaike information criterion with the lowest AICc value. When models were within two AICc units, the simpler model was retained (Burnham & Anderson, 2002).

Orchard plots were used to visualize the results from both metaanalyses and meta-regressions [START_REF] Nakagawa | Methodological issues and advances in biological meta-analysis[END_REF]. The orchard plot displays the estimate of the model and its confidence interval.

In addition, it also displays the prediction interval and the effect size of each study allowing us to visualize precisely the heterogeneity in the data. Orchard plots were drawn using the package orchaRd [START_REF] Nakagawa | Methodological issues and advances in biological meta-analysis[END_REF].
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To test for possible publication bias, we used contour-enhanced funnel plots to represent the precision of each study (i.e., the inverse of the standard error) against the estimate of the study. When the data points are symmetrically distributed around the mean, this indicates an absence of publication bias. In addition to funnel plots, we performed an Egger's regression (Egger et al., 1997), which is a linear regression of the mean of each study against their precision. However, because means are not independent, we fitted the linear regression on the residuals of the meta-analysis (which are independent) against its precision. In the absence of publication bias, the intercept of the regression should not differ from zero. To confirm and assess the influence of the publication bias, the trim and fill method was used (Viechtbauer, 2010). This method estimates the number of missing studies on one side of the funnel plot and provides an adjustment of the meta-analysis mean according to those missing studies.

| |

In our meta-analyses, the relationship between TL and age was weak and negative. The negative relationship was statistically significant meta-analyses performed on juveniles and adults Number of species 42 94

Number of studies 84

Number of effect sizes in adults and in juveniles were not detectably different, as their con-
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The total heterogeneity was high and similar for juveniles (I 2 total = 84.06%) and adults (I 2 total = total heterogeneity was mainly due to the phylogeny (I 2 phylogeny = 54.51%) and the heterogeneity within populations (I 2 population = 29.55%). However, the species independently of the phylogeny and the population explained the I 2 Total in adults, and the phylogeny had little contribution to total heterogeneity (Table 2).

|

We found a negative (but weak) association between TL and age in juvenile and adult stages of all taxa (except for juvenile reptiles, probably due to the low number of effect sizes). In mammals, estimates were similar between juvenile and adult stages but their 95% CI overlapped zero (estimate and 95% CI = fish, estimates were moderate and statistically significant for juveniles (estimate and 95% CI = not statistically significant for adults (estimate and 95% CI = CI overlapped zero in juveniles but not in adults (estimate and 95% CI = estimates were very close to zero (estimate and 95% CI =

In the juvenile data set, the model selected was the null model, meaning that none of our moderators, independently of phylogeny, explained the heterogeneity in the relationships between telomere length and age during this stage (Table S8). The selected model for adults included the type of study and the method of TL measurement (Table S9). When tested separately, the relationship was weak and negative in both transversal and longitudinal studies but not statistically different (estimate ± 95% CI = respectively). Regarding the effect of the method, the association between TL and age was negative whatever the method considered.

However, the estimate was strongly negative for FISH (estimate and 95% CI = mate and 95% CI = using TRFS and qPCR were small and their 95% CI overlapped zero (estimate and 95% CI =

In the adult data set, we performed the same meta-regression as above but this time using data restricted to the methods that provided evidence for a decline in telomere length with increasing age (i.e., TRFI and FISH). The model selected was the null model, meaning that none of our variables could explain the decline of telomere length with increasing age (Table S10).

|

There was no detectable publication bias for the juvenile data set because the intercept of the Egger's regression was not different from zero (Estimate ± SE: 0.06 ± 0.09) and the trim and fill method did not detect any missing studies (Figure 6). However, we found a funnel plot asymmetry in the adult data set. The intercept of the Egger's regression was different from zero (estimate ± ± 0.07) and the trim and fill method detected 56 missing studies on the righthand side of the funnel plot (Figure 6). Those missing studies might change the estimate of the meta-analysis mean (change in the metaanalysis mean = = 0.04) leading to a weaker relationship between TL and age (estimate after the trim and fill =
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Our meta-analysis based on 175 effect sizes and 98 species, encompassing birds, mammals, fish and reptiles, revealed a negative relationship between TL and age in adults but not in juveniles. However, the relationship was both weak and variable across taxonomic classes, which suggests more complex telomere dynamics than a simple decline with increasing age throughout life in vertebrates.

Despite the high number and diversity of species analysed, we were not able to include any amphibian species. Our data set was also biased in favour of birds that were overrepresented (45 bird species and 81 effect sizes out of 98 species and 175 effect sizes) relative to the other taxonomic classes. Along with the taxonomic class effect, we also found a strong effect of the method used to measure telomeres in adults. Indeed, the relationship was statistically significant only when using TRFI and qFISH methodologies.

Contrary to our hypothesis, we found a similar decline in agespecific TL during the whole juvenile and adult stage. Our results suggest that juveniles and adults do not differ in TL attrition rates on average across our set of species. However, the period of most rapid growth (which corresponds to the period of highest cell division and thus decline in TL) might not cover the entire period before the age at first reproduction in all taxa (Monaghan & Ozanne, 2018). In birds, for instance, final body size is reached by fledgling or shortly after while sexual maturation could be achieved several years later for long-lived birds. This is well illustrated in the wandering albatross where chicks reached adult body size at around 10 months old [START_REF] Mabille | Growth and energy expenditure of Wandering Albatross Diomedea exulans chicks[END_REF]) but individuals there is compelling evidence that telomeres shorten at a faster rate during embryonic development (Stier, Metcalfe, et al., 2020) and nestling stage in some bird species (Boonekamp et al., 2014;Vedder et al., 2017), we excluded those articles from our analyses due to the lack of data available covering the first month of life. The lack of available data on TL change over the earliest developmental stages could lead us to underestimate the decline of telomere length in juveniles. Repeated sampling in very young individuals, especially in taxa other than birds, is clearly needed to better understand earlylife telomere dynamics and the link between growth and telomere shortening. However, repeated sampling of very young individuals in wild populations may be both ethically and logistically challenging. A second explanation is that variation exists in the form of the relationship between TL and age, being curvilinear in some species (Rollings et al., 2017;Ujvari et al., 2017) and biphasic (Aubert et al., 2012;Hall et al., 2004) in others, so that different relationships cancel into noise and we cannot pick up the expected difference between juveniles and adults. To perform our meta-analyses, we made strong simplifying assumption (i.e., linearity of the relationship between TL and age and a cutoff between juvenile and adult stages using the AFR) that researchers working on single species do not have to make. In that respect, some relationships we estimated might be at odds with what is reported in the literature.

Among the different moderators included in our analyses, we found that the method used to measure telomeres influenced the mean effect size in adults. More precisely, we found stronger negative relationships in studies using TRFI and qFISH methodologies, but weaker and not statistically significant relationships in studies using TRFS and qPCR. Conversely, in a previous meta-analysis linking TL and mortality risk in nonhuman vertebrates (Wilbourn et al., 2018), the relationship was stronger in studies using qPCR.

In another meta-analysis looking for the association between stress stronger when telomeres were measured with qPCR than TRF. The stronger association in qPCR was explained by a possible publication bias in qPCR studies, which is supposed to be higher than in TRF since qPCR is a cheaper and faster method than TRF. Chatelain et al.

(2020) also explained such discrepancies by the fact that mean TL might be more accurately estimated using qPCR since TL distribution can be highly skewed and thus poorly reflected by average value obtained using TRF. On the other hand, a meta-analysis of human studies found sex differences only in articles using TRF (Gardner et al., 2014). The authors suggested that this difference could arise from higher measurement error in qPCR than in TRF. To date, only one published study compared estimates of TL using qPCR and TRFS on the same sample in relation to age [START_REF] Aviv | Impartial comparative analysis of measurement of leukocyte telomere length/DNA content by Southern blots and qPCR[END_REF]. While the authors found a higher measurement error in qPCR than in TRFS (6.45% against 1.74%), age accounted for 17.2% of the interindividual variation of TL measured with qPCR against 29% using TRFS. While the number of studies measuring telomeres in wild vertebrates has

x-axis represents the estimate of the model, the black line in bold the confidence interval, the grey line in bold the prediction interval and coloured points represent the effect size of each study (the size of the points is proportional to the precision, calculated as the inverse of the standard error, of the study). Individual effect sizes are distributed on the y-axis to make them all visible. For the ease of interpretation, all effect sizes were back-transformed into correlation coefficients (r = tanh Zr). The I 2 total is also reported

x-axis represents the estimate of the model (back-transformed into correlation coefficients), the black line in bold the confidence interval, the grey line in bold the prediction interval and coloured points represent the effect size of each study (the size of the points is proportional to the precision, calculated as the inverse of the standard error, of the study). k is the number of effect sizes for each level of qPCR because qPCR requires less DNA and is easier to perform than TRF [START_REF] Lai | Comparison of telomere length measurement methods[END_REF]. However, qPCR assay is known to have higher measurement error than TRF in humans [START_REF] Aviv | Impartial comparative analysis of measurement of leukocyte telomere length/DNA content by Southern blots and qPCR[END_REF][START_REF] Elbers | Comparison between Southern blots and qPCR analysis of leukocyte telomere length in the Health ABC Study[END_REF] and is subject to well-position effects in thermocyclers, which, when not controlled, increase the overall measurement error [START_REF] Eisenberg | Improving qPCR telomere length assays: Controlling for well position effects increases statistical power[END_REF]. In overall, qPCR require to be highly optimized in order to increase the precision and the accuracy of telomere length measurement [START_REF] Eastwood | Increasing the accuracy and precision of relative telomere length estimates by RT qPCR[END_REF][START_REF] Lin | Telomere length measurement by qPCR -Summary of critical factors and recommendations for assay design[END_REF]. However, a higher measurement error in qPCR than in TRF cannot explain the pattern we observed since in our analysis we detected an effect of age using TRFI, but not using qPCR nor TRFS.

Another explanation for the discrepancy between the methods used is that TRFI uses nondenatured DNA, contrary to TRFS and qPCR.

By denaturing the DNA, TRFS and qPCR measure, in addition to telomeres, interstitial telomere sequences (ITS), which are telomeric et al., 1990). ITS are known to be shorter than telomeres but should methodologies that include ITS may underestimate the average TL in a sample of cells. In addition, because ITS may also vary among could also decrease the power to detect differences in TL over time.

However, this hypothesis could not explain the negative result we found in studies using qFISH, since qFISH also include ITS in the estimation of TL. Overall, we cannot explain the effect of TL measurement method we found in our meta-analyses. At present, only one meta-analysis in the field of telomere dynamics makes the distinction between TRFI and TRFS [START_REF] Remot | No sex differences in adult telomere length across vertebrates: A meta-analysis[END_REF] and it is now necessary that forthcoming comparative and meta-analyses also make this distinction. In addition, reasons given to explain such discrepancies between methodologies remain hypothetical, and more research should focus on understanding how and why telomere measurement methods differ in the results they produce. To address this question, the method used to measure TL in adults on the effect size of the relationship between TL and age TRFS TRFI qPCR FISH of TL measurement in adults. The point on the x-axis represents the estimate of the model (back-transformed into correlation coefficients), the black line in bold the confidence interval, the grey line in bold the prediction interval and coloured points represent the effect size of each study (the size of the points is proportional to the precision, calculated as the inverse of the standard error, of the study). k is the number of effect sizes for each level error) is plotted against meta-analytic residuals. Areas of statistical significance are shown in grey. While there was no detectable publication bias in juveniles, we found an important publication bias in adults with 56 missing studies on the right side of the funnel plot (white dots), estimated by the trim and fill method we recommend that further studies should focus on measuring TL in the same sample of known-age individuals using different methodologies. Finally, while the qFISH is rarely used in nonmedical research (only nine effect sizes in our data set), the TRFI is almost exclusively reptiles, see Table S12). Hence, the effect of the method we found in our analyses and the fact that the methods used are not balanced across taxonomic classes could explain why we detected a decline in TL with advancing age in birds but not in mammals. In addition, because of the bias in methodologies, we may have underestimated the overall decline in telomere length with increasing age. To tease apart the effect of the phylogeny from the effect of the methodology, we recommend the use of methodologies such as TRFI and qFISH in taxa other than birds.

We found no evidence of an effect of the age at first reproduction nor a difference between the type of study (transversal vs. longitudinal) on the association between TL and age, contrary to what we expected. Previous studies found that telomere rate of change was positively linked with maximum lifespan in 19 species of bird (Tricola et al., 2018), and also associated with the species pace of life (i.e., fast-living species lose more telomeres per unit of time than slow-living species) in 14 species of birds (Dantzer & Fletcher, 2015). One potential explanation for this discrepancy with previous studies of birds is that our analysis was performed in four different classes of vertebrates, encompassing 98 different species, with four different methods of TL measurement, while the two previous findings were made on birds only, whose telomeres were measured using TRF only. Thus, the heterogeneity due to the high number of species and the various methodologies in our data set prevented us from finding a detectable effect. Also, we did not find any effect of the type of study on the association between TL and age. A possible source of heterogeneity that could potentially explain the weak relationship we observed in adults was the tissue sampled. While some studies did not find any effect of the interaction between tissue and age on TL, a recent study in human found different telomere attrition rates depending on the tissue sampled (Demanelis et al., 2020). At the within-tissue level, tissues are composed of various cell types that can have their own telomere dynamics. In the Australian Painted Dragon (Ctenophorus pictus), white blood cell (WBC) populations (lymphocytes and azurophils) have different TL, and TL is also much longer in WBC than in red blood cells (RBC) (Olsson et al., 2020). Given the lack of a nucleus in their erythrocytes, telomeres in mammals are mostly measured in WBC, which equates to measuring the average TL in a heterogeneous population of cells, each with potentially different sized telomeres. More problematically, it is known that the composition of WBC varies considerably with the age of individuals [START_REF] Cheynel | Immunosenescence patterns differ between populations but not between sexes in a long-lived mammal[END_REF]Watson et al., 2017), which might cloud the pattern of telomere dynamics with age. From the few studies that measured cell-specific telomere dynamics, contrasting results occur. In the Soay sheep, while the composition of WBC varies with the age of individuals, it seems that those changes do not impact age-specific telomere dynamics (Watson et al., 2017).

However, telomere attrition rates vary between subpopulations of leucocytes in humans [START_REF] Lin | Systematic and cell type-specific telomere length changes in subsets of lymphocytes[END_REF], suggesting that average leukocytes TL might also vary following the composition of the cell population being measured. In our meta-analysis it was not possible to take into account the tissue sampled nor the cell type within tissue since most of the studies included (76%) measured TL in blood (whether RBC in birds, fish and reptiles or WBC in mammals) and because WBC are only measured in mammals, the tissue is confounded with the taxa. In addition, most of the other tissues present in our data set were sampled once or twice (15 out of 21 tissues) meaning that we would not have enough repeated measures per tissue to detect tissue-specific telomere dynamics with age. We then need more studies that compare TL change with age over different tissues.

We also found evidence for asymmetry in the funnel plot of the adult data set. The trim and fill method estimated 56 missing effect sizes on the right-hand side of the funnel plot. Once these studies were accounted for, there was no evidence for a relationship between TL and age. However, the trim and fill method has shortcomings (especially when between-study heterogeneity exists [START_REF] Peters | Performance of the trim and fill method in the presence of publication bias and between-study heterogeneity[END_REF] and should be interpreted cautiously. Two hypotheses could explain the funnel plot asymmetry. First, positive associations between TL and age might be less likely to be published without strong statistical support (i.e., high precision) since TL is commonly expected to decline with increasing age. Alternatively, such positive relationships could be truly rarely observed. Indeed, biologically less likely that TL declines than increases with age, meaning that, in this case, funnel plot asymmetry might be due to biological constraint rather than publication bias. Either way, we highly recommend that researchers measuring TL in known age individuals publish their data, no matter the effect found nor the statistical significance because only a higher number of studies will allow us to clarify whether this asymmetry is due to publication bias or biological constraint.

Our heterogeneity analysis reveals that the part of the total variance explained by the between-study variance in the metaanalysis performed on adults was mostly due to the heterogeneity among species (independently of the phylogeny) and populations (for species that were sampled in different populations), highlighting the role that environmental conditions can have on telomere dynamics. For example, in great tits (Parus major), individuals living in urban environments have shorter telomeres than individuals living in forest regardless of nestling origin [START_REF] Salmón | Urban environment shortens telomere length in nestling great tits, Parus major[END_REF]. In roe deer (Capreolus capreolus), shorter telomeres were observed in old individuals from a population facing strong resource limitation compared to those from a population experiencing better environmental conditions (Wilbourn et al., 2017). However, due to the lack of multiple sampling of the same species in contrasting environments, it was not possible to thoroughly examine the role played by environmental conditions on the relationship between telomere length and age.

Available data indicate that telomere dynamics are complex both within and among species. While we found an overall decline of TL with increasing age among adult vertebrates, the publication bias we found might weaken the strength of the association. In addition, our results mainly point out the variability of the relationship between TL and age and, because none of the biological moderators we tested explained this variability, suggesting that there is much we still do not know about telomere dynamics. In addition, as highlighted in previous meta-analyses (Chatelain et al., 2020;Wilbourn et al., 2018) Additional supporting information may be found online in the Supporting Information section. protect coding DNA against two major deleterious processes: 'the end replication problem' and oxidative damage [1]. In the absence of telomerase, an enzyme that acts to elongate telomeres, telomeres unavoidably shorten with each DNA replication cycle. Critically short telomeres are associated with genomic instability (e.g. chromosome fusions, chromosome breaks), cell cycle arrest and can trigger apoptosis. The shortening of telomere sequences with increasing age is now considered as a key physiological mechanism underlying ageing [2]. While a causal association among telomere length (TL), age-specific diseases and survival prospects remains uncertain [3], telomere dynamics have been associated with several age-related disorders such as cardiovascular diseases [4] in humans. In addition, shorter telomeres are associated with a higher mortality risk in humans [5] and in several populations of vertebrates [6].

Women and men show striking differences in adult health and lifespan, the shorter lifespan of men being a particularly robust feature across populations worldwide [7]. Among the many complex genetic and physiological factors that might govern those sex differences, a possible role played by sex-specific telomere dynamics has been proposed [8]. Recently, a meta-analysis on sex differences in TL in humans (compiling 40 studies) revealed that adult women have on average slightly longer telomeres than adult men (i.e. 176 bp longer in women than in men of similar age). However, this study also revealed high heterogeneity in the magnitude and direction of the sex differences observed across studies (I 2 = 91.4%) [9]. So far, most human studies have been cross-sectional and have focused on middleaged or elderly individuals. Thus, it has not been possible to determine whether average sex differences in adult TL result from differences determined genetically or in early life and maintained through adulthood, or from differences in the rate of telomere attrition (i.e. telomeres shortening faster in men over time), or both. A recent study based on umbilical cord blood found 144 bp longer telomeres in girls than in boys [10], suggesting that sex differences in human TL are already present at birth. However, these results are inconsistent with previous observations on humans that show no gender difference in TL at the start of life (at birth and in utero) [8].

Until now, two main evolutionary hypotheses have been proposed to explain why TL could differ between sexes [8]. First, the heterogametic disadvantage hypothesis predicts that the heterogametic sex (e.g. XY males in mammals) should have shorter telomeres than the homogametic sex (e.g. females XX in mammals) if the Y chromosome contains fewer telomere maintenance alleles [8]. Moreover, if males carry a deleterious mutation in telomere maintenance alleles on the X chromosome, this mutation will always be expressed in males while in females it can be compensated by the second X chromosome [START_REF] Marais | Sex gap in aging and longevity: can sex chromosomes play a role?[END_REF]. Therefore, the heterogametic disadvantage hypothesis is not based on a difference in telomere length between the X and Y chromosomes, but on a difference in gene content, especially those involved in telomere maintenance. For instance, the DKC1 gene that codes for dyskerin, a protein involved in the stability of telomerase, is located on the X chromosome [1]. Mutations of this gene induce dyskeratosis congenita whose symptoms resemble premature ageing and critically short telomeres. In birds, due to their ZW sex-determination system (i.e. males are ZZ and females are ZW), this hypothesis predicts shorter telomeres in females, assuming that telomere maintenance alleles are located on the homogametic sex chromosome (Z chromosome). In reptiles and fish, predictions are more complicated and will depend on the sex-determination system of each species. This hypothesis is indirectly supported by a recent meta-analysis, which showed that in vertebrates the heterogametic sex lives shorter than the homogametic sex [START_REF] Xirocostas | The sex with the reduced sex chromosome dies earlier: a comparison across the tree of life[END_REF]. Second, the sexual selection hypothesis posits that the sex growing faster and maintaining a larger body mass throughout the lifetime should display shorter telomeres due to increased cell replication during the growth phase and the regeneration of tissues along the life course [13,[START_REF] Stindl | Tying it all together: telomeres, sexual size dimorphism and the gender gap in life expectancy[END_REF]. Mammals, for instance, tend to show often a strong male-bias in body size (associated with polygynous mating systems) [START_REF] Lindenfors | Sexual size dimorphism in mammals. In Sex, size and gender roles: evolutionary studies of sexual size dimorphism[END_REF], meaning that, following the sexual selection hypothesis, males should have shorter telomeres than females. However, unlike the heterogametic disadvantage hypothesis, the sexual selection hypothesis makes predictions within groups as well as across groups because variation in sexual size dimorphism occurs both among and within vertebrate groups. So far, the vast majority of research on the genetic and physiological determinants of sex differences in ageing has focused on laboratory organisms [7] (but see [START_REF] Marais | Sex gap in aging and longevity: can sex chromosomes play a role?[END_REF]). To fully understand the universal mechanisms that modulate ageing, we need to know whether mechanisms that have been suggested to contribute to ageing, such as telomere dynamics, are shared between different lineages or if these mechanisms are species-specific [START_REF] Partridge | Mechanisms of ageing: public or private?[END_REF]. To evaluate the role of evolutionary forces in shaping sex differences in vertebrate TL, it is necessary to test these hypotheses across a wide range of species displaying contrasted life-history strategies.

A previous qualitative review of sex differences in TL across animals suggested that telomeres may be longer in females than in males in mammals, but not in birds [8]. However, these observations were made on a limited number of species (i.e. 20 species of birds and 5 species of mammals), with a bias toward laboratory rodents in mammals. Laboratory rodents are known to display unusual telomere dynamics, which are royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548 neither representative of mammals in general nor their wild counterpart (i.e. telomeres in laboratory mice are known to be particularly long compared with those in wild-derived mice, see [START_REF] Hemann | Wild-derived inbred mouse strains have short telomeres[END_REF][START_REF] Gomes | Comparative biology of mammalian telomeres: hypotheses on ancestral states and the roles of telomeres in longevity determination[END_REF]). They may therefore provide only limited insight into the evolutionary forces that have shaped sex differences in TL across vertebrates. The recent surge of studies investigating telomere dynamics in wild populations [6,[START_REF] Monaghan | Understanding diversity in telomere dynamics[END_REF][START_REF] Chatelain | The association between stressors and telomeres in non-human vertebrates: a meta-analysis[END_REF] now provides the necessary material to test whether consistent sex differences in mean TL actually occur across vertebrates and to quantify the magnitude of these differences. In this article, we used a meta-analytic approach to examine sex differences in mean TL across non-human vertebrates and to test the main evolutionary hypotheses proposed to explain such sex differences. According to the heterogametic sex hypothesis, we predicted that the heterogametic sex should have shorter telomeres than the homogametic sex. According to the sexual selection hypothesis, we expected that the magnitude of sex differences in mean TL would be positively associated with the intensity of sexual size dimorphism. Finally, we examined whether sex differences in mean TL could explain differences in life expectancy between the sexes, which are widely observed among vertebrates [START_REF] Marais | Sex gap in aging and longevity: can sex chromosomes play a role?[END_REF]21]. We predicted that, across species, the longer lived sex should have longer telomeres.

Material and methods

Literature survey

Relevant articles were collected by entering the following keywords 'telom à NOT (clinic à OR hospital)' in the 'topic' window of the ISI Web of Science database. The keywords telom à allowed us to find articles not only about telomeres but also about telomerase, and the use of 'NOT (clinic à OR hospital)' enabled us to exclude many studies exclusively focused on humans. The literature search was restricted to the following Web of Science Categories: 'Evolutionary biology', 'Marine freshwater biology', 'Multidisciplinary sciences', 'Geriatrics gerontology', 'Physiology', 'Zoology', 'Environmental sciences', 'Fisheries', 'Ecology', 'Agriculture dairy animal sciences' and 'Veterinary sciences'. The search was conducted in January 2019. Using this protocol, 5029 articles were gathered. We performed a first selection based on the title and the abstract to exclude single sex or human studies. All the remaining articles (N = 324) were then read in full to exclude studies according to a predefined set of criteria (figure 1). In experimental studies, we excluded the 'treatment group' because the treatment can influence telomere dynamics [START_REF] Monaghan | Understanding diversity in telomere dynamics[END_REF], potentially in a sex-specific way, but we retained the 'control group'. Similarly, we excluded studies that measured telomeres in cell cultures, in laboratory strains or in domesticated species because these measurements were unlikely to reflect telomere length in natural conditions [START_REF] Hemann | Wild-derived inbred mouse strains have short telomeres[END_REF]. We also excluded data on neonates (i.e. before fledging in birds, before weaning in mammals) because the number of newborn individuals (which is higher than older individuals) and the different dynamics of telomere between them [START_REF] Rollings | Age-related sex differences in body condition and telomere dynamics of red-sided garter snakes[END_REF] may mask sex differences in TL if these differences occur later in life. Finally, we checked the full reference lists of the 324 selected articles and of the two meta-analyses performed on TL across several populations of vertebrates [5,[START_REF] Hemann | Wild-derived inbred mouse strains have short telomeres[END_REF] to check that we had not missed any relevant article with our literature search protocol. This procedure allowed us to include data from two PhD theses [START_REF] Foote | Avian telomere dynamics[END_REF][START_REF] Izzo | Patterns of telomere length change with age in aquatic vertebrates and the phylogenetic distribution of the pattern among jawed vertebrates[END_REF] in our analyses. It appeared that some datasets were published, partially or entirely, in more than one article (i.e. 12 datasets or subset of datasets were published more than once). In those cases, we selected the article with the largest dataset or if the datasets were identical, the most recent. By applying this research protocol and the exclusion criteria, we obtained a total of 58 articles covering 52 vertebrate species (figure 1).

Extraction of effect sizes

TL was frequently reported as mean absolute or relative TL (depending on the measurement method, see below) with the standard deviation (or the standard error) and the sample size. When the full dataset was available (e.g. data published in research data repositories such as Dryad), the mean and the standard deviation of TL for both sexes were calculated from the raw data. When the TLs were only graphically displayed in the papers, we extracted the data using the WebPlotDigitizer software [START_REF] Rohatgi | WebPlotDigitizer[END_REF], and then calculated the mean and the standard deviation of TL for each sex separately. When no data were reported in the article and no dataset was publicly available, we requested the following information from the corresponding authors: mean TL, standard deviation and sample size for both sexes.

To be comparable across studies, effect sizes of the mean differences in TL need to be standardized. The most commonly used standardized mean difference is the 'Hedge's g' (or 'Hedge's d') (see [START_REF] Koricheva | Handbook of meta-analysis in ecology and evolution[END_REF] for further details), which is not affected by unequal sampling variance. Females were set as the reference royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548 group. Therefore, a positive value of g means that males have longer telomeres than females, whereas a negative value of g means that females have longer telomeres than males. For the meta-analysis, the interpretation of the effect size followed the Cohen's rule of thumb [START_REF] Cohen | Statistical power analysis for the behavioral sciences[END_REF] stating that g absolute values of 0.2, 0.5 and 0.8 represent low, medium, and large differences, respectively (effects size of each study are summarized in table 1).

Additional information extracted from the articles or the literature

All information required for the identification of the paper (title, first author, year of publication, journal, species and population studied) was recorded. We also extracted information regarding the method of TL measurement (e.g. TRFS for telomere restriction fragment followed by a Southern blot, TRFI for telomere restriction fragment followed by an in-gel hybridization and quantitative PCR), the biological tissue sampled to measure telomeres (e.g. red blood cell, white blood cell or other tissues), and whether telomeres were measured in free-living or captive animals. We also created a data extraction quality index (whether the effect size was computed from a graph [i.e. low-quality index] or directly from data in the article [i.e. high-quality index]). To assess the factors of variation in the magnitude of sex differences in TL, we then searched for the following information in the literature for the set of the 52 vertebrate species included in the meta-analysis: female age at first reproduction (log-transformed), mean adult body mass (log-transformed), mating system and mean annual adult survival for both sexes. All variables are fully described in electronic supplementary material, Methods and Results and were included as moderators in the meta-regression separately (i.e. subset analysis) to avoid overfitting the model. royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548

Table 1. Summary of the statistics and of the potential driving factors compiled in the meta-analysis. For each study, the sex difference in TL (g), its variance and its sample size are reported. The tissue sampled is reported as RBC for red blood cells, WBC for white blood cells and other for all other types of tissue. The method of TL measurement is reported as TRFS for telomere restriction fragment followed by a Southern blot, TRFI for telomere restriction fragment followed by an in-gel hybridization, and qPCR. See electronic supplementary material, Methods and Results for further information. 

General model

The meta-analytic model was run using R (v. 3.3.1, [84]). To account for the non-independence of observations due to pseudo-replication (multiple effect sizes calculated within the same study, species, population or by the same authors), linear mixed-effects models were run with the package MCMCglmm [START_REF] Hadfield | MCMC Methods for multiresponse generalized linear mixed models: the MCMCglmm R package[END_REF]. As related species are more prone to share common trait values, our meta-analytic models controlled for phylogeny [START_REF] Nakagawa | Methodological issues and advances in biological meta-analysis[END_REF]. The website http://www.timetree.org/ [START_REF] Kumar | TimeTree: a resource for timelines, timetrees, and divergence times[END_REF] provided us with a phylogenetic tree (see electronic supplementary material, figure S1) which we further used to control for phylogenetic relatedness among species. This website gathered data from more than 2000 articles published between 1987 and 2013 to estimate divergence times between species and to construct a phylogenetic tree at the vertebrate level. A covariance matrix among the species was then extracted from the tree.

In the meta-analytic model, effect sizes were entered as the dependent variable and the sampling variance associated with each effect size was also included in the model using the mev argument. We included the following variables as random factors: the phylogeny (using the variance-covariance matrix), the population (to control for the fact that several populations were sometimes sampled within a given species), the sample (to control for the fact that effect sizes were measured from the same individuals but with different methods or in different tissues) and the species (i.e. to take into account that several effect sizes were measured for a given species and can share biological characteristics that are independent of the phylogenetic relatedness such as the habitat). Since we had no a priori information on the parameters of the meta-analytic model, we used a non-informative prior (inverse Wishart prior with ν = 0.02 and V = 1). To test if the prior had any impact on the results, we re-ran the meta-analysis using a new parameter expanded prior for the random effect (ν = 1, V = 1, alpha.mu = 0 and alpha.V = 1000). Since our results remained unchanged they did not appear to be sensitive to prior specification. The model was run with 1 000 000 iterations (burn-in = 1000 and thinning interval = 50) twice, and convergence of the model was assessed with the Gelman-Rubin diagnostic [START_REF] Gelman | Inference from iterative simulation using multiple sequences[END_REF] using the gelman.diag function in R (cut-off value = 1.1, [START_REF] Brooks | General methods for monitoring convergence of iterative simulations[END_REF]).

From the meta-analytic model, we computed the posterior distribution of the meta-analysis mean and its highest posterior density credible interval (HPDI) at 95%. The effect size was considered significant if the credible interval did not overlap 0. To quantify the heterogeneity in the data accounting for random factors, the I 2 and their HPDI at 95% [START_REF] Nakagawa | Methodological issues and advances in biological meta-analysis[END_REF] were calculated for each random factor with I 2 = 25, 50 and 75% considered as low, moderate and high heterogeneity, respectively. In addition, we also computed the H 2 , which is the percentage of the between-study variance explained by the phylogenetic effect. The proportion of the total variance explained by the between-study variance, I 2 tot , was also calculated [START_REF] Nakagawa | Methodological issues and advances in biological meta-analysis[END_REF]. Finally, to assess whether the effect sizes estimated from populations with small sample size could bias our results, we also ran the meta-analytic model including only estimates that were based on 40 or more data points. Overall, results were qualitatively unchanged (see electronic supplementary material, table S1).

Age-correction of telomere length

Two other meta-analyses (based on the same procedure as described above) were then performed to establish whether age effects biased the results in any way. First, we restricted our meta-analysis to measurements made on adults only to remove the effect of a possible sex difference in telomere shortening of juveniles (i.e. before the age at first reproduction) [START_REF] Rollings | Age-related sex differences in body condition and telomere dynamics of red-sided garter snakes[END_REF]. This meta-analysis included 46 articles and is referred to as 'meta-analysis 2' below. Second, we performed a separate analysis using agecorrected adult TL (referred to as 'meta-analysis 3' below) to correct for possible sex differences in telomere dynamics over the entire life course [START_REF] Rollings | Age-related sex differences in body condition and telomere dynamics of red-sided garter snakes[END_REF] and for the fact that TL could have been measured at different ages in males and females. For each dataset in which individual ages were available, we first established the best fitting model describing TL as a function of age by comparing three models: no effect of age, a linear relationship with age and a quadratic relationship with age (see electronic supplementary material, table S2 for the full list of models). We compared models using the Akaike information criterion (AIC [START_REF] Burnham | Model selection and multimodel inference: a practical information-theoretic approach[END_REF]), selecting the model with the lowest value. When models were within two AIC units, the simpler model was retained. Then, for each sex, we computed the age-corrected TL as the residuals from the selected model. Like in the general meta-analysis, we computed the effect size as the mean difference of the age-corrected TL of both sexes divided by their pooled standard deviation. This meta-analysis included 30 effect sizes (encompassing 23 articles) and is referred to as 'meta-analysis 3' below.

Publication bias

As studies reporting statistically significant results may be more likely to be published than those reporting non-statistically significant ones (i.e. file drawer problem [START_REF] Rosenthal | The file drawer problem and tolerance for null results[END_REF]), the mean effect size might be overestimated. To test for possible publication bias, we used funnel plots to represent the precision of each study (i.e. the inverse of the standard error) against the effect size value of the study (see electronic supplementary material, figure S2). When the data points are symmetrically distributed around the mean, this indicates an absence of publication bias. In addition to funnel plots, we performed an Egger's regression [START_REF] Egger | Bias in meta-analysis detected by a simple, graphical test[END_REF], which is a linear regression of the effect size value of each study against their precision. However, because the different effect sizes are not independent, we fitted the linear regression on the residuals of the meta-analysis (which are independent) against its precision [START_REF] Nakagawa | Methodological issues and advances in biological meta-analysis[END_REF]. In the absence of publication bias, the intercept of the regression should not differ from zero. Finally, we assessed whether our data were subjected to a time-lag bias (i.e. the decrease of the effect size over time) by including the publication year as a moderator in the meta-regression [START_REF] Nakagawa | Meta-evaluation of meta-analysis: ten appraisal questions for biologists[END_REF].

Outlier analysis

To avoid bias due to extreme and possibly spurious sex differences in TL, we checked for the presence of outliers. To identify outliers, we first calculated studentized deleted residuals, considering any study with studentized deleted residuals greater than 1.96 in absolute value as a potential outlier [START_REF] Viechtbauer | Outlier and influence diagnostics for meta-analysis[END_REF]. Then, the influence of such outliers was examined by calculating the DFFITS (a measure of how the predicted value change if an observation is excluded) and the Cook's distance (see [START_REF] Viechtbauer | Outlier and influence diagnostics for meta-analysis[END_REF] for more information). This diagnostic was done on the residuals of the meta-analysis using the package metafor [START_REF] Viechtbauer | Conducting meta-analyses in R with the metafor package[END_REF]. Only one study, which focused on mandrills (Mandrillux sphinx) [START_REF] Beaulieu | Mind the cell: seasonal variation in telomere length mirrors changes in leucocyte profile[END_REF] was detected as a possible outlier (g ± 95% CI = 1.28 ± 0.4, studentized deleted residuals = 4.05) (see electronic supplementary material, figure S3). All our analyses were therefore performed with and without the data from this species to assess its effects on the overall results.

The effect of sex differences in telomere length on sex differences in adult life expectancy

To assess whether sex differences in adult life expectancy could be explained by sex differences in TL, we performed a phylogenetically controlled comparative analysis. The adult life expectancy for both sexes of royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548 each species was estimated using the formula: s=ð1 À sÞ where s is the mean annual adult survival [START_REF] Seber | Estimation of animal abundance[END_REF]. Sex differences in adult life expectancy were then estimated as the log-transformed differences of the adult life expectancy between sexes. A Bayesian linear mixed model using MCMCglmm was built, with the sex difference in adult life expectancy as the dependent variable, the sex difference in TL (non-corrected for age with juveniles and adults) as the independent variable and with both female body mass and age at first reproduction as covariates. The random factors phylogeny and species as described for the meta-analysis model were also included in the model. Like for previous metaanalyses, models were run with non-informative priors (inverse Wishart prior with ν = 0.02 and V = 1), with 1 000 000 iterations and the convergence was assessed by performing a Gelman-Rubin diagnostic [START_REF] Gelman | Inference from iterative simulation using multiple sequences[END_REF]. Models were then ranked using the deviance information criterion (DIC) [START_REF] Spiegelhalter | Bayesian measures of model complexity and fit[END_REF].

Results

The full dataset included 52 species that mostly corresponded to birds and mammals (55% and 23% of the species included, respectively, table 2).

To examine variation in sex differences in TL across vertebrates, we performed three separate metaanalyses (i.e. the first using data on juveniles and adults non-adjusted for age, the second using data on adults non-adjusted for age and the third using data on adults adjusted for age). Because the results were qualitatively similar for the three meta-analyses, we only present results from the first one, based on the largest dataset. Results from meta-analyses 2 and 3 are reported in electronic supplementary material, tables S3-S5.

The meta-analysis revealed no detectable sex differences in TL (mean = -0.038, HPDI = [-0.299: 0.233]) (figure 2). The random factors 'species', 'population' and 'sample' accounted for a low (all specific I 2 , the measure of the total variance explained by each random factor, values were smaller than or close to 0.25) but a similar proportion of heterogeneity observed among studies (table 3). We also found a low effect of the phylogeny with a H 2 (the percentage of the between-study variance explained by the phylogenetic effect) around 25% (table 3). The proportion of the total variance explained by the between-study variance (I 2 tot = 0.71, table 3) corresponded to a moderate heterogeneity value.

There was no detectable publication bias (see electronic supplementary material, figure S2) because data points displayed on the funnel plot, which represent studies, were symmetrically distributed around the mean. Moreover, the intercept of the Egger's regression did not differ from zero (mean ± s.e. = -0.001 ± 0.060). Effect sizes slightly increased over time (slope of the meta-regression = 0.018, S4).

There was no evidence of sex differences in TL in any of the four vertebrate classes (figure 2). Sex differences in TL were not influenced by the method used to extract data from the original paper (mean difference in data extraction quality index: low quality versus high quality = -0.224, HPDI = [-0.479 : 0.039]), or whether the study populations were wild or captive (mean difference: 0.160, HPDI = [-0.138 : 0.455]). Likewise, neither the method used to measure TL nor the nature of the biological tissues had any detectable influence on sex differences in TL (figure 2). However, we found a small trend of longer TL in females when using the TRFI method, but this trend was not statistically significant (mean = -0.267, HPDI = [-0.730 : 0.141]). We did not detect any association between sex differences in TL and age at first reproduction (linear regression slope = 0.041, HPDI = [-0.068 : 0.148]).

An unexpected positive association between sex differences in TL and sexual size dimorphism was detected (slope = 0.522, HPDI = [0.043 : 0.967]), meaning that the larger the males are compared with the females, the longer their telomeres will be compared with females. However, when the study on mandrills, which was identified as an outlier, was removed from the analyses the intervals of the estimated effect of the sexual size dimorphism on the sex difference in TL included zero (slope = 0.212, ). Sex differences in TL did not differ between mating systems (i.e. another proxy of the sex differences in life-history strategies, figure 2). Sex differences in TL were not associated with sex differences in adult life expectancy. The model with the lowest DIC did not include sex differences in TL (slope of -0.009, credible interval 95% = [-0.092 : 0.072], N = 36 species, for the model that included only sex differences in TL, figure 3). Results were qualitatively unchanged when mammals and birds were analysed separately (see electronic supplementary material, table S6 for model selection tables).

Discussion

Once technical and biological confounding factors were taken into account, our meta-analysis revealed a lack of consistent sex differences in mean TL, both across vertebrates and within vertebrate classes. In addition, we did not find any sex differences in mean TL using age-corrected effect sizes (see electronic supplementary material, table S5), which suggest an absence of sex differences in telomere attrition patterns. Therefore, sex differences in mean TL that have been reported among several human populations [9] cannot be generalized to other mammals or other classes of vertebrates. Our results contrast with previous findings from a study that compiled 49 effect sizes and encompassed five species of mammals (mostly laboratory rodents and humans) [8], which suggested that, in mammals, telomeres are generally longer in females than in males. Our meta-analysis was performed on a wider range of mammalian populations in the wild (i.e. 12 species encompassing five orders) and does not support any consistent sex difference in TL in mammals. Thus, we found no support for the heterogametic sex hypothesis as an explanation for the sex differences in mean TL observed in humans [9]. In mammals, homogametic females had statistically longer telomeres than males in only 2 of 12 species, while in birds, homogametic males showed statistical evidence for longer telomere than females in only 4 of 28 species. It is therefore unlikely that differences in sex chromosome content explain the sex differences in TL across vertebrates. However, we cannot exclude that this lack of relationship is due to a taxonomic bias in the species included in our dataset, which favoured birds and mammals (40 species out of 52). These two vertebrate classes display a single genetic sexdetermination system (i.e. ZZ/ZW and XX/XY, respectively). Adding data on reptile, fish and amphibian species (i.e. taxa that contains both XX/XY and ZZ/ZW sex-determination system), would allow disentangling the effect of the sex chromosome (heterogametic disadvantage hypothesis) from the effect of phylogeny.

Sex differences in life-history strategies are expected to be positively associated with sex differences in adult TL. More specifically, in species subjected to intense sexual selection, males allocate a substantial Absence of association between sex differences in adult life expectancy (log-transformed) and the effect size of the mean sex difference in TL for each species included in the analysis. The zero value corresponds to an absence of difference in adult life expectancy ( y-axis) and in TL (x-axis). The black line represents the slope of the relationship between sex differences in adult life expectancy and sex differences in TL for the model that only includes the effect size of the mean sex difference in TL.

royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548 amount of resources to sexual competition (e.g. growth and maintenance of costly secondary sexual traits) that might cause an increase in both the rate of cell division and the amount of oxidative damage [START_REF] Garratt | Oxidative stress and condition-dependent sexual signals: more than just seeing red[END_REF] and ultimately lead to a faster rate of telomere attrition [START_REF] Reichert | Does oxidative stress shorten telomeres in vivo? A review[END_REF]. Contrary to our expectation, we found a positive association between the intensity of sexual size dimorphism and the amount of sex differences in telomere length. This result was largely driven by one study [START_REF] Beaulieu | Mind the cell: seasonal variation in telomere length mirrors changes in leucocyte profile[END_REF] on mandrill, a polygynous species where males are about three times bigger than females [100] and have longer telomeres (36% longer). However, this relationship was non-statistically significant when this species was removed from the analysis, suggesting that the sexual size dimorphism is unlikely to be universally linked with the sex difference in TL. Taken together, these results suggest that sexual selection has, at best, a limited influence on the evolution of sex differences in telomere length. Consistent with this conclusion, intraspecific studies to date testing the same hypothesis have revealed contrasting results. In the Australian painted dragon (Ctenophorus pictus) in which male coloration during the breeding season is tightly linked to the reproductive allocation and success, males that are better able to maintain their coloration also underwent more telomere erosion [101]. Conversely, in the common yellowthroat (Geothlypis trichas) males with higher UV brightness, a trait that is positively linked to reproductive success experienced a slower rate of telomere erosion [102]. Since sexual differentiation and many aspects of male and female physiology are driven by steroid sex hormones, it has been proposed that sex hormones could mediate sex differences in TL, notably by modulating the level of oxidative stress [8]. Accordingly, oestrogens would protect females against oxidative stress while testosterone would decrease resistance to oxidative stress in males [103]. As the level of testosterone increases with the intensity of sexual size dimorphism and with the expression of costly male secondary sexual traits [103], our results indirectly challenge the belief that sex hormones play a key role in mediating sex differences in TL in humans.

The discrepancy in terms of sex-specific TL between humans and other vertebrate species may in part be relative to the exceptionally high longevity of humans. Since human TL is generally measured in the elderly (mean age in [9] ranging from 37 to 89.9 years old with an overall mean of 55.8 years old), the reported sex differences in TL might be particularly pronounced at old ages (although we note that sex differences were also found in umbilical cord blood, [10]). By contrast, most individuals measured in vertebrate populations in the wild are juveniles and young adults. Thus, sex differences in TL may not be observed in these studies if they occur in late adulthood. This hypothesis remains to be tested by measuring sex-specific TL in old individuals of other very long-lived vertebrate species such as naked mole rats, elephants, bats, seabirds or turtles. In addition, due to cultural habits, human TL is more prone to suffer from lifestyle and environmental factors than that of animals. Factors such as stress, diet, physical activity and harmful consumption are known to influence telomere length (see [104] for a review), possibly in a sex-specific way. However, results about lifestyle and TL are contrasted (see [105] where no effect of smoking was found on telomere attrition) and no consensus has been reached yet.

The comparative analysis we performed indicates that sex differences in adult life expectancy are not related to sex differences in telomere length across our set of vertebrate species. This finding matches the results of a recent meta-analysis performed across 20 vertebrate species, which reported that there is an association between telomere length and mortality risk but that this association is not sex-specific [6]. Our starting hypothesis was based on the existence of a causal relationship between TL and ageing, which remains debated [3]. A lack of causal association between TL and ageing would obviously explain the absence of sex differences in telomere length, as well as the lack of association between sex differences in telomere length and sex differences in lifespan we report. Taken together, these results suggest that telomere dynamics do not provide an explanation for the sex differences in longevity observed across vertebrates. On the other hand, if TL and ageing are causally linked, our findings might come from a lack of power of our dataset. Note, however, that under that scenario it would be quite difficult to explain the trend for a positive association between longer relative TL in males and intensity of sexual size dimorphism.

The heterogeneity analysis revealed that the proportion of the total variance explained by the between-study variance was quite low compared with that generally reported in meta-analyses in the field of evolutionary biology. Indeed, the average heterogeneity value computed in evolutionary meta-analyses is around 92% because these analyses are not confined to a single species like metaanalyses commonly performed in medical sciences, which probably increases heterogeneity [106]. Hence, our measure of the total variance explained by the between-study variance (I 2 = 0.71) shows that heterogeneity within studies (i.e. the sampling variances associated with each effect size) accounts for a substantial proportion of the total variance in TL. This result could be due to a large number of studies with a small sample size that were included in our meta-analysis. Indeed, 30% of the studies royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548 in our meta-analysis had a sample size less than or equal to 20 individuals, which could impair our capacity to detect effects from variables included as moderators (i.e. the meta-analyses could be underpowered if the overall effect is expected to be small [START_REF] Nakagawa | Meta-evaluation of meta-analysis: ten appraisal questions for biologists[END_REF]). Interestingly, sex differences reported in humans are also weak in magnitude but generally based on much larger datasets (e.g. over 100 000 participants for the biggest study to date, [107]), which results in statistically significant sex differences. Therefore, if there are consistent but very weak differences between sexes in mammals, we might have not enough power to detect them. However, when our analysis was performed on effect sizes calculated from studies with more than 40 individuals, our measure of heterogeneity increased (I 2 = 0.84) (see electronic supplementary material, table S1), but results were qualitatively unchanged, suggesting that the overall absence of sex differences we found was not due to a power issue. However, it is worth noticing that for some moderators (e.g. only 9 effect sizes measured in white blood cells, only 11 effect sizes measured using TRFI), the number of computed effect sizes was very low, which might have prevented us to detect an effect of the tissue or the method in the meta-regression.

Our results were robust to publication bias, which contrasts with a previous meta-analysis looking at the relationship between TL and mortality in non-model vertebrates [6] where a substantial publication bias was reported. The absence of a publication bias in our analyses could be explained by the fact that sex-specific TL measurements we compiled for the meta-analysis were generally not the main focus of the papers we retrieved.

We failed to find any consistent sex differences in TL across vertebrates or within any single class of vertebrates. This absence of a difference does not support the main evolutionary hypotheses (i.e. the heterogametic sex disadvantage and the life-history hypotheses) that have been proposed to explain sex differences in TL in humans. Our findings also call into question the possible role played by sex hormones in sex differences in TL. Testing hypotheses across broad sets of species beyond humans is essential to understand the evolutionary roots of sex differences in TL. The increasing number of publications on many different species should allow clarifying the causes and consequences of TL in the next future and should be beneficial for both evolutionary biology and medical sciences. Males could grow either normal horns (85% of males) or small and misshapen horns, termed scurred horns (15% of males). Females have smaller horns than males but can have normal (35% of females), scurred (37% of females) or no horns at all, termed polled horns (28% of females) (See Figure 4.3). Most of the genetic variation in horn sheep morphology is explained by a single gene, the relaxin-like receptor 2 (RXFP2), a gene whose two alleles Ho + and Ho P have been identified in the Soay sheep [START_REF] Johnston | Genome-wide association mapping identifies the genetic basis of discrete and quantitative variation in sexual weaponry in a wild sheep population[END_REF]. The Ho + allele is dominant and Female Soays reach reproductive maturity during their first year, with (depending of the year), between 6% and 81% conceiving in the first November of their lives and giving birth to their first lamb around their first birth day. Most females have singletons, however twins account for 2%-23% of births [START_REF] Clutton-Brock | Persistent Instability and Population Regulation in Soay Sheep[END_REF]. Breeding probability increases drastically after the yearling stage (> 1-year-old) and remains high until about 7 years old when it starts to decline [START_REF] Hayward | Reproductive senescence in female Soay sheep: Variation across traits and contributions of individual ageing and selective disappearance[END_REF].

Ram lambs (7-months-old) are sexually mature and participate to the rut, however their breeding success is very low. Breeding success in males is highly dependent of their horn-type; annual breeding success in normal-horned rams drastically increases after the yearling stage and then start to decline around 5-years-old (See Figure 4.5; Robinson et al., 2006). However, a more recent analysis in normal-horned rams found an increase in annual reproductive success until 7 years of age without any change after [START_REF] Hayward | Asynchrony of senescence among phenotypic traits in a wild mammal population[END_REF]. Annual breeding success in scurred-horned rams remain low and declines progressively from the age of 5 years old (Robinson et al., 2006) The rut occurs in autumn when females come into oestrus, with a peak in mid-November. However, males begin to engage in butting and horn-clashing fights as early as September to establish dominance relationships (Clutton-Brock & Pemberton, 2003). About 60% of Soay rams had cervical vertebrae fractures, according to skeleton examinations, likely as a result of these fights [START_REF] Preston | Dominant rams lose out by sperm depletion[END_REF]. During the rut rams spend much of their time inspecting females for oestrous. When a ram finds a female in oestrus, he may engage in mateguarding behaviour, until another dominant male takes over. A ram can guards a female for several hours, mating her repeatedly (Clutton-Brock & Pemberton, 2003). Groups of males may also chase a female until a dominant male regains control or until the female decides to stop. In this case, some of the males chasing her will mate with the female. The Soay sheep is therefore a promiscuous species, as males and females will mate several times during the same period of receptivity (Clutton-Brock & Pemberton, 2003).

Each year during the birth season (that occur mainly from April to May) lambs from the Village Bay population are captured shortly after birth. They are measured, weighted, and ear-tagged for further identification. Their horn type and coat colour are also recorded. During August the main catch session occurs. In brief, around 50-60% of resident sheep of the Village Bay population are caught using temporary corral traps. They are measured and weighed. The horns are measured in two ways: horn length from the base to the tip along the outer curvature and horn circumference at the base of the horns. In males, testes circumference at the widest point of the scrotum is also recorded. Every captured sheep is blood sampled for, among other things, telomere length analysis.

Telomere length measurement:

Our analyses used the same August blood samples, telomere length measurement methods and quality control levels as described previously in Froy and colleagues (2021).

Concisely, relative telomere length (RTL hereafter) measurement were made from 1586 individuals that were blood sampled across years 1998-2016 (Froy et al., 2021). Genomic DNA for each sample was extracted from the buffy coat layer and eluted to 150μl in elution buffer.

Relative leukocytes telomere length was measured using Real-time quantitative polymerase chain reaction (qPCR). Following previously established methods in sheep and cattle (Fairlie et al., 2016;[START_REF] Seeker | Method Specific Calibration Corrects for DNA Extraction Method Effects on Relative Telomere Length Measurements by Quantitative PCR[END_REF], we used beta-2-microglobin as our non-variable copy number reference gene. On the same qPCR plate, the reference gene and telomere samples were run in different wells. To account for plate variance, each plate also contained eight calibrator samples and two non-template controls (NTCs) made using nuclease-free water. Serially diluted samples of the calibrator were used to estimate a standard curve, and all samples (controls, calibrators, and tests) were conducted in triplicate. The amplification curves were adjusted for baseline fluorescence using the linregpcr software programme (version 2016.0, [START_REF] Ruijter | Amplification efficiency: Linking baseline and bias in the analysis of quantitative PCR data[END_REF], and well-specific reaction efficiencies and cycle quantification (Cq) values were computed. Samples were discarded if the coefficient of variation (CV) across triplicate Cq values and triplicate PCR efficiency values for either amplicon was greater than 5%, or if the efficiency of at least one of their triplicate reactions was 5% more or lower than the mean efficiency across all wells on that plate for the relevant amplicon. RTL was then computed for each sample (as per Pfaffl, 2001) using average reaction efficiencies for each plate and Cq computed by linregpcr as follows:

Introduction:

There are many advantages for individuals of growing fast, such as reduced predation risk or reaching sexual maturity faster [START_REF] Arendt | Adaptive Intrinsic Growth Rates: An Integration Across Taxa[END_REF]. However, growth rates can be highly variable among individuals in the same population. One possible explanation for this variation is that growth rates are determined by available resources in the environment, and the limited amount of resources in natural populations may limit an individual's growth. Nonetheless, animals with unlimited access to food grow at a lower rate than their physiological maximum [START_REF] Dmitriew | The evolution of growth trajectories: What limits growth rate?[END_REF][START_REF] Metcalfe | Compensation for a bad start: Grow now, pay later?[END_REF] meaning that high growth rates come at a cost and that observed growth rates are a result of a trade-off between costs and benefits of growing faster [START_REF] Metcalfe | Growth versus lifespan: Perspectives from evolutionary ecology[END_REF]. Indeed, from a life-history perspective, individuals in a population have to allocate their limited pool of resources among life-history traits such as growth, reproduction and somatic maintenance (Stearns, 1992), in line with predictions from the disposable soma theory (Kirkwood & Rose, 1991). Hence an increase in energy allocation toward early-life growth may be detrimental for late-life performance (Lemaître et al., 2015;[START_REF] Metcalfe | Growth versus lifespan: Perspectives from evolutionary ecology[END_REF]. Evidence for trade-offs between growth and survival have been found both in laboratory models [START_REF] Lee | Experimental demonstration of the growth rate-lifespan trade-off[END_REF][START_REF] Olsson | Growth to Death in Lizards[END_REF][START_REF] Rollo | Growth negatively impacts the life span of mammals[END_REF] and documented in wild populations of mammals [START_REF] Douhard | The cost of growing large: Costs of post-weaning growth on body mass senescence in a wild mammal[END_REF][START_REF] Green | Trade-offs between growth and reproduction in female bison[END_REF].

While the search for proximate mechanisms mitigating life history trade-offs is a major challenge in the study of ageing, recent work suggest that telomere dynamics may play an important role (Monaghan & Haussmann, 2006;Monaghan & Ozanne, 2018).

Telomere length and telomere dynamics are receiving increasing attention in evolutionary research (See Chapter 1). Telomeres, the protective cap of the chromosome's end, are composed of repeated nucleotide sequences (TTAGGG in most vertebrates species) located at the extremity of chromosomes (Blackburn, 1991). Telomeres are required to prevent the DNA repair machinery from being activated incorrectly at the ends of linear chromosomes [START_REF] De Lange | How Telomeres Solve the End-Protection Problem[END_REF]. They also play a key function in chromosomal segregation during cell division and prevent chromosomal fusions during mitosis (Aubert & Lansdorp, 2008).

Telomeres shorten with each round of cell replication due to the 'end-replication problem' and are highly sensitive to oxidative damage due to their guanine-rich composition (Kawanishi & Oikawa, 2004;Levy et al., 1992;Reichert & Stier, 2017). Once they reach a critical threshold, the shortest telomere in a given cell will trigger the DNA damage response, leading cell division to stop and ultimately to apoptosis (Hemann et al., 2001). To compensate for the natural shortening of telomeres, the enzyme telomerase is able to synthesize new telomeric DNA [START_REF] Greider | Identification of a specific telomere terminal transferase activity in tetrahymena extracts[END_REF]. However, telomerase elongates only a few telomeres during a given cell cycle, meaning that telomeres shorten even in telomerase-expressing somatic cells (Armanios & Blackburn, 2012). In addition, while in birds, some long-lived species are known to maintain telomerase activity throughout their lifespan (Haussmann et al., 2007), telomerase activity in somatic tissues seems to be repressed in most large mammals shortly after birth (Gomes et al., 2011). In that respect, telomeres shorten with age in most vertebrates (See Chapter 1, [START_REF] Remot | Decline in telomere length with increasing age across nonhuman vertebrates: A meta-analysis[END_REF] and there is now mounting evidence that short telomeres are associated with higher mortality risk among vertebrates (Wilbourn et al., 2018) and that the rate of telomere shortening is linked to maximum lifespan in birds (Tricola et al., 2018).

Telomere shortening is thought to play an important role in the growth-lifespan tradeoff (Monaghan & Ozanne, 2018). Indeed, growth occurs as a result of increases in cell size and/or in cell number [START_REF] Arendt | Ecological correlates of body size in relation to cell size and cell number: Patterns in flies, fish, fruits and foliage[END_REF]. However, cell size does not vary sufficiently to account for the vast differences in body size that we see among species, meaning that larger bodies mean more cell division. Thus, because telomeres shorten with each cell division due to the endreplication problem, it is expected that by increasing the number of cell divisions, growth would accelerate telomere shortening. In addition, fast growth is also associated with an increase in ATP production in the mitochondria, leading to an increase in oxidative stress and ROS production (Kim et al., 2011). As a result, an increase in growth rate would be expected to accelerate telomere shortening.

There is now growing evidence that most telomere loss is observed in early-life during the growth period in mammals [START_REF] Daniali | Telomeres shorten at equivalent rates in somatic tissues of adults[END_REF]Froy et al., 2021;Seeker et al., 2018) and birds (Hall et al., 2004;Heidinger et al., 2012; but see [START_REF] Remot | Decline in telomere length with increasing age across nonhuman vertebrates: A meta-analysis[END_REF]. In addition, negative relationships were found between growth rate and telomere loss both in the lab [START_REF] Salmón | Growth acceleration results in faster telomere shortening later in life[END_REF] and in natural populations of vertebrates [START_REF] Geiger | Catching-up but telomere loss: Half-opening the black box of growth and ageing trade-off in wild king penguin chicks[END_REF]Mclennan et al., 2016).

However, there is no real consensus so far due to the number of studies that failed to find such relationships or find the opposite relationship (See Table 1.2 in Chapter 1). Indeed, no correlations were found between growth and telomere attrition in common tern chicks (Sterna hirundo) (Vedder et al., 2017a), and wing growth was positively associated with telomere length in black-legged kittiwake chicks (Rissa tridactyla) (Young et al., 2017). High growth rates were associated with reduced telomere shortening in black-tailed gull chicks (Larus crassirostris) [START_REF] Mizutani | How Do Growth and Sibling Competition Affect Telomere Dynamics in the First Month of Life of Long-Lived Seabird?[END_REF]. Because of the difficulty of analysing growth rates at the individual level in natural populations (e.g. repeated body mass measurement during the growth phase) and because most of the research on telomere dynamics in wild populations has been done so far on birds (See Chapter 1), little is known about the effect of growth on telomere dynamics in wild mammals.

Here, we tested whether telomere dynamics could mediate life-history trade-offs by testing the relationship between growth and telomere length in a free-living population of Soay sheep (Ovis aries) on the St Kilda archipelago. Growth during the first four months of life in this species impacts overwinter survival: heavier lambs have higher probabilities to survive their first winter [START_REF] Clutton-Brock | Early Development and Population Fluctuations in Soay Sheep[END_REF]. Telomere length (TL) has been found to decline with age in this species with a marked decline the first year of life followed by a slower linear decline thereafter (Froy et al., 2021). Moreover, telomere length is heritable (around 20%) and is positively associated with longevity (Fairlie et al., 2016;Froy et al., 2021). This relationship between TL and longevity is not due to any within-individual association between changes in TL over time but rather to the selective disappearance of individuals with shorter average telomeres (Froy et al., 2021). Using a smaller dataset, previous work found that body mass was not associated with telomere length in this species (Watson et al., 2017), however growth per se has never been analysed. Using the exceptionally detailed long-term monitoring of Soay sheep on the St Kilda archipelago (Scotland), we predicted that bigger lambs at birth would have shorter telomeres due to the cost of embryonic growth. We also predicted that higher growth rate during the first four months of life would be associated with reduced telomere length, and that this relationship will be stronger in males than females as males are the faster growing, larger bodied sex (males are 22% heavier than females at birth and 48% heavier as adults). In addition, Soay sheep develop horns that start to grow directly after birth. Previous study found a negative relationship between horn length and telomere length in lambs (Watson et al., 2017). Thus, using a bigger dataset we wanted to test whether this negative relationship between horn growth and telomere length is still present.

Material & Methods:

The Soay sheep is a primitive breed of sheep that has been living on the Saint-Kilda archipelago for around 4000 years. Soay sheep of the Village Bay population on Hirta island have been the subject of an individual-based study since 1985. The species and the population has been fully described in Chapter 4

To assess whether growth predicts telomere length in Soay sheep lambs, we included in our analysis lambs (first year of life) of both sexes (n = 841, 387 males and 454 females). All lambs were captured and weighted shortly after birth (mostly within their first week) in April/May. During the summer catch in August, lambs were measured a second time (weight, body size, horn size) and blood sampled for TL measurements. Regarding the weight at birth, to take into account that individuals were not captured at the exact same age, we standardized birth weight by the median age at first capture (at 2 days old) using a linear model that include birth weight as response variable and the age at first capture (in days) as an explanatory variable (Figure 5.1). This standardization was the same for both sexes since the factor sex was not significant. We have also considered biologically meaningful interactions between sex and the weight in August to see whether the cost of growth could be different between males and females and the interaction between the sex and the type of horn to assess whether the cost of growing normal horn could be different between the sexes.

In a second step, we decided to assess the cost of growing large horns in lambs. We then decided to run the same model as above but this time replacing the type of horn by the horn size (i.e. horn length or horn circumference). For these analyses, we restricted our dataset to normalhorned lamb (n = 468 individuals, 124 females, 344 males). The influence of horn length and horn circumference on TL was tested separately because they were highly correlated (above the variance inflation factor threshold of 0.7 advocated by [START_REF] Dormann | Collinearity: A review of methods to deal with it and a simulation study evaluating their performance[END_REF]. We also calculated the median and 95% CIs for the difference in RTL for individuals in different categories by calculating pairwise contrasts using emmeans version 1.7.5 [START_REF] Lenth | emmeans: Estimated Marginal Means, aka Least-Squares Means[END_REF].

Data visualization was performed using ggplot2 version 3.3.6 (Wickham et al., 2022).

Results:

When tested separately, we only found an effect of the type of horn, with normal-horned individuals having shorter telomeres than not normal-horned individuals, (Estimate ± SE = 0.0369 ± 0.0174) (Table 5.2, Figure 5.2). We also found that following our predictions, August weight alone and August weight corrected for birth weight (our proxy of post-natal growth) have a negative influence on telomere length, however those two relationships were not significant.

Table 5.2: Estimate, standard error and P-value for the association between telomere length and traits described in Table 5.1 in Soay lambs. Each trait was tested separately. Significant trait is in bold. Post-natal growth corresponds to August weight corrected for birth weight. References groups are male, twin and not normal horn for sex, twin status, and horn type, respectively. Using the full model (which includes all the traits previously tested), we found that males have longer telomeres than females (Estimate ± SE = 0.0588 ± 0.0228) and that normalhorned individuals have longer telomeres than not-normal horned individuals (Estimate ± SE = 0.0636 ± 0.0222) (Table 5.3, Figure 5.3). Once controlled for the birth weight, we also found a negative relationship between telomere length and the weight in August (Slope estimate ± SE = -0.0131 ± 0.0055) (Table 5.3, Figure 5.4), which indicates that post-natal growth has a negative impact on telomere length in lamb Soay sheep. The interactions between sex and August weight and sex and the type of horn were not significant and were dropped form the model. 5.3). Points represent raw data (n = 841 lambs), black line show prediction from the model (Table 5.3), shadings represent 95% confidence intervals around the prediction.

Traits

(A) (B)

Since we tested the type of horn as a two-level factor, we decided to go deeper in the relationship between sex and horn type by creating a five-level factor including the sex and the horn type of individuals (i.e. normal, polled or scurred horns in female and normal or scurred horns in male). Using the same full model than before, we removed the sex factor and replace the Horn type factor by the five-level Sex & Horn type factor. Using this model, we found that only females with normal horns have shorter telomeres than all other group (Table 5.4, Figure 5.5). Hence, the sex and horn type effect we found in the previous model is only driven by normal-horned female lambs. In line with our previous results, we found the same negative association between post-natal growth and telomere length (Table 5.4) which confirmed that this effect is independent of the other effects. Finally, regarding the analysis of horn size, using the dataset on normal-horned lambs, we did not find any effect of horn length (Estimate ± SE = -0.0004 ± 0.0004) (Table 5.5A) nor horn circumference (Estimate ± SE = -0.0014 ± 0.0008) (Table 5.5B) on telomere length. In line with our previous results, we found that male have longer telomeres than females.

However, contrarily to our prediction, the weight at birth is positively associated with telomere length (Estimate ± SE = 0.0780 ± 0.0332 and 0.0762 ± 0.0330 for the model testing the effect of horn length or horn circumference respectively). In addition, while the negative effect of August weight remains in the same range than in our previous model on Soay lambs, the effect became non-significant in both models. 

Discussion:

We found support for the hypothesis that early-life growth and telomere length are negatively associated. Indeed, we found that lambs who grew faster also had shorter telomeres.

However, contrarily to our predictions, this effect of growth is not sex-specific despite males growing larger than females. Contrarily to our predictions, we did not find any evidence for an embryonic cost of growth on telomere length since birth body mass were not associated with telomere length. This contrasts with the unique published study so far that tackled the question of a cost of growth on telomere length in a wild mammal species (Spießberger et al., 2022). In this study they found that, in wild boar (Sus scrofa), telomere length measured at birth was negatively correlated with birth body mass highlighting a detrimental effect of fast embryonic growth on telomere length. Still in opposition to our results, they did not find any association between early-life growth and telomere length. Multiple reasons can explain such discrepancies. First, regarding pre-natal growth, they were able to measure telomere length directly at birth, while in our study telomere length were measured at four months old and we don't know the dynamic of telomere length in the sheep between birth and 4 months old. To assess whether embryonic growth could impair telomere length, it would be more accurate to measure telomere directly at birth in the sheep. Regarding post-natal growth, individuals in the boar study were kept in captivity: sows were kept under high food availability during gestation and lactation, whereas in our study, Soay sheep population is wild and unmanaged. Hence, by providing high resources availability, direct trade-off may not occur because individuals may have enough resources to allocate to both growth and somatic maintenance (i.e. telomere length in this case), masking such trade-off. In addition, their sample size was considerably smaller than ours (from 24 to 11 individuals compared to 841 in our analysis) which may limit their power to detect small effect sizes.

Our study is the first to find a negative association between an early-life body mass growth and telomere length in a wild mammal population. This work adds to the growing literature on the cost of growth on telomere length (reviewed in Chapter 1). However, while theoretical background predicts that growing fast would accelerate telomere shortening due to an increase of cellular division and an increase of ROS production (Monaghan & Ozanne, 2018), evidence from wild populations remains mixed and equivocal and no clear consensus seems to emerge from the existing literature. While some studies in the wild found negative association between post-natal growth and telomere length (Grunst et al., 2019;[START_REF] Herborn | Stress exposure in early post-natal life reduces telomere length: An experimental demonstration in a long-lived seabird[END_REF]Sheldon et al., 2021), some did not find any association (Costanzo et al., 2017;Tschirren et al., 2021;Vedder et al., 2017) or even a positive association (Wolf & Rosvall, 2021;Young et al., 2017) making it almost impossible to conclude regarding a general pattern. However, research on that particular topic is growing, motivated in part by recent reviews (Monaghan & Ozanne, 2018). Although little data is available at present, except in birds, it is likely that a meta-analysis will be feasible in the near future, thanks to the exponential increase in the number of articles published on that subject. Indeed, a meta-analysis on that topic would provide valuable insights, allowing a global pattern to be defined.

Finally, following our predictions, we found that normal-horned individuals have shorter telomeres than not normal-horned lambs. However, the sex effect was opposite to the prediction and previous findings (Froy et al., 2021;Watson et al., 2017) with females having shorter telomeres than males. Nevertheless, those effects, independently of the post-natal growth effect we found, were underpinned by complex interactions between sex and horn type.

Indeed, only females growing normal horns have shorter telomeres than males and females with other horn type (i.e. polled and scurred horns). This effect was independent of horn size since we didn't find any relationship between horn size and telomere length. As a secondary sexual trait, the cost of growing weaponry such as horns are mainly studied in males in the context of sexual selection and little is known in females. While in males, horns are used to gain access to reproduction, females used their horns for intrasexual competition over resources [START_REF] Robinson | Function of weaponry in females: The use of horns in intrasexual competition for resources in female Soay sheep[END_REF]. Hence, in the Soay sheep, horn type is under selection in both females and males.

Regarding life histories, normal horned males have a higher annual breeding success but live shorter than scurred horned males [START_REF] Johnston | Life history trade-offs at a single locus maintain sexually selected genetic variation[END_REF]Robinson et al., 2006). As a consequence, there is no difference in lifetime breeding success between normal and scurred horned males (Robinson et al., 2006). On the contrary, normal horned females have a slightly reduced annual breeding success than scurred and polled horned females, however polled horned females live shorter and have reduced lifetime breeding success than normal and scurred horned females (Robinson et al., 2006). Therefore, our knowledge regarding horn type in the Soay sheep does not follow the pattern we found on telomere length. Despite the effect we found was weak, it highlights that telomere length doesn't behave like a simple marker of lifehistory trade-offs. It's a complex, composite biomarker which is likely picking up complex, multifaceted physiology processes.

In conclusion, we have found a weak but significant negative relationship between postnatal growth and telomere length the first four months of life in a natural population of a wild mammal, the Soay sheep. This work adds to the growing literature seeking to link telomere dynamics and life-histories in natural populations. However, our results, highlights that telomere length may be a complex biomarker that may need long-term data to reveal associations with life-history traits.
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Chapter 6: Does male allocation to sexual competition increase telomere loss in Soay sheep (Ovis aries)?

Introduction:

Assessing factors that underlie the variability in longevity and senescence patterns in living organisms is a salient issue in evolutionary biology (Nussey et al., 2013). To date, one of the predominant evolutionary theories seeking to explain the evolution of senescence, 'the disposable soma theory' introduced by Kirkwood (Kirkwood, 1977) is mainly based on an energy allocation trade-off between high reproductive effort early in life and a decrease in survival and reproduction probabilities later in life (Kirkwood & Rose, 1991, Chapter 1). This theory predicts that because cellular damage occurs constantly, organisms have developed repair mechanisms to limit and repair those damages (i.e. the maintenance of the soma).

However, because such mechanisms are energetically costly, organisms, have to make a compromise in energy allocation between reproduction and somatic maintenance to maximize their fitness. Those compromises in energy allocation, also called trade-offs, constitute the basic concept of life-history theory (Stearns, 1992).

Many experimental studies support the existence of trade-offs between reproductive effort and long-term survival [START_REF] Cox | Experimental evidence for physiological costs underlying the trade-off between reproduction and survival[END_REF][START_REF] Partridge | Effects of egg-production and of exposure to males on female survival in Drosophila melanogaster[END_REF][START_REF] Tissenbaum | An Insulin-like Signaling Pathway Affects Both Longevity and Reproduction in Caenorhabditis elegans[END_REF]. In addition to experimental studies, studies of ageing "in the wild" have also highlighted the existence of these trade-offs in natural populations (see Lemaître et al., 2015 for a review).

However, historically, costs of reproduction were mainly studied in females for both biological and technical reasons. Indeed, in many species, female gametes (i.e. eggs) are bigger than sperm, the male gametes and the energetical cost of egg production is generally considered higher than the energetical costs of sperm production [START_REF] Hayward | The Cost of Sex: Quantifying Energetic Investment in Gamete Production by Males and Females[END_REF]. In addition, in mammals, females are expected to devote a lot of energy following mating due to the cost of gestation and lactation [START_REF] Clutton-Brock | Fitness costs of gestation and lactation in wild mammals[END_REF][START_REF] Gittleman | Energy Allocation in Mammalian Reproduction1[END_REF]. Thus, females are expected to devote more energy toward reproduction than males which makes trade-offs easier to observe. In addition, studies measuring reproductive success mostly focused on females due to the ease of assigning maternity versus paternity. It was not until the emergence of genetic paternity analysis that the question of the long-term cost of reproduction in males could fully be addressed. This question is of prime importance, since in many species, the male reproductive expenditure is, in fact, far to be cheap.

Sexual selection was defined by Darwin as selection "that depend on the advantage which certain individuals have over other individuals of the same sex and species solely in respect of reproduction" [START_REF] Darwin | The descent of man and selection in relation to sex[END_REF]. As a result, sexual selection could be seen as an intra-specific competition for reproduction and explain the development of extravagant sexual traits in individuals (generally males) of many species [START_REF] Clutton-Brock | Sexual selection in males and females[END_REF]. In addition, since variance in male reproductive success is large, it is generally thought that sexual selection is stronger in males than in females [START_REF] Bateman | Intra-sexual selection in Drosophila[END_REF][START_REF] Hosken | Sexual selection[END_REF]but see Clutton-Brock, 2007). As a result, in many species, males devote a lot of energy toward the growth and the maintenance of traits conferring them an advantage in terms of reproductive success. Sexual competition can be divided in two stages: before and after mating (pre-and post-copulatory competition, respectively, see [START_REF] Andersson | Sexual selection and mate choice[END_REF][START_REF] Parker | Sperm Competition and the Evolution of Ejaculates: Towards a Theory Base[END_REF]. Accordingly, males have developed traits to compete successfully for both stages. Hence, in order to secure mating opportunities, males developed pre-copulatory traits such as weapons (e.g. antlers, horns), ornaments (e.g. plumage coloration) or behaviour that confer advantages in terms of intrasexual competition and/or mate choice [START_REF] Andersson | Sexual Selection[END_REF]. On the other side, in species where females mate with multiple males during a given period of receptivity, sperm of males would compete for fertilization (i.e. sperm competition) [START_REF] Parker | Sperm Competition and Its Evolutionary Consequences in the Insects[END_REF]. Hence, to increase the probability of fertilizing a female, post-copulatory adaptations have arisen in males. For instance, in several mammalian species, males developed keratinised spines at the surface of their penis. Those spines may be the source of lesions in the female reproductive tract, which may prevent mating with other males [START_REF] Orr | All Features Great and Small-The Potential Roles of the Baculum and Penile Spines in Mammals[END_REF]. In the context of post-copulatory competition, most commonly described adaptations are ejaculate-related traits, and, in particular, sperm quantity, with higher number of sperm within ejaculate linked to a higher probability of fertilisation [START_REF] Pizzari | Sperm competition and sperm phenotype[END_REF]. As a result of a higher sperm production, males in those species would developed larger testes related to their body mass [START_REF] Parker | The evolution of expenditure on testes[END_REF].

Most studies looking at the long-term fitness cost of reproduction focused mainly on precopulatory traits, and, as predicted, high male reproductive expenditure in pre-copulatory traits can have deleterious consequences in terms long-term survival. For example, individuals with faster horn growth in the Bighorn sheep (Ovis canadensis) have a shorter life expectancy [START_REF] Geist | The Evolutionary Significance of Mountain Sheep Horns[END_REF]. On the contrary, the survival costs of allocation to post-copulatory traits have been much less studied although there are many reasons to believe that they are physiologically costly to develop and associated with fitness costs in late-life (Lemaître et al., 2020).

Various proximate mechanisms are thought to underlie the cost of reproduction, defined as the decreased in survival prospect and/or future reproduction due to present reproduction, (e.g. hormonal regulation, immune function) [START_REF] Harshman | The cost of reproduction: The devil in the details[END_REF] and telomere shortening has been hypothesized to be a mediator of trade-offs, with shorter telomeres reflecting investment in energetically costly mechanisms such as reproduction, in its broader sense (Monaghan & Haussmann, 2006;Young, 2018) (See Chapter 1 for a detailed description of telomeres). Indeed, based on the fact that reproductive allocation increases the level of oxidative damage and the cell turnover rate (Young, 2018), a high allocation of resources toward reproductive traits involved in both pre-and post-copulatory competition may entail an increase of telomere shortening rate which may have deleterious consequences in terms of late-life survival and/or reproduction. Consequences of strong allocation to pre-copulatory traits have be seen at the telomere level. In the Australian painted dragon (Ctenophorus pictus), a species whose males display head coloration to attract females, males that are better able to keep their coloration during the reproductive season also underwent more telomere erosion (measured in red blood cells) (Giraudeau et al., 2016). To date, only one study has tested for an association between the allocation towards post-copulatory traits and telomere dynamic in a wild vertebrate [START_REF] Friesen | Covariation in superoxide, sperm telomere length and sperm velocity in a polymorphic reptile[END_REF]. Still in the Australian painted dragon, a species where males display various colour morphs and related reproductive tactics, morphs that are known to invest more in sperm production have shorter sperm telomere length than the other morphs [START_REF] Friesen | Covariation in superoxide, sperm telomere length and sperm velocity in a polymorphic reptile[END_REF]. Shorter sperm telomere length has been associated to semen quality and infertility and thus to reproductive performance [START_REF] Cariati | Investigation of sperm telomere length as a potential marker of paternal genome integrity and semen quality[END_REF][START_REF] Darmishonnejad | Relationship between sperm telomere length and sperm quality in infertile men[END_REF]. However, positive relationship between telomere length and reproduction could also occur. For example, in the dunlin (Calidris alpina), individuals with longer telomeres have a higher lifetime reproductive success (Pauliny et al., 2006). Indeed, due to positive correlations between lifehistory traits, in favourable environments, some individuals may not experience a trade-off between traits [START_REF] Tavecchia | Predictors of Reproductive Cost in Female Soay Sheep[END_REF]. Hence, individual of high phenotypic quality that are better at acquiring or assimilating resources may have a higher reproductive success without suffering any cost on survival (Reznick et al., 2000), or in our case, on telomere length. As a result, telomere length has been hypothesized to be a biomarker of individual quality. Overall, studies seeking to investigate the possible costs of allocation to sexual competition in terms of telomere loss should seek to quantify the full reproductive expenditure (i.e. pre-and postcopulatory allocation). To date, most of the research has tried to relate male reproductive success with telomere dynamics (reviewed in Sudyka, 2019), however, much less have investigated the costs of allocating to reproductive traits per se.

Here, we investigated the relationship between telomere length and male allocation to reproductive traits in a free-living population of Soay sheep (Ovis aries) (Clutton-Brock & Pemberton, 2003). Soay sheep are promiscuous (i.e. males and females mate with multiple partners during the reproductive season) and males allocate a large amount of resources in the growth and maintenance of pre-copulatory traits (i.e. horn size, body size). Moreover, in response to sperm competition, males have developed large post-copulatory traits (i.e. testes size) and display conspicuous behaviour (e.g. mate-guarding) to maximize fertilization success.

The allocation to those traits are known to be positively linked to males reproductive success [START_REF] Preston | Overt and covert competition in a promiscuous mammal: The importance of weaponry and testes size to male reproductive success[END_REF]. Telomere length in the Soay sheep declines with age (Froy et al., 2021;Watson et al., 2017), is heritable (around 20%) (Froy et al., 2021) and is positively associated with survival (Fairlie et al., 2016), due to selective disappearance of individuals with shorter telomeres (Froy et al., 2021). Despite previous work finding sex differences in telomere length among adults with females having longer telomeres than males (Watson et al., 2017), recent work using a bigger dataset finds limited evidence for such differences (Froy et al., 2021). The association between TL and female reproductive performance has been investigated. Females that bred had shorter telomeres than females that do not bred. However, among females that bred, females that successfully weaned their offspring (and so paid any costs of gestation and lactation) had longer telomeres than females whose lamb died shortly after birth (and so paid costs of gestation and limited costs of lactation) (Ravindran et al., 2021). These results suggest complex relationships between TL and female reproduction in this system, which are not consistent with the idea that TL attrition reflects costs of reproduction in some simple, linear fashion. However, possible relationship between male reproductive investment and telomere length have never been analysed in male Soay sheep despite males are suspected to allocate a lot of energy in reproduction. Consequently, Soay sheep is a perfect system to analyse whether a strong allocation in male reproduction influence telomere dynamic. Using the exceptionally detailed long-term monitoring of Soay sheep on the St Kilda archipelago (Scotland), we predicted that males that allocate more in pre and/or post-copulatory traits would suffer more telomere erosion. Thus, as pre-copulatory traits, we investigated the relationships between body mass, horn size, horn growth and age-specific telomere length. Regarding post-copulatory traits, we tested whether testes size could impact age-specific telomere length. Finally, we also investigated the link between male reproductive success and telomere length.

All analyses were performed in the program R version 4.0.2 (R Core Team, 2020) using the package glmmTMB v1. 1.2 (Magnusson et al., 2021). Since relative telomere length (RTL hereafter) was normally distributed, we ran linear mixed models to determine which traits have an influence on RTL. To account for variation associated to measurement error of RTL we included the qPCR plate and row as random factor in all the models describe below. Similarly, we also included the year of sampling as random factor in all models. Finally, to account for repetitive measurement in same individuals, we added the ID as random factor in all models.

Data visualization was performed using ggplot2 version 3.3.6 (Wickham et al., 2022).

In the first analysis we wanted to assess whether the type of horn could have an effect on telomere length. We predicted that scurred males have longer telomeres than normal-horned since they are expected to devote a lower amount of resources towards growing large horns.

We then ran a model with RTL as response variable and the horn type corrected for the body mass and the age of individuals as explanatory variables.

In a second step we tested the effect of age using age as explanatory variable for each horn phenotype. We expected a decline of telomere length with age as it was previously found elsewhere (Froy et al., 2021;Watson et al., 2017). In the following analyses we decided to restrict our dataset to normal-horned males.

Then, in a third step, to assess which reproductive variables predict telomere length alone, we tested every reproductive trait separately. Finally, since variables may be correlated to some degrees, we built a full model in order to test which effect were independent of one another. This model includes the age of individuals, the weight, the horn length, the horn circumference, the horn growth from the previous year, the testes circumference and the annual reproductive success from the previous year. We predicted that all these traits should be negatively associated with telomere length. Similarly, we didn't find any effect of a high investment in the targeted post-copulatory trait (i.e. testes circumference) on RTL (Figure 6.3A, Table 6.2). Finally, individuals with a higher reproductive success seem not to have shorter telomeres than individuals with a lower reproductive success (Figure 6.3B, Table 6.2 In order to consider additive costs of reproductive traits on telomere length in male Soay sheep we decided to build a model that include all reproductive traits together (Table 6.3). In this model, the effect of age we found previously completely vanished (Estimate ± SE = 0.009 ± 0.019) but we found a negative effect of Horn Length on telomere length (Estimate ± SE = -0.001 ± 0.0004).

A B However, almost every trait we tested are highly correlated with each other (Figure 6.4). Hence in the full model, because of multicolinearity the age effect disappeared and horn length became significant. 

Discussion:

While theory supports the idea that high allocation to growth and reproduction should entail a cost on telomere length, the growing number of studies in wild vertebrates investigating the link between telomere dynamics and life-history traits associated with allocation to growth and/or reproduction provide mixed evidence and remain equivocal (See Chapter 1 and Chapter 5). Here we decided to investigate the relationship between allocation to reproductive traits and telomere length in male Soay sheep, a promiscuous mammal facing a high level of sexual competition. While we predicted that a high investment in pre-and post-copulatory traits would entail an increase in telomere shortening, we did not find any association between reproductive allocation and telomere length in adult male Soay sheep. In addition, we didn't find any association between annual reproductive success and telomere length. Our results are at odds with previous study on female reproductive allocation in this population of Soay sheep.

Indeed, costs of reproduction has been found in female Soay sheep on telomere length (Ravindran et al., 2021) where females that gave birth having shorter telomeres, measured at the end of the weaning period, than females that did not give birth suggesting a cost of gestation.

However, they also found that females that gave birth and that successfully weaned their lamb (and so should entail the cost of gestation and lactation) have longer telomeres than females that gave birth to a lamb that died shortly after birth. Meaning that this time telomere length act as a biomarker of individual quality. In our analyses we didn't find any evidence that telomere shortening is a cost incurred by a high investment in reproduction nor that telomere dynamic is a biomarker of individual quality in adult male Soay sheep.

To investigate the physiological cost of the investment in pre-copulatory traits on telomere length, we used measures of weight, horn length, horn circumference and horn growth from the previous year. By using horn length and horn circumference we consider the full past male allocation to horn whereas horn growth represents the male allocation to horn from the previous year. However, in our analyses we didn't find any effect of horn size, whether we tested horn length/circumference or horn growth, on telomere length. Using a smaller dataset, previous work on the Soay sheep found a negative relationship between horn length and telomere length in lambs (Watson et al., 2017). However, consistent with our results, they did not find any effect of horn length in adults once age was accounted for. We showed in a previous work (See Chapter 5) that by increasing the dataset in lambs, the negative relationship between horn length and telomere length vanished. Soay sheep is one of the few species of bovids where a cost of horn size has been observed on the long term [START_REF] Lemaître | The influence of early-life allocation to antlers on male performance during adulthood: Evidence from contrasted populations of a large herbivore[END_REF]. Indeed, horn size in normal horned-males has been shown to be positively associated with annual breeding success [START_REF] Preston | Overt and covert competition in a promiscuous mammal: The importance of weaponry and testes size to male reproductive success[END_REF]Robinson et al., 2006). However horn size has also been shown to be negatively associated with longevity. Those two associations lead to an absence of relationship between horn size and lifetime reproductive success in this species (Robinson et al., 2006). Our results suggest that it is unlikely that telomeres carry the cost of the investment in horn size in our Soay sheep population, in addition, they also suggest that telomere length do not mediate the relationship between investment in horn size and longevity in our species (Robinson et al., 2006).

Regarding post-copulatory traits (i.e. testis size), our analysis is the first to our knowledge that test whether a high allocation in a post-copulatory trait could have a cost on telomere length in a wild mammal. As for the investment in pre-copulatory trait, we did not find any physiological cost on telomere length associated with a greater investment in testis size. One possible explanation to this absence of cost might be the evolution of phenotypic plasticity in reproductive trait expenditure. In promiscuous species, males are sensitive to social cues to evaluate the level of sperm competition in order to adjust their allocation in sperm production [START_REF] Parker | Sperm Competition and the Evolution of Ejaculates: Towards a Theory Base[END_REF]. This plasticity in the quantity and/or sperm quality (e.g. sperm motility) have been repeatedly documented in mammals [START_REF] Kilgallon | Image content influences men's semen quality[END_REF][START_REF] Ramm | Adaptive plasticity of mammalian sperm production in response to social experience[END_REF]. In our study system, the level of sperm competition experienced by males could vary drastically from one year to another due to the greater male mortality during population crashes. Indeed, the adult sex-ratio (males:total number of individuals) is highly dependent of the population size and could vary from 0.1 (9 ewes for 1 ram) to 0.41 (Clutton-Brock & Pemberton, 2003). Following the sperm competition theory [START_REF] Parker | Sperm Competition and Its Evolutionary Consequences in the Insects[END_REF]Parker et al., 1997), male Soay sheep might be able to adjust their allocation in sperm production according to the sex ratio in a given year. And while we expect a cost of plasticity (see DeWitt et al., 1998 for a review which lists various expected costs of plasticity), the evolution of plasticity may have evolved to buffer the physiological cost of sperm production [START_REF] Lemaître | Sex differences in adult lifespan and aging rates of mortality across wild mammals[END_REF]. Finally, another technical explanation is that rut in the Soay sheep happens in November but telomere length and testes size are measured in August. We know that testes size in August are linked to testes size in November (Preston et al., 2012), however testes size increase by 18% in average as the rutting season approaches (Preston et al., 2012). Hence, using measurements made in August may be misleading and may not represent correctly the investment in sperm production during the mating period. Previous works on telomere dynamics in the Soay have shown that effect sizes on telomere length are always weak (See Chapter 5, Froy et al., 2021;Ravindran et al., 2021), hence, using testes size in August as an approximation of post-copulatory investment may mask the real cost, especially because we tend to see weak effects on telomere length in Soay sheep.

The absence of association between reproductive allocation and telomere length in adult male Soay sheep could also be explained by the fact that we looked at immediate costs. Indeed, in our analysis, we tested an effect of the investment in reproductive traits on telomere length, both measured at the same capture event. In addition, telomere length was measured in leukocytes whereas we look at the investment in horn and testis which are two different tissues, distinct from circulating white blood cells. While there is correlation between tissues in telomere length (Demanelis et al., 2020;[START_REF] Reichert | Telomere Length Correlations among Somatic Tissues in Adult Zebra Finches[END_REF], we could wonder whether the cost of growing large horns/testis could be seen on leukocytes telomere length and, if yes, whether this cost may be delayed, explaining why we did not found any association. Another explanation is that the cost of a high investment in reproduction in male Soay sheep is not paid at the telomere level but at other physiological process such as immunity. In previous works, anthelminthic treatment was administered to Soay sheep to rid them of their parasitic burden [START_REF] Gulland | The role of nematode parasites in Soay sheep (Ovis aries L.) mortality during a population crash[END_REF][START_REF] Gulland | Parasite-associated polymorphism in a cyclic ungulate population[END_REF]. Treated yearling males gained a 85% increase in body mass and grew their horns 25% longer than control males the year following the treatment (Clutton-Brock & Pemberton, 2003). Costs of reproductive allocation on immunity have also already be found in the Soay sheep where females with a higher reproductive effort have a more rapid increase in nematode faecal egg count than females with a lower reproductive effort [START_REF] Hayward | Reproductive effort influences intra-seasonal variation in parasite-specific antibody responses in wild Soay sheep[END_REF] suggesting a cost of a high reproduction investment on the efficiency of the immune system. Such associations between immunity and reproductive investment remains to be tested in male Soay sheep. However, previous works suggest an intertwined relationship between horn, reproduction, immunity and survival in this species. It is therefore possible that the association between reproduction and telomere length may be weak compared to other processes such as immunity. In overall, our findings confirm that telomere length is not a straightforward biomarker of cost of reproduction.

with increasing age in non-model vertebrates. Using data on 98 species of vertebrates, I found that, overall, telomere length declines in adulthood with increasing age. This result suggests that telomere attrition with age seems to be the rule rather than the exception, thus supporting the hypothesis that telomere dynamic is a marker of ageing.

In Chapter 3, using a set of meta-analyses, I challenged the idea that sex differences in life expectancy could be explained by sex differences in telomere length. Indeed, the gender gap in longevity is now well-documented. In mammals for instance, females aged slower and lived longer than males in most species (Lemaître et al., 2020). While those discrepancies are well known, the physiological mechanisms underlying them remain highly debated. Since in humans, women have longer telomeres than men (Gardner et al., 2014;Lapham et al., 2015) and both telomere length and telomere rate of change are linked with mortality (Tricola et al., 2018;Wilbourn et al., 2018), it was suggested that sex differences in telomere length underlie the sex differences in life expectancy (Barrett & Richardson, 2011). Contrarily to our predictions, our analyses found that in overall, there were no sex differences in telomere length.

In addition, further analyses suggest that sex differences in life expectancy are not explained by sex differences in telomere length.

Thus, the use of meta-analyses allowed me to assess general patterns such as the decline of telomere length with age or the absence of sex differences in telomere length. In addition, since meta-analyses aim to be exhaustive in a particular field, they also allowed me to identify biases and grey areas in the literature. One bias that was found in both chapters is taxonomic bias. Most of the data regarding telomere dynamics in non-model vertebrates comes from birds (45 out of 98 species in Chapter 2 and 28 out of 52 species in Chapter 3). In addition, most of the studies measuring telomeres by TRF are in birds, whereas most data on mammals comes from qPCR measurement. However, the method of measuring telomeres explains most of the heterogeneity in our analyses, making it difficult to disentangle the effect of both the taxon and the method. Another limitation directly linked to this taxonomic bias is that telomeres in birds and reptiles are measured in red blood cells (i.e. erythrocytes), whereas in mammals, due to the lack of nucleus in erythrocytes, leukocytes provide the major source of blood DNA, meaning that telomeres are measured in white blood cells. White blood cells are composed of different cell types (i.e. granulocytes, lymphocytes, and monocytes) with different developmental histories that could have significant impacts on telomere dynamics. Erythrocytes, granulocytes, and monocytes derived from myeloid type cells, which are cells that do not divide. In contrast, lymphocytes derived from lymphoid cell types that have the capacity to proliferate and hence can lose telomere base pairs due to the end-replication problem. A recent study on a reptile, the Australian Painted Dragon (Ctenophorus pictus), found striking differences between blood cell type telomere length (Olsson et al., 2020). They found that lymphocytes and azurophils (a reptilian monocyte) have between two to three times longer telomeres than those of erythrocytes, which suggests that telomere dynamic is different between those blood cell types.

Based on the fact that telomere length represents the history of cells (i.e. developmental history and exposure to stressors), we could wonder whether we compare the same history when we compare red blood cells (i.e. birds and reptiles) and white blood cells (i.e. mammals) telomere length.

Meta-analysis is a powerful statistical tool for defining general patterns and testing the effects of different variables on these patterns. Moreover, this tool allows us to report on the current literature on a subject and therefore to make recommendations when study biases are observed (e.g. missing data on certain taxa, use of different methods depending on the taxa).

Originally developed for medical research (O'Rourke, 2007), meta-analyses are becoming more and more used in ecology and evolution thanks to researchers who provide practical guidelines specific to this field (Koricheva et al., 2013;Nakagawa & Cuthill, 2007;Nakagawa et al., 2017;Nakagawa & Santos, 2012). However, it should also be realised that the results of a meta-analysis depend on the data available at the time of publication. Thus, it is important to update a meta-analysis, especially when it has identified biases in the studies. Furthermore, in order to make each study comparable, it is necessary to standardise all the data. This standardisation involves simplifying the data reported and making decisions that may affect the patterns reported (e.g. separation of juveniles and adults by the age of first reproduction). In addition, in our meta-analyses we did not take into account factors that may have an effect on the intra-specific dynamics of telomere lengths. In particular, it is recognised that the environment [START_REF] Salmón | Urban environment shortens telomere length in nestling great tits, Parus major[END_REF]Wilbourn et al., 2017) as well as stressors have an influence on telomere dynamics (Chatelain et al., 2020). Although our analyses allow us to quantify population heterogeneity (for species where measurements came from different populations), it does not allow us to take into account all the environmental effects on telomere dynamics, thus limiting our understanding of the complexity of telomere dynamics.

Mixed evidence that telomere length is a mediator of life-history trade-offs in a wild mammal

Trade-offs between early-life investment in growth and/or reproduction and late-life performance are central in evolutionary hypotheses explaining ageing (Kirkwood & Rose, 1991;[START_REF] Stearns | Trade-Offs in Life-History Evolution[END_REF]. However, physiological mechanisms underlying those trade-offs are highly debated, and the search for such mechanisms is at the core of evolutionary biology [START_REF] Zera | The Physiology of Life History Trade-Offs in Animals[END_REF]. Telomere dynamics have been proposed as a potential mediator of lifehistory trade-offs, with shorter telomeres and/or a higher telomere attrition rate reflecting past investment in physiologically costly mechanisms like growth and reproduction (Monaghan & Ozanne, 2018;Sudyka, 2019;Young, 2018). There are two routes whereby trade-offs could occur. In terms of resource allocation, since resources are limited, allocation of resources to one trait could have negative consequences for other traits requiring the same resource [START_REF] Zera | The Physiology of Life History Trade-Offs in Animals[END_REF]. Telomere maintenance is thought to be energetically costly (Young, 2018), so an increase in energy allocation to growth and/or reproduction would lower the level of energy devoted to somatic maintenance and so telomere maintenance. Additionally, trade-offs may result from the performance of one activity having a detrimental impact on other traits [START_REF] Monaghan | Oxidative stress as a mediator of life history trade-offs: Mechanisms, measurements and interpretation[END_REF]. Both growth and reproduction are expected to increase the cell turnover rates and the level of oxidative damage (Monaghan & Ozanne, 2018;Sudyka, 2019), two processes that shorten telomeres. Hence, it is expected that individuals devoting more energy in growth and/or reproduction would suffer from a higher telomere attrition rate, which would in turn impair late-life survival and reproduction.

The second part of my thesis aimed to test whether growth in lamb and investment in reproduction in male Soay sheep impair telomere dynamics. Following the hypothesis that telomere length is a mediator of life-history trade-offs, in Chapter 5 I found that post-natal growth was negatively linked to telomere length (measured at four months old). To my knowledge, it is the first study on wild mammals that found a cost of early-life growth on telomere length. However, we were not able to find a cost of pre-natal growth on telomere length, contrarily to another study on wild boar (Spießberger et al., 2022), where authors found that birth body mass was negatively associated with telomere length measured at birth. It is important to note that this difference in results may be due to the fact that we don't have telomere length at birth in the Soay sheep, since telomere length was measured only at four months old. To determine whether pre-natal growth impair telomere length in the Soay sheep, telomere length should be measured at birth. Thanks to the increasing number of studies testing the association between growth and telomere dynamics in the wild (See Chapter 1), we are confident that a formal meta-analysis testing that question may be possible in the near future.

However, contrarily to my predictions, in Chapter 6 I found that investment in reproduction in male Soay sheep was not associated with telomere length, whether we look at pre-copulatory traits, post-copulatory traits, or annual reproductive success. Although males are expected to devote a lot of energy toward reproduction due to sexual competition, very little is known about the relationship between reproductive investment and telomere dynamics in wild males, especially in mammals (Sudyka, 2019). To my knowledge, only two other studies in wild mammals looked at possible costs of reproduction in males. In line with our results, the edible dormouse (Glis glis) shows no association between reproductive investment (measured as reproductive capability) and telomere length (Hoelzl et al., 2016). On the contrary, in the wild cooperatively breeding meerkat (Suricata suricata), dominant individuals (that are the only ones to reproduce) have shorter telomeres than their subordinates [START_REF] Cram | Rank-Related Contrasts in Longevity Arise from Extra-Group Excursions Not Delayed Senescence in a Cooperative Mammal[END_REF], suggesting a cost of reproduction on telomere length in this species. Our study is the first to test physiological costs of reproduction by testing the full reproductive expenditure through preand post-copulatory investment. Although we failed to find any cost of reproductive investment in male Soay sheep, to fully understand the association between reproductive investment and telomere dynamics, we recommend that future studies in wild males look at this full expenditure.

To conclude, our studies, presented in Chapter 5 and Chapter 6, as well as previous work on the Soay sheep (Froy et al., 2021;Ravindran et al., 2021), suggest that telomere length is not a straightforward biomarker of cost in the Soay sheep but rather reflects complex, multifaceted physiology processes. Indeed, to date, every method used in ecology and evolution measures the average telomere length in a sample of cells. However, it has been shown that it is not the average telomere length that is critical for the cell but rather the shortest telomeres that trigger DNA damage and cellcycle arrest (Hemann et al., 2001;[START_REF] Xu | The Length of the Shortest Telomere as the Major Determinant of the Onset of Replicative Senescence[END_REF][START_REF] Zou | Does a Sentinel or a Subset of Short Telomeres Determine Replicative Senescence?[END_REF]. While average telomere length is linked to some point to the shortest telomere present in the sample, to date, no study in wild populations has measured shortest telomeres. Methods that measure single telomere length have already been developed in medical research, such as STELA (for single telomere length analysis) [START_REF] Baird | Extensive allelic variation and ultrashort telomeres in senescent human cells[END_REF] and TeSLA (for telomere shortest length assay) [START_REF] Lai | A method for measuring the distribution of the shortest telomeres in cells and tissues[END_REF]. More recently, long read sequencing has been used to measure telomere length on each chromosome in humans [START_REF] Stephens | Telogator: A method for reporting chromosome-specific telomere lengths from long reads[END_REF] and in yeast [START_REF] Sholes | Chromosome-specific telomere lengths and the minimal functional telomere revealed by nanopore sequencing[END_REF]. Those methods are still in development and are, to date, not usable in non-model species. However, I'm confident that in the near future, ecological research on telomere dynamics will benefit from them, giving us a better understanding of telomere dynamics.

Appendices

Figure S1: Orchard plot for the "all age classes" dataset. The point on the x-axis represents the estimate of the model, the black line in bold the confidence interval, the grey line in bold the prediction interval and colored points represent the effect size of each study (the size of the points is proportional to the precision, calculated as the inverse of the standard error, of the study) Individual effect sizes are distributed on the y-axis to make them all visible. For the ease of interpretation, all effect sizes were back-transformed into correlation coefficients (r = tanh Zr). The I² total is also reported. -The type of population was included as a two-level factor ("Wild" vs. "Captive"). The response of individuals to captive conditions vary between sexes and among species [3],

which might potentially be associated with differences in telomere dynamics.

-Sexual size dimorphism (SSD). Following Freckleton and colleagues [4], the effect of SSD was tested by including male adult body mass (log-transformed) as a covariate in the model while controlling for female adult body mass (log-transformed and added as covariate in the analysis). We chose the SSD because it is a reliable proxy of the sex differences in the energy amount that is allocated into growth and body mass maintenance.

-The mating system was included as a three-level factor: polygyny (i.e. when males mate with several females during a given reproductive season), monogamy (when both males and females mate with only one partner during a given reproductive season), polyandry (i.e. when females mate with several males) and promiscuity (i.e. when both sexes mate repeatedly during a given reproductive season). As only few species display strict polyandry in vertebrates, polyandrous and promiscuous species were pooled together.

-Age at first reproduction (log-transformed to improve normality) was used as a proxy of the slow-fast continuum of life histories because, in the absence of data on generation time, it is the best proxy of the pace of life [5]. For instance, bird species with fast life histories have a greater telomere attrition than those with slow life histories [6]. Whether this attrition rate differs between sexes and leads to sex differences in adult TL remains unknown.

-The data quality index was implemented as a two-level factor "Low quality" for data extracted from a graph vs. "High quality" for raw data or when effect sizes were calculated from statistics in the original paper. Telomeres also act as a buffer to protect coding DNA from the 'end replication problem'. Indeed, each time a cell enters in mitosis, a part of the chromosome ends is lost due to the impossibility of the DNA polymerase to fully replicate the entire DNA strand during cell replication (Aubert & Lansdorp, 2008). Telomere erosion could be observed during normal ageing and is linked to the Hayflick limit, which is the limited proliferative capacity of cell in vitro (López-Otín et al., 2013). Once telomeres reach a critical length, cells enter in replicative senescence (i.e. stop dividing) and can trigger apoptosis (i.e. cellular death). Thus, telomere length was firstly considered as a mitotic clock depicting the biological age of cells [START_REF] Harley | Telomere loss: mitotic clock or genetic time bomb?[END_REF]. However, the end replication problem is not the main driver of telomere erosion. Due to their G-rich structure, the declining of telomere length is mainly induced by oxidative damages (Reichert & Stier, 2017) due to environmental exposures (cigarette smoke, pollutants etc.) and internal factors such as inflammation and mitochondrial dysfunction that produce Reactive

Oxygen Species (also called 'ROS') [START_REF] Barnes | The impact of oxidative DNA damage and stress on telomere homeostasis[END_REF]. In addition, a specific DNA polymerase, the telomerase, can restore telomere length. Telomerase activity is highly variable in human cell with a high activity in embryonic tissue that is differentially repressed all along embryogenesis. In adult, only proliferative tissue and germinal cells express telomerase. [START_REF] Forsyth | Telomerase and differentiation in multicellular organisms: turn it off, turn it on, and turn it off again[END_REF]. The prediction that telomeres reflect the mitotic clock of cells is finally much more complex than expected.

Telomere length declines with aging in human (Aubert & Lansdorp, 2008) and has been linked to many diseases and, mostly, cardiovascular diseases (CVD). Many risk factors for CVD have been associated with short telomeres (e.g. smoking, alcohol consumption, obesity, hypertension) [START_REF] Yeh | Telomeres and Telomerase in Cardiovascular Diseases[END_REF]. A GWAS (Genome wide association study) made on more than 37 000 individuals found that in overall a decrease of 1 SD of mean leukocyte telomere length is associated with 21% higher risk of coronary artery disease [START_REF] Codd | Identification of seven loci affecting mean telomere length and their association with disease[END_REF].

However, it is still questioned whether short telomeres are a cause or a consequence of CVD.

Short telomeres have also been associated to depression [START_REF] Ridout | Depression and telomere length: A meta-analysis[END_REF], Alzheimer disease (Forero et al., 2016) and diabetes mellitus [START_REF] Wang | Association between telomere length and diabetes mellitus: A meta-analysis[END_REF]. On the other hand, long telomeres have been linked to the risk of developing cancer. A Mendelian Randomization Study made on 35 cancers found that an increase in 1 SD of leukocyte telomere length is associated with a higher risk of developing several cancers such as glioma, endometrial cancer, kidney cancer, ovarian cancer etc. (The Telomeres Mendelian Randomization Collaboration, 2017). In addition, telomere length has been largely linked to all-cause mortality (Wang et al., 2018).

To sum up, a lot of associations between telomere length and age-related diseases have been described in the literature. Even if, association does not mean causality, telomere length seems to play a key role in aging. Indeed, telomere length has been shown to predict longevity in a species of bird (Heidinger et al., 2012) but is also linked to mortality pattern in human [START_REF] Deelen | Leukocyte telomere length associates with prospective mortality independent of immune-related parameters and known genetic markers[END_REF] and in wild vertebrates (Wilbourn et al., 2018).

Sex-differences in telomere length

Men and women display striking different patterns in aging and age related diseases. First, women live longer than male and even if the magnitude changes, this finding is observed in every population and is considered as 'one of the most robust features in human biology' (Austad & Fischer, 2016). (See Fig. 2). Men and women are also not equal in terms of susceptibility to many diseases. Men suffer more from Coronary Heart diseases but hypertension is more prevalent in women over the age of 50 [START_REF] Merz | Sex differences in cardiovascular ageing[END_REF], See Fig. 3). Moreover, the incidence of almost every type of cancer, as well as the probability of dying due to a cancer is higher in men than in women. [START_REF] Siegel | Cancer statistics[END_REF], See Fig. 4). Due to the relationship between telomeres and aging, telomere length has been proposed as a physiological factor underlying sex differences in longevity (Barrett & Richardson, 2011).

First observation that telomere length differs by gender was made almost twenty years ago [START_REF] Jeanclos | Telomere Length Inversely Correlates With Pulse Pressure and Is Highly Familial[END_REF] with longer telomeres in women than in men. Since then, a lot of studies measured telomeres in both sexes showing contradictory results with studies finding no sexdifferences [START_REF] Chen | Leukocyte telomere length is associated with HDL cholesterol levels: The Bogalusa heart study[END_REF] and studies showing longer telomeres in men than in women [START_REF] Adams | No association between socio-economic status and white blood cell telomere length[END_REF]. However, a recent meta-analysis (Gardner et al., 2014) using 36 cohorts (36 230 participants) finally revealed that telomeres are longer in women than in men with a mean difference for all ages of 176bp (See Fig. 5). This result was confirmed later in the biggest study measuring telomere length to date (Lapham et al., 2015) where telomeres were measured in more than 100 000 individuals. Those differences in telomere length match the pattern of sex difference in longevity. However, the question about when arise those sex differences remain unclear. In the metaanalysis from Gardner and colleagues, they didn't find sex specific telomere attrition meaning that the gap in telomere length should occur at birth or at least early in life. However, some studies didn't find any sex difference in newborns [START_REF] Okuda | Telomere Length in the Newborn[END_REF]. In their study, Lapham et al. found that sex specific rates emerge around fifty years old with a higher rate of attrition in men.

In the other hand, sex differences in telomere length was found in children (mean age = 10 years old) with girls having longer telomeres than boys [START_REF] Axson | Sex Differences in Telomere Length Are Not Mediated by Sex Steroid Hormones or Body Size in Early Adolescence[END_REF]. Finally, a study measuring telomere length in umbilical cord blood found that telomeres was longer in girls than in boys (144bp) [START_REF] Factor-Litvak | Leukocyte Telomere Length in Newborns: Implications for the Role of Telomeres in Human Disease[END_REF].

In a nutshell, we are confident that telomeres are longer in women than in men. However, it is still hard to decipher whether sex difference comes from a different rate of attrition during the life course, is present at birth, meaning that sex difference is built during the embryonic development or a combination of both.

Different hypotheses have been suggested to explain the sex gap in telomere length (Barrett & Richardson, 2011). The next part of this report will now focus on the three main hypotheses.

Main hypotheses on sex differences in telomere length

The heterogametic sex disadvantage:

In mammals, males are the heterogametic sex, meaning that they have two different sexual chromosomes (XY) while females are homogametic (same sexual chromosomes: XX).

However, in females only one X is activated randomly in cells, meaning that at the tissue scale, half of the activated X comes from the mother, and the other half comes from the father. In males, if deleterious alleles are present on the X chromosome, it will impact all cells populations, whereas females should be homozygous for this allele to be impacted (See Marais et al., 2018 for a review). Hence, all diseases linked to the X chromosome impact more men than women (e.g. daltonism, haemophilia). Thus, if a gene links to the maintenance of telomere is located on the X chromosome, it is expected that men should have shorter telomere than women. The gene DKC1 coding for the dyskerin, a protein that is involved in the stability and the maintenance of the telomerase, is located on the X chromosome (Aubert & Lansdorp, 2008).

Mutations of this gene induce the dyskeratosis congenita which is a rare syndrome whose symptoms look like premature aging (i.e. hyperpigmentation of the skin, fissures of nails, oral leucoplakia, bone marrow failure). Patients with dyskeratosis congenita also display critically short telomeres. As a result of the location of the DKC1 genes, dyskeratosis congenita is more prevalent in men (but heterozygous women can display some of the symptoms, [START_REF] Hirvonen | Characterization of an X-chromosome-linked telomere biology disorder in females with DKC1 mutation[END_REF]).

A good way to assess whether the heterogametic sex is the sex that display shorter telomeres is to look at other species that display different sex chromosomes. For example, in birds sex chromosomes are ZZ for males and ZW for females, meaning that the heterogametic sex here is the female. So, following the predictions of this theory, in mammals, males should have shorter telomeres than females whereas in birds, females should have shorter telomeres than males.

A meta-analysis was made on 51 species of non-human vertebrates, representing mammals, birds, reptiles and fishes, to assess whether consistent sex differences actually occur in telomere length, and to quantify the magnitude of this variation (Remot et al., in prep). The main finding of this work is that, in overall, no sex-difference in telomere length was found neither in the four classes considerate, nor in vertebrates (See Fig. 6). Only 12 species out of 51 species considered in this analysis displayed sex difference in telomere length, meaning that those differences seem to be species-specific whether than taxaspecific. This result also challenges the sex heterogametic theory since we didn't find any consistent sex differences in telomere length neither in birds nor in mammals.

The sexual size dimorphism

We have seen previously that telomere shortened with each cell divisions due to the incapacity of the DNA polymerase to fully replicate the extremity of chromosomes. Thus, a bigger body size should accelerate telomere shortening by increasing the number of cell replication not only during the growth phase but also for regeneration of tissues along the life course (Stindl, 2004). Accordingly, taller men have a lower cell replicative capacity than shorter men [START_REF] Maier | Relation between body height and replicative capacity of human fibroblasts in nonagenarians[END_REF]. Men overweight women by approximately 15% [START_REF] Ruff | Variation in Human Body Size and Shape[END_REF], thus, this sexual size dimorphism could be an explanation for the gender gap in telomere length. Most of the literature that looked at the relationship between size and telomere length focused on obesity which is known to be negatively associated with telomere length (Mundstock et al., 2015). However, this relationship is not due to the number of cell replication but because obesity increase oxidative stress [START_REF] Razavi | Obese subjects have significantly higher serum prooxidantantioxidant balance values compared to normal-weight subjects[END_REF] and inflammatory response [START_REF] Deloach | Obesity Associated Inflammation in African American Adolescents and Adults[END_REF] that impair telomere length. Negative correlations were found between the body mass index (BMI) and telomere length [START_REF] Kim | Obesity and Weight Gain in Adulthood and Telomere Length[END_REF][START_REF] Rode | Increased Body Mass Index, Elevated C-reactive Protein, and Short Telomere Length[END_REF], however, the BMI (calculated as the ratio between height and weight) is not representative of the size of an individual and is mostly used to discriminate individuals between underweight, normal and overweight/obese categories. Another measure to test this hypothesis is the body surface area, however, in child the BSA seems not to be associated with telomere length [START_REF] Axson | Sex Differences in Telomere Length Are Not Mediated by Sex Steroid Hormones or Body Size in Early Adolescence[END_REF].

Since the sexual size dimorphism in human is not that big, measuring telomere length in species that display larger difference could be of interest to test this hypothesis. For example, a study on the mandrill (Mandrillus sphinx), an old world primate where males are 3 times larger than females found that males have longer telomeres than females (Beaulieu et al., 2017). This result questioned the influence of the sexual size dimorphism on telomere length, and new studies on other species are needed to confirm or to reject this hypothesis.

The sex-hormones theory

Oestrogen and testosterone are known to have antagonistic relationship with lifespan of individuals. Indeed, while oestrogen seems to have a positive effect on survival (ovariectomy abnormalities which could be due to their telomere disease, bu also to the treatment or maybe to a combination of both. All taken together, the effect of sex-hormones on telomere could explain the sex-difference in telomere length. However, observational study did not back-up this theory so far due to contradictory results.

In overall, few studies looked at the relationship between sex hormones and telomere length. Even so, almost every possible relationship could be find. One study made on 980 men found a positive association between dihydrotestosterone (a metabolite of the testosterone) and telomere length [START_REF] Yeap | Epidemiological and Mendelian Randomization Studies of Dihydrotestosterone and Estradiol and Leukocyte Telomere Length in Men[END_REF] contrarily to the expectation of a negative effect of androgens on telomere length. Another study made on three populations of men (Black, Asiatic and Hispanic) found a negative relationship between testosterone and telomere length only for the Asiatic population (Y. [START_REF] Song | Relationships of sex hormone levels with leukocyte telomere length in Black, Hispanic, and Asian/Pacific Islander postmenopausal women[END_REF] which is in line with the expectation. In regards to oestrogens, same associations were depicted with a positive effect of oestradiol (the major oestrogen) [START_REF] Yeap | Epidemiological and Mendelian Randomization Studies of Dihydrotestosterone and Estradiol and Leukocyte Telomere Length in Men[END_REF] but also a negative effect [START_REF] Coburn | Associations between circulating sex steroid hormones and leukocyte telomere length in men in the National Health and Nutrition Examination Survey[END_REF]. However, most of the studies failed to find any associations between androgens nor oestrogens and telomere length [START_REF] Axson | Sex Differences in Telomere Length Are Not Mediated by Sex Steroid Hormones or Body Size in Early Adolescence[END_REF][START_REF] Bekaert | Telomere length versus hormonal and bone mineral status in healthy elderly men[END_REF].

We have seen that the three main hypotheses that tried to explain sex differences in telomere length are not well supported by observational studies and remain controversial. The next part of this report will now focus on two other hypotheses that were less studied in telomere biology despite interesting findings.

Alternative hypotheses

Melatonin and the SIRT1 pathway

Melatonin is a hormone synthesized by the pineal gland during the night, that regulates the circadian rhythm. Melatonin is present in higher level in women with a higher rhythm amplitude [START_REF] Gunn | Sex differences in the circadian profiles of melatonin and cortisol in plasma and urine matrices under constant routine conditions[END_REF][START_REF] Wetterberg | A multinational study of the relationships between nighttime urinary melatonin production, age, gender, body size, and latitude[END_REF]. Recent research found that melatonin could act in reducing telomere attrition in two different ways. First melatonin is an antioxidant, preventing reactive oxygen species to damage telomere. Secondly, melatonin enhances the expression of SIRT1 (Sirtuin 1), an NAD-dependant deacetylase [START_REF] Mayo | Melatonin and sirtuins: A "not-so unexpected" relationship[END_REF]. SIRT1 has a direct action on telomere length by binding specifically on telomeres, protecting them from shortening. This enzyme can also activate latent PGC1-α (a protein involve in the regulation of mitochondrial biogenesis) through deacetylation [START_REF] Kagawa | From clock genes to telomeres in the regulation of the healthspan[END_REF]. Active PGC1-α is known to increase the level of various antioxidant like glutathione-peroxidase 1, superoxide dismutase 2, ATP synthase 5c and cytochrome c [START_REF] Kong | Sirtuin 3, a new target of PGC-1alpha, plays an important role in the suppression of ROS and mitochondrial biogenesis[END_REF] which reduce ROS level, leading to a reduced telomere attrition (See Fig. 7). A recent study assesses the effect of long-term melatonin treatment on female mice, found that at 12 weeks of age, females under melatonin treatment displayed longer telomeres than female control in ovarian cells as well as a reduce reproductive senescence (measured as litter size, pool of follicles, oocytes quantity and quality) [START_REF] Song | Melatonin improves ageinduced fertility decline and attenuates ovarian mitochondrial oxidative stress in mice[END_REF], which is in line with a positive action of melatonin on telomeres. Another study found the same relationship between long term melatonin treatment and telomere length at 43 weeks of age [START_REF] Tamura | Long-term melatonin treatment delays ovarian aging[END_REF]. Those results fit a protective action of melatonin rather than a lengthening of telomeres since effect of melatonin is statistically significant only after a long term treatment. However, to date, no cohort study measured telomere length and melatonin meaning that no correlation from observational study are available preventing us to assess whether melatonin could explain the sex gap in telomere length in human.

Effect of the environment and the lifestyle

Several environmental and lifestyle factors are known to impact telomere length such as alcohol consumption, cigarette consumption, diet and physical activity. Adoption of a healthier lifestyle (including low-fat diet, physical exercise and stress management) increase telomerase activity in peripheral blood mononuclear cells [START_REF] Ornish | Increased telomerase activity and comprehensive lifestyle changes: a pilot study[END_REF]. Moreover, higher intake of cereal fiber was positively associated with telomere length whereas polyunsaturated fatty acid intake was negatively associated [START_REF] Cassidy | Associations between diet, lifestyle factors, and telomere length in women[END_REF]. A metaanalysis on physical activity and telomere length found longer telomere in active individuals than in inactive individuals (but did not find any effect of physical activity on telomere length when they looked at correlation coefficient) (Mundstock et al., 2015). However, no study measure both sex difference in lifestyle and telomere length so far, meaning that it is impossible to validate or reject this hypothesis.

More data exist for harmful substance consumption. Alcohol consumption for instance is known to increase oxidative stress and has been shown to impair telomeres (Harpaz et al., 2018). Cells cultivated in presence of moderate concentration of ethanol, that simulate social drinking, displayed shorter telomeres than their counterpart. This effect is mainly due to the transformation of ethanol in acetaldehyde (first metabolite of ethanol in human body) because the inhibition of alcohol dehydrogenase (the enzyme catalysing the transformation of ethanol in acetaldehyde), in presence of ethanol, buffer the effect of ethanol on telomeres. However, a study made on two cohorts did not find any effect of alcohol consumption on telomere length nor on 5-years change in telomere length but only found a negative effect of 'binge drinking'

(defined in the study as more than 5 drinks on at least one occasion) in one cohort [START_REF] Dixit | Alcohol consumption and leukocyte telomere length[END_REF]. Cigarette smoking also increase telomere shortening with a dose effect (the more you smoke, the more telomeres shortened) (Astuti et al., 2017). The mechanism underlying this relationship was not examined but it was imputed to the increase of oxidative stress following a cigarette [START_REF] Thorne | Measurement of oxidative DNA damage induced by mainstream cigarette smoke in cultured NCI-H292 human pulmonary carcinoma cells[END_REF]. However, how different are men and women in regard to alcohol and tobacco consumption? Several decades ago, the answer would have been simple with a higher consumption of alcohol and cigarettes for men. However, now, in industrialized country (where telomeres are measured), sex difference in smoking prevalence is gradually disappearing (World Health Organization, 2016). Measuring telomeres in other country displaying very contrasted pattern should be interesting to assess whether sex difference in telomere length is impacted by gender difference in harmful substance consumption.

Discussion and perspectives

Telomere length is impacted by a combination of genetic, hormonal, and environmental factors. Despite the increasing number of articles in telomere biology, causes of sex difference in telomere length remain unknown. Most of all, we still don't know if sex difference in telomere length underlies sex difference in life expectancy because for now we just observed a same pattern (women live longer and have longer telomere than men). To answer this question, we need to measure telomere length in both sexes in various human populations, that displayed various magnitude of sex difference in life expectancy. For now, telomere length was measured in few populations (North America and Northern Europe principally) where sex difference in life expectancy are small. For instance, following Rochelle and colleagues, the gender gap in longevity in Russia is around 14 years, however no telomere length data in this country has been published so far.

While sex difference in telomere length is unassailable, we need to assess whether this gap arise during embryonic development, in childhood or later in life since inconsistencies remain, because they are still few studies that measure telomeres in child and no study measuring telomeres during embryonic development. In addition, most studies are cross sectional and long longitudinal studies (more than ten years) remain scarce because reliable method measuring telomeres are quite recent. In the coming years, more long studies should be published, in order to shed light on the sex specific dynamic of telomeres. However, results of observational studies are only correlational, and because correlation is not causality, those studies should be supported by experimental studies to test more deeply factors that influence telomere length. While the sex-hormone theory remains the most reliable, others factors such as melatonin and the effect of the environment should be investigated more deeply.

Understanding factors that underlie sex differences in telomere length could be the key to understand telomere dynamics as well as processes implicated in telomere maintenance.

Those results could be of great interest in medicine because elongate telomeres may decrease the risk of developing cardiovascular diseases for instance. In addition, immortality of cancer cells is mainly due to the increase of telomerase activity preventing telomere shortening.

Identifying pathways behind telomerase, telomere and apoptosis may be beneficial for anticancer therapy.

  -clés : Dynamique des télomères, Traits d'histoire de vie, Compromis d'allocation, Senescence, Méta-analyse, Mouton de Soay

Figure 1 . 1 :

 11 Figure 1.1: Structure of typical vertebrate telomeres ...............................................................

Figure 1 . 2 :

 12 Figure 1.2: Increase in the number of research papers published per year on telomeres in the evolutionary ecology literature from 2000 to 2021 ..................................................................

Figure 1 . 3 :

 13 Figure 1.3: The routes whereby a high resource allocation towards growth or reproduction, at the expense of somatic maintenance, and telomere attrition can be linked .............................

Figure 4 . 1 :

 41 Figure 4.1: Map of St Kilda archipelago ..................................................................................

Figure 4 . 2 :

 42 Figure 4.2: The four coat morphs in the Soay sheep ................................................................

Figure 4 . 3 :

 43 Figure 4.3: The three different horn types in Soay sheep ........................................................

Figure 4 . 4 :

 44 Figure 4.4: Population dynamic of the Soay sheep in St Kilda from 1985 to 2021 .................

Figure 4 . 5 :

 45 Figure 4.5: Annual breeding success in function of age in ram Soay sheep ............................

Figure 5 . 1 :

 51 Figure 5.1: Positive relationship between the weight of lamb and the age at first capture ......

Figure 5 . 2 :

 52 Figure 5.2: Pairwise contrast plot showing the difference in median estimate between the different type of horns. .............................................................................................................

Figure 5 . 3 :

 53 Figure 5.3: Forest plot representing the estimates and 95% confidence intervals for the twin status, the sex and the type of horn from the main model ........................................................

Figure 5 . 4 :

 54 Figure 5.4: Relationship of TL with body weight in August of lambs controlled for birth weight .......................................................................................................................................

Figure 5 . 5 :Figure 6 . 1 :

 5561 Figure 5.5: (A) Forest plot representing the estimates and 95% confidence intervals of the Sex & Horn type factor. (B) Pairwise contrast plot showing the difference in median estimate between every group of the Sex & Horn type factor ................................................................

Figure 6 . 2 :

 62 Figure 6.2: Absence of relationship between RTL and pre-copulatory traits ........................

Figure 6 . 3 :

 63 Figure 6.3: Absence of relationship between RTL and (A) Testes circumference and (B) Annual reproductive success in normal-horned adult male Soay sheep ................................

Figure 6 . 4 :

 64 Figure 6.4: Correlation plot representing the correlation coefficient between every trait tested in the analysis .........................................................................................................................

5 :

 5 length and/or loss in wild vertebrates ....................................................................................... Chapter Table 5.1: List of traits taken into account in the analyses of relative telomere length in lambs .................................................................................................................................................. Table 5.2: Estimate, standard error and P-value for the association between telomere length and traits described in Table 5.1 in Soay lambs.. ..................................................................... Table

6 :

 6 error and P-value for the full model described previously that include the five-level factor Sex & Horn Type in Soay sheep lambs ...................................... Table 5.5: Estimate, standard error and P-value for the full model described previously that include in (A) Horn length and (B) Horn circumference instead of Horn Type in normalhorned Soay lambs ................................................................................................................... Chapter Table 6.1: Reproductive traits used in our analyses of the cost of reproduction on telomere length in male Soay sheep ...................................................................................................... Table 6.2: Estimate, standard error, sample size and p-value for each reproductive trait tested against telomere length measured the same year in normal-horned male .............................. Table 6.3: Estimate, standard error, and p-value for each reproductive trait tested against telomere length measured the same year in normal-horned male, from a model including every trait ................................................................................................................................

  capping the chromosome ends, called a t-loop. T-loops are produced by the 3′ overhang invading the strands of the duplex telomeric repeat. The overhang then creates base pairs with the C-rich strand, forcing the G-strand into a displacement loop (D-loop) at this location (Palm & de Lange, 2008) (See Figure 1.1B).

Figure 1 . 1 :

 11 Figure 1.1: Structure of typical vertebrate telomeres. (A) Vertebrate chromosomes end with a number of TTAGGG repeats that vary in length. The telomere terminus contains a long G-strand overhang. (B) Schematic of the t-loop structure (modified from Palm & de Lange, 2008).

  telomeres from DNA-damage repair mechanisms

Figure 1 . 2 :

 12 Figure 1.2: Increase in the number of research papers published per year on telomeres in the evolutionary ecology literature from 2000 to 2021 (Search terms: telomere, restricted to Ecology and Evolutionary Biology categories using Web of Science).

Figure 1

 1 

Figure 1 . 3 :

 13 Figure 1.3: The routes whereby a high resource allocation towards growth or reproduction, at the expense of somatic maintenance, and telomere attrition can be linked. On one route, enhanced allocation towards growth or reproduction increase the number of cellular divisions leading to faster telomere erosion due to the end-replication problem. On the other route, the increased energy expenditure caused higher ROS production while a lower allocation towards somatic maintenance impair antioxidant production, both process resulting in a change in oxidative balance, leading to high levels of oxidative damage and a faster telomere loss. A decrease in the quantity of resources devoted to somatic maintenance can also limit the efficiency of DNA repair mechanisms, ultimately impacting telomere dynamics. Faster telomere attrition thus promotes cell senescence which in turn increase organismal senescence. The size of red arrows indicates the amount of energy devoted to a trait. Black arrow indicates link between processes.

  body size in last hatched nestlings but not first; NS for body mass; no sex effect Meillere et al.

2 :

 2 Studies of the relationship between post-natal growth parameters and telomere length and/or loss in wild vertebrates. d, day; PCA, principal component analysis; cort, corticosterone; RBC, red blood cell; WBC, white blood cell; RTL, relative telomere length; ns, not significant; SVL, snout-vent length. Updated from Monaghan & Ozanne (

  Fisher's Z transformation of the correlation coefficient using the following procedure. We first fitted either a linear model between TL and age for transversal studies or a linear mixed-effects model (package lme4,[START_REF] Bates | lme4: Linear mixed-effects models using[END_REF] with individual identity as a random factor for longitudinal studies. We then computed the correlation coefficient: with t being the t-value of the linear regression, N i being the number of individuals, N o the number of observations, k the number of parameters including the intercept and R the intraclass correlation(Nakagawa & Cuthill, 2007). In the case of transversal studies (i.e., studies without repeated measurements), the formula become: because in this case R = 0, N i /N o = 1 and the number of degree of freedom df is N o k.
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Figure 1 .

 1 Figure 1. PRISMA flow diagram (from the PRISMA statement,[START_REF] Liberati | The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions: explanation and elaboration[END_REF]) for the meta-analysis.

Figure 2 .

 2 Figure 2. Mean of each moderator included in the meta-regression. All means are presented with their 95% highest posterior density intervals and sample size. A negative value means that females have longer telomeres than males while a positive value means that males have longer telomeres than females. Hedge's g corresponds to the value of the effect size and HPDI corresponds to the lower and upper high posterior density limits of the credible interval.

  Figure 3. Absence of association between sex differences in adult life expectancy (log-transformed) and the effect size of the mean sex difference in TL for each species included in the analysis. The zero value corresponds to an absence of difference in adult life expectancy ( y-axis) and in TL (x-axis). The black line represents the slope of the relationship between sex differences in adult life expectancy and sex differences in TL for the model that only includes the effect size of the mean sex difference in TL.

1 .

 1 Overview of the Soay sheep ecology and biologyThe Soay sheep is a feral species of sheep that lived on the remote St Kilda archipelago, isolated in the Atlantic Ocean and located 64 km West-Northwest of North Uist and 163 km West of the Scottish coast (See Figure 4.1) for the last few millennia. They are descendants from the earliest domestic sheep that spread through Europe in the Bronze Age and are thought to have arrived on the Archipelago around 3000-4000 years ago.

Figure 4 . 1 :

 41 Figure 4.1: Map of St Kilda archipelago. Inset shows the location of the island on the North-West coast of Scotland (Map retrieved from Clutton-Brock & Pemberton, 2003) Hirta, the main island (638ha) has been inhabited for thousands of years by humans until 1930 when last islanders left the island, evacuated by the British government. Two years later,

Figure 4 . 2 :

 42 Figure 4.2: The four coat morphs in the Soay sheep. Wild morphs display a white belly and rump patch (Photograph by Arpat Ozgul).

Figure 4 . 4 :

 44 Figure 4.4: Population dynamic of the Soay sheep in St Kilda from 1985 to 2021. Points and lines in green correspond to the total number of sheep count in the whole island of Hirta. Points and lines in orange is the count of resident sheep in the Village Bay area (where sheep are captured) (Retrieved from Pilkington et al., 2021).

  (See Figure 4.5).

Figure 4 . 5 :

 45 Figure 4.5: Annual breeding success in function of age in ram Soay sheep. Open triangles and solid lines are for normal-horned males, solid triangles and dashed lines are for scurred-horned males (Retrieved from Robinson et al., 2006).

Figure 5 . 1 :

 51 Figure 5.1: Positive relationship between the weight of lamb (in Kg) and the age at first capture (when they were weighted). Points represents raw data (n = 841 individuals). Plot shows linear regression (black line) and associated confidence interval (grey shading). Median age at first capture was 2 days.

Figure 5 . 2 :

 52 Figure 5.2: Pairwise contrast plot showing the difference in median estimate between the different type of horns.

Figure 5 . 3 :

 53 Figure 5.3: Forest plot representing the estimates and 95% confidence intervals for the twin status, the sex and the type of horn from the main model. Overall mean represents the estimate of telomere length in the null model which includes random effects.

Figure 5 . 4 :

 54 Figure 5.4: Relationship of TL with body weight in August of lambs controlled for birth weight, from the main model (Table 5.3). Points represent raw data (n = 841 lambs), black line show prediction from the model (Table5.3), shadings represent 95% confidence intervals around the prediction.

Figure 5 . 5 :

 55 Figure 5.5: (A) Forest plot representing the estimates and 95% confidence intervals of the Sex & Horn type factor. Overall mean represents the estimate of telomere length in the null model which includes random effects. (B) Pairwise contrast plot showing the difference in median estimate between every group of the Sex & Horn type factor. Normal horned females have shorter telomeres than any other group.

Figure 6 . 2 :

 62 Figure 6.2: Absence of relationship between RTL and pre-copulatory traits: (A) Weight, (B) Horn length, (C) Horn circumference and (D) Horn growth from the previous year in normal-horned adult male Soay sheep. Sample sizes are 462 samples in 237 individuals for (A), (B), (C) and 442 samples from 231 individuals for (D).

Figure 6 . 3 :

 63 Figure 6.3: Absence of relationship between RTL and (A) Testes circumference (i.e. postcopulatory trait) and (B) Annual reproductive success in normal-horned adult male Soay sheep. Sample sizes are 460 samples in 232 individuals for (A) and 446 samples from 236 individuals for (B).

Figure 6 . 4 :

 64 Figure 6.4: Correlation plot representing the correlation coefficient between every trait tested in the analysis. Positive correlations are displayed in blue and negative correlations in red colour. Colour intensity is proportional to the correlation coefficients. Correlation coefficients are in yellow. In the right side of the plot, the legend colour shows the correlation coefficients and the corresponding colours.

Figure S2 :

 S2 Figure S2:Orchard plot the 'all age classes' split among taxonomic groups. The point on the x-axis represents the estimate of the model (back-transformed into correlation coefficients), the black line in bold the confidence interval, the grey line in bold the prediction interval and coloured points represent the effect size of each study (the size of the points is proportional to the precision, calculated as the inverse of the standard error, of the study). k is the number of effect sizes for each level.

Figure S3 :

 S3 Figure S3: Orchard plot displaying the effect of the method of TL measurement in the 'all age classes' dataset. The point on the x-axis represents the estimate of the model (back-transformed into correlation coefficients), the black line in bold the confidence interval, the grey line in bold the prediction interval and coloured points represent the effect size of each study (the size of the points is proportional to the precision, calculated as the inverse of the standard error, of the study). k is the number of effect sizes for each level.

Figure S4 :

 S4 Figure S4: Contour-enhanced funnel plot for the meta-analysis on the 'all age classes' dataset. The precision (inverse of the standard error) is plotted against meta-analytic residuals. Areas of statistical significance are displayed in grey.

Figure S2 :

 S2 Figure S2: Funnel plots for the first, the second and the third meta-analysis. The precision is plotted against the meta-analytic residuals. The vertical line corresponds to the null metaanalytic residual.

Figure S4 :

 S4 Figure S4: Bubble plot of the effect size (Hedge's g) across years of publication for the four classes of vertebrates considered in the meta-analyses. Effect sizes are weighted by their precision with larger bubbles indicating more precise estimates and smaller bubbles less precise. The red line represents the slope of the relation, which is not statistically significant

Figure 1 :

 1 Figure 1: Structure of typical mammal telomeres. (A) Mammal chromosome end with a number of TTAGGG repeats that varies in length. The telomere terminus contains a long G-strand overhang. (B) Schematic of the t-loop structure (modified from Palm & de Lange, 2008).

Fig. 2 :

 2 Fig. 2: The gender gap in longevity in 54 country (Retrieved from Rochelle et al., 2015)

Fig. 3 :

 3 Fig. 3: Age-specific death rates attributed to cardiovascular diseases, coronary heart diseases and heart-failure for men and women in the US and sex-specific prevalence of Hypertension (Retrieved from (Merz & Cheng, 2016)).

Fig. 4 :

 4 Fig. 4: Sex-specific prevalence of the ten more prevalent cancer in the US (Retrieved from (Siegel et al., 2019)).

Fig. 5 :

 5 Fig. 5: Forest plot of the sex difference in telomere length in human. Negative value corresponds to longer telomeres in males, positive value corresponds to longer telomeres in females. From Gardner et al., 2014

Fig. 6 :

 6 Fig.6: Overall mean and mean of each classes tested in the meta-analysis. A negative value means that females have longer telomeres than males while a positive value means that males have longer telomeres than females. N correspond to the number of effect size. Het. Sex correspond to the heterogametic sex. Note that while in birds and in mammals the sex is determined genetically, in reptiles and fishes the sex is determined by a combination of genetic, steroidogenic and/or environmental processes. Retrieved fromRemot et al., in prep. 
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 7 Fig. 7: Relationship between melatonin, SIRT1, PGC1-α and telomere length.

  

  

  

  

  

  

  

  

  

Table 1 .

 1 1: Diversity of telomere structures in the living world ...............................................

Table 1 .

 1 2: Studies of the relationship between post-natal growth parameters and telomere

Table 1 .1: Diversity of telomere structures in the living world, adapted from the telomerase database (Podlevsky et al., 2008)

 1 

	O Organisms	T Telomeric sequence
	A Animals	
	Most animals	TTAGGG
	Most arthropods	TTAGG
	Some Beetles	TCAGG
	Flies	Retrotransposons elements/Satellite sequences
	Nematodes	TTAGGC/TTGCA
	F Fungi	
	Pezizomycotina	TTAGGG/TTAGGGTCAACA
	Other fungi	Highly variables between species, sequences range from 6
		to 26 nucleotides
	P Plants	
	Most plants	TTTAGGG
	Cestrum	TTTTTTAGGG
	Iris	TTAGGG
	Allium	CTCGGTTATGGG
	Genlisea	TTTAGGG/TTCAGG/TTTCAGG

Table 1 .2 (Continued).

 1 

2 Chapter 2: Decline in telomere length with increasing age across nonhuman vertebrates: A meta-analysis
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	species BIRDS Acrocephalus arundinaceus Acrocephalus sechellensis Aptenodytes patagonicus Aptenodytes patagonicus Aptenodytes patagonicus Branta leucopsis Calidris alpina Corvus monedula Diomedea exulans Fregata minor Hirundo rustica	study [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39]	g -0.086 0.174 0.115 -0.158 -0.094 0.678 -0.177 0.242 0.423 -0.076 0.17	variance 0.059 0.005 0.08 0.038 0.027 0.141 0.178 0.084 0.068 0.229 0.031	sample size 68 837 50 106 146 34 24 48 60 22 130	tissue RBC RBC RBC RBC RBC RBC RBC RBC RBC RBC RBC	method qPCR qPCR qPCR qPCR qPCR TRFS TRFI TRFI TRFS TRFI qPCR	royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548
	Larus crassirostris	[40]	-0.278	0.051	82	RBC	TRFS	
	Larus crassirostris	[41]	-0.214	0.072	72	RBC	TRFS	
	Leucophaeus pipixcan	[42]	-0.437	0.205	20	RBC	qPCR	
	Luscinia svecica	[43]	-0.15	0.042	97	RBC	qPCR	
	Macronectes giganteus	[44]	-0.653	0.092	47	RBC	TRFS	
	Macronectes halli	[24]	-1.016	0.124	37	RBC	TRFS	
	Parus caeruleus	[45]	0.384	0.079	56	RBC	qPCR	
	Parus major	[46]	-0.483	0.099	42	RBC	TRFI	
	Parus major	[47]	0.483	0.053	79	RBC	qPCR	
	Parus major	[47]	0.018	0.054	76	RBC	qPCR	
	Riparia riparia	[35]	-0.158	0.267	16	RBC	TRFI	
	Rissa tridactyla	[48]	0.457	0.111	38	RBC	TRFS	
	Sterna hirundo	[49]	0.139	0.017	233	RBC	TRFI	
	Strigops habroptila	[50]	0.6	0.062	67	RBC	TRFS	
	Strix aluco	[51]	0.06	0.026	158	RBC	qPCR	
	Tachycineta bicolor	[52]	0.187	0.057	82	RBC	qPCR	
	Tachymarptis melba	[53]	0.044	0.041	96	RBC	qPCR	
	Taeniopygia guttata	[54]	-0.307	0.229	19	RBC	TRFI	
	Taeniopygia guttata	[55]	0.375	0.042	99	RBC	qPCR	
	Taeniopygia guttata	[55]	0.128	0.052	79	RBC	qPCR	
	Thalassarche melanophrys	[56]	0.091	0.079	51	other	TRFS	
	Turdus merula	[57]	-0.206	0.102	40	RBC	TRFI	
	Turdus merula	[57]	-0.607	0.192	22	RBC	TRFI	
	Uria lomvia	[58]	0.33	0.235	35	RBC	qPCR	
	Uria lomvia	[58]	0.956	0.147	47	RBC	TRFS	
	Uria lomvia	[59]	0.578	0.101	60	RBC	TRFS	
	Vultur gryphus	[60]	0.566	0.21	20	RBC	qPCR	
							(Continued.)	
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	species REPTILES Alligator mississippiensis Chlamydosaurus kingii Lacerta agilis Liasis fuscus Thamnophis sirtalis Zootoca vivipara Zootoca vivipara Zootoca vivipara Zootoca vivipara Zootoca vivipara Zootoca vivipara Zootoca vivipara Zootoca vivipara Zootoca vivipara	study [79] [80] [81] [82] [22] [83] [83] [83] [83] [83] [83] [83] [83] [83]	g -0.239 0.131 -0.323 -0.909 -0.638 -0.621 0.254 0.687 0.257 0.591 0.601 0.157 -0.216 -0.39	variance 0.167 0.102 0.025 0.123 0.06 0.436 0.403 0.424 0.403 0.417 0.418 0.401 0.402 0.408	sample size 24 112 161 45 72 10 10 10 10 10 10 10 10 10	tissue RBC RBC RBC RBC RBC RBC RBC RBC RBC RBC RBC RBC RBC RBC	method TRFI qPCR TRFS TRFS qPCR TRFS TRFS TRFS TRFS TRFS TRFS TRFS TRFS TRFS	royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548
	Zootoca vivipara	[83]	0.033	0.4	10	RBC	TRFS	

Table 2 .

 2 Number of studies, species and effect sizes included in the meta-analysis performed on juveniles and adults nonadjusted for age.

	number of studies number of species number of effect sizes	total mammals birds reptiles fish total mammals birds reptiles fish total mammals birds reptiles fish	58 13 33 6 6 52 13 28 6 5 93 31 38 15 9	royalsocietypublishing.org/journal/rsos R. Soc. Open Sci. 7: 200548

Table 3 .

 3 

	mean	HPDI

I 2 values associated with each random effect (population, species and sample) and the phylogenetic heritability H 2 value, for the meta-analysis performed on juveniles and adults non-corrected for age. HPDI corresponds to the lower and upper high posterior density limits of the credible interval.

HPDI =

[-0.233 : 0.674]

Table 5 .3: Estimate, standard error and P-value for the association between telomere length and traits described in Table 5.1 in Soay lambs. Significant traits are in bold. References groups are male, twin and not normal horn for sex, twin status, and horn type, respectively.

 5 

	Traits	Estimate	SE	P-value
	Sex	0.0588	0.0228	0.001
	Birth Weight	0.0145	0.0248	0.558
	August Weight	-0.0131	0.0055	0.018
	Twin status	-0.0439	0.0267	0.101
	Horn Type	0.0636	0.0222	0.004
	Age at sampling	0.0001	0.0015	0.950

Table 5 .4: Estimate, standard error and P-value for the full model described previously that include the five-level factor Sex & Horn Type in Soay sheep lambs. Significant traits are in bold. Reference group: Twin status = twin, Sex & Horn type = Female-Normal.

 5 

	Traits	Estimate	SE	P-value
	Birth Weight	0.0140	0.0248	0.574
	August Weight	-0.0130	0.0055	0.018
	Twin status	-0.0439	0.0267	0.101
	Female-Polled	0.0765	0.0297	0.01
	Female-Scurred	0.0809	0.0286	0.005
	Male-Normal	0.0738	0.0262	0.005
	Male-Scurred	0.0936	0.0471	0.047
	Age at sampling	0.0001	0.0015	0.993

Table 5 .5: Estimate, standard error and P-value for the full model described previously that include in (A) Horn length and (B) Horn circumference instead of Horn Type in normal-horned Soay lambs. Significant traits are in bold. References groups are male and twin for sex and twin status, respectively.

 5 

	(A)			
	Traits	Estimate	SE	P-value
	Sex	0.0801	0.0302	0.008
	Birth Weight	0.0780	0.0332	0.019
	August Weight	-0.0128	0.0072	0.076
	Twin status	0.0371	0.0342	0.278
	Horn Length	-0.0004	0.0004	0.337
	Age at sampling	0.0371	0.0342	0.278

Table 6 .2: Estimate, standard error, sample size and p-value for each reproductive trait tested against telomere length measured the same year in normal-horned male. Each trait was tested separately. Significant trait is in bold.

 6 

	Traits	Sample size (individuals)	Estimate	SE	p-value
	Age	462 (237)	-0.0146	0.0069	0.0337
	Pre-copulatory traits				
	Weight	462 (237)	-0.0014	0.0019	0.46
	Horn length	462 (237)	-0.0002	0.0001	0.105
	Horn circumference	462 (237)	-0.0003	0.0007	0.705
	Horn growth	442 (231)	0.0007	0.0004	0.102
	Post-copulatory trait				
	Testes circumference	460 (232)	0.0001	0.0005	0.877
	ARS	446 (236)	-0.0055	0.0039	0.16

Table 6 .3: Estimate, standard error, and p-value for each reproductive trait tested against telomere length measured the same year in normal-horned male, from a model including every trait. This model was performed on 407 samples from 221 individuals. Traits with a significant effect is in bold.
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	Traits	Estimate	SE	p-value
	Age	0.0090	0.0194	0.643
	Pre-copulatory traits			
	Weight	0.0063	0.0048	0.188
	Horn length	-0.0009	0.0004	0.023
	Horn circumference	0.0026	0.0014	0.075
	Horn growth	0.0003	0.0007	0.707
	Post-copulatory trait			
	Testes circumference	-0.0001	0.0009	0.952
	ARS	-0.0034	0.0053	0.517

3. Perspectives on telomere length measurement methodologies

  Future research should seek to understand why those methods provide different results. However, if we look at the bigger picture, one may wonder whether we should spend more effort on comparing those two types of methods (i.e. TRF and qPCR).

	All my results point towards methodological issues, especially a lack of sensibility in
	qPCR measurement methodologies. While I acknowledge that qPCR is the easiest and less
	expensive method to set up, this comes at a price that seems to be, in my opinion, high. Despite
	being well set up in some laboratories with high repeatability, this method seems to lack
	sensibility (See Chapter 2) and provides, in most cases, weak effect size (See Chapter 2,
	Chapter 5 and Chapter 6).

Table S3 :

 S3 List of the selected models that predict the association between telomere length and age in the 'all age classes' dataset. Models are ranked using AICc, only the first ten models with the lowest AICc value are presented. The model in bold is the model selected.

	Model	df	AICc	Delta
	Zr ~ Method	7	113.3	0
	Zr ~ Method + Type of Study	8	114.4	1.06
	Zr ~ AFR + Method	8	115.7	2.38
	Zr ~ Lifespan Coverage + Method	8	115.9	2.56
	Zr ~ Lifespan Coverage + Method + Type of Study	9	116.6	3.30
	Zr ~ AFR + Method + Type of Study	9	117.2	3.86
	Zr ~ Lifespan Coverage + AFR + Method	9	118.3	5.00
	Zr ~ Lifespan Coverage + AFR + Method + Type of Study	10	119.4	6.06
	Zr ~ Type of Study	5	121.6	8.27
	Zr ~ AFR + Type of Study	6	123.9	10.60
	Zr ~ 1	4	125.8	12.54

Table S4 :

 S4 Estimate and confidence interval for the effect of the Method in the selected model to describe the 'all age classes' dataset.

	Level	Estimate Confidence interval Z value
	FISH	-0.6434	[-1.1164:-0.1703] -2.6657
	qPCR	-0.0986	[-0.2762:0.0789] -1.0888
	TRFI	-0.4870	[-0.7086:-0.2655] -4.3080
	TRFS	-0.3102	[-0.5676:-0.0528] -2.3620

Table S11 :

 S11 Correlation matrix of fixed effect used in our analysis for (A) the adult dataset, (B) the juvenile dataset and (C) the all age class dataset.

	(A)			
	Fixed effect	logAFR	logMass	Lifespan Coverage
	logAFR	X	X	X
	logMass	0.5951663	X	X
	Lifespan Coverage	-0.06889819	-0.2202377	X
	(B)			
	Fixed effect	logAFR	logMass
	logAFR	X	X	
	logMass	0.5238827	X	
	(C)			
	Fixed effect	logAFR	logMass	Lifespan Coverage
	logAFR	X	X	X
	logMass	0.5226698	X	X
	Lifespan Coverage	0.1828952	-0.1843539	X

Table S12 :

 S12 Number of effect sizes calculated per species per method for the (A) adult dataset,

	(C)					
		Bird	Mammal	Fish	Reptile	Total
	TRFS	5	1	14	1	21
	TRFI	24	0	0	1	25
	qPCR	11	23	5	5	44
	FISH	2	4	0	0	6
	Total	42	28	19	7	96
	(B) juvenile dataset and (C) the all age class dataset		
	(A)					
		Bird	Mammal	Fish	Reptile	Total
	TRFS	7	9	12	1	29
	TRFI	32	1	0	2	35
	qPCR	31	28	7	4	70
	FISH	5	4	0	0	9
	Total	75	42	19	7	143
	(B)					
		Bird	Mammal	Fish	Reptile	Total
	TRFS	2	0	8	1	11
	TRFI	6	0	0	0	6
	qPCR	7	14	7	2	30
	FISH	1	2	0	0	3
	Total	16	16	15	3	50

Table S3 : Summary of the number of studies, species and effect size included in the second (adults, non-corrected for age) and the third (age-corrected) meta-analyses.

 S3 

			Meta-analysis 2	Meta-analysis 3
	Number of studies	Total	46	23
		Mammals	9	8
		Birds	27	9
		Reptiles	5	3
		Fishes	5	3
	Number of species	Total	40	22
		Mammals	9	8
		Birds	22	9
		Reptiles	5	3
		Fishes	4	2
	Number of effect sizes	Total	57	30
		Mammals	16	12
		Birds	28	10
		Reptiles	5	3
		Fishes	8	5

Table S4 : I² values associated with each random effect (Population, Species and Author) and H² value, for the second and the third meta-analyses. HPDI corresponds to the lower and upper high posterior density limits of the credible interval.

 S4 

	Meta-analysis 2	Mean	HPDI
	I² Population	0.124	[0.008 : 0.322]
	I² Species	0.137	[0.008 : 0.361]
	I² Sample	0.144	[0.008 : 0.366]
	I² Residuals	0.086	[0.007 : 0.241]
	H²	0.360	[0.018 : 0.694]
	I² Total	0.766	[0.606 : 0.872]
	Meta-analysis 3		
	I² Population	0.169	[0.006 : 0.454]
	I² Species	0.148	[0.005 : 0.416]
	I² Sample	0.167	[0.009 : 0.482]
	I² Residuals	0.101	[0.003 : 0.322]
	H²	0.311	[0.012 : 0.679]
	I² Total	0.848	[0.703 : 0.944]
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is responsible for normal horns whereas half of Ho P homozygous have scurred horns [START_REF] Johnston | Genome-wide association mapping identifies the genetic basis of discrete and quantitative variation in sexual weaponry in a wild sheep population[END_REF]. The Soay sheep is considered as a long-lived mammal with a maximum recorded lifespan of 10 years in rams and 16 years in ewes (Clutton-Brock & Pemberton, 2003). The population dynamics of the Soay sheep on St Kilda are characterized by instability. Most death happens in winter, between January and April due to food shortages that result from harsh condition and high population density. As a result, the Soay sheep population can climb up to more 2000 individuals in good year and decrease to 700 individuals (See Figure 4.4)

RTL =

where Etel and Eb2m are the mean reaction efficiencies for the respective amplicon group across all samples on a given plate; Cqtel [Calibrator] and Cqb2m [Calibrator] are the average Cqs values for the relevant amplicon across all calibrator samples on the plate; and Cqtel [Sample] and Cqb2m [Sample] are the average of the triplicate Cqs values for the sample for each amplicon (Froy et al., 2021). The overall repeatability of telomere length measurement was estimated to be 0.866. Abstract:

Fast growth in early-life provides immediate advantages in terms of survival, but it comes at a cost since fast growth in early-life is linked to late-life survival. It has been suggested

that growth would accelerate telomere shortening since it involves higher cell turnover rates and an increase in ATP production, thus increasing the level of oxidative damage. According to this hypothesis, most telomere erosion occurs during the phase of most rapid growth in many species. In this study, we examined the relationship between body mass growth the first four months of life and telomere length in a free-ranging population of Soay sheep. We did not find any relationship between body mass at birth and telomere dynamics, suggesting that growth during the embryonic phase is not costly at the telomere level. However, we found that for a given birth weight, bigger individuals at four months have shorter telomeres. We also found a complex interaction between the sexes, horn morphology, and telomere length, with females growing normal horns having shorter telomeres than any other females and any other males.

Our results suggest that telomere length is a marker of the cost of investment in growth in the Soay sheep. However, they also suggest that telomere length is a composite biomarker which is likely picking up complex physiological processes.

Keywords: telomere, Soay sheep, growth, qPCR, ageing

All analyses were performed in the program R version 4.0.2 (R Core Team, 2020) using the package glmmTMB v1. 1.2 (Magnusson et al., 2021). RTL was normally distributed in lambs. We ran linear mixed models to determine which traits related to growth have an influence on RTL. To account for variation associated to measurement error of RTL we included the qPCR plate and row as random factor in all the models describe below. Similarly, we also included the year of sampling as random factor in all models. Finally, to account for maternal effect, we added mother ID as random factor in all models.

We decided to test every trait separately, corrected for the age at sampling since we wanted to analyse which variables predicted telomere length alone. We also tested the weight at sampling corrected by the weight at birth which is our proxy of post-natal growth. While our explanatory variables were not strongly correlated (r < 0.7), we further tested whether their associations with TL were independent of one another by fitting a model including all variables simultaneously. This model includes the weight at birth, the weight at sampling (in August), the age at sampling, the sex of individuals, the type of horn (normal or not normal) and the twin status (whether a lamb have a twin or not) (See Table 5.1). Regarding the type of horns, there are actually three types of horns in the Soay sheep (normal horns, scurred horns and polled horns), however, while females could have one of the three morph types, males could have whether normal or scurred horns. In that respect, we decided to classified horn type as a two level factors by grouping scurred and polled horns together as not normal horns. 

Abstract:

Resource-based allocation trade-offs are at the core of evolutionary theories explaining ageing. Following the life-history theory, it is expected that a high investment in reproduction would entail late-life survival prospect. While there is mounting evidence from studies of wild vertebrates supporting the existence of trade-offs between reproductive effort and long-term survival, little is known regarding the physiological mechanisms underlying them. Given that telomere shortening is associated with increased mortality risk, telomere length has emerged as a potential biomarker of reproductive cost. However, most of the research in that field has focused on females, and little is known about male reproductive costs. In this study, we examine the relationship between telomere length and male reproductive investment in a free-living population of Soay sheep. The Soay sheep is a promiscuous species that is expected to devote a significant amount of energy to both pre-and post-copulatory traits in order to maximise reproduction. Using data on more than 460 rams, we did not find any relationship between telomere length and ram reproductive investment. In addition, telomere length was not associated with annual reproductive success. Our results are at odds with a previous study on maternal reproductive performance in the same population, which highlight the complexity of telomere dynamic. In addition, for a better understanding of the costs entailed by reproduction, we also highlight the need for further research focusing on male reproductive investment.

Keywords: reproduction, telomeres, qPCR, Soay sheep, Sperm competition, ageing

Material & Methods:

To assess whether a higher reproductive allocation entail telomere length in male Soay sheep, we only included in our analyses adult males (≥ 1-year-old). During the summer catch that happened in August, individuals are measured, weighed and blood sampled for telomere measurement. The horn morphology of individuals is recorded and horn length (from the base to the tip along the outer curvature of the spiral), horn circumference (at the base) and scrotal circumference (measured at the widest point of the scrotum) are also measured. Sexual traits are divided in two categories: pre-copulatory traits that confer an advantage for gaining mating opportunities (body weight, horn length, horn circumference and horn growth) and postcopulatory traits that confer an advantage for maximizing fertilization (testes circumference a proxy for sperm production (Preston et al., 2012). Since around half of the population are captured each year, we also considered the horn growth from the previous year, indicating the allocation of energy toward horns growth from the previous year to the current year of capture.

Finally, to decipher the association between male reproductive output and telomere length, we tested for an effect of the annual reproductive success (ARS) of males on telomere length. To do so, we calculated the number of offspring sired in the previous spring by each males. This measure allows us to test for a cost of past reproductive investment on telomere length. Each trait we used in our analysis is detailed in Table 6.1. Further information regarding the sheep biology and telomere length measurement methodology is detailed in Chapter 4. 

Results:

We found that the type of horn has no effect on telomere length (Estimate ± SE = 1.809 ± 0.029 and 1.830 ± 0.052 for Normal and Scurred horned individuals respectively).

In normal-horned males, we found a small but significant decline with age (Estimate ± SE = -0.0146 ± 0.0069) (Figure 6.1, Table 6.2). However, we didn't not find any effect of age on scurred horned-males telomere length (Estimate ± SE = 0.0159 ± 0.0160). This difference between the two horn type may be due to the sample size (n = 462 samples and 237 individuals in normal-horned males against 52 samples and 22 individuals in scurred-horned males). By testing every reproductive trait separately, contrarily to our predictions we didn't find any effect of a high allocation towards pre-copulatory traits (i.e. body weight, horn length, horn circumference and horn growth) on RTL (Table 6.2, Figure 6.2).

Discussion

Preamble:

While the disposable soma theory along with the life-history theory of ageing provide a theoretical framework to understand ageing, assessing physiological factors mediating lifehistory trade-offs predicted by those theories is one of the most salient issues of Evolutionary Biology. It has recently been suggested that the erosion of telomere length with age is a major physiological process modulating the relationships between life history traits.

The aim of this thesis was, firstly, to provide a better understanding of telomere dynamics in non-model vertebrates by taking advantage of the abundant literature on that topic using meta-analyses. Secondly, to test various hypotheses conferring telomere dynamic a key role in mediating life-history trade-offs thanks to both meta-analyses and longitudinal analyses of the Soay sheep population living on St Kilda.

In this chapter, I provide a summary as well as a discussion of the results obtained during my PhD. Following the summary, I will discuss some perspectives regarding the measurement of telomere length.

Assessing global patterns about telomere dynamics in wild populations

Telomere attrition is known to occur naturally with ageing in humans (Aubert et al., 2012;Harley et al., 1990;Lapham et al., 2015). Furthermore, pathological telomere malfunction promotes ageing in mice and humans (Armanios & Blackburn, 2012), whereas experimental telomerase activation can postpone ageing in animals [START_REF] Jaskelioff | Telomerase reactivation reverses tissue degeneration in aged telomerase-deficient mice[END_REF]. In that respect, the progressive decline of telomere length with age is considered as one of the hallmark of ageing (López-Otín et al., 2013). However, the number of studies on wild populations that reported no decline (Horn et al., 2011;Lewin et al., 2015) or even an increase in telomere length with age (Hoelzl et al., 2016;Ujvari & Madsen, 2009) challenges the idea that telomere attrition with age is a universal marker of ageing. To completely comprehend the universal processes influencing ageing, we must determine if processes that have been proposed to contribute to ageing, such as telomere dynamics, are common across lineages or are species-specific (Partridge & Gems, 2002). In Chapter 2, I tried to characterise the change in telomere length
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Decline in telomere length with increasing age across non-human vertebrates: a meta-analysis Supplementary analysis:

1) The 'all age classes' dataset

In the 'all age classes' dataset, the relationship between telomere length (TL) and age was weak and negative (Figure S2 and Table S4).

We found a weak nearly medium and a weak relationship between TL and age in birds and mammals, respectively (estimate and 95% CI = -0. S3)

The selected model for the 'all age classes' included only the method of telomere length measurement (Table S5). The association between telomere length and age was medium in FISH, TRFI and TRFS methods (estimate and 95% CI = -0.64, [-1.12:-0.17], -0.49, [-0.71:-0.27] and -0.31, [-0.57:-0.05]). Estimates for articles using qPCR were weak and negative (estimate and 95% CI = -0.10, [-0.28:0.08]) and not statistically significant (Table S6, Figure S4).

We found a funnel plot asymmetry in the 'all age classes' dataset (intercept of Egger's regression = -0.152, SE = 0.0536) (Figure S5). However, the trim and fill method did not identify any missing study. 

2) Analysis of the effect of sex

The selected model to describe the relationship between TL and age for the juvenile stage was the null model (See Table S5).

In the adult dataset, the best model was the model including the sex and the method of TL measurement (Table S6). The effect of the "sex" moderator was mainly due to the "Unknown" sex category, which is detectably different from "Male" and 'Female" categories (Table S7).

This result comes from available data in the literature and is no biologically explainable.

Regarding the effect of the method, results are the same as in the main analysis, with a strongly negative relationship between TL and age in FISH (estimate ± 95% CI = -0. 
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Moderators used in the analysis:

To assess which factors could explain the direction and the magnitude of sex differences in TL across vertebrates, we included the following moderators as covariates or fixed factors for each meta-analysis:

-The class (corresponding to the taxonomic class of each species) was included in the model as a four-level factor "Bird", "Mammal", "Reptile" and "Fish" (that includes rayfinned fish and cartilaginous fish).

-The method of telomere measurement was included as a three-level factor: qPCR, TRFin gel and TRFsouthern blot. The influence of the method of measurement was tested because it might be a source of heterogeneity among studies [1]. Indeed, the TRF (for Telomere Restriction Fragment) is an absolute measure of the mean TL in a sample of cells. This method uses restriction enzymes that do not cut within the telomere sequence to digest genomic DNA. Moreover, two different types of TRF exist: the TRF with in-gel hybridization (TRFin gel here) and the TRF followed by a southern blot (TRFsouthern blot here). In the TRFin gel the probe binds to the single-stranded overhang of the telomere and therefore only telomeres are measured. Whereas in the TRFsouthern blot, because the DNA is denatured, the probe binds to telomere and also to interstitial telomeric sequences, which are telomeric repeats located within chromosomes. The qPCR, provides a relative measure of TL. Telomeric primers are used to amplify telomeric sequences and the amount of telomere sequence is then compared to the amount of a non-telomeric reference. As for the TRFsouthern blot, the qPCR amplifies both telomeres and interstitial telomeric sequences (See [2] for review).

-The biological tissue used for telomere measurement was included as a three-level factor: "Red blood Cell" (RBC) "White blood cell" (WBC) and a third category that included all other tissues coded as "Other tissue" because many tissues were included only once in the dataset (e.g. brain, spleen, muscle). The tissue was included in the model because TL can differ across biological tissues within a given individual [2],

possibly in a sex-specific way. Note that RBC have not been sampled in mammals because red blood cells are not nucleated in this class of vertebrates.

Supplementary Tables and figures:

Figure S1: Phylogenetic tree of the 51 species used in the analysis. From http://www.timetree.org [10] Table S1: I² values associated with each random effect (Population, Species and Sample) and the phylogenetic heritability H² value, for the meta-analysis that includes only studies with a sample size strictly higher than 40 individuals. HPDI corresponds to the lower and upper high posterior density limits of the credible interval. S5: Meta-analysis mean of each moderator with their 95% high posterior density interval (HPDI) for (A) the second (using data on adult only) and (B) the third (using age-corrected data) meta-analyses. 
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Overview of telomere biology

Eukaryotes (from the greek eu: true and karyon: kernel) are organisms whose cells have a nucleus protected by a membrane. Almost every eukaryote species have their DNA packed in linear chromosomes, in contrary to prokaryotes that have no membrane bound organelles and that have for most of them circular chromosomes [START_REF] Kuzminov | The Precarious Prokaryotic Chromosome[END_REF].

Linear chromosomes are bounded at their extremities by telomeres which are DNA structures composed of non-coding sequences that are repeated in tandem. Telomeres are essential for chromosomes stability by preventing chromosomes fusion during mitosis and also by protecting coding DNA from oxidative damages. Telomeres often consist of G-rich sequences (See Table 1 for an overview of telomere structure) with the typical sequence which can be found in almost every animals (TTAGGG)n. The (TTAGGG)n strand is longer than its complementary strand and both form a complex structure capping the chromosome ends that is called a t-loop (Palm & de Lange 2008, see Fig. 1). Telomeres are also bound to a complex multiproteic structure called shelterin. Those in mice lead to a reduction of survival), in the other hand, testosterone seems to have a deleterious effect (castration has been linked to a better survival in men but also in many species of mammals) (Brooks & Garratt, 2017). Such antagonistic relationship is also find in telomere biology.

Oestrogen is known to up-regulate the telomerase activity in cells which have estrogenreceptor (ER-cells). One possible mechanism of this regulation is that the promoter of the hTERT gene (which encode for the TERT, one sub-unit of the telomerase) possesses an estrogen response element (ERE) where oestrogen can act to increase the transcription of the gene [START_REF] Bayne | Hormones and growth factors regulate telomerase activity in ageing and cancer[END_REF]. Moreover, oestrogens are known to have indirect antioxidant properties by increasing the expression of proteins MAPK and NFκB which in turn increase the level of two antioxidants: the glutathione peroxidase (GPx) and the Mn-superoxide dismutase (Mn-SOD) [START_REF] Borrás | 17β-oestradiol up-regulates longevity-related, antioxidant enzyme expression via the ERK1 and ERK2[MAPK]/NFκB cascade[END_REF]. Thus, oestrogen should favour elongation of telomeres by upregulating telomerase and also should protect telomeres against oxidative damages by increasing the level of antioxidant. In contrary to oestrogen, testosterone seems to downregulate the activity of telomerase (castration in male rat result in expression of telomerase in prostate and seminal gland where telomerase is not found in complete male [START_REF] Meeker | Telomerase is activated in the prostate and seminal vesicles of the castrated rat[END_REF]). In addition, testosterone has also been proved to decrease the resistance to oxidative damage in the zebra finch [START_REF] Alonso-Alvarez | Testosterone and oxidative stress: the oxidation handicap hypothesis[END_REF]. Nevertheless, this relation might be more complex due to aromatisation of androgens. Indeed, an in vitro study made on peripheral blood lymphocytes, and bone-marrow CD34+ cells found a positive effect of androgens on telomerase activity [START_REF] Calado | Sex hormones, acting on the TERT gene, increase telomerase activity in human primary hematopoietic cells[END_REF]. This effect was dependant of the aromatase CYP19 that convert androgen into estrogen. Those findings were later tested in several patients displaying genetic defects in telomere maintenance [START_REF] Townsley | Danazol Treatment for Telomere Diseases[END_REF]. The aim of the study was to test the effect of androgen on telomere dynamic on patient displaying a steeper rate of telomere shortening (approximately 120bp per year against around 60bp per year for healthy people). Danazol (a synthetic androgen) was administered at a very high dose (800mg per day) for two years and telomere length were measured every six months. Quite amazingly, the treatment not only decreased telomere attrition but increased telomere length (mean gain of 386bp) in the first 12 patients measured leading to the interruption of the study. However, such a treatment is not without consequences, two patients stopped the treatment after grade 3 and grade 4 adverse event (adverse event corresponded to: elevation of liver enzyme levels, muscle cramps, oedema and lipid abnormalities). Several patients displayed severe symptoms during the study such as severe aplastic anaemia, portosystemic shunting and marrow cytogenetic