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Individuals vary in terms of survival and reproduction. Most of those variations in vital rates can be linked to individual characteristics such as age or body mass. Demographic models were developed to make predictions on those trait-structured populations and are now often used to manage wild populations. However, the amount of data needed to perform those models is not available for every populations. To overcome this issue, I tried in my thesis to assess the general patterns for the relationships linking age and body mass to the vital rates in birds and mammals. By comparing relationships extracted from the literature, I was then able to assess the general effect of body mass or age on vital rates as well as the biological factor explaining the variation of those relationships between species and populations. I first assess how body mass influences vital rates in birds and mammals. I demonstrated the positive effect of offspring body mass on offspring survival and showed how the relative importance of each causes of mortality influence this relationship, with for instance a negative effect of the predation rate on the intensity of the relationship. I also showed that mother body mass is positively related to offspring body mass and that heavier mother are also more likely to reproduce. On a second part I focused on describing the relationship between age and survival for mammals. We built a database Malddaba compiling all relationships linking vital rates to age for wild mammals from life tables reported in the literature. Using life table data compiled in the database I was able to demonstrate that females live on average longer than males in wild populations of mammals. I then critically assess the metrics of longevity and provide new insight to describe the relationship between mortality and age. With my thesis I provided new views on the uses of comparative approaches to highlight the major factors influencing the population dynamic in the wild.

Résumé

Les individus varient en termes de taux de survie et de taux de reproduction. Les variations de ces taux vitaux peuvent être reliées aux caractéristiques des individus tel que la masse et l'âge.

Des modèles démographiques ont été développés pour prendre en compte ces variations dans les populations naturelles et permettre de faire des prédictions pour gérer ces populations naturelles. Cependant, la quantité de données démographiques nécessaire pour construire ces modèles n'est pas disponible dans toutes les populations. Pour surmonter ce problème, j'ai pendant ma thèse, décrit les patrons généraux des relations reliant l'âge et la masse aux taux vitaux chez les mammifères et les oiseaux. En utilisant les données de la littérature, j'ai pu décrire les patrons généraux de ces relations et mis en évidence les facteurs biologiques pouvant expliquer les variations de ces relations entre les espèces et les populations. Dans un premier temps je me suis concentrer sur le lien entre la masse des individus et leurs taux vitaux. J'ai montré un effet positif de la masse des jeunes sur la survie des jeunes. J'ai ensuite mis évidence l'effet des différentes causes de mortalité sur cette relation avec par exemple un effet négatif de la prédation sur l'intensité de cette relation. J'ai ensuite montré un effet positif de la masse de la mère sur la masse du jeune et enfin que la probabilité de reproduction d'une femelle est impactée positivement par sa masse. Dans une seconde partie, je me suis concentré sur le lien entre l'âge et la survie chez les mammifères. Pour décrire ce lien, nous avons construit une base de données Malddaba compilant les relations reliant l'âge aux taux vitaux chez les populations naturelles de mammifères que nous avons extraits de tables de vie issues de la littérature. En utilisant ces données, nous avons démontré que les femelles vivent en moyenne plus longtemps que les mâles chez les mammifères. J'ai enfin décrit les avantages et les inconvénients des différentes métriques de longévité et proposé de nouvelles méthodes pour décrire la relation entre l'âge et le taux de mortalité. Avec cette thèse, je mets en avant l'utilisation des approches comparatives pour mieux comprendre quels sont les facteurs qui influence la dynamique des populations naturelles. I would like first to acknowledge all the member of my jury for agreeing to be part of my thesis committee and for reviewing my work. It means a lot to me to have been able to receive comments and critics from people whose work is a great source of inspiration for me.
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XIX

Prologue

Between-individual variation in traits underlying fitness is one of the core assumptions proposed by Darwin to explain the process of natural selection [START_REF] Darwin | On the origin of species[END_REF]. Differences in vital rates (i.e. survival or reproduction rates) can be thus linked to individual morphological traits in animal populations. Some of those morphological traits explain most of the variation in vital rates and thus major traits explaining the heterogeneity in vital rates can be described for animal populations. Population dynamic studies have developed models to make predictions on changes in population size (Leslie, 1945) and several methodological developments have been proposed to take into account this heterogeneity in vital rates such as the matrix projection models and the integral projections models (Caswell, 2001;[START_REF] Ellner | Integral Projection Models for Species with Complex Demography[END_REF]. However, all those models for structured populations are based on the existence of heterogeneity of vital rates and include relationships between the morphological traits and the vital rates. To get proper prediction on the evolution of population size from these models it is therefore important to assess these relationships reliably and to identify the biological factors that shape these relationships. In my thesis I will focus on assessing those relationships in bird and mammal populations.

The relationships between age and vital rates

The first studies of demographic heterogeneity in population biology focused on the differences in lifespan among individuals within a same population. Indeed, one of the easiest observations you can do when following individuals through their lifetime is that individuals die at different ages. Based on these observations in humans, the first demographic model to take into account this heterogeneity in age at death was developed by Halley for the population of Breslau in 1662 [START_REF] Bacaër | Halley's life table[END_REF]. The primary goal of the later called 'life tables' was to summarize and rank all individuals from birth to death to assess whether observed differences in lifespan correspond to a random process or are responses to some biological or environmental factors.

The life table as a tool to study age-structured populations

The general principle of a life table is to report the number of individuals alive at each age (called Fx series). From this information, we can derive different statistics to describe age-specific changes in mortality [START_REF] Caughley | Mortality Patterns in Mammals[END_REF]) (see Fig. 1.1 for the construction of life table and definition of the statistics calculated). The key statistic is the mortality rate per age (qx), corresponding to the probability for an individual alive at age x to die before age x+1. However, there are major disadvantages in using mortality rates, each mortality rate has a time dimension so that the value of the mortality rate depends on the time interval between two censuses [START_REF] Ergon | Study mortality with hazard rates, not probabilities[END_REF]. Most often the time interval between two censuses is one year (Millar & Zammuto, 1983). Therefore, life tables are generally the best way to present discrete mortality rates. However, sometimes, the time interval is in month for short-lived species (e.g. [START_REF] Soulsbury | Fitness costs of dispersal in red foxes (<Emphasis Type="Italic">Vulpes vulpes</Emphasis>)[END_REF] on the Red fox) or can be longer than 1 year if we consider long-lived species such as Killer whales [START_REF] Olesiuk | Life History and Population Dynamics of Resident Killer Whales (Orcinus orca) in the Coastal Waters of British Columbia and Washington State[END_REF]. Moreover, as the mortality rate is a probability, it must be bounded between 0 and 1, which can complexify the expression of the function to model this rate. This mortality rate was later formalized in demographic modelling using hazard of mortality (μx) instead of mortality rate [START_REF] Makeham | On the Law of Mortality[END_REF]. Instead of considering time as corresponding to a succession of intervals during which mortality is repeatedly measured (i.e. discrete time), mortality can be modelled as a continuous process using continuous distribution. Then, -px is the continuous distribution of the ages at death, which is the continuous equivalent of the dx statistic in life tables, -Px is the cumulative distribution of px, which is the continuous equivalent of the 1-lx statistic in life tables.

Using these cumulative distribution functions, hazard of mortality also called force of mortality can be described using the same formula as the mortality rate but in a continuous case. Thus, instead of taking a time-step of 1 year, a time-step tending towards 0 is used:

The benefit of this approach is that hazards of mortality are dimensionless numbers (sensu [START_REF] Charnov | Life history invariants: some explorations of symmetry in evolutionary ecology[END_REF] and thus they are easily comparable whatever the time-step used for the population monitoring. Moreover, hazards of mortality are always positive and boundless making them relatively easier to model than mortality rates. It is also easy to convert mortality rate to hazard of mortality by considering a constant hazard of mortality through the time interval during which the mortality rate is measured: With the mortality rate between t1 and t2 

Modelling the relationship between age and mortality using a Siler Model

One of the most influential work in modelling the mortality hazard of animals through their entire lifetime was made by [START_REF] Siler | A Competing-Risk Model for Animal Mortality[END_REF]. Siler was indeed the first to develop the use of bathtub curves to model the mortality hazard using the following equation: All of these three hazards are higher than zero regardless of the age considered. This implies that all these three hazard rates consistently have an effect on the total hazard of mortality but with different magnitudes depending on age (i.e. competing risk model). This model is especially well fitted to describe patterns of mortality for animals because it pictures the different phases of the lifetime for birds and mammals [START_REF] Caughley | Mortality Patterns in Mammals[END_REF]. At young ages, the immature hazard is the most influential, resulting in a high overall mortality that decreases rapidly with increasing age. This stage represents the juvenile mortality. Around the sexual maturity of the individuals, the mature hazard is the most influential, with a low and relatively constant mortality during adulthood. This stage represents prime-aged adult mortality. At old ages, the senescent hazard is the most influential and leads to an increase of mortality with age. This stage represents the mortality of senescent individuals. In the following, I will explain why this model provides a good fit for all the three stages, according to our current knowledge of the biological cycle of both birds and mammals.

The juvenile stage

The juvenile stage in mammals and birds is characterized by a high mortality that decreases rapidly with age. Juveniles are the most vulnerable individuals in populations of birds and mammals mostly because of their smaller body size. In ungulates, juveniles are more dependent on changes in environmental conditions than adults [START_REF] Gaillard | Population dynamics of large herbivores: variable recruitment with constant adult survival[END_REF][START_REF] Gaillard | Temporal variation in fitness components and population dynamics of large herbivores[END_REF]. There are multiple reasons that can explain this highest vulnerability of juveniles. First, they have little or no body reserves and they are thus likely to die from starvation when the amount of resources is low [START_REF] Linnell | Who killed Bambi? The role of predation in the neonatal mortality of temperate ungulates[END_REF].

Second, predation often targets juveniles, leading their mortality to be high [START_REF] Linnell | Who killed Bambi? The role of predation in the neonatal mortality of temperate ungulates[END_REF][START_REF] Martin | Avian Life History Evolution in Relation to Nest Sites, Nest Predation, and Food[END_REF]. Juveniles have indeed lower evasiveness to predators because they are less developed and they are less experienced [START_REF] Fu | Predation experience underlies the relationship between locomotion capability and survival[END_REF]. Lastly, juveniles are also more likely to die from diseases. They typically suffer from high parasitism intensity because their acquired immunity is not well developed, especially when newborns [START_REF] Lynsdale | Parasiteassociated mortality in a long-lived mammal: Variation with host age, sex, and reproduction[END_REF]. represents the juvenile, mature, and senescent mortality hazard, respectively. The total hazard of mortality (D) results from the interplay of the three hazard rates. We can identify three main life stages from this curve, which characterize most bird and mammal life cycles: the juvenile stage in orange, the adult stage in green, and the senescence stage in blue. For illustrative purpose, I have set the upper limit of the juvenile stage at 2 years of age (age at first reproduction for female roe deer (Gaillard et al., 2003)) and the upper limit of the adult stage at 7 years (onset of senescence for roe deer [START_REF] Loison | Age-Specific Survival in Five Populations of Ungulates: Evidence of Senescence[END_REF]). Note that the Siler model does not include such dichotomies between the different stages in the way it is generally formulated (it rather is a continuous change between each stage). See Chapter VI for the methodology used to fit the Siler model.

Those reasons are likely to account for the peak of mortality found in newborns they and the mortality decrease with increasing age throughout the juvenile stage. With the increase in size generated by the growth process, juveniles store more and more reserves and are thus less likely to die from starvation. They also are less likely to die from predation because they have higher escape capabilities and have gained more experience [START_REF] Sullivan | Predation and Starvation: Age-Specific Mortality in Juvenile Juncos (Junco phaenotus)[END_REF][START_REF] Martin | Age and performance at fledging are a cause and consequence of juvenile mortality between life stages[END_REF]. Growth is not a linear process, and generally decreases in intensity so that individuals grow slower as they age, which leads mortality to decrease also with increasing age before they reach adulthood (Gaillard et al., 1997). The exponential decreasing function from the Siler model reliably accounts this pattern. However, as it is widely accepted that the mortality is highest for newborn and then decrease gradually, the exact form of the relationship between mortality and age in juveniles remains unknown for most species. This lack of knowledge is partly due to the fact that the duration of the juvenile stage is usually short and so difficult to monitor. Indeed, population monitoring in the wild typically involves only one census a year, leading juveniles in species with late maturity to be censored 4 to 5 times but juveniles in species with early sexual maturity to be censored only two times. With this little information it is almost impossible to model the juvenile stage accurately. In fact, for some species it has been demonstrated that most of the juvenile mortality occurred only the first weeks after birth and reached the lowest mortality rate much before sexual maturity (Naef-Daenzer et al., 2001).

The prime-aged adult stage

The prime-aged adult stage is characterized by a very low mortality rate constant with age. The mature individuals display the lowest mortality right after the juvenile stage [START_REF] Gaillard | Temporal variation in fitness components and population dynamics of large herbivores[END_REF]. Individuals have reached their maturity and are thus less vulnerable to the different causes of environmentally driven mortality in the wild. As those individuals are not expected to change through the adult stage because individuals have reached their asymptotic size, the risks of mortality are not expected to vary. However, a mortality minimum is expected for this stage, but the duration of this adult stage is debated in the community. There is always a minimum of mortality associated with the adult stage but whether it is associated with a real mortality plateau is questionable [START_REF] Péron | Age at the onset of senescence in birds and mammals is predicted by early-life performance[END_REF]. In some species, the increase of mortality started immediately after the juvenile stage while in others, the mortality increase is delayed [START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF]. In fact, there is no real plateau expressed in the Siler model, there is just a stage with a minimum mortality of varying duration depending on the hazard rates of both immature and senescent individuals at this age (i.e. longer stage when both hazards are low).

The senescent stage

The senescent stage is characterized by an increase in mortality rate with increasing age (i.e. actuarial senescence). This pattern of increase with age was first describe by Gompertz in 1825. Since then the biological process behind this pattern was explained by three main evolutionary theories, "the mutation accumulation", "the antagonistic pleiotropy" and the "disposable soma" theories. The "mutation accumulation" theory was first developed by [START_REF] Medawar | An unsolved problem of biology[END_REF]. As demonstrated mathematically later by [START_REF] Hamilton | The moulding of senescence by natural selection[END_REF] the force of natural selection should decrease with age for adults because reproductively active individuals have already reproduced and transmitted their gene pool as they grow older. This decrease of natural selection should lead to the accumulation of deleterious mutations expressed at old ages in the genome. The antagonistic pleiotropy theory developed by [START_REF] Williams | Pleiotropy, Natural Selection, and the Evolution of Senescence[END_REF] is based on the same assumption that the force of natural selection decreases with age and on the existence of pleiotropic genes that are advantageous early in life but have deleterious effect later in life. Those genes, because of the higher force of natural selection early in life than later in life, should be selected. The disposable soma theory [START_REF] Kirkwood | Evolution of ageing[END_REF] states that the individuals have a limited amount of energy that they can allocate throughout their life to growth, reproduction and somatic maintenance. Thus, by allocating resources early in life to growth and reproduction individuals should have less energy to allocate to somatic maintenance later on, which leads to a deterioration in the soma with time. These three theories have been repeatably tested to understand the process of physiological aging, which have demonstrated the that actuarial senescence is ubiquitous in the wild [START_REF] Durham | Genome-wide analysis in Drosophila reveals age-specific effects of SNPs on fitness traits[END_REF]Gaillard & Lemaître, 2017). The existence of such pattern of senescence in survival also called actuarial senescence has been widely described in the wild [START_REF] Nussey | Senescence in natural populations of animals: Widespread evidence and its implications for bio-gerontology[END_REF]Jones et al., 2014).

However, as the occurrence of senescence pattern across vertebrates appears to be the rule, the detailed modelling of such patterns remains a big issue. The first and one of the most influential models used to describe actuarial senescence is the Gompertz model [START_REF] Gompertz | XXIV. On the nature of the function expressive of the law of human mortality, and on a new mode of determining the value of life contingencies[END_REF]:

with a the initial hazard of mortality and b the rate of mortality increase.

The Gompertz mortality model describes an exponential increase in mortality. In other words, the mortality rate increases faster as the individuals age. This model corresponds to the hazard function for the senescent individuals of the Siler model. This exponential increase makes sense if we remember that the senescence pattern is due to the decrease of the force of the natural selection, and we can thus expect that the number of deleterious mutations will increase with age, leading to a gradual increase of the mortality rate. However, the use of the Gompertz model is debated mainly for two main reasons. First, survival patterns at old ages do not follow a Gompertz increase. For instance, in humans, there is a mortality plateau at oldest ages (i.e. beyond 80 years of age), which could be accounted for by using extended Gompertz models including heterogeneity in mortality rates at a given age among individuals [START_REF] Vaupel | The impact of heterogeneity in individual frailty on the dynamics of mortality[END_REF]. Other models were also developed to take in account the existence of a different shape of mortality changes with age among oldest individuals in the wild (i.e. Weibull model (Ricklefs & Scheuerlein, 2001) or Logistic model [START_REF] Pletcher | Mortality Plateaus and the Evolution of Senescence: Why Are Old-Age Mortality Rates so Low?[END_REF]). The second cause explaining the difficulties to model adequately the senescence curve using the Gompertz model relies on the difficulty to identify the age when senescence begins. Gompertz models imply that the mortality increase begins right after the age at first reproduction, which matches the decline in the force of the natural selection proposed as a mechanism of senescence by Hamilton. However, there is ample evidence in the wild that actuarial senescence begins later than the age of first reproduction [START_REF] Jones | Senescence rates are determined by ranking on the fast-slow life-history continuum[END_REF]. Several models have been proposed to account for this delayed senescence and to estimate the age of the onset of senescence (e.g. threshold models, non-parametric GAM models, [START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF]. There have been lots of methodological advances to adequately model mortality rate, but most of the issues with modelling senescence patterns come in fact from the low amount of data available for older individuals [START_REF] Nichols | Tests for Senescent Decline in Annual Survival Probabilities of Common Pochards, Aythya Ferina[END_REF].

By definition, senescent individuals are the less numerous in a population and the sample size used is generally very low, making it hard to identify which model is appropriate.

The relationship between reproduction and age

To understand the dynamics of a population, survival rates are obviously not enough.

For instance, to understand how the size of a population changes over time, we need to know , 1994).

Even though the detailed form of the relationship remains unknown we can identify some of the major typological features associated with this curve (Emlen, 1970). First there is a maximum of reproduction associated with the adult stage. In most of the species studied, this peak of reproduction is delayed from the age at first reproduction with newly reproductive individuals having a lower reproduction [START_REF] Neuhaus | Age of primiparity and implications of early reproduction on life history in female Columbian ground squirrels[END_REF][START_REF] Zedrosser | The effects of primiparity on reproductive performance in the brown bear[END_REF]. Newly reproductive individuals have not yet reached their full adult size and are also less experienced, which explain their relatively lower reproductive rate compared to more mature individuals [START_REF] Lunn | Reproductive Performance of Female Antarctic Fur Seals: The Influence of Age, Breeding Experience, Environmental Variation and Individual Quality[END_REF].

One of the other features of this curve is the decrease of reproductive performance at old ages, also named reproductive senescence [START_REF] Nussey | Senescence in natural populations of animals: Widespread evidence and its implications for bio-gerontology[END_REF]. The reproductive senescence can be explained by using the same theoretical background than actuarial senescence because deleterious mutation affecting reproductive functions are also expected to occur with reproductive age and also because individuals that allocate a lot to growth and early reproduction should be constrained to allocate less and less to the reproduction as they grow older [START_REF] Lemaître | Early-late life trade-offs and the evolution of ageing in the wild[END_REF]. As well as the actuarial senescence, the existence of a reproductive senescence has been demonstrated to be a widespread pattern in animals (Lemaître & Gaillard, 2017). However, the description of such reproductive senescence patterns remains a big issue and there is a real need of the development of more tools to understand those patterns.

Using Life tables to perform comparative demographic analyses

In order to understand the factors shaping the different relationships linking age and vital rates, we need to compare the different relationships between species and populations with different characteristics [START_REF] Pagel | Detecting correlated evolution on phylogenies: a general method for the comparative analysis of discrete characters[END_REF] and thus to compile demographic data over a wide range of species. Life tables are especially well designed to report the effect of age on survival and reproduction rates in the wild. Most of life tables published for birds and mammals are based on a yearly time scale and, therefore, the description of discrete vital rates for each year provides the most detailed information to describe the effect of heterogeneity in age on vital rates. Life tables also offer a standard presentation of demographic data that could be in theory easily recovered and used to perform comparative analyses of mortality and reproduction patterns because of the standard definitions used for those vital rates. However, demographic data collected in the wild are not always as simple as the one I presented in the Fig. 1.1. In lots of studies in the wild, individuals are not monitored through their entire lifetime. For those studies, different methodologies are used to calculate mortality rates, which include for instance age determination methods [START_REF] Hamlin | Evaluating the Accuracy of Ages Obtained by Two Methods for Montana Ungulates[END_REF] or methods to account for incomplete capture-capture datasets [START_REF] Choquet | M-SURGE: new software specifically designed for multistate capture-recapture models[END_REF]. To perform comparative analyses from life tables, we need to do a critical assessment of the different methodologies used in each of the studies reporting life table data and of the quality of these data and to find a way to standardize the different vital rates. Moreover there has been little attempt to date to collect all those data in the literature (but see Millar & Zammuto, 1983;Gaillard et al., 2005;[START_REF] Clutton-Brock | Sex differences in ageing in natural populations of vertebrates[END_REF] and until recently there was no compilation of the life tables published in the literature (but see https://datlife.org/ a new database reporting life tables published for animals). For these reasons, most of the studies performing comparative analyses of senescence patterns have used life tables from captive populations (e.g. generally based on zoo data) instead of wild data because of the greater accuracy of the data coming from daily zoo monitoring (Ricklefs & Scheuerlein, 2001;[START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF]. However, I believe that the study of life tables obtained in the wild should markedly improve our knowledge about actuarial senescence because the ecological and evolutionary consequences of natural causes of mortality such as predation are overlooked in life tables coming from zoo data.

The age-structured matrix model

Once the effect of age on vital rates is assessed, we can make predictions on the evolution over time of the age structure of the population using projection models. The first and most influential model was the matrix projection model developed by Leslie (Leslie, 1945). The core principle for this age-structured model is to predict the asymptotic growth rate as well as the stable age distribution of the population studied. Since the pioneer contribution from Leslie (1945), matrix projection models (MPM) have become a key tool to analyze wild populations (Caswell, 2001). For instance, these models can be used to get the asymptotic deterministic growth rate of a population that can be decisive in conservation biology to assess the extinction risk of an endangered population [START_REF] Beissinger | On the Use of Demographic Models of Population Viability in Endangered Species Management[END_REF]. Two databases collecting projections matrices published for plants (COMPADRE, Salguero-Gómez et al., 2015) and animals (COMADRE, Salguero-Gómez et al., 2016) were developed following the great interest in using MPM for conservation biology and well as in comparative demography.

The relationships between body mass and vital rates

Age is not the only trait structuring among-individual differences in performances.

There is usually a high variance in terms of survival and reproduction within an age class, which suggests the existence of other axes of heterogeneity than age [START_REF] Wilson | What is individual quality? An evolutionary perspective[END_REF]. The most studied source of individual heterogeneity acting on populations dynamics is body mass [START_REF] Vindenes | Individual heterogeneity in life histories and ecoevolutionary dynamics[END_REF]. Individuals of largest body size or mass perform often consistently better in terms of survival and reproduction. The simplest model to take into account this heterogeneity in body mass involves using a generalization of the agestructured matrix population model (Caswell, 2001). Instead of distributing individuals by age they are also distributed into classes based on size or body mass. The projection matrix is thus very similar to the projection matrix of an age-structured model, the only minor differences being that individuals do not necessarily transit to the next class because some individuals can keep the same size or mass. However, this model is in fact very similar to an age-structured one because age is correlated to mass in animal populations (Gaillard et al., 1997) and so this model accounts poorly for the variation in body mass within one age class. To take in account this heterogeneity, a two-layer model is needed to incorporate both an age effect and the heterogeneity in body mass within each of the different age classes.

The integral projection model

Integral Projection Models [START_REF] Ellner | Integral Projection Models for Species with Complex Demography[END_REF][START_REF] Coulson | Integral projections models, their construction and use in posing hypotheses in ecology[END_REF][START_REF] Merow | Advancing population ecology with integral projection models: a practical guide[END_REF] were developed to take in account variation among individuals in one or more traits, body mass being the most frequently used [START_REF] Vindenes | Individual heterogeneity in life histories and ecoevolutionary dynamics[END_REF]. IPMs are in fact similar in their goals to the MPMs. MPMs follow changes in the distribution of ages over time in the population while IPMs follow the distribution of the structuring traits (for instance body mass) over time. The biggest difference between these two approaches is that IPMs consider the distribution of the structuring trait as being continuous instead of using discrete age classes for the MPMs. To know how this distribution change with time we need to develop a kernel function that describes how the distribution changes from one time step to the next one.

Thus, by using the following formula, we can obtain the distribution of body mass at the next step:

with the distribution of the trait (body mass) at time t+1, the distribution of body mass at time t and the kernel function describing the change in the mass distribution through survival, reproduction and growth of the different individuals. The kernel function is integrated through all the ranges of size Ω that are possible for the organism.

The Kernel Function

The kernel is the key part when building an IPM, which is highly dependent on the biological cycle of the species studied and on the timing of the census through the year [START_REF] Merow | Advancing population ecology with integral projection models: a practical guide[END_REF]. This function should describe how an individual of a certain trait value would influence the distribution of body mass at the next time step. Thus, for animals, kernel functions are the addition of two components explaining how reproduction and survival influence the next distribution of the trait. To include these two components, we thus need to establish the 4 main functions describing the link between the demographic parameters and the focal trait for the population (See Fig. key population parameters such as the growth rate of the population, the distribution of the mass or the generation time [START_REF] Plard | The influence of birth date via body mass on individual fitness in a long-lived mammal[END_REF]. Despite the fact that the theoretical concepts to build IPMs have been extensively developed (e.g. [START_REF] Metcalf | IPMpack: an R package for integral projection models[END_REF], there have been few empirical attempts to date to build such models in birds and mammals [START_REF] Coulson | Integral projections models, their construction and use in posing hypotheses in ecology[END_REF][START_REF] Plard | The influence of birth date via body mass on individual fitness in a long-lived mammal[END_REF]. To model the 4 functions, a long-term monitoring of individuals is required to get information on their survival, reproduction and individual characteristics [START_REF] Clutton-Brock | Individuals and populations: the role of long-term, individual-based studies of animals in ecology and evolutionary biology[END_REF]. Such extensive amount of data is rarely available for wild populations. To overcome this limitation and find a way to build IPM for a large set of populations, general patterns for the 4 functions are needed.

The survival component of the kernel function

The survival component of the kernel function explains how surviving individuals change the distribution of the trait. This component includes the survival function as well as the growth function. The survival function linking the survival of adult individuals to their body mass has not received so much attention to date. We saw before that adult survival is expected to be very high compared to juvenile survival and thus we expected the variance of adult survival to be small [START_REF] Gaillard | Temporal Variation in Survival of Mammals: A Case of Environmental Canalization?[END_REF], leading to little or even no effect of the focal trait on adult survival. However, I argue here that when the trait is strongly linked with age as body mass is, the survival-trait relationship captures in fact an effect of age rather than an effect of the trait per se. In survival-trait relationships, only mature individuals are included. Thus, mature individuals of all ages are included from newly recruited to more older ones, although we also know that newly mature individuals should have lower survival but also most of the time did not finish their growth and thereby have a lower body mass than older adults. Age differences alone might lead to a positive relationship between adult survival and the focal trait in birds and mammals. Growth patterns are widely available in the literature for different species of birds and mammals. As previous analyses have reported that the shape of the growth curve strongly depends on the species studied (Gaillard et al., 1997), I recommend using the species-specific relationship reported in the literature to build reliably the IPM kernel. 

The reproductive component of the kernel function

The impact of body mass on reproduction has received even more attention.

Depending on the time when individuals are censored the expression of such function should change. We define the reproduction components of the IPM kernel as follows to include most studies that have investigated the effect of body mass on the components of reproduction:

The simplest reproduction function from IPM kernels directly links the mother body mass to the number of recruited individuals. However, we need an intermediate step involving newborns because the relationship linking directly mother mass to recruitment rate of the offspring is rarely provided as such in the literature and also because newborns constitute the vulnerable stage in terms of mortality. Therefore, a higher variance in mortality rate is expected at this early stage. The relationship linking offspring body mass to offspring survival have received much attention [START_REF] Magrath | Nestling Weight and Juvenile Survival in the Blackbird, Turdus merula[END_REF][START_REF] Maness | Predictors of juvenile survival in birds[END_REF][START_REF] Monteith | Life-history characteristics of mule deer: Effects of nutrition in a variable environment[END_REF]. Newborn survival is expected to be highly dependent on their body mass because body mass is linked to individual reserves and reserves are expected provide an advantage for newborns [START_REF] Lack | Population studies of birds[END_REF][START_REF] Garnett | Body Size, Its Heritability and Influence on Juvenile Survival Among Great Tits[END_REF]. A positive relationship is also expected for the relationship between mother mass and the number of offspring mothers produced [START_REF] Clutton-Brock | Fitness costs gestation and lactation in wild mammals[END_REF]. As well as reserves should positively impact survival, they should influence positively female reproduction (Schulte-Hostedde, Millar, & Hickling, 2001b).

Likewise, the mass of the mother should also positively influence the mass of the offspring because females with higher reserves could allocate more to their offspring [START_REF] Hamel | Maternal allocation in bison: Co-occurrence of senescence, cost of reproduction, and individual quality[END_REF]. As the expectations for those three relationships are straightforward, no study to date has tried to compile all the studies presenting these three relationships to test whether there is indeed a positive link on average and whether there are some biological factors that can explain differences between the intensities of these relationships across species.

Thesis organization

In this thesis I will present my work on the importance of heterogeneity in vital rates through the two main traits structuring bird and mammal populations: body mass and age. The main goal of my thesis was to compile the different relationships linking body mass or age to the vital rates in animal populations and to assess from all the relationships compiled in the literature whether (1) there is a general pattern and ( 2) factors shaping those relationships can be identified. The long-term goal is to understand how those different patterns will influence population dynamics.

The first axis of my thesis is to draw the general patterns for the relationships between body mass and the different components of reproduction. Through an extensive review of the literature, I will perform different meta-analyses of each of the relationships to understand what the general pattern is and also what are the factors explaining the diversity of relationships found in the literature. In a first part, I will perform the meta-analysis of the relationships linking body mass to offspring survival and body mass of the mother to body mass of the offspring. In a second part, I will review the importance of the different sources of mortality to shape the relationship between juvenile survival and body mass (or more generally condition indices). I will also highlight the importance of taking into account individual heterogeneity in mortality in evolutionary theories of aging. As a last part I will present the meta-analysis of the relationship linking mother body mass to reproductive rates as well as a meta-analysis of the relationship linking mother body mass to litter size. The goal here is also to identify the biological factors that influence these relationships.

I will then continue by presenting the second axis of my work, which consisted in describing the relationships linking vital rates and age. To do this, along with my supervisors, I performed a review of the different life tables on wild populations of mammals reported in the literature. We thus compiled this information in a demographic database named Malddaba (MAmaLian Demographic DAtaBAse). In the first part, I will present the dataset compiled in Malddaba. Then, using some selected case studies I will explain the difficulties to get standardized estimates of vital rates in relation to age. In a second part, I will use the data compiled in Malddaba to perform a comparative analysis of senescence patterns between males and females in wild populations of mammals. I will thus be able to compare differences in terms of longevity or in terms of senescence rate between males and females. In a last part, I will present some new ways to assess senescence patterns in mammals by first assessing the quality of the different measurement of longevity already used in the literature and by also presenting new ways to analyse the distribution of ages at death in birds and mammals.

I will then finish by discussing some of key results I got from my work and will draw some perspectives for future works using the data already compiled through my thesis.

Part I

Assessing the general patterns of the relationships between body mass and the different components of reproduction.

Overview

In this part, I will assess the general patterns for the different relationships linking individual body mass to the different components of reproduction in birds and mammal. I compiled all studies reporting those relationships in the literature. Using a meta-analysis procedure, I first was able to compute the general effect for each of those relationships. The second aim of this part was to identify any biological or environmental factor that could explain the differences in these relationships found between species and populations. This part is composed of three chapters. In the first chapter, I present a meta-analysis of two relationships, the relationship between juvenile survival and juvenile body mass and the relationship between mother mass and offspring mass. In the second chapter, I critically review the importance of integrating the relationship between juvenile survival and juvenile condition when studying dynamics and evolution of wild populations. In the third chapter, I perform a meta-analysis of two relationships linking female body mass to reproduction, the relationship linking female body mass to the pregnancy rate and the relationship linking mother mass to the litter size.

Chapter II

Causes and consequences of variation in offspring body mass: meta-analyses in birds and mammals 

Abstract

Reproductive success is highly variable between among females in mammalian populations and strongly influences their population dynamics. Female body mass is a key trait that has been repeatedly reported to influence the different components of reproductive success. As a general rule, heavier females have higher body reserves (in capital breeder species) or better access to high quality resources (in income breeder species) to overcome the cost of reproduction. We thus expect female body mass to influence positively reproductive success. We performed two meta-analyses of the intensity of the relationships between pregnancy rate and female body mass and between litter size and female body mass in mammals. Correcting by the confounding effect of the age of the mother, we found a clear positive effect of mother body mass on both pregnancy rate and litter size. The only factor that we found influencing the intensity was the age of the mother for the pregnancy rate with older mothers being less dependent on their body mass to reproduce than younger ones.

Despite the strong assumptions from the literature, the allocation strategy to reproduction did not influence those relationships.

Keywords: heterogeneity, litter size, pregnancy, condition, maternal allocation

Introduction

In animal populations, individuals differ in their demographic rates. Some individuals perform better either by having a higher reproductive rate or a lower mortality risk, or both [START_REF] Gaillard | Temporal variation in fitness components and population dynamics of large herbivores[END_REF]. Such differences in reproduction or survival can be partly explained by differences in condition among individuals because condition is a proxy for body reserves [START_REF] Ronget | Causes and consequences of variation in offspring body mass: Meta-analyses in birds and mammals[END_REF]. As expected, individuals with higher condition display higher early survival [START_REF] Ronget | The 'Evo-Demo' Implications of Condition-Dependent Mortality[END_REF]. However, despite the accumulation of case studies that tested the relationship between condition and reproductive metrics in mammals [START_REF] Cook | Effects of Summer-Autumn Nutrition and Parturition Date on Reproduction and Survival of Elk[END_REF][START_REF] Simard | Linking conception and weaning success with environmental variation and female body condition in a northern ungulate[END_REF][START_REF] Borowik | Red deer (Cervus elaphus) fertility and survival of young in a low-density population subject to predation and hunting[END_REF], no study has yet evaluated the general impact of condition on reproductive traits across mammalian species.

The fecundity rate is often defined as the number of offspring produced per female per reproductive attempt [START_REF] Leslie | The Mortality, Fertility and Rate of Natural Increase of the Vole (Microtus agrestis) as Observed in the Laboratory[END_REF]. This fecundity rate is thus influenced by both pregnancy rate and the number of individuals produced at birth (i.e. litter size in mammals) by a reproductive female. Mammalian females can either produce one offspring (monotocous) or multiple offspring (polytocous) per reproductive event. Hence, to draw the general pattern between body condition and reproductive output, we performed the meta-analyses of the relationship between the female body condition and the probability to be pregnant for all mammalian species and of the relationship between mother mass and litter size only for polytocous mammals. The relationship between body condition and pregnancy rate has been largely studied in mammals [START_REF] Albon | Fertility and Body Weight in Female Red Deer: A Density-Dependent Relationship[END_REF][START_REF] Boyd | State-dependent fertility in pinnipeds: contrasting capital and income breeders[END_REF][START_REF] Gaskins | Influence of body weight, age, and weight gain on fertility and prolificacy in four breeds of ewe lambs[END_REF]. A positive relationship is expected because females with higher body condition have higher body reserves (Schulte-Hostedde et al. 2001) and have more energy to allocate to reproduction [START_REF] Gittleman | Energy Allocation in Mammalian Reproduction[END_REF]. The role of the energy reserves is especially important for female mammals because they face high energetic costs during the late gestation and early lactation stages [START_REF] Sadleir | The ecology of reproduction in wild and domestic mammals[END_REF][START_REF] Gittleman | Energy Allocation in Mammalian Reproduction[END_REF][START_REF] Clutton-Brock | Fitness costs gestation and lactation in wild mammals[END_REF].

As almost all mammalian species are iteroparous (i.e. have repeated reproductive events throughout their lifetime), they need to trade their energy allocation between current reproduction and survival to the next reproductive event [START_REF] Clutton-Brock | Fitness costs gestation and lactation in wild mammals[END_REF]). It has been described that mammalian species have different strategies when it comes to reproductive allocation. We can describe two types of opposite strategies. First some species cover the cost of reproduction (pregnancy and gestation) using their own accumulated reserves, those species are called capital breeders. At the opposite some species cover the cost of reproduction using only their food intake with no uses of their individual reserves, they are called income breeders [START_REF] Jönsson | Capital and Income Breeding as Alternative Tactics of Resource Use in Reproduction[END_REF]. If body mass is a reliable proxy of the capital of a female, we thus expect the intensity of the relationship between reproduction and body mass to be weaker for income breeders. These different allocation strategies between species could explain why some studies lacked to detect any positive association between maternal mass and pregnancy rate (i.e. Boyd 2000 for the Antarctic fur seal).

The relationship between female body mass and number of offspring produced at a

given reproductive event has also been intensively studied, not only in mammals but in a large range of species, notably in the context of the trade-off between offspring size and number [START_REF] Lim | Heterogeneity in individual quality and reproductive trade-offs within species[END_REF]. Although, the number of offspring produced at a given reproductive event should increase with female mass because heavier females store higher energetic reserves (in capital breeders) or have access to higher quality resources (in income breeders) [START_REF] Andersen | Factors affecting maternal care in an income breeder, the European roe deer[END_REF], which leads them to allocate a higher absolute amount of energy to reproduction and thereby to raise successfully more offspring [START_REF] Fokidis | Reproductive and resource benefits to large female body size in a mammal with female-biased sexual size dimorphism[END_REF][START_REF] Macleod | No apparent benefits of allonursing for recipient offspring and mothers in the cooperatively breeding meerkat[END_REF].

As well as the previous relationship we expect the allocation strategy to be a major driver shaping the relationship linking litter size and mother body mass which could explain why some studies did not report any effect of body mass on litter size [START_REF] Gonzalez | Litter reductions reveal a trade-off between offspring size and number in brown bears[END_REF][START_REF] Paronis | Maternal weight as an alternative determinant of the gestational day of Wistar rats housed in individually-ventilated cages[END_REF].

All studies seeking to evaluate the effect of female body mass on pregnancy rate and body condition face a major issue. Individual differences in female body mass do not only reflect differences in body reserves but also come from differences in age. Mammalian females typically start reproducing prior to the end of their growth period (e.g. when about 80% of asymptotic adult mass is reached in most large herbivores [START_REF] Servanty | Litter size and fetal sex ratio adjustment in a highly polytocous species: the wild boar[END_REF])) and lighter reproductive females are most likely primiparous. Thus, young primiparous females are expected to have lower pregnancy rates than older multiparous females (Côté & Festa-Bianchet 2001). We should then expect a positive relationship between pregnancy rate and maternal mass even when variation in maternal body mass is less related to the amount of energy reserves, like in income breeders. In such a situation, body mass rather corresponds to an index of maturity. The same confounding effect is expected to arise for the relationship between litter size and mother body mass. As a general rule, primiparous females of mammals are younger and lighter than multiparous ones, and generally also have lower litter size than older heavier multiparous females [START_REF] Dobson | Maternal traits and reproduction in Richardson's ground squirrels[END_REF]Packer et al., 1998;Sherman & Runge 2002). Consequently, we expected a positive effect of body mass on litter size to occur. However, only reproductive females, that are more likely to be old, are considered when measuring litter size which are more likely to be old, so that age should be less influential on litter size than on pregnancy rates. The simplest way to account for this confounding effect is to describe the relationships only for some age class for instance for primiparous individuals or multiparous individuals [START_REF] Reimers | Reproduction in wild reindeer in Norway[END_REF][START_REF] Gedir | Litter sex ratios in Richardson's ground squirrels: Long-term data support random sex allocation and homeostasis[END_REF].

One other way is to add also age as a covariate of the relationship [START_REF] Hamel | Maternal allocation in bison: Co-occurrence of senescence, cost of reproduction, and individual quality[END_REF] Although body mass should positively influence reproductive traits, empirical studies performed so far have reported contrasting patterns and there is to date no clear consensus on how maternal body mass influences female reproductive success. To fill this knowledge gap, we performed four phylogenetically-corrected meta-analyses of the relationships between female body mass and the probability to be pregnant corrected or not by age and between female body mass and litter size corrected or not by age. We aimed to get the average effect of female body mass on each of these two major reproductive traits and to decipher whether this effect is independent of age or not. Moreover, we looked for testing whether the large variation observed in reproductive traits among females both within and across mammalian species can be related to some explanatory factors such as species-specific traits such as the reproductive strategy or the impact of environmental conditions.

Material and Methods

Literature search

We first collected published papers for the meta-analysis by performing a bibliographic research in ISI Web of Science. We used the following keywords: "(mother or maternal) and (size or mass or weight or condition) and (reproduction or "reproductive success" or "litter size" or "pregnancy rate" or recruitment or fertility)" and restricted the results to the category "Ecology", "Zoology", "Evolutionary Biology", "Reproductive

Biology" and "Veterinary Sciences". The search was performed in April 2018 and we ended up with 3,250 articles. The results were screened based on the title and on the abstract of each retrieved paper, and papers were excluded when the relationship between pregnancy rate or litter size and maternal mass was not reported or when the species was not a mammal. Using this procedure, we ended with 126 papers. As old papers and reports were poorly referenced in this database, we screened all references in the selected papers to identify more studies with the required information. Using this procedure, we added 122 papers to the previous search (Fig . 4.1.).

We then screened all the papers to get the information needed for the analysis. For the relationship between pregnancy rate and maternal mass we looked for a relationship including the probability to be pregnant, or when not reported, the probability to give birth or the probability to recruit at least one offspring at a given reproductive attempt. To assess female mass, we gave priority to the relationships for which the absolute total body mass of females was reported. When this information was not available, any measurement of body condition was retrieved. For the relationship between litter size and female mass, we looked for any relationship involving the litter size at birth. When this was not possible, we considered the number of embryos or the number of offspring at weaning as a measure of litter size. Some studies reported the relationship for females at different age (e.g. young vs. old mothers, (Skibiel et al., 2009;[START_REF] Price-Rees | Size delays female senescence in a medium sized marsupial: The effects of maternal traits on annual fecundity in the northern brown bandicoot (Isoodon macrourus)[END_REF]) or added the age of the female as covariate [START_REF] Hamel | Maternal allocation in bison: Co-occurrence of senescence, cost of reproduction, and individual quality[END_REF]. In that case, all those relationships were compiled in different agecorrected dataset. When data were available the relationship corrected by age as well as the relationship non-corrected were added in the two different datasets. 

Data extraction

The relationship between pregnancy rate and female mass was mostly reported as a logistic regression because of the binomial distribution of the probability to be pregnant. We recorded the slope of the logistic relationship and the associated standard error (SE).

Sometimes, this information was not reported explicitly in the paper, and only a figure was provided. We then used WebPlotDigitizer (http://arohatgi.info/WebPlotDigitizer/) to extract the data from the figure and ran a logistic regression on the data using the R package "betareg" (Cribari-Neto & Zeileis 2010) to estimate the slope and the SE. Several studies only reported the body mass mean and SE for pregnant vs. non-pregnant females. In that case, we used the same procedure as described in [START_REF] Ronget | The 'Evo-Demo' Implications of Condition-Dependent Mortality[END_REF]. We assumed that body mass was normally distributed for both pregnant and non-pregnant females and we performed 1,000 simulations of these mass distributions. We then fitted a logistic regression to each of these 1,000 datasets and averaged the slope and calculated the SE. To compare the female masspregnancy rate relationship across mammalian species, we standardized each slope and SE to make studies comparable [START_REF] Nakagawa | Methodological issues and advances in biological metaanalysis[END_REF]. We then standardized each slope by the SE of the female mass distribution because populations displayed markedly different mass distributions, we did that by multiplying the slope and the SE by the female mass SE, and then got a semi-standardized logistic slope [START_REF] Menard | Standards for standardized logistic regression coefficients[END_REF]. When the female mass SE was not reported in the paper, we used the mass range to infer the SE. Assuming that female mass was normally distributed, 95% of the individual masses should rank between -1.96*SE and 1.96*SE. We thus assumed that the range of female mass in the focal population was equal to the 95% interval for the distribution of mass for the population. The slopes were converted to odd ratio to facilitate the interpretation [START_REF] Lipsey | Practical meta-analysis[END_REF]. We did that conversion by taking the exponential of the slope. Hence, an odd ratio of 1 corresponded to a null effect and an odd ratio higher than 1 corresponded to a positive effect. The odd ratio (i.e. the ratio between the probability to be pregnant and the probability to not be pregnant) measures the factor by which the probability to be pregnant would increase in response to an increase by one SE of female body mass.

The relationship between litter size and female body mass was mostly reported as a linear relationship associated with a (version R.3.4.3, R Development Core Team 2017) on these data. We also used χ², t and F statistics to estimate correlation coefficients using the formula in [START_REF] Lipsey | Practical meta-analysis[END_REF]. In some studies, the distribution of female mass was reported for each litter size. In that case, we considered each distribution as being normally distributed and we performed 1,000 simulations of the mass distributions. We then calculated the average correlation coefficient.

The correlation coefficients were converted to a Fisher Zr coefficient, which is an unbounded measure of the effect size for correlation coefficients [START_REF] Lipsey | Practical meta-analysis[END_REF]. Zr coefficient of 0.1, 0.3 and 0.5 correspond to low, moderate and strong effects, respectively [START_REF] Cohen | Statistical power analysis for the behavioral studies[END_REF].

Statistical analysis

We performed a multi-level meta-analysis because of the non-independence among the different effect sizes. Spurious correlation can arise between effect sizes simply because the effect sizes are estimated from the same species, from closely related species, or from the same population and are analyzed by the same author. We performed a Bayesian linear mixed model for these meta-analyses, which is recommended to handle phylogenetic meta-analysis [START_REF] Nakagawa | Methodological issues and advances in biological metaanalysis[END_REF]. We used the function MCMCglmm of the package MCMCglmm [START_REF] Hadfield | MCMC methods for multi-respoinse generalized linear mixed models: the MCMCglmm R package[END_REF][START_REF] Hadfield | General quantitative genetic methods for comparative biology: phylogenies, taxonomies and multi-trait models for continuous and categorical characters[END_REF]) for the analysis.

For each meta-analysis, we fitted a first meta-analysis model with each effect size entered as the dependent variable and no fixed effect to get the overall mean. For each model, the variance of each effect size was implemented using the mev argument in MCMCglmm.

We included as random effects the phylogeny and the species name independently of the phylogeny because females from the same species can share characteristics that are independent of the phylogenetic history, the name of the author. To correct for phylogenetic relatedness (Harvey & Pagel 1991), we used a phylogenetic tree for mammals (Bininda-Emonds et al., 2007). From this tree, we extracted the covariance matrix among species, which was used as a random factor. For the age-corrected relationship linking pregnancy rate to mother mass the correction of the phylogeny was not included because of the too low number of species represented (N=9). There was no a priori information, so we used a noninformative prior in our model (Inverse Wishart prior with v=0.02 and V=1). Each model was run for 2,000,000 iterations. We assessed the convergence of the model by using the Gelman.diag function in R and we also checked the sensibility of our results to the prior choice by rerunning the models with a parameter expanded prior (v=1, V=1, alpha.mu=0, alpha.V=1,000). This analysis did not point out any effect of the prior choice.

For each model, we presented the mean of the posterior distribution associated with the 95% credibility interval of the highest posterior density distribution (HPDI). The I² statistics were calculated to quantify the percentage of the total variance explained by each random effect. For each I² statistic, 95% credibility intervals were provided.

Meta-analyses are subjected to publication bias because studies with no detectable effect are less likely to be published. This could result in an over-representation of studies with a detectable effect, which could lead to an overestimation of the meta-analysis mean.

(Nakagawa & Santos 2012) recommended the use of a funnel plot to diagnose this bias. The funnel plots recommended for meta-analysis with random effects plot the precision of the study (measured as the inverse of the SE) against the residuals of the meta-analysis. In absence of any publication bias residuals should be equally distributed around 0, leading to a symmetric funnel plot. To test the symmetry of the diagram we performed an Egger regression [START_REF] Egger | Bias in meta-analysis detected by a simple, graphical test[END_REF] involving the regression of residuals of the meta-analysis against the precision. When the intercept does not differ from 0 the funnel plot is considered to be symmetrical and there is no publication bias. Otherwise, there is a publication bias. We assessed the importance of this publication bias using the trim and fill method of the package metafor [START_REF] Viechtbauer | Conducting Meta-Analyses in R with the metafor Package[END_REF]. This method allows estimating the strength of the publication bias and provides an estimate of the number of studies lacking in the funnel as well as a correction for the overall mean of the meta-analysis.

As a second step, we fitted the same meta-analysis models by adding moderators as fixed factors to explain the variation observed in the intensity of the relationships. We implemented the following moderators:

-Capital vs. Income breeder-As the strategy of allocation is expected to influence the intensities of these relationships we categories species as Capital or Income breeder [START_REF] Jönsson | Capital and Income Breeding as Alternative Tactics of Resource Use in Reproduction[END_REF]. Species were classified as income breeder if there is data in the literature proving that the food intake increase during the pregnancy or lactation and if there is no evidence of decrease in body reserve. Species were classified as capital breeder if there is any evidence that the amount of reserves decrease during gestation or lactation.

-wild vs. captive population-As captive females benefit from a safer environment with less resource limitations than their wild counterparts (Tidière et al. 2016) they are expected to be less dependent of their body reserves for successful reproduction.

-body mass measure-Female body mass could include or not the fetal or litter mass [START_REF] Boyd | State-dependent fertility in pinnipeds: contrasting capital and income breeders[END_REF]. In some studies (N = 37), the period of measurement for female body mass included the gestation time, which leads mother body mass to be overestimated.

-monotocous vs. polytocous-As polytocous mammals, but not monotocous ones, can adjust their reproductive output at a given attempt by producing more or less offspring within a litter; we distinguished between the two groups of mammals in the analysis of pregnancy rate in relation to female body mass.

-age-This moderator was only use for the age-corrected relationships. We made three categories 'All ages', 'Young', and 'Old' that corresponded to relationships in which females from all ages were included, only young females were included, or only old females were included, respectively,

Results

Dataset

A description of the dataset is reported in the table 4.1. There were markedly less studies included and a lower diversity of species for the relationships corrected by age in comparison to the non-corrected relationship. 

Relationship between pregnancy rate and maternal mass non-corrected by age

Pregnancy rates were positively related to maternal mass (meanmeta-analysis = 2.58, [HPDI= (1.47; 4.37)]). The heterogeneity analysis revealed that the effect of the species independently of the phylogeny did account for a substantial proportion of the total variance compared to the other random effects (close to 40 % for the species effect, Tab. 4.2.). This means that distinct populations from the same species are likely to have similar slope independently of the phylogenetic relatedness. There was no detectable publication bias (Egger regression: intercept=0.18 HPDI= (-0.21;0.58)). The funnel plot was symmetrical (Figure S4.2.A), which indicates that there is no publication bias was. There was no detectable difference in the intensity of the relationship between capital and income breeder, wild and captive populations, between populations where fetal or litter mass was included in or excluded from female mass estimate, or between monotocous and polytocous species (Fig. 

4.2.A).

Relationship between pregnancy rate and maternal mass corrected by age

Pregnancy rates were positively related to maternal mass even when the relationship was age-corrected (meanmeta-analysis = 3.06, [HPDI= (1.14; 8.93)]). We did not present the heterogeneity analysis here as there was not species to interpret these values. There was a detectable publication bias (Egger regression: intercept=0.54 

Relationship between litter size and maternal mass non-corrected by age

A positive relationship occurred between litter size and female mass (meanmeta-analysis = 0.33, HPDI= (0.10; 0.55)). None of the random factors explained a substantial proportion of the total variance (All I² close to 25%, Table 4.3.). The funnel plot was symmetrical, which indicated the absence of any publication bias (Fig. S4.5.A) (Egger regression intercept= -0.01 HPDI=(-0.08;0.04)). There was no detectable effect of the allocation strategy on the intensity of the relationship between litter size and female mass (Figure 3B). Likewise, the intensity of this relationship did not differ between wild and captive populations, nor between studies including or excluding litter mass from the female mass measurement (Fig. 4.3.A).

Relationship between litter size and maternal mass corrected by age

As well as the previous relationship there was markedly less studies included in this dataset. 35 odd ratios were collected from 21 studies. Data were collected for 17 species mostly including the orders of Rodents (11 species) (Fig. S4.4.). When the relationship is corrected by age there was still a positive effect of female body mass on litter size (meanmetaanalysis = 0.26, HPDI= (-0.09; 0.55)) However the 95% credibility interval did overlap the null effect highlighting either a weaker relationship or most likely a weak power of the analysis due to the low sample size. We did not present the heterogeneity analysis because of the low sample size which prevent any valuable interpretation. There was no publication bias detected 

Discussion

As predicted, the four meta-analyses provided a quite strong support towards a positive effect of female body mass on both studied reproductive traits. However, our analyses highlighted some unexpected variations, which shed new light on the role of female body mass on reproductive output across mammalian populations.

We demonstrated a clear positive effect of female body mass on pregnancy rate.

Because we even found a positive effect of body mass when correcting by the confounding effect of mass, we can confirm the intrinsic positive effect of body mass on reproduction. We found that body mass was a major driver of pregnancy rate with both effect size close to 3 for the corrected and non-age corrected relationship meaning that for an increase of 1 standard deviation of female body mass the probability of being pregnant is multiplied by 3. We found that populations from the same species were likely to have similar intensity on the relationship, but we found that those species were not necessarily closely phylogenetically related. For instance, for Cervus elaphus we found a mean effect size of 7.21 for 9

populations and for Ovis aries we found a mean effect size of 1.40 for 7 populations. To explain these variations, we tried to find some species related characteristics that were not related to the phylogeny.

We predicted that the allocation strategy of the species could explain the variability of the intensity of the relationship between species with for instance capital breeders being really dependent on their reserves which is related to their body mass [START_REF] Jönsson | Capital and Income Breeding as Alternative Tactics of Resource Use in Reproduction[END_REF]). However, we did not find any difference between capital and income breeder species in the intensity of the relationship. This finding highlights the fact that body mass is not only a proxy of individual reserves. For instance, some species because they did not store fat reserves rely heavily on the amount of food intake to make a successful reproduction. However, to increase their food intakes those females need to have access to high quality food [START_REF] Mcdonald | Dynamic influence of maternal and pup traits on maternal care during lactation in an income breeder, the antarctic fur seal[END_REF].

However, there is a high competition between individuals for gaining access to high-quality resources and bigger and heavier individuals are thus likely to be favored in the competition for resources [START_REF] Andersen | Factors affecting maternal care in an income breeder, the European roe deer[END_REF]. Therefore, we can thus consider that body mass is not strictly a proxy of reserves in mammalian females but also a proxy of individual quality in the broader sense [START_REF] Wilson | What is individual quality? An evolutionary perspective[END_REF]. One other reason that can explain the absence of effect of the strategy allocation is that opposing capital to income breeder is an oversimplification of the reality. The classification of the allocation strategies is more a continuum from capital to income breeder with for instance some intermediate species relying on both reserves and food intake (i.e. Sus scrofa [START_REF] Servanty | Litter size and fetal sex ratio adjustment in a highly polytocous species: the wild boar[END_REF])). As it is difficult to tease apart the amount of energy used for reproduction coming from the reserves or from the food intake [START_REF] Stephens | Capital breeding and income breeding: their meaning, measurement, and worth[END_REF]) only two categories are generally considered. Nonetheless classified allocation strategies into two dichotomous categories could be inaccurate to perform a precise comparison of the difference in the relationship between reproduction and body mass for species with different allocation strategies.

When individuals were split by age-classes (i.e. the age effect on body mass was removed), the intensity of the relationship was higher for the young individuals class compared to the adult ones. The reproduction of young individuals is likely to be mostly influenced by resource abundance and quality, which are related to environmental conditions shaped by density population and climatic conditions [START_REF] Clutton-Brock | Interactions Between Population Density and Maternal Characteristics Affecting Fecundity and Juvenile Survival in Red Deer[END_REF]Gaillard et al., 2000). Frail young females have much less energy to allocate to reproduction because they still allocate resources to the growth process, which might reinforce the relationship between body mass and pregnancy rate for these females [START_REF] Borowik | Red deer (Cervus elaphus) fertility and survival of young in a low-density population subject to predation and hunting[END_REF]. On the contrary prime-aged and old individuals should be less dependent of the quantity of reserve or the quality of their food intake which ultimately results in a weaker relationship. The intensity relationship for older individuals even overlapped the null effect which demonstrate the very weak importance of body mass on the pregnancy rate here. However, we should also be cautious to not generalize to much this result as it based on only 8 populations for old individuals. Contrary to our expectation, there was no difference in the intensity of the female mass-pregnancy rate relationship between wild and captive populations.

Female body mass was positively correlated to litter size. The effect was only moderate for non-age-corrected relationship and even overlap the null effect for the agecorrected relationship contrary to the very high effect found for the pregnancy rate. This highlights the possibly weaker relationship between litter size and female body mass compared to the mass-pregnancy rate relationship. One of the major differences between these relationships is the restriction to mass distribution of females that reproduced when studying litter size. As heavier females are more likely to reproduce, we expect less variation in body mass among females producing a litter than among all sexually mature females. However, we still found a consistent positive effect of female body mass on litter size, possibly be due to the fact that individuals with higher reserves or better access to resources can afford to produce more offspring [START_REF] Michener | Reproductive effort during gestation and lactation by Richardson's ground squirrels[END_REF]. They are mainly two pathways for a female to enhance their reproductive success. To increase the number of recruits, females can either produce more offspring or produce heavier offspring to increase offspring survival. This leads to the well-established trade-off between size and number of offspring produced [START_REF] Lack | The Significance of Clutch-size[END_REF][START_REF] Charnov | The Offspring-Size/Clutch-Size Trade-Off in Mammals[END_REF], which can also decrease the intensity of the relationship between female mass and litter size.

We found no effect of the allocation strategy to reproduction on the intensity of this relationship between litter size and mother body mass. As explained earlier mass is a proxy of the overall quality of the female and can therefor affect the litter size of capital breeder as well as income breeder. Contrary to the previous relationship we found no effect of age on the intensity of the relationship, this could be explained because young individuals included in this relationship already reproduced and therefor have a high body mass close to the distribution of body mass of older individuals [START_REF] Dobson | Body mass, structural size, and life-history patterns of the Columbian ground squirrel[END_REF]Skibiel et al. 2009). We also found no effect of captivity on the relationship.

To conclude, we demonstrated that female body mass impacts positively the pregnancy rate as well as the litter size, but we found marked differences in intensity between those two relationships. This finding highlights a low repeatability of litter size for a given mass, which might be caused by variation in adaptive reproductive tactics involving the offspring number-size trade-off and by changes in environmental conditions. We highlight here because there is no effect of the allocation strategy to reproduction on the intensity of the relationship that body mass is not only related to reproduction because it is a proxy of the different reserves but because it is an overall indicator of individual quality which confirms what was already found for other vital rates than reproduction [START_REF] Ronget | Causes and consequences of variation in offspring body mass: Meta-analyses in birds and mammals[END_REF]) in mammals. 

Aim of the database

Studying the effect of age on the different vital rates have received much attention [START_REF] Monaghan | The evolutionary ecology of senescence[END_REF]. One major axis of research in demography is the comparison of senescence patterns across species and the identification of factors that explain this observed diversity (Jones et al., 2014). To perform comparative analyses of senescence across mammals, we need first to assess the relationships between age and vital rates in each of the species. For such computation, an extended amount of age-specific demographic data is required. For long-lived species such as mammal long-term datasets are needed. These datasets are very resource-demanding for the research groups that collect the data and therefore they are only available for a relatively small number of species [START_REF] Mills | Archiving Primary Data: Solutions for Long-Term Studies[END_REF].

For this reason, most studies comparing the patterns of senescence across mammalian species used zoo data (Ricklefs & Scheuerlein, 2001;[START_REF] Ricklefs | Life-history connections to rates of aging in terrestrial vertebrates[END_REF]. Most demographic data available for captive populations are extracted from the Species360 database (https://www.species360.org/) compiling life-tables from more than 1000 zoos and aquariums (e.g. [START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF]. However, patterns of senescence markedly differ between wild and captive conditions, mostly because wild and captive populations do not suffer from the same causes of mortality (Tidière et al., 2016a). Wild populations typically suffer more from environmentally-driven mortality such as starvation or predation, which can change differently with age, than from mortality related to individual attributes (Lemaître et al., 2013). Those studies are thus not fully transposable into the wild, especially if we try to assess the effect of environmental conditions on the population. [START_REF] Caughley | Mortality Patterns in Mammals[END_REF]. There are two major advantages to use those tables for comparative analyses. First, there is a long tradition of reporting life tables in every study measuring the effect of age on mortality or on reproduction in wild populations of mammals (e.g. Spinage, 1972;Millar & Zammuto, 1983). Thus, these age-specific demographic data are available for a relatively large number of species. Second, the presentation of life tables is generally standardized and we can thus easily extract and use comparable data across species.

For instance, mortality rates hold the same definition whatever the species studied.

In the Mammalian demographic database (Malddaba) we chose to compile mortality rates as well as reproductive rates in function of age coming mostly from published life tables for wild mammalian populations. As the main focus of this database is to provide resources to perform comparative analyses for evolutionary ecologists, we aim to compile these data for the maximum number of species. Since there are sometimes marked differences in agedependent relationships between different populations from the same species (i.e. [START_REF] Loison | Age-Specific Survival in Five Populations of Ungulates: Evidence of Senescence[END_REF][START_REF] Garrott | A Geochemical Trophic Cascade in Yellowstone's Geothermal Environments[END_REF][START_REF] Clutton-Brock | Sex differences in ageing in natural populations of vertebrates[END_REF], taking only one population can sometimes lead to spurious conclusions in interspecific comparative analyses [START_REF] Freckleton | The seven deadly sins of comparative analysis[END_REF]. We thus compiled data at the population level by extracting age-specific demographic data from several populations of the same species and in both males and females, when such data were available.

Data collection

Literature review

In the database we only included demographic data from published studies. The studies compiled in the database come from an intensive research of the life tables available in the literature. The compilation of studies reporting life tables for mammals started before the beginning of my thesis by Jean-Michel Gaillard and Jean-François Lemaître but from then I actively contribute to update the literature search. We then identified new papers by looking for the references of each paper providing life tables. With this literature search protocol, we were able to find studies that were not detected through more classical literature search using ISI Web of Knowledge (e.g. old research papers or reports such as [START_REF] Kasuya | Life history and reproductive biology of the short-finned pilot whale, Globicephala macrorhynchus, off the Pacific coast of Japan[END_REF].

We did include all studies reporting any measurement of survival in function of age or any measurement of reproductive rate in function of age. Consequently, the data did not only come from life tables but survival or reproduction in relation to age was presented graphically instead of being reported in the standard life table format. We also extracted information from those studies by using WebPlotDigitizer (http://arohatgi.info/WebPlotDigitizer/). To date there are data from 244 papers included in the database. However, because of the large diversity of mammalian species coming from the different papers, methodology used to compute demographic rates are likely to be very heterogeneous [START_REF] Lebreton | Towards a vertebrate demographic data bank[END_REF].

Species are likely to have different environments and biological cycles, leading to very different methodologies used to compute demographic rates. Moreover, depending on the time investment from the research team, we are also likely to see different methodologies. We emphasize in the database the recordings of the method used as it can have critical impact on the results [START_REF] Freckleton | The seven deadly sins of comparative analysis[END_REF].

Extracting life tables data from datasets of different qualities

2.2.a. Reporting mortality rates

There are two types of dataset used to build life tables. The first type of data comes from longitudinal monitoring that is considered to provide the highest quality datasets. In longitudinal datasets, individuals are marked at birth (or at least very early in life when age can be easily determined) and then recaptured regularly through their lifetime. From those datasets, lifespan of each individual is known, which allows an easy computation of the mortality rates. We can describe two types of longitudinal data for mortality:

-Cohort data: in this type of demographic data individuals are all born the same year and they thus belong to the same cohort. Because all individuals are subjected to the same environmental hazards at the same time of their life, those data are considered as the highest quality data. However, those are rarely reported because a high number of individuals marked at birth for one year is needed to be able to obtain the whole range of age-specific mortality rates, which is most often not technically feasible in wild populations of mammals. However, those data are massively available for human populations. In lots of countries, individuals are censored at birth and the history of each individual is easily tracked, which allows building high quality life tables. Such data are reported for more than 40 countries in the human mortality database (https://www.mortality.org/).

-Period data: the demographic monitoring is made over a period regardless of the year of birth. One of the major advantages of these types of data is that it merges individuals from different cohorts and thus increases the sample size for each of the mortality rates. This will also provide more accurate estimates of mortality at old ages, which constitutes one of the major issues when studying the demography of wild populations and especially when studying the senescence patterns [START_REF] Nichols | Tests for Senescent Decline in Annual Survival Probabilities of Common Pochards, Aythya Ferina[END_REF]. However, as those data merge different cohorts, they also mix individuals with different history that could have experienced extreme environmental hazards at different periods of their life, which are likely to bias mortality rate estimates. Nevertheless, we can reasonably assume that extreme hazards are likely to be buffered if the monitoring is made over a sufficient period of time, which itself directly depends of the species life history. Those longitudinal periods provide the most highquality datasets available in the wild but are also the most resource-demanding [START_REF] Mills | Archiving Primary Data: Solutions for Long-Term Studies[END_REF], explaining why those datasets are not available for a large number of species.

As they are considered as the most accurate data reported in the wild, we directly report the survival rates per age presented in those longitudinal studies as well as the sample size associated at each age.

The second type of data come from transversal data collected in a population and are usually considered as low quality datasets (at least compared to longitudinal datasets). In such transversal studies, individuals are not monitored through time and demographic estimates are based on the sampling of individuals of different ages at the same time. Therefore, the calculation of the mortality rates is based on the fact that sampled individuals can be aged without following them through their lifetime by using indirect methods (i.e. using tooth size or tooth wear [START_REF] Willey | Aging Black Bears from First Premolar Tooth Sections[END_REF][START_REF] Munro | Aging mountain gazelle (Gazella gazella): refining methods of tooth eruption and wear and bone fusion[END_REF]). We can then distinguish two types of transversal data:

-Transversal data on the age distribution of dead individuals (called transversal dx): in these studies, carcasses of individuals are collected (Fig 5 .1.A for an example). The distribution of age of the individuals sampled can be considered as an analogous of the distribution of ages at death in the population. With such distribution, it is possible to compute mortality rates. The major issue with this approach is that, to really represent the distribution of ages at death, the size of the population should be constant with time [START_REF] Caughley | Mortality Patterns in Mammals[END_REF]. If we take the example of a population that recently increased in size, this population will display an overrepresentation of young individuals, which would lead to a mis-representation of the distribution of ages at death. The second problem is that those transversal data rely heavily on (A)

the methods used to assess the ages of the dead individuals, which has been proven to be inaccurate most of the time [START_REF] Hamlin | Evaluating the Accuracy of Ages Obtained by Two Methods for Montana Ungulates[END_REF].

- As the computation of mortality rates for transversal data relies on strong assumptions, we chose to report only the distribution of ages at death in Malddaba. -litter size is the average litter size produced by females of age x (Saunders et al., 2002) Most data linking age to reproduction are available only for females. However, for some species data were also available for males. We also reported them in that case.

2.2.c. Other information reported

We reported also any information on the methodology of the focal study, which could impact the mortality rates as well as any information needed to recover to the original paper associated with the life table. We thus reported for each life table:

-The full reference of the original paper -the sex of the individuals monitored if the life table was sex-specific -The GPS coordinate for the localization of the individuals sampled -the full taxonomic information of the species studied (Species, Genus, Family)

-the duration of the study -whether all ages were included in the life 

Some statistics about Malddaba

As it stands, Malddaba is a database including:

- 

The Future of the database

We are now in the era of the open-access data for research [START_REF] Whitlock | Data archiving in ecology and evolution: best practices[END_REF]. We thus aimed to build Malddaba as an open access database that could be used by any biologist or demographer interested by age-dependent demographic patterns. There are multiple ways to present databases. Some databases can just provide the raw data from a request while others can display a more integrative interface. I will show next how these two presentations that are not mutually exclusive can be applied to Malddaba and then I will present some extension of the dataset that will be done to provide new perspectives for comparative analyses.

Using the database to perform demographic comparative analyses

The first aim of development for this database was to provide detailed demographic data of mammalian populations in the wild to demographers and evolutionary biologists. We highlighted two major axes of research for which those data can be used. First, those data can be used in aging research to compare patterns of aging among mammalian species (or populations). For instance, our first intention by building that database was to compare aging patterns between male and females in the wild (See Chapter VI). Those data could be also used to improve the methods to model reproduction rate as it receives much less attention than the modelling of mortality rates (Emlen, 1970). The second axis of research that could benefit from this database is the study of population dynamics of mammals in the wild. For species in which survival and reproduction are available, demographic models can be built and used to produce outputs on the state of the population. Those outputs can be critical to help managing populations and thus are also very important for the field of conservation biology. We did this for instance for generation times (See Appendices). IUCN status (www.iucnredlist.org) is based on generation times calculated by the IUCN and therefore the methods to assess the generation time is crucial to determine if the species is endangered or not. By using demographic data of mammals in the wild, we were able to point out the inaccuracy of the methods used by the IUCN. Researchers working on all those research questions have always a good demographic knowledge and thus are familiarized with those life table data. In that case, raw data are preferred because they will be able to choose the appropriate models for the scientific question asked. Those users thus need only an effective request system to extract easily the raw data they required.

Provide accurate description of age-related patterns

Malddaba was firstly devised for demographers. However, comparative analyses of aging are not restricted strictly to demographers [START_REF] Gomes | Comparative biology of mammalian telomeres: hypotheses on ancestral states and the roles of telomeres in longevity determination[END_REF][START_REF] Aledo | Mutational Bias Plays an Important Role in Shaping Longevity-Related Amino Acid Content in Mammalian mtDNA-Encoded Proteins[END_REF]. As demographers have tried to assess the diversity of aging patterns, some researchers are more interested by the mechanism of aging and try to link the differences of aging patterns to physiological differences [START_REF] Gomes | Comparative biology of mammalian telomeres: hypotheses on ancestral states and the roles of telomeres in longevity determination[END_REF][START_REF] Aledo | Mutational Bias Plays an Important Role in Shaping Longevity-Related Amino Acid Content in Mammalian mtDNA-Encoded Proteins[END_REF]. Those researchers are not focused on the demographic approach and thus use available databases on aging to assess the difference in aging patterns. Longevity is by far the most commonly used metrics in comparative analyses of aging, most of those longevities are maximal longevities coming from AnAge database [START_REF] Magalhães | A database of vertebrate longevity records and their relation to other life-history traits[END_REF] or from Pantheria database [START_REF] Jones | PanTHERIA: a species-level database of life history, ecology, and geography of extant and recently extinct mammals[END_REF]. However, those measurements have proven to be inaccurate to assess patterns of aging [START_REF] Moorad | A comparative assessment of univariate longevity measures using zoological animal records[END_REF] (See Chapter 6 for a critical review of longevity measurements).

Because of the high quality of the life table datasets, we can compute more accurate metrics such as longevity 90% or life expectancy for all the species in the database. The second goal of this database is thus to present accurate metrics for assessing the senescence patterns. As requests of raw data are easily feasible from our database, the building of an interface to present senescence patterns for each species will be much more resource-demanding but will appeal a much larger audience of researchers. Moreover, we could also link Malddaba to other databases already available such as Anage to provide more robust longevity metrics than maximal longevity.

Integrating morphological measurements in function of age

Demographic rates are not the only quantities that are reported in function of age in the literature. Morphological measurements and more specifically mass and size are reported in function of age. Those growth curves can provide information on how much an individual allocate to growth. As there is a trade off between early allocation to growth and late survival [START_REF] Lemaître | Early-late life trade-offs and the evolution of ageing in the wild[END_REF] we expect that growth patterns could influence the senescence patterns and thus the description of those growth patterns could help us understand the diversity of the senescence patterns [START_REF] Douhard | The cost of growing large: costs of post-weaning growth on body mass senescence in a wild mammal[END_REF]. As those growth data are close to reproduction patterns in terms of presentation (i.e. with one value and a sample size associated to an age)

we can easily add them to the initial structure of Malddaba.

Abstract

In human populations, women consistently benefit from longer lifespan than men, which suggests profound biological foundations for sex differences in survival. Quantifying whether such sex differences are also pervasive in wild mammals is a crucial challenge in both evolutionary biology and biogerontology. Here we use demographic data from 135 mammal populations, encompassing 102 species, to show that female mammals live on average 18.4% longer than conspecific males, whereas in humans the female advantage is 4-9%. Sex differences in longevity and aging rates are both highly variable across species but sex differences in aging rates are not consistent across species. Our analyses reveal that local environmental conditions, rather than sex-specific reproductive strategies, predominantly shape the magnitude of sex differences in mammalian mortality patterns.

Main Text

In all countries worldwide, women enjoy a longer life expectancy at birth than men [START_REF] Masoro | Handbook of the Biology of Aging[END_REF][START_REF] Rochelle | Predictors of the gender gap in life expectancy across 54 nations[END_REF][START_REF] Zarulli | Women live longer than men even during severe famines and epidemics[END_REF]. This pattern of longerlived women is consistent from the mid-18th century (when the first accurate birth records became available) till now [START_REF] Austad | Why women live longer than men: sex differences in longevity[END_REF][START_REF] Masoro | Handbook of the Biology of Aging[END_REF], and explains why about 90% of supercentenarians (i.e. people reaching 110 years old or more) are women1. While social factors reinforce the gender gap in longevity [START_REF] Rochelle | Predictors of the gender gap in life expectancy across 54 nations[END_REF], the greater survival prospects of women over men are observed even when both sexes share the same social habits [START_REF] Luy | Causes of Male Excess Mortality: Insights from Cloistered Populations[END_REF]. The female advantage in lifespan has thus been labelled as one of the most robust features of human biology [START_REF] Masoro | Handbook of the Biology of Aging[END_REF]. How much sexes differ in aging trajectories is a question of paramount importance associated with severe economical and biomedical implications [START_REF] George | Handbook of aging and the social sciences[END_REF][START_REF] Austad | Sex Differences in Lifespan[END_REF]. Indeed, men and women show differences in the dynamics of virtually all age-associated diseases, which are currently increasing in prevalence due to a growing aging population [START_REF] Kennedy | Geroscience: Linking Aging to Chronic Disease[END_REF]. In line with human populations, it is usually assumed that female mammals generally live longer than males [START_REF] Promislow | Costs of sexual selection in natural populations of mammals[END_REF][START_REF] Clutton-Brock | Sex differences in ageing in natural populations of vertebrates[END_REF], although this belief relies either on a few detailed case studies or from longevity records in captivity [START_REF] Carey | Longevity records: life spans of mammals, birds, reptiles, amphibians and fish. Odense Monographs on Population Aging[END_REF], where lifespan and aging rates are often not representative of conspecifics in the wild (Tidière et al., 2016b). However, identifying the evolutionary mechanisms underlying sex-specific survival requires a thorough overview of the sex differences in longevity across mammals in the wild.

We show that mammalian females live 18.4 % (mean value of four longevity metrics, see Tab. 6.1) longer than males in wild mammals from the most complete compilation of sexspecific life tables ever done, which includes 135 mammalian populations of 102 species spanning the wide diversity of mammal orders (Fig. 6.1). This magnitude of sex differences in longevity is robust with respect to four metrics of longevity commonly used (Coefficient of variation: 9.0%, Tab. 6.1) and we thus choose to present results obtained with the most reliable longevity metric (i.e. the longevity 80% that corresponds to the age at which 20% of the adult population remains alive, see Material and Methods). We find that sex differences in longevity are also larger in longitudinal than in transversal studies (Fig. S6.1). As individuals are followed from birth to death in longitudinal studies, these latter provide the most accurate demographic estimates (Nussey et al., 2008), revealing that females live 20.0% more than males (65 populations encompassing 51 species). Although sex differences in longevity from culturally and geographically distinct human populations (Americans: 4.9%, Japanese: 7.7%, Swedish: 4.5%, Aché: 8.3%) are consistent with our estimates from non-human mammals, mammalian females display a survival advantage greater than women in 64.4% of the sampled populations (Fig. 6.1).

In his pioneering contribution to the evolution of aging, Georges C. Williams predicted that the sex exposed to the highest level of environmentally-driven mortality should undergo a faster rate of aging [START_REF] Williams | Pleiotropy, Natural Selection, and the Evolution of Senescence[END_REF], and consequently that male sexual competition should result in higher mortality and lead to faster aging rates in males [START_REF] Williams | Pleiotropy, Natural Selection, and the Evolution of Senescence[END_REF]Gaillard & Lemaître, 2017). To investigate whether sex differences in aging rate matched sex differences in longevity, we estimated the rate of aging (as the rate of change of mortality with age during adulthood, see Methods) in populations where information on the distribution of ages at death was available (83 populations representing 66 species). We find no consistent differences in aging rate between males and females (Table S6.1, Fig. 6.2), which reveal that consistently longer female longevities do not involve a lower aging rate. It thus appears that the overall sex bias in longevity we report across mammalian populations can be shaped by a diversity of sex-specific demographic features that characterize a species or a population, but does not systematically involve a higher aging rate in males. Such a decoupling between longevity and aging rate matches the human mortality pattern since age-specific mortality in human populations studied to date increase at the same rate in both sexes even if women live longer [START_REF] Masoro | Handbook of the Biology of Aging[END_REF]. correspond to thehuman populations. The black dot corresponds to the overall effect for nonhuman mammals and is associated with its 95 % credibility interval.

Sex differences in longevity and aging rate are both highly variable across species (coefficient of variation of 157% and 291% for longevity and aging rate, respectively, Fig.

6.1, Fig. 6.2). Dissimilarities in sex-chromosome content is an influential explanation for sex differences in mortality [START_REF] Trivers | Social evolution[END_REF], which suggests that within species, the heterogametic sex (i.e. XY males in mammals) should suffer from impaired survival compared to the homogametic sex. While the exact biological mechanisms linking sex chromosomes and longevity remain unclear [START_REF] Trivers | Social evolution[END_REF], this hypothesis successfully explains the direction of sex differences in mortality across tetrapods [START_REF] Marais | Sex gap in aging and longevity: can sex chromosomes play a role?[END_REF]. However, our findings demonstrate that even within mammalian species that all share the same sex determination system, variation in the magnitude of sex differences in longevity and aging is particularly large.

Table 6.1. Mean percentage differences and mean log longevity differences (with 95% credibility intervals (CI)) between mammalian males and females for four longevity metrics.

N corresponds to the number of populations included in the analyses. red for females and in blue for males. In the three populations, females live longer than males.

However, in (b) Asian elephant (Myanmar population), females have a higher aging rate, in (c) roe deer (Chizé, France) no difference in aging rates is observed while in (d) bighorn sheep (Sheep River, Canada) males show a higher rate of aging than females.

We investigated ecological and behavioral predictors of sex-specific survival in a phylogenetic framework. First, phylogenetic closeness is the key driver of the variation in longevity and aging rates across species when considering each sex separately (H² = 91% and H² = 90% for female and male longevity; H² = 87% and H² = 88.0% for female and male aging rates), whereas it accounts only for a low percentage of variation in sex differences in both longevity (H² = 20%) and aging rates (H² = 27%) across species. These findings indicate that allometry (through the species-specific body size [START_REF] Calder | Size, function, and life history[END_REF]) and pace of life (through the species-specific position along the slow-fast continuum [START_REF] Kliman | Encyclopedia of Evolutionary Biology[END_REF]), which both closely track phylogenetic closeness [START_REF] Blomberg | Testing for Phylogenetic Signal in Comparative Data: Behavioral Traits Are More Labile[END_REF], mostly determine the mortality pattern of a given mammalian species [START_REF] Healy | Ecology and mode-of-life explain lifespan variation in birds and mammals[END_REF] but have little influence on sex differences in longevity and aging. Overall the extant sexual dimorphism in survival metrics is fine-tuned by variation in environmental conditions, which varies strongly among populations within a given species. Second, in support of the potential influence of environmental variation in shaping sex differences in mortality patterns, females from hunted populations (N = 23) live longer relative to males than females from non-hunted populations (29.7% vs. 17.1%, respectively, Fig. S6.1). Trophy hunting thus reinforces the male penalty in longevity [START_REF] Milner | Demographic Side Effects of Selective Hunting in Ungulates and Carnivores[END_REF] and likely shapes the magnitude of sex differences in mortality patterns across wild populations of mammals where such anthropogenic interactions occur. Third, sexual selection commonly assumed to shape sexual dimorphism in mortality patterns has no detectable effects on sex differences in longevity and aging rates in the wild (Tab. S6.2 and S6.3). Although males are expected to pay survival costs of substantial allocation to sexual competition (e.g. through the growth and maintenance of conspicuous sexual traits) [START_REF] Clutton-Brock | Sex differences in ageing in natural populations of vertebrates[END_REF][START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF], evidence reported so far is equivocal at best [START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF][START_REF] Marais | Sex gap in aging and longevity: can sex chromosomes play a role?[END_REF] and relies on small datasets [START_REF] Promislow | Costs of sexual selection in natural populations of mammals[END_REF][START_REF] Clutton-Brock | Sex differences in ageing in natural populations of vertebrates[END_REF]Lemaître & Gaillard, 2013) or on captive populations [START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF]. Our broad scale analysis on mammals in the wild reveals that neither sexual size dimorphism nor mating system reliably predict the direction and magnitude of sex differences in longevity and aging rate (Tab. S6.2 and S6.3), challenging the current thinking in evolutionary biology of aging [START_REF] Clutton-Brock | Sex differences in ageing in natural populations of vertebrates[END_REF][START_REF] Maklakov | Evolution of sex differences in lifespan and aging: Causes and constraints[END_REF][START_REF] Regan | Gender and longevity: Why do men die earlier than women? Comparative and experimental evidence[END_REF][START_REF] Brooks | Life history evolution, reproduction, and the origins of sexdependent aging and longevity[END_REF]. Physiological adaptations to male sexual competition (e.g. higher production of testosterone [START_REF] Brooks | Life history evolution, reproduction, and the origins of sexdependent aging and longevity[END_REF]) might explain sex differences in longevity observed in captive populations when individuals are protected from environmental severity. However, we argue that local environmental conditions (e.g. climate harshness, anthropogenic activities)

predominantly shape sex differences in longevity and aging rate in the wild. A better understanding of the sex-specific role played by environmental conditions on mortality patterns would undeniably be beneficial in terms of conservation strategies.

In humans and laboratory animals sex differences in aging extend to sex differences in frailty, neurological decline and comorbidity [START_REF] Austad | Why women live longer than men: sex differences in longevity[END_REF]. In laboratory rodents, the survival benefits associated with anti-aging interventions (genetic or pharmacological) are also frequently sex-specific [START_REF] Austad | Sex Differences in Longevity and in Responses to Anti-Aging Interventions: A Mini-Review[END_REF][START_REF] Austad | Sex Differences in Lifespan[END_REF]. These effects are often associated with sex differences in physiological systems (e.g. hormonal profiles) that modulate longevity and aging [START_REF] Garratt | Sex differences in lifespan extension with acarbose and 17-α estradiol: gonadal hormones underlie male-specific improvements in glucose tolerance and mTORC2 signaling[END_REF]. From an evolutionary perspective, such sex-specific physiological systems are the direct consequences of both natural and sexual selection pressures that have been exerted independently on males and females [START_REF] Regan | Gender and longevity: Why do men die earlier than women? Comparative and experimental evidence[END_REF] and that differentially sensitize either sex to specific environmental conditions. Therefore, we propose that variation in the magnitude of sex differences in both longevity and aging rate is likely a response to interactions between sex-specific physiological pathways and the diversity of environmental conditions met by mammals across the world.

Albeit challenging, research programs that will solve this complex network will undoubtedly provide innovative insights into the evolutionary roots and physiology underlying aging in both sexes. 

Materials and Methods

Data collection

Age-and sex-specific mortality data were extracted from published life tables or graphs using WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/). We limited our literature search to mortality or survival estimates published for both sexes for wild populations of mammals, for a total of 184 populations encompassing 128 species. Based on the methods used to estimate age-specific mortality in the initial source, we distinguished three main categories of studies. The first type of studies corresponds to age-specific mortality estimates obtained from the long-term monitoring of individuals marked at birth (i.e. longitudinal data). The second type of studies corresponds to age-specific mortality estimates obtained from dead animals collected in the field (i.e. transversal data using the standard dx series procedure [START_REF] Caughley | Mortality Patterns in Mammals[END_REF]). Finally, the third type of studies corresponds to agespecific mortality estimates computed from the sampling of individuals alive in the population (i.e. transversal data using the standard lx series procedure [START_REF] Caughley | Mortality Patterns in Mammals[END_REF]). For transversal data, population size has to be considered as constant and the distribution of ages of dead or alive individuals in the population as stable [START_REF] Caughley | Mortality Patterns in Mammals[END_REF]. Mortality estimates extracted from transversal data also depend on the precision of the methods used to assess the age of the individuals. Longitudinal data provide much more accurate estimates of age-specific mortality than transversal data [START_REF] Hamlin | Evaluating the Accuracy of Ages Obtained by Two Methods for Montana Ungulates[END_REF]. Sampled populations were also classified as hunted vs. non-hunted according to the information reported in the original publication.

To compare results obtained from wild populations to humans, we recovered age-and sex-specific mortality data from four human populations (all longitudinal). These data were extracted for three contemporary countries (Japan, Sweden and USA (Human mortality database)) and for one ancestral population (Aché [START_REF] Hill | The ecology and demography of a foraging people[END_REF]). We used a similar procedure (see section 'Estimation of longevity and rate of aging' below) to compute longevity and aging rate in wild mammals and humans. However, human estimates were only used in comparison with wild populations of mammals and were not included in the analysis.

For each species, we collected data on life history traits that could explain sex differences in longevity and aging rates. As both sexual selection and sociality have been suggested to influence sex-specific survival [START_REF] Bonduriansky | Sexual selection, sexual conflict and the evolution of ageing and life span[END_REF][START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF][START_REF] Berger | Early and Adult Social Environments Shape Sex-Specific Actuarial Senescence Patterns in a Cooperative Breeder[END_REF], we collected data on mating system, social system and sex-specific body mass (to measure sexual size dimorphism). Following previous comparative studies in mammals [START_REF] Lukas | Cooperative breeding and monogamy in mammalian societies[END_REF][START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF], we classified the species in terms of mating (i.e. monogamous, polygynous, or promiscuous) and social (i.e. cooperative breeders vs. non-cooperative breeders) systems. The intensity of sexual selection is expected to be smaller in monogamous species compared to polygynous and polyandrous species, which might reduce sex differences in mortality patterns [START_REF] Clutton-Brock | Sex differences in ageing in natural populations of vertebrates[END_REF]. In cooperative breeders, costs of reproduction are shared among females [START_REF] Bourke | Kin Selection and the Evolutionary Theory of Aging[END_REF], which might also increase sex differences in mortality patterns through a reduced female mortality.

For each life-history trait, we prioritized data recovered from the same population.

Estimation of longevity and rate of aging

To estimate sex-specific longevity (in years) for each population we computed the age when 80% of the individuals alive at the age of first reproduction were dead (i.e. when cumulative survivorship is 0.2 starting at female age at maturity). We excluded juvenile mortality since, in mammals, juvenile mortality is generally higher than adult mortality and can vary considerably among species and populations and even among years within a same population [START_REF] Gaillard | Population dynamics of large herbivores: variable recruitment with constant adult survival[END_REF]. Moreover, in the wild, juveniles are not easily detected (in lx series) or recovered (in dx series), which can lead to inaccurate juvenile mortality estimates in life tables built from transversal data. We thus excluded the juvenile stage from our analyses and focused on adult data only (i.e. analyses were done on age-specific data starting from the female age at first reproduction). Although this is the most often studied survival metric in comparative studies of aging, we did not focus on maximum longevity because it is highly sensitive to sample size [START_REF] Krementz | Model-Based Estimates of Annual Survival Rate Are Preferable to Observed Maximum Lifespan Statistics for Use in Comparative Life-History Studies[END_REF]. However, we still computed the amount of sex differences in maximum longevity and reported it in Table 6.1.

For each population, we fitted parametric mortality models for males and females separately and assessed the age when 80% of the individuals alive at the age of first reproduction were dead. For the 'longitudinal' and 'transversal-dx' data, the exact age at death of each individual was reported. We then used the R package BaSTA [START_REF] Colchero | BaSTA: an R package for Bayesian estimation of age-specific survival from incomplete mark-recapture/recovery data with covariates[END_REF] to fit a Siler model on age-specific survival data [START_REF] Siler | A Competing-Risk Model for Animal Mortality[END_REF] for each population to obtain comparable metrics. The five-parameter Siler model is given by

μ(x) = a0 exp(-a1 x) + c + b0 exp(b1 x) (1)
where a1, a1, b0, b1, c ≥ 0 are the parameters of the mortality function and x the age in years.

The first exponential function on the right-hand side of Eq. ( 1) corresponds to the decline in early mortality (e.g. juvenile mortality), the c parameter provides the lower limit of mortality during the adult stage, and the second exponential function corresponds to the mortality increase during the senescent stage. The hazard rate (μ(x)) in Eq. ( 1) allows a more flexible shape than the standard Gompertz mortality model, given by

μ(x) = a exp(b x) (2)
where a > 0 and b ≥ 0 are the Gompertz parameters ( 43), with a representing the baseline mortality at the starting age and b the exponential rate of increase in mortality with age, often used to measure aging rates.

For longitudinal and transversal-dx data, we restricted the analyses to populations that included at least 30 males and 30 females at the female age at first reproduction. For transversal-lx data, we only had access to the frequency of age for individuals alive. As the range of ages covered was quite low for some species, it was not possible to fit the Siler model (see (Bronson, 1979;[START_REF] Mcdonald | Population biology of stoats Mustela erminea and weasels Mustela nivalis on game estates in Great Britain[END_REF] for some examples in Golden-Mantled Ground Squirrel, Spermophilus lateralis or weasels, Mustela nivalis). In such cases, we fitted a Gompertz model (with two parameters, see Eq. ( 2)) on the observed distribution of ages among individuals alive. As individuals for transversal-lx data are all sampled only once and are thus not monitored through their entire life, we took a larger sample size threshold for our selection procedure. Therefore, for transversal-lx data, we excluded populations when the sample size was below 50 individuals for at least one of the two sexes. To assess the accuracy of the longevity estimate based on a Gompertz model fitted to the distribution of animals alive (transversal-lx data), we also used this method to estimate longevity from longitudinal and transversal-dx data. The correlation between estimates obtained with the two methods (for longitudinal and transversal-dx data only) was extremely high (R² = 0.998, Fig. S6.2), which indicates that the discrepancy in the computation procedure did not influence the outcome of our analyses. To verify the robustness of our results, we analysed sex differences in longevity using different longevity metrics. We thus calculated the median longevity (i.e. age at which half of the individuals in the population are dead) using the same dataset as for the longevity 80%. We also extracted maximum longevity (see above) and life expectancy (i.e. mean of ages at death) from the distribution of ages at death (using longitudinal and transversal-dx data with no censoring at old age). Results obtained with the four longevity metrics are displayed in Table 1.

Aging rates were estimated from the parameters of the Siler model fitted for each sex.

We therefore only used populations in which the Siler model was fitted (i.e. longitudinal and transversal-dx data). Contrary to the Gompertz model, the Siler model allows mortality to increase at any age after the age at first reproduction. As a metric of aging rate, we used the b1 parameter of the Siler model (see Eq. ( 1)) that measures the exponential increase in mortality rate with age during the senescence stage.

Statistical analyses

For each population, we quantified sex differences in longevity as the ratio between male longevity and female longevity on a log scale (difference longevity=log((longevity male)/(longevity female))). For the analysis of sex differences in longevity, we ran a Bayesian hierarchical model using the package MCMCglmm [START_REF] Hadfield | MCMC methods for multi-respoinse generalized linear mixed models: the MCMCglmm R package[END_REF] with the value of the longevity difference as the response variable. As species from our dataset were not independent because they share phylogenetic relatedness, we corrected all our analyses for phylogeny using the phylogenetic variance-covariance matrix extracted from a mammalian phylogenetic tree (Bininda-Emonds, Gittleman, & Purvis, 1999). Moreover, in some species (N = 21), estimates from several populations were available and the data from these populations were thus not independent. Thus, we fitted the species independently of the phylogeny as a random effect because individuals from the same species can share different ecological characteristics, which are not necessarily linked to the phylogenetic relatedness. To test the sensitivity of the results to the priors, we used two sets of priors for the random effects in the model (uninformative inverse Whishart prior with nu=0.02 and V=1 and expanded prior with nu=1 V=1 alpha.nu=0 alpha.V=1000). Models with different priors did not show any detectable difference (Gelman and Rubin's convergence diagnostic very close to 1 for each MCMC chain [START_REF] Gelman | Inference from Iterative Simulation Using Multiple Sequences[END_REF]). From this model we were able to extract the percentage of the total variance explained by the phylogenetic effect (named phylogenetic heritability H²) [START_REF] Hadfield | General quantitative genetic methods for comparative biology: phylogenies, taxonomies and multi-trait models for continuous and categorical characters[END_REF]. The value of H² can be interpreted as a direct equivalent to the phylogenetic signal (λ) of Pagel (Harvey & Pagel, 1991), a value close to 1 means that there is a strong phylogenetic signal and a value close to 0 means that there is no phylogenetic signal. For each parameter, the mean of highest posterior density distribution, the lower and upper limits of the 95 % credibility interval and the p-values are reported.

The first aim of our analyses was to estimate the average sex difference in longevity across the whole set of mammals. We thus ran the model of sex difference in longevity without any independent covariate or factor and found a longer longevity for females in the dataset with an overall negative effect (see Tab. S6.4a for all coefficients). There was no detectable phylogenetic effect for the sex difference in longevity (H² = 20%). When running the same model using longevity as the dependent variable, a high phylogenetic effect occurred in both females (H² = 91%) and males (H² = 90%).

In a second step, we aimed to test whether some species-specific traits (sexual size dimorphism, mating system, social system) or population characteristics (hunting status, data quality) explained sex differences in longevity observed across mammals. We included sexual size dimorphism (SSD, computed as the ratio between male and female body mass on a log scale), the hunting status of the population (i.e. hunted vs. non-hunted), the data quality (longitudinal vs. transversal data) and all the two-way interactions among these factors. To identify the model of sex differences in longevity with highest support, we fitted different models with all the possible combinations of variables from the full model (N = 18 models).

These models were then ranked by the Deviance Information Criterion [START_REF] Spiegelhalter | Bayesian measures of model complexity and fit[END_REF] (Table S6.2). The selected model included additive effects of hunting (i.e. sex differences in longevity were highest in hunted populations) and data quality (i.e. higher sex differences occurred in longevity with high quality data, Tab. S6.4.B and Fig. S6.1).

The social system was highly correlated to the mating system. Indeed, except for the four-striped grass mouse (Rhabodomys pumilio) [START_REF] Schradin | Cooperative Breeding in Groups of Synchronously Mating Females and Evolution of Large Testes to Avoid Sperm Depletion in African Striped Mice[END_REF] all cooperative breeders (N = 6) in our dataset were monogamous. We thus tested separately the influence of the mating and social systems. The independent model including only mating system as a covariate did not reveal any effect on sex differences in longevity (mean difference monogamous vs. polygynous = -0.02 [-0.27 ; 0.23], mean difference monogamous vs. promiscuous = -0.03 [-0.29 ; 0.23]). Similarly, the model including only social system did not reveal any detectable effect (mean difference cooperative vs. non-cooperative breeder = 0.01 [-0.23 ; 0.25]).

For each population, we computed sex differences in aging rates as the ratio between male and female aging rates on a log scale (difference aging rate=log((aging rate male)/(aging rate female))). We then followed the same procedure as used for sex differences in longevity. We found no statistical support for consistent sex differences in aging rates across species (Tab. S6.1). The phylogenetic relatedness only accounted for a low proportion of variance (H² = 27%). When running the same model using only aging rate as the dependent variable, a high phylogenetic effect occurred in both females (H² = 87%) and males (H² = 88%).

We performed a second set of analyses to test whether some life history traits can explain possible sex differences observed in aging rates across mammals. Similar to the analyses performed for sex differences in longevity, we included SSD, hunting status and data quality (Tab. S6.2) and all the two-way interactions between these variables. We also tested all combinations of the full model and ranked them based on their DIC score to identify the variables influencing the difference in aging rates. The Null model was ranked first, revealing that none of these variables influenced the magnitude and the direction of sex differences in aging rates (Tab. S6.3). Moreover, additional analyses did not reveal any effect of either mating or social system (mean difference monogamous vs. polygynous = -0.05 [-0.58 ; 0.46 

Supplementary Text

Aging rate relative to longevity

Longevity and aging rates were closely associated across mammals (phylogenetic regression: slope = -0.72 ± 0.06, p < 0.001, R² = 0.64, see statistical analyses for method and models used for all the regressions and the Fig. S6.3). Short-lived species age thus faster than long-lived species, as well established in the aging literature (25,26). To obtain measures of aging rates independent of longevity (hereafter called relative aging rate), we also computed the aging rate relative to longevity as the residuals of the phylogenetically corrected relationship between the parameter b1 (see methods, Eq. ( 1)) and longevity (both logtransformed) as follows relative aging rate=log(aging rate)-(-0.72)×log(longevity)-0.29

To account for the negative association between longevity and aging rate, we performed a similar analysis to absolute aging rate (see Methods) using the relative aging rate and we found similar results. There were no consistent differences between males and females in relative aging rates (Tab. S6.5). The Null model was ranked first (Tab. S6.6), revealing that none of the sexual size dimorphism, hunting status and data quality influenced the magnitude of sex differences in relative aging rates. There was also no effect of mating or social system 

Relationship between male and female longevity

To assess whether sex differences in longevity were the same in fast or slow life histories, we first ran a Bayesian hierarchical analysis (see Material and Methods) for all species by regressing male longevity against female longevity. Same sex differences in longevity between slow and fast life histories should lead to a slope close to 1. However, the estimated slope was lower than 1 (slope = 0.90 ± 0.03,Fig S6.4), showing that sex differences in longevity increase with female longevity (i.e. longer-lived species). 
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Abstract

An increasing number of studies has investigated the diversity of actuarial senescence patterns in the wild. Most of these studies used maximum longevity as a metric and only some of them were based on the analysis of mortality or survival curves. We first review why maximum longevity should not be used in comparative analyses of senescence as commonly done in some fields such as genomic of aging. However, age-specific mortality curves that allow estimating relevant metrics such as the rate and the onset of actuarial senescence display markedly different shape across species and even among populations within a given species, leading comparative analyses difficult to perform in absence of standardized metrics.

We propose to solve this problem by analysing the distribution of the ages at death as an alternative to mortality or survival curves. The distribution of the ages at death along with its probability density function is commonly used to study actuarial senescence in human demography. We review the different metrics that allow assessing the age at death distribution, including the mean, the variance and the mode. We then show how those metrics are associated with different patterns of mortality increase and we provide guidelines on how to use mean of the age at death distribution in a comparative framework by rescaling the distribution of ages at death by the longevity. We illustrate our approach by performing, using a simple metrics, a comparative analysis of actuarial senescence across 30 species of mammals. The results strongly support the relevance of using metrics based on the distribution of the ages at death to assess reliably patterns of actuarial senescence. In particular, we found that life expectancy rescaled is closely related to the generation time. We conclude that the metrics defined from the distribution of ages at death provide a complementary approach to mortality or survival curve analysis and, by offering straightforward standardization, provide promising tools for future comparative analyses of actuarial senescence across the tree of life.

Introduction

The actuarial senescence is described as the increase of mortality with age [START_REF] Monaghan | The evolutionary ecology of senescence[END_REF]. Those patterns of senescence are widespread through the animal kingdom [START_REF] Jones | Senescence rates are determined by ranking on the fast-slow life-history continuum[END_REF] and they are also very variable between species and even between populations (Jones et al., 2014). One of the major questions in aging research now is to understand the factors explaining the differences between those patterns. This has led to large number of studies trying to understand the mechanisms influencing senescence using a comparative approach [START_REF] Austad | Mammalian Aging, Metabolism, and Ecology: Evidence From the Bats and Marsupials[END_REF][START_REF] Gomes | Comparative biology of mammalian telomeres: hypotheses on ancestral states and the roles of telomeres in longevity determination[END_REF][START_REF] Aledo | Mutational Bias Plays an Important Role in Shaping Longevity-Related Amino Acid Content in Mammalian mtDNA-Encoded Proteins[END_REF]. However, to explain those variations between species an accurate description of the patterns of actuarial senescence is first needed. There has been many metrics developed by demographers to describe actuarial senescence such as longevity, rate of senescence or onset of senescence, with most of the comparative analyses in aging research being based on longevity.

In this review, we want to present different ways to extract metrics for comparative analysis from patterns of senescence. We thus review the uses of longevity in comparative analyses of actuarial senescence by presenting the advantage and disadvantage of the three metrics of longevity, the maximal longevity, the life expectancy and the 90% longevity. In a second part we will focus on applying new metrics first developed for human demography to describe the distribution of ages at death.

The uses and misuses of longevity

Describing the patterns using mortality curves

Every aged-structured demographic dataset can be describe using their rawest form.

For each individual in the population his lifespan is recorded. We can thus present the distribution of the lifespan in the focal population which is also called distribution of ages at death of a population. From this distribution, other quantities such as the mortality rates per age as well as the cumulative survival can be calculated (See Fig. 7.1). Most of the demographic studies have focused on the modelization of the mortality rate or of the force of mortality to describe the variation of the actuarial senescence between species [START_REF] Ricklefs | Life-history connections to rates of aging in terrestrial vertebrates[END_REF]. The main practice is to model the mortality rates using continuous model such as the Gompertz model or the Weibull model [START_REF] Promislow | Living fast and dying young: A comparative analysis of life-history variation among mammals[END_REF]Ricklefs & Scheuerlein, 2001). Thus, by extracting metrics for these curves we can describe the actuarial senescence pattern with for instance the basal mortality rate and the rate of senescence for the Gompertz model [START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF]. There are two types of metrics used to describe the patterns of senescence, metrics describing the pace or metrics describing the shape of the patterns of senescence (Baudisch, 2011). Pace metrics are associated with the duration of the pattern of senescence whereas shape metrics are associated with the form of the pattern of senescence (i.e. how does the mortality increase). There has been lot of methodological advance in demography to devise such metrics which were highly used in comparative analysis in evolutionary demography. However, one of the major drawbacks is that to model those patterns demographic datasets with high sample sizes are needed. To get accurate mortality rate for old ages we need a sufficiently high number of individuals to survive to old ages. This

is not an issue for some species well monitored such as human with for instance life tables easily accessible from the Human Mortality Database (https://www.mortality.org/).

Nonetheless for comparative analysis metrics describing the actuarial senescence are needed for multiple species which are not necessarily well monitored, or in which data are not easily accessible.

The different metrics of longevity

Instead of using metrics from mortality curves most of the comparative analysis used species longevity. We first need to define the notion of longevity. Through the manuscript we refer to longevity as the notion answering the question of how far individuals of a population can survives. In the rest of this paper we thus describe longevity as any scale metric describing the duration of the pattern of actuarial senescence. There are three metrics mainly used when referring to longevity, the maximal longevity, the life expectancy at birth and the 90% longevity. All those metrics are position indices for the distribution of ages at death. We will next define those metrics and review their uses in comparative analyses:

-The maximal longevity or maximum recorded lifespan is defined as the oldest age at death for a population. The simplicity of this metrics explains most of his success in the literature of aging [START_REF] Finch | Slow mortality rate accelerations during aging in some animals approximate that of humans[END_REF][START_REF] Austad | Mammalian Aging, Metabolism, and Ecology: Evidence From the Bats and Marsupials[END_REF][START_REF] Clutton-Brock | Sex differences in ageing in natural populations of vertebrates[END_REF]. Full knowledge of the age at distribution are not even needed to compute this metrics, just some records of the age at death for old individuals are needed to get the maximum longevity making it easy to get maximum longevity records for most of the species. Those maximum longevity are now compiled in several aging database such as Anage [START_REF] Magalhães | A database of vertebrate longevity records and their relation to other life-history traits[END_REF] or Pantheria [START_REF] Jones | PanTHERIA: a species-level database of life history, ecology, and geography of extant and recently extinct mammals[END_REF] making it easy to include it into analysis of actuarial senescence. Because of the accessibility of these data most of the comparative analyses on aging non-focused on demographic aspects used maximum longevity and thus tried to find the traits that explain the difference in maximal longevity between species [START_REF] Aledo | Mutational Bias Plays an Important Role in Shaping Longevity-Related Amino Acid Content in Mammalian mtDNA-Encoded Proteins[END_REF]. step. Here we take an example of a population following a Gompertz law of mortality. On the left, the population is described using a yearly timestep, we can thus describe the distribution of ages at death and its probability density associated for the continuous case in the right.

From those distributions we can compute the cumulative survival function which represents the proportion of individuals still alive. From this function we can compute the mortality rate qx which is the probability for an individual to die between the age x and x+1 and we can also compute its continuous analogous the hazard rate which consider a timestep tending to zero.

-The life expectancy at birth is defined as the average lifespan of the individuals in a population (or the mean of the distribution of the ages at death). This definition is also simple to grasp and explain his success notably in describing the difference in longevity between human populations. Instead of basing the measurement of longevity on only one individual, the measurement of longevity here is based on all the individuals of the population. However, one the greatest disadvantage of such metrics is that we need to know the entirety of the distribution of age at death which is easily accessible for most of human population explaining its success in human demography [START_REF] Olshansky | Prospects for Human Longevity[END_REF][START_REF] Oeppen | Broken Limits to Life Expectancy[END_REF]. Moreover, the life expectancy is dependent on all the individuals in the population thus if most of the individuals died in early age this is likely to drag the value toward younger ages, in that case life expectancy did not fit well with the definition of longevity because it does not inform us on the duration of the pattern of life. In human young and adult mortality are typically very low [START_REF] Rosano | Infant mortality and congenital anomalies from 1950 to 1994: an international perspective[END_REF] thus life expectancy is mostly dependent on the old individuals which grasp more the notion of longevity however in most of animals most of the individuals still die mostly at young ages because of extrinsic mortality such as predation [START_REF] Linnell | Who killed Bambi? The role of predation in the neonatal mortality of temperate ungulates[END_REF]. We thus conclude that for most of the species life expectancy could be inadequate to integrate longevity in comparative analyses.

-90% longevity or 90 th quantile of longevity is described as the age where at least 90 % of the individuals of a population died (or the 90 th quantile of the ages at death distribution), this last metric was developed recently by demographers [START_REF] Moorad | A comparative assessment of univariate longevity measures using zoological animal records[END_REF]. The basic idea is to not base the measurement of longevity on only one individual as for the maximal longevity but on the 10% of older individuals. By doing this we can get an accurate measurement of longevity which is not so dependent on the early mortality. However, as well as the life expectancy the full knowledge of the distribution of ages at death is needed which explains why it was less used than maximal longevity in comparative analysis. In fact, it was mostly used in demographic comparative analysis by research groups having the highest quality datasets [START_REF] Tidière | Does sexual selection shape sex differences in longevity and senescence patterns across vertebrates? A review and new insights from captive ruminants[END_REF](Tidière et al., , 2016a)).

The impact of sample size on the three-longevity metrics

It clearly appears that most of the comparative study used the maximum longevity as a measurement of longevity. It is understandable why this metric is so much used, databases are well developed and well referenced in the literature. 90% longevity was developed as an alternative to maximal longevity. Some authors already warn about the uses of maximum longevity and particularly the fact that maximum longevity is dependent on the sample size [START_REF] Moorad | A comparative assessment of univariate longevity measures using zoological animal records[END_REF]. In the new part we will comparatively assess how does the three different metrics respond to the sample size of the demographic dataset.

We can assess by simulation how the three metrics respond to sample size for a population in which we know the exact force of mortality. We define two different population with a force of mortality following a Gompertz law [START_REF] Gompertz | XXIV. On the nature of the function expressive of the law of human mortality, and on a new mode of determining the value of life contingencies[END_REF].

With a the initial hazard of mortality and b the rate of mortality increase.

We simulate one population corresponding to a long lived species with a=0.01 and b=0.2 and one other population corresponding to a short lived species with a=0.5 and b=0.15. We thus simulate the sampling of individuals when monitoring populations by randomly sampling lifespan of individuals on the continuous probability density distribution of ages at death. For each sample size, 10000 distributions of age at death were sampled, for each distributions the three metrics of longevity were calculated. We thus can calculate for each sample sizes, the average as well as the 95 % interval (sampling variance) of each of the three metrics. Results are presented in the figure 7.2. As previously demonstrated in the literature, maximal longevity average value increase with sample but life expectancy and 90 % longevity did not [START_REF] Moorad | A comparative assessment of univariate longevity measures using zoological animal records[END_REF].

The probability to find a very old individual in the population increase with the sample size thus results of comparative analyses are likely to depend on the sample size of the demographic record used for each species included in the analysis. On the contrary the average value does not change with sample size for the life expectancy and the 90% longevity in the short lived and long lived cases. Moreover, we found that the 95% quantiles representing the sampling variance of the metrics stays high regardless of the sample size for the maximum longevity. This highlights the fact that whatever the sample size the value of the maximal longevity is always based on one individual and thus could be very variable depending on the individual sampled. On the contrary, for the longevity 90% and the life expectancy the sampling variance decrease with an increasing sample size. Longevity 90% and life expectancy are based on all the individuals and thus as the sample size increases, we expect those metrics to be less variable.

Which longevity metrics use in comparative analysis

We described the advantages and the disadvantages of each of the longevity metrics (Tab. 7.1.) and from our conclusion the 90% longevity is the most adapted one for comparative analysis using animal datasets. The statistical issue associated with the maximal longevity are too important to be neglected and we even argue that they can have a major impact on the final results of the study. However, to use widely these 90% longevity metrics there is still a major drawback associated with the demographic data needed to compute this metrics. We argue here that comparative analysis reporting 90% are more and more common and thus instead of using maximal longevity researcher should use when possible the longevity from those comparative analysis (i.e. Tidière et al., 2016).

Other metrics to describe the age at death distribution

Describing the distribution of ages at death

When describing the patterns of actuarial senescence most of the study in the wild focus on the mortality curve and thus describe standard metrics such as the rate of senescence (slope of the relationship) or the onset of senescence [START_REF] Jones | Senescence rates are determined by ranking on the fast-slow life-history continuum[END_REF] (when the senescence pattern begins). The distribution of age at death received much less attention in comparative studies despite the works in human demography describing this distribution [START_REF] Wilmoth | Demography of longevity: past, present, and future trends[END_REF].

The longevity metrics can in fact be considered more as descriptors of the distribution of age at death because they are position indices for this distribution. There are other metrics than position indices that are typically used when describing distributions. The most common metric to describe a distribution in statistics after the mean is the variance. There has been lot of work in human demography focusing on the variance of the distribution [START_REF] Tuljapurkar | The final inequality: variance in age at death[END_REF]. In most of human populations, individuals tend to die more and more at old age and less and less at young age [START_REF] Edwards | Inequality in Life Spans and a New Perspective on Mortality Convergence Across Industrialized Countries[END_REF]. One graphical way to see this phenomenon is to look at the cumulative survival function which tend to be more and more rectangular with no individuals dying young and most of the individuals dying old resulting in a net decrease of the cumulative for these ages. This phenomenon is called the rectangularization of the survival curve [START_REF] Manton | Rectangularization of the Survival Curve: Implications of an Ill-Posed Question[END_REF][START_REF] Nusselder | Rectangularization of the Survival Curve in the Netherlands, 1950-1992[END_REF]. One of the most efficient way to measure this rectangularization of the curve is to measure the variance of the age at death distribution. As most of the individuals are now dying approximatively at the same old ages, the variance is decreasing with the rectangularization of the survival function. Moreover, variance was also linked to key patterns of the mortality curve. For instance, it was demonstrated that the rate of senescence from a Gompertz model is inversely related with the variance of the distribution of age at death [START_REF] Tuljapurkar | Variance in Death and Its Implications for Modeling and Forecasting Mortality[END_REF].

Closely related to the study of variance for human populations, the description of the topology of the distribution of age at death has also receive much attention. One of the key topological features of the distribution of age at death in human is the mode of mortality associated with all the individuals dying at old ages. In most of human populations we can describe a mode of mortality at old ages and thus the age at which the mode occurs called modal age at death has been used to describe the evolution of mortality within the history of humanity [START_REF] Horiuchi | Modal age at death: lifespan indicator in the era of longevity extension[END_REF]. For instance there is an increase of the modal age at death in most of the population of humans associated with the rectangularization of the survival curve [START_REF] Canudas-Romo | The modal age at death and the shifting mortality hypothesis[END_REF]. Like the variance, the modal age at death has been linked to parameters of the mortality curve. With for instance a positive correlation between the Gompertz rate of aging and the modal age at death [START_REF] Missov | The Gompertz force of mortality in terms of the modal age at death[END_REF].

To date there is no comparative analysis to our knowledge that tried to investigate the patterns of variance or the modal age at death for animals. As we saw those two metrics are closely linked to the Gompertz rate of senescence which can inform us on the shape of the mortality curve without modelling the force of mortality. However, the interpretations of those metrics should be more difficult because of the large diversity of actuarial senescence patterns in animal populations and for instance a mode of mortality is not necessarily expected in all species depending on the topology of the age at death distribution.

Rescaling ages at death by longevity

Longevity measurement are considered as pace metrics but some metrics especially the variance can inform us more on the shape of the actuarial senescence patterns. The major issue with the variance is that it is highly correlated with longevity when comparing species with very different patterns of aging. The value of variance should increase as the range of ages increases. Thus, long lived species have mathematically a higher variance than short lived species. In humans, variance was used to define if there is any area in the distribution of age at death where the mortality is concentrated. We can get a similar metrics by rescaling all ages at death by the 90% longevity of the population. Using this scaling, we can remove the correlation between the longevity and the variance and compute a measurement of shape of aging to see if the mortality is concentrated at certain age or is scattered through all ages.

The modal age at death inform us on which age does most of the individuals dies in the population. It is difficult to apply directly this method to animal distribution of age at death because the presence of a clear mode is not expected as a large proportion of adult individuals can die relatively young. However, the mean of the distribution (i.e. the life expectancy) can inform us on the average age at death at thus by rescaling by the longevity as previously we can assess if the individuals are likely to die at old age comparatively to the 90% longevity of the population.

To assess the performance of those two new metrics, we compiled the distributions of ages at death for 30 species of mammals (See Tab. S7.1. for species included and references).

To limit the impact of the high juvenile mortality observed in mammals, we chose to begin the distribution of ages at death at the age of first reproduction. All ages were rescaled by the 90% longevity of each populations and mean and variance of the distribution of ages at death were calculated based on those rescaled ages at death. To assess the how much those metrics are appropriate to describe the diversity of actuarial senescence pattern we compute the generation length for each of the species as a proxy of the slow-fast continuum of species (See Appendices for details on the calculation of generation length). We then compute the relationship between scaled mean and generation length in logarithm scale and between scaled variance and generation length in logarithm scale using the package MCMCglmm [START_REF] Hadfield | MCMC methods for multi-respoinse generalized linear mixed models: the MCMCglmm R package[END_REF] and correcting by the phylogenetic relatedness (Bininda-Emonds et al., 2007).

We found only a positive relationship for the relationship between scaled life expectancy and generation length (slope=0.082; 95%CI= [-0.009;0.168]). This demonstrates that individuals from long lived species are more likely to die at old age comparatively to their longevity and short-lived species on the contrary die relatively young compared to their longevity. Interestingly we found no relationship between scaled variance and generation length. All scaled variances appear to be very closed which could potentially indicate that the ages at death are evenly dispersed. This also makes sense when looking at the range of scaled life expectancy which are between 0.2 and 0.8. There are no populations like humans in which distribution is heavily biased towards very old individuals and thus are likely to have a very compressed mode associated with a low variance. This primary attempt to used scaled metrics to describe the age at death provide promising results however we still need to calculate variances on a much greater dataset to understand better the diversity of the distribution of ages at death. 

Conclusion

In this study we reviewed different approaches to describe actuarial senescence patterns using the distribution of ages at death. We demonstrated the importance of using 90% longevity instead of maximal longevity. Despite the wide use of the maximum lifespan in the literature we warn about the statistical issue arising from the use of an extreme value of a distribution which could have critical impact on the results of comparative analysis. We believe that the description of the distribution of age at death using variance and modal age at death could provide promising tools to understand the diversity of actuarial senescence patterns. We provide some perspective using rescaled metrics that could permit to apply metrics typically used for human demography to comparative analysis of animals. We thus urge researchers in aging to not only use only mortality curves or longevity to understand senescence patterns but to uses also other metrics described in the literature to get a complementary vision on those patterns.

(A) (B)

Building general IPMs to manage vertebrate populations in the wild

With these series of meta-analyses, I demonstrated that a positive link does exist between body mass and vital rates. The first finding I want to highlight is that those relationships are widespread in birds and mammals and thus it is critical to account for these differences in body mass to make reliable prediction on populations dynamics because heterogeneity can affect all demographic outputs such as the growth rate of a population (Hamel et al., 2018, p. 218). I believe that the empirical demonstration of the ubiquity of those links will help generalize the use of integral projection models to assess population dynamics and will provide data to help building IPMs for populations with incomplete datasets.

In the first part of my thesis, I assessed the intensity of the relationships linking body mass to vital rates and identified key factors influencing the variation in intensity between the relationships of different populations. For instance, I showed a negative impact of predation on the intensity of the relationship linking juvenile body mass to juvenile survival. However, each relationship was assessed independently of each other and thus I could not make any prediction on how the change in intensity of those relationships will impact population dynamics. To do this we need to combine the different relationships into an integral projection model [START_REF] Coulson | Integral projections models, their construction and use in posing hypotheses in ecology[END_REF]. There has been some studies trying to assess the relative importance of each of the relationships on the general outputs of demographic models by building a general IPM [START_REF] Plard | Des différences, pourquoi? Transmission, maintenance and effects of phenotypic variance[END_REF]. It was then demonstrated that the inheritance function has a high impact on the population growth rate. Using the same kind of approach can be one way to assess the importance of the observed variation in the intensity of the key relationships on population dynamics. Then, for a future study we could build integral projection models for key species with different environments (i.e. short-vs fast-living species in presence vs.

absence of predators). By building those IPMS we could measure the elasticities (i.e. the sensibility of the population growth rate to a given proportional change of a demographic parameter) associated with each relationship. Finding the key relationships impacting population growth rate can have a critical importance when managing populations because it can help to choose which individuals in a population should be particularly protected [START_REF] Kroon | Elasticity: The Relative Contribution of Demographic Parameters to Population Growth Rate[END_REF]. Marmota flaviventris extracted from [START_REF] Ozgul | Coupled dynamics of body mass and population growth in response to environmental change[END_REF]. This is a bimodal distribution with one mode associated with juvenile individuals and one mode associated with older (i.e. adult) individuals. The IPM constructed for this population predicts that the modes of the mass distributions of mass will increase over time.

One of the key questions in conservation biology is to assess the impact of global change on population dynamics [START_REF] Thomas | Extinction risk from climate change[END_REF]. Global change is characterized by a change in average climatic values, but also by an increase in the frequencies of extreme climatic events [START_REF] Katz | Extreme events in a changing climate: Variability is more important than averages[END_REF]. These changes are likely to affect the amount of resources available and thus change the trait distributions in wild population [START_REF] Walther | Ecological responses to recent climate change[END_REF]. In the chapter IV I provided new insights on the negative link between the amount of resources and the intensity of the relationship between juvenile condition and juvenile survival. However, in all the meta-analyses performed in my thesis, I was just able to assess how the intensity of the relationships change across species and to a lesser extent among populations. I could not really assess whether any variation occurred among years within the same population in the different meta-analyses I performed because in most studies the relationships I gathered corresponded to average across different years. Populations monitored over a long period of time are needed to be able to assess the between-year variation in those relationships. We will then predict, for instance, that extreme climatic events should diminish the amount of resources available in a given year for herbivores, and thereby should increase the intensity of the relationship linking juvenile body mass to juvenile survival. Most of the IPM kernel functions are based on average relationships [START_REF] Rees | Building integral projection models: a user's guide[END_REF]. Thus, the next step will be to include yearly variation into demographic models to assess how populations will respond to global change.

Future comparative analyses using Malddaba

Using the data compiled in Malddaba I confirmed the expectation that actuarial senescence is widespread in populations of mammals in the wild [START_REF] Jones | Senescence rates are determined by ranking on the fast-slow life-history continuum[END_REF]. Most studies have focused on among-species differences and assumed that between-population variation in senescence patterns are negligible compared to variation observed across species [START_REF] Promislow | Living fast and dying young: A comparative analysis of life-history variation among mammals[END_REF]Ricklefs & Scheuerlein, 2001). However, it has been demonstrated that there is substantial variation in longevity among populations within the same species [START_REF] Garnett | Body Size, Its Heritability and Influence on Juvenile Survival Among Great Tits[END_REF]Tidière et al., 2016a). We have yet to quantify the variability of actuarial senescence at the intra-specific level (But see chapter VI for a preliminary analysis on the variation in longevity across populations).

I found that female longevity is on average higher than male longevity in mammals in the wild. Differences between sexes in survival have been also highlighted for juvenile individuals {Formatting Citation}. Thus, we could argue that the sex of the individuals should be included as another axis of heterogeneity among animal populations and thus be included when studying the dynamics of population in the wild [START_REF] Schindler | Sex-specific demography and generalization of the Trivers-Willard theory[END_REF]. Most of the demographic models are female-centered, those models only include the fate of females and disregard the impact of males on population dynamics (Caswell, 2001). However, the importance of incorporating males into demographic models has been already highlighted [START_REF] Mysterud | The role of males in the dynamics of ungulate populations[END_REF]. One of the major issues is the difficulty to get access to the reproductive rates of males by just monitoring a population. As it is straightforward to monitor the pregnancy status of mammalian females to assess their reproductive rate, it is not possible for males and therefore there are little data on reproduction available for males (but see [START_REF] Clinton | Sexual Selection's Effects on Male Life History and the Pattern of Male Mortality[END_REF]Dugdale et al., 2011a)). However, with the increasing use of genetic tools to determine paternity the reproductive rate of male mammals should be increasingly available in the future [START_REF] Coltman | Male reproductive success in a promiscuous mammal: behavioural estimates compared with genetic paternity[END_REF], which could provide more data to model accurately population dynamics.

In the last part of my thesis I focused on actuarial senescence by providing new data from Malddaba to perform comparative analyses. Moreover, we also compiled data on agespecific female reproduction. As I explained earlier those data are less studied in comparative analyses than survival data (Lemaître & Gaillard, 2017). Then the first step to use them into a comparative analysis is to provide a mathematical framework to assess the pattern of reproductive senescence, so to provide similar metrics as those used for actuarial senescence.

Thus, I looked for both an onset and a rate of reproductive senescence. One possible approach is to use the work already existing to model the relationship between sport performance and age [START_REF] Ii | A study of age group track and field records to relate age and running speed[END_REF]. Sport performance and reproduction rate indeed display similar shape of age-dependence with first an increase with age during early adulthood, then a plateau during the prime-aged stage, and then a decrease with increasing age during the senescence stage.

Once we will be able to model accurately this pattern, we could perform some new comparative analyses. No study to date tried to compile the onsets of reproductive senescence and use them into a comparative framework. One interesting question is to compare whether those onsets of reproductive senescence are similar to the onsets of actuarial senescence because it is expected that those two patterns of senescence begin at the age at first reproduction [START_REF] Williams | Pleiotropy, Natural Selection, and the Evolution of Senescence[END_REF]. The data from Malddaba could help do this as we have demographic data on survival and reproduction in the same population for about 80 species.

The latest data we are adding to Malddaba are the growth relationships linking the mass or size of the individuals to their age. As explained earlier those data are first needed to build IPMs [START_REF] Coulson | Integral projections models, their construction and use in posing hypotheses in ecology[END_REF]. From those growth curves we can derive the growth function of the IPMs kernel, which is the relationship linking the mass of the individual at age i to the mass at age i+1. Our second goal is to analyse these growth curves in the context of a tradeoff between early and late life performance [START_REF] Lemaître | Early-late life trade-offs and the evolution of ageing in the wild[END_REF]. We aim to assess how allocation to growth in young mammals could affect actuarial senescence. The basic prediction is that a high allocation to growth early in life should lead to less allocation to maintenance later in life and therefore increase the rate of aging. However, one of the big issues is to quantify the amount of allocation in growth from these growth curves. Many different forms of growth curves has been reported to exist and a high diversity of groth curves occur in mammals (Gaillard et al., 1997). This diversity requires obtaining new standard metrics to assess the different growth curves existing in mammals.

Personal notes

During my work, I highlighted the general patterns of the relationships linking body mass and age to vital rates. Most of my results come from meta-analyses or comparative analyses. In addition to provide relevant tools to compare the different relationships, this type of research was a great way to enter the field of evolutionary demography for me. I will therefore conclude my thesis by showing the educative value of performing such comparative procedures for researchers. Any meta-analysis or comparative analysis can be decomposed into three main steps: the compilation, the extraction and the analysis of data. First, as an intensive compilation of studies is needed, most people consider this part as the most tedious one. We require reading hundreds of papers that have most often a very narrow focus.

However, when I first began the compilation procedure for my thesis back in 2015 I just had very little knowledge about population dynamics and I argue that this part was highly educative for me. By reading all those papers I was able to grasp the different concepts and the state of art in this discipline. On a second time, the extraction procedure requires a more advanced knowledge of the papers because a complete understanding of the analysis done in the focal paper is needed. As well, a clear view of the diversity of papers in the literature to devise standardized metrics applicable to different studies is needed. The last step, which is common to all scientific studies is to analyze the data extracted and therefore to provide new insights on the research field. I thus believe that the sequence of those three steps provides one of the best ways for a researcher to enter a new field efficiently.

Introduction

Population demography is extremely variable across species and environments, as demonstrated by the diversity of age-specific trajectories of survival and fecundity observed across the tree of life (Jones et al. 2014). Identifying these trajectories allows researchers to estimate key measures of population dynamics such as population growth rates and generation time (Caswell 2001;Gaillard et al. 2005 1) [START_REF] Coale | Growth and Structure of Human Populations[END_REF][START_REF] Cochran | Simple methods for calculating age-based life history parameters for stage-structured populations[END_REF]Caswell 2001). Generation time has been used in a wide range of applications, including measuring the pace of life across species (Gaillard et al. 2005;Baudisch 2011), ranking species along the slow-fast life history continuum (Gaillard et al. 2005), evaluating the response of species to variable environments [START_REF] Tuljapurkar | From stochastic environments to life histories and back[END_REF]), calculating evolution rates [START_REF] Evans | The maximum rate of mammal evolution[END_REF], and estimating extinction risk [START_REF] Mace | Quantification of extinction risk: IUCN's system for classifying threatened species[END_REF]. Particularly, the close association between generation time and extinction risk has led generation time to become a fundamental measure in conservation biology. For instance, generation time is now routinely used to assess species' threat status for worldwide conservation organizations such as the International Union for Conservation of Nature (IUCN 2017) or to assess bycatch limits in fisheries [START_REF] Dillingham | Generation time and the maximum growth rate for populations with agespecific fecundities and unknown juvenile survival[END_REF].

Moreover, the mutation rate strongly depends on generation time, making it an indicator for species' adaptability to climate change [START_REF] Foden | Identifying the World's Most Climate Change Vulnerable Species: A Systematic Trait-Based Assessment of all Birds, Amphibians and Corals (ed S Lavergne)[END_REF][START_REF] Pearson | Life history and spatial traits predict extinction risk due to climate change[END_REF]. Based on such fundamental role in establishing conservation goals, it is necessary to obtain accurate estimates of generation time for endangered species. When the necessary data for such estimation are missing, it is imperative to have a clear understanding of the uncertainty in the generation time value being available.

The IUCN Red List of Threatened Species is the primary authority for extinction risk assessments. In the Red List assessment, species are categorized as threatened based on criteria related to population decline, geographic range size, fragmentation, and small population size (IUCN 2017).

In criteria related to population decline, generation time acts as a standardization for time units that allow using the same criteria on species with extremely different lifespans [START_REF] Mace | Quantification of extinction risk: IUCN's system for classifying threatened species[END_REF]. Criteria including generation time have been used to list 41% of mammals, 33% of birds, 14% of amphibians, 19% of reptiles, and 96% of corals categorized as threatened (IUCN 2017a).

In the IUCN Guidelines for Using the IUCN Red List Categories and Criteria (hereafter called IUCN guidelines, IUCN, 2017b) generation time is defined based on the cohort definition (Ts), which would only be appropriate for data collected from a single cohort, from which individuals are monitored from birth to death, or under that assumption of stationary populations (i.e. a population growth rate equal to one). In many studies of mammals in the wild, however, age-specific vital rates are calculated as averages across years on cross sectional data (i.e. including multiple cohorts). Using average vital rates leads to the strong assumption of stationary populations when the cohort approach is used (Nussey et al.. 2008). Thus, the period approach to calculate generation time (Tb) is the most general measure as it accounts for overlapping generations by including the population growth rate.

Both the cohort and the period definitions of generation time require complete age-and sexspecific data on survival and fecundity, but this detailed information is currently only available for ~1.6% of threatened tetrapod species and probably even less for other taxonomic groups (Conde et al., unpublished data). Given the scarcity of demographic data, demographic traits such as the average age at first reproduction [START_REF] Tsantes | Age at first reproduction explains rate variation in the strepsirrhine molecular clock[END_REF] or evolutionary allometric relationships between generation time and body mass are frequently used to approximate generation time (Millar & Zammuto 1983;Gaillard et al. 2005;[START_REF] Cooke | Improving generation length estimates for the IUCN Red List (ed L Bosso)[END_REF].

The IUCN guidelines explicitly mention two approximations of generation time: The first is the 'reproductive lifespan proxy' that calculates generation time as the sum of age at first reproduction and the product of a variable z and the species reproductive lifespan (Tz, Table 1). This variable z, bound between 0 and 1, is estimated as the average from species for which generation time can be accurately estimated, and then used to approximate generation time for species with no demographic information. For example, z has been fixed at 0.29 [START_REF] Pacifici | Generation length for mammals[END_REF] for errors generated by using proxies instead of true estimates of generation time. However, their study stresses the use of approximations bearing a large number of assumptions, such as constant adult mortality and populations near stationarity (i.e. the cohort measure of generation time), rarely met in wildlife populations.

Here, we review currently used measures of generation time and compare the metric of generation time with the least number of assumptions (i.e. the period definition of generation time, Tb)

to seven metrics including only partial demographic information. We propose a new approach for estimating generation time based on allometric relationships between generation time and some key species-specific life history traits. We use complete life tables collected from studies of wild populations belonging to 58 mammalian species spanning over nine orders, and simulated data covering a larger range of possible mortality and fecundity trajectories.

Methods

Life tables from wild populations

We obtained published life tables of wild populations for 58 terrestrial and marine mammalian species (Table S1). From these we extracted the cumulative survival probability at age x (lx) and the average number of female offspring born to females of age x (i.e. fecundity, mx). We defined α as the age at first reproduction, which is the first age at which mx ≠ 0, and ω as the age when reproduction was last observed. We equated missing values of mx at older ages to 0 when only a handful of individuals were still alive. From the lx and mx data, we built population projection matrices (Caswell 2001) to calculate the asymptotic population growth rate λ (as the dominant eigenvalue) and the corresponding stable age distribution v (as the corresponding right eigenvector). Most life tables started at birth, but in 14 species survival was lacking prior to the age at first reproduction. For these we used estimates of juvenile survival from a different population of the same species (Table S1).

Simulated data

We constructed 15 mortality and 15 fecundity trajectories resulting in 225 life tables, thereby allowing us to explore a wider range of mortality and fecundity combinations than those obtained from field data. We calculated mortality trajectories by varying the mortality or hazard rate function

(x | )  lim x 0 Pr(x X  x  x | X x, ) x , (1) 
which is the rate at which individuals die as a function of age x, given they survived to the beginning of the interval [x, x+Δx], where x is age, X is a random variable for ages at death and θ is a vector of mortality parameters. For the different shapes, we varied the parameters of the functions calculated as

p  l x l x1 v x x  / v x x  . (7)
For the calculation of IUCN's 'reproductive lifespan proxy', Tz, we used a z of 0.28 for mammalian and simulated life tables [START_REF] Keith | Temporal correlations in population trends: Conservation implications from time-series analysis of diverse animal taxa[END_REF].

Performance of approximations based on life table information

We fitted linear regression models of the form ,

with εi ~ N(0, σ 2 ) for all i = 1,2,…, n, and all j = 1,2,…,7, where n is the total number of species, σ 2 is the residual variance, Tij is generation time for each species i and approximation j, and ŷibj are the fitted values. With this regression we seek to measure the accuracy with which the values of log(Tib) are approximated with the different methods, represented by log(Tij). Ideally, there should be a perfect one-to-one mapping, which implies that the intercept should be , and the slope . We used standard hypothesis testing by means of t-tests (H0: for k = 0,1) to determine whether the estimated values of the slope and intercept matched these expectations.

Finally, we calculated root mean square errors (RMSEs) between each approximation and the log(Tib) as

RMSE  ( y ij  y ib ) 2 i1 n n . ( 9 
)

Performance of approximations in the absence of life tables

We implemented phylogenetic generalized least squares (PGLS) regressions between log(Tib) and biological covariates that are more readily available than life tables. We started with the log of body mass, which is allometrically related to Tib (Gaillard et al. 2005[START_REF] Cooke | Improving generation length estimates for the IUCN Red List (ed L Bosso)[END_REF], and sequentially added the log of age at first reproduction and reproductive lifespan, both known to capture demographic variation among mammals [START_REF] Gaillard | Cohort effects and deer population dynamics[END_REF]. The fully parameterized regression was (10) with vector of residuals ε ~ N(0, σ 2 p Σ), where σ 2 is the residual variance of the regression and Σ is the variance-covariance matrix. The variance-covariance matrix Σ is derived from the phylogenetic relationships among the 58 species that we obtained from the 'supertree' phylogeny of (Bininda- et al. 2007) hosted at the Evo10 website (https://www.evoio.org/wiki/File:Bininda-emonds_2007_mammals.nex). We found the maximum likelihood estimate of the coefficient p (0 ≤ λp ≤ 1) known as Pagel's lambda, which measures the intensity of the phylogenetic signal (Harvey & Pagel, 1991).

Emonds

We used the resulting coefficients to estimate the value of Ti as

T iphyl  e  i ( 11 
)
where Tiphyl was the median of Tib under the assumption that Tib is log-normally distributed.

After selecting the model that best fitted the data by means of the Akaike's information criterion (AIC, [START_REF] Akaike | A new look at the statistical model identification[END_REF], we performed a cross-validation analysis to determine the predictive accuracy of the phylogenetic regression with respect to the z-approximation. We repeated the analysis for 5000 iterations where at each iteration, we randomly separated the dataset into a training subset of 53 species, and a validation subset of 5 species. We then fitted the phylogenetic regression in Eq. ( 10)

to the training set and used the estimated parameters to predict log(Tiphyl) ≈ δi on the validation set. We then calculated root mean square errors on the validation set between the real, yib, and estimated values, δi, and, for comparison, between the real values and the z-approximation, yiz.

We performed all calculations and analyses using the free-open-source software R (R Core Development Team, 2017). For the phylogenetic regressions, we used the R package 'ape' v.4.1 [START_REF] Paradis | APE: Analyses of Phylogenetics and Evolution in R language[END_REF].

Results

Performance of approximations based on life table information

Measures of generation time that did not include λ showed substantial differences from the measure Tb (Fig. 1). These differences were most severe in the simulated life tables and less pronounced in the observed mammalian life tables. For decreasing populations (λ < 1) generation time was underestimated using measures that neglected λ, whereas generation time was overestimated for increasing populations (Fig. 1, Ts, Tsc, Tq). From observed mammalian life tables, λ ranged from 0.78 to 1.28 with a mean of 1.02. In simulated life tables, over-or under-estimation in Ts increased in longer-lived species (Fig. 1, b.1).

Furthermore, the assumption of constant demographic rates over the lifetime led to considerable estimation differences (Fig. 1, Tc). This was primarily driven by constant mx (Fig. 1, Tc, Tcm, Tsc), leading to strong underestimation of generation time in shorter-lived mammal species and overestimation of longer-lived species in simulated data. The assumption of constant survival had a considerably lower effect (Fig. 1 Tcp). In most cases, the regression analysis yielded significant differences between the estimated intercepts and slopes with respect to the expected values of 0 and 1, respectively (Table 2). Exceptions were the intercepts of Ts and Tq for the real data, and the intercepts of Tcp and Tc for the simulated data. Only Tz on the real data had non-significant p-values for both parameters, but both p-values were significant for the simulated data.

Comparison of root mean square errors across different approximation of generation time for mammals (Table 2) showed that Ts performed best on the real data while Tc had the lowest RMSE on the simulated data.

Performance of approximations in the absence of life tables

population is at the stable age distribution, which is another strong assumption that might not apply to most populations, using Ts on cross-sectional data assumes not only stable age structure, but also stationarity.

The IUCN guidelines explicitly mention that estimating generation time in populations displaying strong age-dependence in vital rates is especially difficult (IUCN 2017b). In support, we found substantial errors when assuming constant vital rates with age involving a downward bias from mammalian life tables. The assumption of constant survival with age alone provided an acceptable approximation, whereas larger errors resulted when assuming constant mx with age. This is in line with previous results reporting that the incorrect assumption of constant fecundity rates with age led to an underestimation of generation time and thereby to an overharvesting of birds [START_REF] Dillingham | Generation time and the maximum growth rate for populations with agespecific fecundities and unknown juvenile survival[END_REF].

Considering extinction risk assessments, underestimation of generation time is especially worrisome because it can lead to wrongly assigning a species to a lower risk category. In the simulated data, we also found larger errors in longer-lived species that are especially vulnerable to extinction due to their slow life histories leading to long generation times (e.g. [START_REF] Cardillo | Multiple Causes of High Extinction Risk in Large Mammal Species[END_REF].

Of the two IUCN proxies, Tz, performed better than Tq and performed especially well in mammals for which we estimated ages at first reproduction directly from the life tables. But for most species this information is unavailable, and estimates are likely to be more severely biased. This is evident from the analysis on simulated data, where this measure performed poorly. As previously suggested [START_REF] Fung | Performance of IUCN proxies for generation length[END_REF], Tz might only be useful when z estimates for species with similar life history are available.

Contrary to our findings in mammals, [START_REF] Fung | Performance of IUCN proxies for generation length[END_REF] found that Tz generated higher errors than Tq. These authors did, however, not account for non-stationarity of populations, which, as we demonstrated, leads to considerable errors by underestimating generation time when < 1 and by overestimating it when > 1. Additionally, they calculated average mortality p based on the geometric mean between the survival at α and ω (i.e. (lω / lα) 1/(ω -α) ). We do not recommend this calculation because the geometric mean strongly depends on the mortality rates observed at first and last reproduction and is only valid for species with constant survival with age. This is not the case in mammals (see e.g. [START_REF] Gaillard | The Williams' legacy: A critical reappraisal of his nine predictions about the evolution of senescence[END_REF] for a recent review) and has only been reported in few species of aquatic invertebrates and a handful of plants [START_REF] Roach | Age-specific demography in Plantago: uncovering age-dependent mortality in a natural population[END_REF][START_REF] Dańko | Unraveling the non-senescence phenomenon in Hydra[END_REF].

The estimation of generation time from phylogenetic regression on body mass did not provide reliable results across mammals but may give some useful information if only body mass is available for the focal species. et al. 2011)). This further stresses that the cohort approach to calculate generation time needs to be evaluated carefully, particularly for populations exhibiting large variation in vital rates due to cohort environmental effects (e.g. Gaillard et al. 1997;[START_REF] Galliard | Cohort variation, climate effects and population dynamics in a short-lived lizard[END_REF][START_REF] Gaillard | Cohort effects and deer population dynamics[END_REF]. To benefit extinction risk assessments, studies investigating intra-vs. inter-specific variation, and variation in relation to environmental changes and increasing stressors, such as harvesting and climate change will be required.

Tables:

Table 1: Methods to estimate generation time. mean annual mortality. For ω = ∞, Tc becomes T c    p / (  p) (Gaillard et al. 2005) and Tq becomes Tq = α + 1/q (IUCN 2017). * The denominator in Tb is necessary to account for small errors in the estimation of the continuous Euler-Lotka equation from a discrete approximation. Table S1: References for survival, juvenile survival (if missing in survival data) and reproduction used to calculate the generation time for each mammalian species.

Species Reference Survival Reference Reproduction

Reference Juvenile survival Alces alces (Ericsson et al. 2001) (Ericsson et al. 2001) (Ericsson et al. 2001) Arctocephalus gazella [START_REF] Boyd | Population Demography of Antarctic Fur Seals: The Costs of Reproduction and Implications for Life-Histories[END_REF]) [START_REF] Boyd | Population Demography of Antarctic Fur Seals: The Costs of Reproduction and Implications for Life-Histories[END_REF]) [START_REF] Payne | Growth of a Fur Seal Population[END_REF]) Arctocephalus pusillus [START_REF] Gibbens | Age-specific growth, survival, and population dynamics of female Australian fur seals[END_REF]) [START_REF] Gibbens | Influences on fecundity in Australian fur seals (Arctocephalus pusillus doriferus)[END_REF]) Arctocephalus tropicalis [START_REF] Dabin | Age structure, growth, and demographic parameters in breeding-age female subantarctic fur seals, Arctocephalus tropicalis[END_REF]) [START_REF] Dabin | Age structure, growth, and demographic parameters in breeding-age female subantarctic fur seals, Arctocephalus tropicalis[END_REF]) (Bester 1980) Bison bison [START_REF] Millspaugh | Effects of Culling on Bison Demographics in Wind Cave National Park, South Dakota[END_REF]) [START_REF] Millspaugh | Effects of Culling on Bison Demographics in Wind Cave National Park, South Dakota[END_REF]) Brachyteles hypoxanthus (Bronikowski et al. 2016) (Bronikowski et al. 2016) Callospermophilus lateralis (Bronson 1979) (Bronson 1979) Capra ibex [START_REF] Toïgo | Sex-and agespecific survival of the highly dimorphic Alpine ibex: evidence for a conservative lifehistory tactic[END_REF]) [START_REF] Toïgo | Sex-and agespecific survival of the highly dimorphic Alpine ibex: evidence for a conservative lifehistory tactic[END_REF]) [START_REF] Rughetti | Age-specific reproductive success and cost in female Alpine ibex[END_REF] Capreolus capreolus [START_REF] Gaillard | The Williams' legacy: A critical reappraisal of his nine predictions about the evolution of senescence[END_REF] (Bronikowski et al. 2016) (Bronikowski et al. 2016) Proechimys semispinosus [START_REF] Fleming | Population ecology of three species of Neotropical rodents[END_REF]) [START_REF] Fleming | Population ecology of three species of Neotropical rodents[END_REF]) Propithecus diadema (Pochron et al. 2004) (Pochron et al. 2004) Propithecus verreauxi (Bronikowski et al. 2016) (Bronikowski et al. 2016) Rangifer tarandus [START_REF] Messier | Demography of the George River caribou herd: evidence of population regulation by forage exploitation and range expansion[END_REF]) [START_REF] Messier | Demography of the George River caribou herd: evidence of population regulation by forage exploitation and range expansion[END_REF] [START_REF] Falk | Reproduction by female Zapus princeps in relation to age, size, and body fat[END_REF]) [START_REF] Falk | Reproduction by female Zapus princeps in relation to age, size, and body fat[END_REF] Table S3: Coefficient estimates, standard errors (SE) and p-values from the three phylogenetic regression models. 
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 11 Figure 1.1. The construction of a life table using hypothetic birth and death records (A) Birth and death records of six hypothetic individuals can be represented graphically, each segment represents the lifespan of an individual with the black circles indicating dates of birth and the black crosses dates of death. Because of their different dates of birth, individuals
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 12 Figure 1.2. Age-specific changes in hazard of mortality fitted using a Siler model to data collected on female roe deer Capreolus capreolus in Trois Fontaines, France. (A), (B) and (C)

1 . 3 .

 13 for an example of the 4 main functions in Soay Sheep, Ovis aries). First, the model should take in account how the individuals previously present in the population affect the distribution of the trait. They do that by surviving and by growing. The survival function informs how the mass of an individual affects survival and the growth function tells us how the surviving individuals change in mass over time. The new recruits in the population also change the distribution of the focal trait. The reproduction function informs the probability that a female reproduces (so its probability to produce new recruits) in function of its mass. Finally, the inheritance (or transmission) function allows predicting the mass of the new recruit from the mass of the mother. IPMs allow estimating
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 13 Figure 1.3. The 4 main function linking the demographic parameters to the structuring trait (body mass here) in a population of Soay sheep (from Rees, Childs, & Ellner, 2014). (a) Survival relationship, (b) Growth relationship, (c) Reproduction relationship and (d) Inheritance relationship.
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 41 Figure 4.1. PRISMA flow diagram (search procedure according to the PRISMA statement, (Liberati et al. 2009) for the meta-analysis of the relationship between female body mass and pregnancy rate and for the meta-analysis of the relationship between female body mass and litter size.

  young females and old females with pregnancy rate of older females being little to not influenced by their body mass (mean-differenceold vs young=0.9326 [HPDI=(0.43;1.58)]. Aside from this effect, there was no detectable difference in the intensity of the relationship between capital and income breeder, wild and captive populations or between monotocous and polytocous species (Fig.4.2.B).
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 42 Figure 4.2. Meta-analysis means for each moderator for the relationship between female body mass and pregnancy rate (A) non-corrected by age or (B) age-corrected. For each group, the means are reported along with their 95% credibility interval.

(

  Fig. S4.5.B) (Egger regression intercept= 0.02 HPDI=(-0.10;0.14)). There was no effect of the age of the mother on the intensity of the age-corrected relationship and there was no difference between wild and captive populations. Most of the species used in this dataset were considered as income breeders (15 out of 17 species) and foetus mass was excluded for most of the populations (33 out of 35 populations) we thus could not compare the effect of the allocation strategy on this relationship and the effect of including foetus mass. (Fig. 4.3.B).
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 43 Figure 4.3. Meta-analysis means for each moderator for the relationship between female body mass and litter size (A) non-corrected by age or (B) age-corrected. For each group, the means are reported along with their 95% credibility interval.
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 1 Figure S4.1. Phylogeny of mammal species (from Bininda-Emonds et al., 2007) included in the meta-analysis between pregnancy rate and female body mass non-corrected by age

Figure S4. 3 .

 3 Figure S4.3. Phylogeny of mammal species (from Bininda-Emonds et al., 2007) included in the meta-analysis between litter size and female body mass non-corrected by age

Figure S4. 5 .

 5 Figure S4.5. Funnel plot of the different effect sizes for the relationship between female body mass and litter size (A) for non-corrected by age relationships (B) for age-corrected relationship. The means are reported along with their 95% credibility interval. As recommended by Nakagawa & Santos (2012) the precision is plotted against the residuals of the meta-analysis.

  Transversal data on the age distribution of individuals alive (called transversal lx): in this type of study individuals are sampled alive and aged, but they are not monitored throughout their lifetime (Fig 5.1.B for an example). The distribution of age of those individuals alive can be then considered as an analogous of the cumulative survival function. For the same reasons as the transversal dx data, transversal lx data are considered as low-quality data. The distribution of individuals alive is thus comparable to the cumulative survival function but only if the size of the population did not change over time and if the estimation depends also on the accuracy of method used to assign an age to individuals.
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 51 Figure 5.1. Two examples of transversal life tables (A) distribution of dead females of sea otter (Enhydra lutris) extracted from (Monson et al., 2000) (B) distribution of alive males and females Dall's porpoise (Phocoenoides dalli) extracted from[START_REF] Ferrero | Age, Growth, and Reproductive Patterns of Dall's Porpoise (Phocoenoides Dalli) in the Central North Pacific Ocean[END_REF] 

Figure 5 . 2 .

 52 Figure 5.2. Schema of the structure of the database, each rectangle represents a table in the database, the arrows represent the logical relationships between the different tables. The demographic information of the life table is stored in vectors for the fields "Age", "Vital rate" and "Sample size" and the field type of data corresponding to whether it is a reproduction or a survival life table.

  666 life tables from 244 studies -496 life tables on survival with 208 coming from longitudinal monitoring and 288 coming from transversal monitoring -170 life tables on reproduction with 111 tables reporting directly m(x) -171 species of mammals from 15 different orders (Artiodactyla, Carnivora, Cetacea, Chiroptera, Didelphimorphia, Diprotodontia, Erinaceomorpha, Eulipotyphla, Hyracoidea, Lagomorpha, Perissodactyla, Primate, Proboscidea, Rodent, and Scandentia) -80 species with full demographic data including survival and reproduction rates for the same population -Data compiled from 244 papers -2 papers submitted so far, one describing the difference between sexes in senescence pattern for wild mammals (See Chapter V) and one assessing the accuracy of the generation time compiled by the IUCN red list (See Appendices).
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 61 Figure 6.1. Sex differences in longevity across mammals. For a given population, the sex difference is measured as the ratio log[(Male longevity)/(Female longevity)]. Multiple bars for a given species represent estimates gathered from different populations. Orange bars correspond to longitudinal data, blue bars correspond to transversal data, and grey bars

Figure 6 . 2 .

 62 Figure 6.2. Frequency distribution of the magnitude of sex differences in aging rates across mammals in the wild (a). The red dot corresponds to the overall effect for non-human mammals and is associated with its 95 % credibility interval. Aging patterns for three mammalian populations are displayed. For each population the mortality curve with the line representing the longevity 80% and the posterior distribution of the aging rate b1 are given in
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(

  mean difference monogamous vs. polygynous = -0.19[-0.69; 0.34], mean difference monogamous vs. promiscuous = -0.12 [-0.63; 0.41] -(mean difference cooperative vs. noncooperative breeder = -0.19[-0.60; 0.21]).

1 .Figure S6. 2 .

 12 Figure S6.1. Effect of hunting (hunted vs. non-hunted populations, (a)) and data quality (longitudinal-high quality vs. transversal-low quality (b)) on sex differences in longevity across mammals.
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 34 Figure S6.3. Relationship between aging rate and longevity on a log-log scale.
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 71 Figure 7.1. Going through the different presentation of age-structured datasets from discrete to continuous timestep. Every age structured population can be described using discrete time
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 72 Figure 7.2. The effect of sample size on three longevity metrics. Hazard of mortality in function of age for (A) short lived species and (B) long lived species. Longevity metrics in function of sample size for (B) short lived species and (D) long lived species with in blue maximal longevity, in red life longevity 90% and in green life expectancy at birth. For each sample size and each metrics, the average value as well as the 95% quantiles are presented.
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 73 Figure 7.3. Relationship between scaled descriptors of the distribution of ages at death and the generation time for 30 species of mammals. (A) relationship between scaled life expectancy and generation length (B) relationship between scaled variance and generation length

Figure 8 . 1 .

 81 Figure 8.1. An example of a mass distribution for a population of yellow-bellied marmots

  x = age, lx = probability of surviving to age x, mx = number of offspring females born to females at age x, λ = population growth rate at its stable stage distribution, R 0  l x m x x  known as the net reproductive rate, F = fecundity matrix of population projection matrix, v reproductive value (left-eigenvector) of population projection matrix, w stable stage distribution (right-eigenvector) of population projection matrix, α = age at first reproduction, ω = age at last reproduction, z = species-specific constant, p = mean annual survival, q =
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 S3 Figure S3: Diagnostic plots of the linear relationship between various measures of generation time using life table data of 58 mammalian populations.
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 S4 Figure S4: Diagnostic plots of relationship between various measures of generation time using simulated data of 225 populations (Figure 1 b.1 -b.7) and Table2of main text.
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 S5 Figure S5: Number of publications of life tables and matrices per year. A: Number of matrices that are age-based (black) and stage-based (grey) in the COMADRE database for publication years from 1957 -2016 in 5-year intervals as compared to B: modified from Fig. 1 p. 2 in Fung & Waples (2017).

  

  

  

  ). We can thus create the life table (C) to summarize the effect of age on the mortality of individuals for this population by calculating the following

	statistics for each age:
	Fx: number of individuals still alive at age x
	dx: number of individuals that die between age x and age x+1
	Lx: proportion of individuals included in the study which are still alive at age x, also called
	cumulative survival
	qx: probability for an individual alive at age x to be dead at age x+1, also called mortality rate

sx: probability for an individual alive at age x to be still alive at age x+1, also called survival rate

  how many individuals survive from one census to another one, but also how many individuals are generated by reproduction. The relationship between reproduction and age is also often reported in life tables by the mx statistic, which corresponds to the average number of female offspring produced by a female of age x. Interestingly, the modelling of the relationship between reproduction and age has not received as much attention as the mortality-age relationship. Most of the studies modeled the reproduction-age relationship as a quadratic one but did only test this relationship against a linear model and thus did only compare one model with a decreasing phase of reproductive performance with age (Derocher & Stirling

This chapter was published in Biological reviews in 2018: Ronget, V., Gaillard, J.-M., Coulson, T., Garratt, M., Gueyffier, F., Lega, J.-C. & Lemaître, J.-F. (
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	relationship)						
		Studies included	Effect sizes extracted	Species included	Species of Artiodactyles	Species of Rodents	Species of Carnivores
	Pregnancy rate and maternal mass non-corrected by age	44	57	29	10	8	7
	Pregnancy rate and maternal mass corrected by age	16	24	9	6	2	0
	Litter size and maternal mass non-corrected by age	71	77	51	6	30	7
	Litter size and maternal mass corrected by age	21	35	17	2	11	0

1. Number of studies, effect sizes and species included the 4 different meta-analyses. The composition of the different datasets for the three main orders reported in the literature (Artiodactyles, Rodents and Carnivores) is also reported. Phylogenetic trees used in the analysis are presented in the supplementary materials (Fig. S4.1. for the pregnancy rate and maternal mass non-corrected by age relationship, Fig. S4.3. for the litter size and maternal mass noncorrected by age relationship, Fig. S4.4. for the litter size and maternal mass corrected by age

Table 4 .

 4 

2. I² values associated with each random effect for the relationship between female body mass and pregnancy rate non-corrected by age. For each value (Mean) the lower and the upper high posterior density interval limits of the credibility intervals are reported.

Table 4 . 3 .

 43 I² values associated with each random effect for the relationship between female body mass and litter size rate non-corrected by age. For each value (Mean) the lower and the upper high posterior density interval limits of the credibility intervals are reported.

  Compiling demographic data for wild populations of animals have recently received more and more attention with the creation of the COMPADRE database (https://www.compadre-db.org/,[START_REF] Salguero-Gómez | The compadre Plant Matrix Database: an open online repository for plant demography[END_REF]. To date, this database is the only open database making available demographic data for animals in the wild. The COMPADRE database reports projection matrices from (st)age-structured populations. Some studies extracted demographic information from this database to conduct comparative analyses on demographic outputs in a wide range of species from plants to animals (e.g.

	Paniw, Ozgul, & Salguero-Gómez, 2018). However, those matrices are not suited to perform
	any comparative analysis of aging because most of those matrices are not fully age-

dependent. The most appropriate way to get the full age-dependence in demographic traits is to use life tables

  reproductive success are provided for females. In Malddaba, all relationships linking any reproductive component to the age of the mother were reported. For the reproductive data, we thus reported the following measurements:-m(x) is the average number of females produced by females of age x (i.e.Packer et al., 

	1998; Moss, 2001)
	-juvenile survival is the average survival rate of newborns born from mothers of age x (i.e.
	Festa-Bianchet & Côté, 2012)
	-pregnancy rate is the average pregnancy rate of mothers of age x (i.e. Sacks, 2005; Gogan et
	al., 2013)

2.2.b. Reporting reproductive rates

In life tables including reproductive performance as a function of age, m(x) values are the standard statistics

(Leslie, 1945

, see definition below). However, most studies did not monitor the individuals through all their reproductive cycle and only components of the age-(B) specific

  table, and if not, at which age does it begins andMalddaba is built as a relational database coded in SQL language. The basis of this type of database is that the different information of the database is compiled into different tables composed of different fields. Those different tables are identified by keys and logical relationships are made between the different tables using these different keys. For instance, the information about the life table is reported in one table (See Fig 5.2) and this table is always associated with one reference, one species and one location. The major advantage for using this type of database is that it makes extraction of data easy by request. We can

	3. Building the database
	3.1. The structure of the database
	ends

basically request anything based on the fields of the tables. For example, we can request using this structure any survival data from longitudinal monitoring of carnivores.

Table S6 . 1 .

 S61 Mean of the posterior distribution of the difference between sexes in aging rate (null model selected). The mean sex difference is associated with the 95% credibility interval and with the p-value.

Table S6 . 2 .

 S62 Ranking of the different models for the analysis of sex differences in longevity using Deviance Information Criterion. The selected model is in bold (SSD: sexual size dimorphism). Only the five models with the highest support and the null model are presented.

	Parameter	Mean	Lower CI	Upper CI	P
	Sex difference (Intercept)	0.180	-0.131	0.522	0.207
	Models				DIC	ΔDIC
	Hunted+Quality			18.8	0
	Hunted+Quality+SSD			19.18	0.38
	Hunted+Quality+SSD+Quality*SSD		19.38	0.58
	Hunted+Quality+SSD+Hunted*SSD+Quality*SSD	20.11	1.31
	Hunted+Quality+Hunted*Quality		20.79	1.99
	…				.	.
	Null				27.65	8.85
	…				.	.

Table S6 . 3 .

 S63 Ranking of the different models for the analysis of the sex differences in aging rate using Deviance Information Criterion. Selected model is in bold (SSD: sexual size dimorphism). Only the five models with the highest support (including the null model) are

	presented.		
	Models	DIC	ΔDIC
	Null	89.1	0
	Quality	89.43	0.33
	SSD	90.36	1.26
	Quality + SSD	90.66	1.56
	Hunted	90.69	1.59
	…	.	.

Table S6 . 4 .

 S64 Mean of the posterior distribution of sex differences in longevity from the null model (a) and the model with the highest support (b). Each parameter is associated with the lower and upper limits of 95% credibility interval and also with the Bayesian p-value. Mean of the posterior distribution of sex differences in relative aging rate from the null model. The mean sex difference is associated with the lower and upper limits of 95% credibility interval and with the p-value. Ranking of the different models of the sex difference in relative aging rate using Deviance Information Criterion. The selected model is in bold (SSD: sexual size dimorphism). Only the five models with the highest support (including the null model) are

	Table S6.5. Parameter	Mean	Lower CI	Upper CI	P	
	Parameter (Intercept) Sex difference Sex difference (intercept)	Mean -0.171 0.061	Lower CI -0.329 -0.291	Upper CI -0.007 0.382	0.690	P 0.038
	Table S6.6. presented.					
	Parameters Models	Mean	Lower CI	Upper CI	DIC	P ΔDIC
	Intercept Null	-0.227	-0.395	-0.045	88.7	0.015 0
	Hunted (Yes) SSD	-0.128	-0.259	0.005	89.49	0.058 0.79
	Quality Data quality (transversal) Hunted	0.140	0.042	0.249	90.27 90.48	1.57 0.010 1.78
	Quality + SSD			91.18	2.48
	…				.	.

a: Null Model b: Model with highest support based on DIC

Table 7 . 1

 71 The advantages and disadvantages of each longevity metrics

		Advantages	Disadvantages
	at death not necessarily Maximal longevity -Full distribution of the ages	-Increases with sample size
		needed for calculation	-High sampling variance
			independent of sample size
		-Reported for most of the	
		species	
	Life expectancy	-Sampling variance decreases with sample size	-Full distribution of the ages at death needed for
			calculation
		-Average value consistent	
		with the sample size	-Based on the ages at death
			of all individuals (not only
			the oldest ones)
	90% Longevity	-Sampling variance decrease with sample size	-Full distribution of the ages at death needed for
			calculation
		-Average value consistent	
		with the sample size	
		-Based on the 10% oldest	
		individuals	

;

  [START_REF] Tuljapurkar | From stochastic environments to life histories and back[END_REF][START_REF] Bienvenu | A New Approach to the Generation Time in Matrix Population Models[END_REF][START_REF] Ellner | Generation Time in Structured Populations[END_REF]. Three main definitions of generation time include: (1) the time required for a population at the stable age distribution to grow by the net reproductive rate (TR); (2) the mean age of the parents of offspring produced in the current time period once the population has reached the stable age distribution (Tb); and (3) the mean age at which members of a cohort of newborns produce offspring (Ts) (Table

  and 0.28[START_REF] Keith | Temporal correlations in population trends: Conservation implications from time-series analysis of diverse animal taxa[END_REF], for mammals. The z-value simply states that generation time cannot be smaller than average age at first reproduction or larger than the average age at last reproduction and, based on the IUCN guidelines (IUCN, 2017b), scales accordingly to the relative fecundity of young vs. old individuals in the population. The second measure is the 'adult-mortality proxy', which is calculated as the sum of age at first reproduction and the inverse of average annual adult mortality (Tq, Table1). Using these measures facilitates approximating generation time for a large number of species, as the required variables are more commonly available than age-specific vital rates. For example, data on age at first reproduction currently exist for at least 35% of mammalian species(Conde, et al., unpublished data).However, these measures should be applied under careful consideration as they may lead to considerable errors. For example,[START_REF] Cooke | Improving generation length estimates for the IUCN Red List (ed L Bosso)[END_REF] found that calculating generation time from the 'reproductive lifespan proxy' for Bovidae species can lead to erroneous results when the age at last reproduction is estimated based on maximum longevity in captivity rather than in the wild. Such discrepancy comes from the consistently longer life of captive mammals compared to their wild

counterparts

(Tidière et al. 2016

). Moreover,

[START_REF] Fung | Performance of IUCN proxies for generation length[END_REF] 

reported that the estimation of generation time requires an adjustment that shifts ages by one year, particularly for species that start reproducing before their first year of age. Ignoring this adjustment may result in biased assessments of currently used generation time proxies. This adjustment has recently been incorporated into the IUCN guidelines (2017b).

[START_REF] Fung | Performance of IUCN proxies for generation length[END_REF]

's study provides the first attempt to predict and correct

  [START_REF] Cooke | Improving generation length estimates for the IUCN Red List (ed L Bosso)[END_REF] recently showed that body mass and phylogeny offer a reliable predictor of generation time across Bovidae species, thus body mass might be better at predicting generation time among closely related species. We found that including two biological times, age at first reproduction and reproductive lifespan greatly improved the fit. The full model requires almost the same amount of information as the reproductive lifespan proxy, Tz recommended by the IUCN, while being more consistent with general life-history theory as it predicts generation time from species-specific values. The model only including body mass and age at first reproduction predicted generation time relatively well. This model can be used when ages at last reproduction are lacking, which are generally difficult to obtain in wild populations.We assumed life tables provide accurate measures of species-specific generation time, but this metric can vary considerably within a species. Empirical studies have revealed an almost twofold variation in generation time within a given mammalian species (e.g. from 4.97 to 8.25 years in Pyrenean chamois (Rupicapra rupicapra,[START_REF] Crampe | Patterns of reproduction of female isard(Rupicapra pyrenaica pyrenaica) in a non-hunted population and demographic consequences[END_REF], from 3.93 to 6.80 years in roe deer (Capreolus capreolus,[START_REF] Nilsen | A slow life in hell or a fast life in heaven: demographic analyses of contrasting roe deer populations[END_REF], or from 2.3 to 3.6 years in wild boar (Sus scrofa, Servanty

Table 2 :

 2 Results of the regression analysis and root mean square errors (RMSE) between Tb and the different approximations on log-log scale for 58 mammalian life tables (upper panel) and simulated life tables (lower panel). Values include estimated regression coefficients with standard errors in parentheses, p-values for the hypothesis described in the methods, and ranks based on RMSEs.

	Approx.	Intercept (SE)	(SE) Slope	Interc. p-val.	Slope p-val.	RMSE	R 2 Rank
	Real data						
	Ts	0.05 (0.04) 0.95 (0.02)	0.225	0.028	0.132 0.97
	Tc	1.10 (0.05) 0.71 (0.04) < 0.001 < 0.001	0.879 0.88
	Tcp	0.23 (0.04) 0.92 (0.02) < 0.001 < 0.001	0.163 0.97
	Tcm	0.91 (0.04) 0.77 (0.03) < 0.001 < 0.001	0.682 0.94
	Tsc	1.13 (0.07) 0.61 (0.04) < 0.001 < 0.001	0.861 0.79
	Tz	0.04 (0.06) 1.01 (0.03)	0.561	0.679	0.181 0.95
	Tq	0.28 (0.17) 0.73 (0.08)	0.112	0.001	0.578 0.62
	Simulated data					
	Ts	0.26 (0.03) 0.89 (0.01) < 0.001 < 0.001	0.272 0.85
	Tc	0.05 (0.05) 1.15 (0.03)	0.337 < 0.001	0.493 0.72
	Tcp	0.02 (0.01) 0.98 (0.01)	0.020 < 0.001	0.068 0.99
	Tcm	0.12 (0.06) 1.13 (0.03)	0.028 < 0.001	0.524 0.69
	Tsc	0.55 (0.06) 0.88 (0.03) < 0.001 < 0.001	0.545 0.58
	Tz	0.60 (0.10) 0.58 (0.04) < 0.001 < 0.001	0.857 0.28
	Tq	0.30 (0.07) 0.93 (0.03) < 0.001	0.023	0.481 0.54
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We used the keywords "mass or weight or size" and "survival or mortality" in ISI Web of Science to identify the studies testing condition-dependent juvenile mortality. We found 236 studies and read all these papers to select only studies where the main cause of mortality was explicitly reported. We ended up with 47 studies testing the relationship between body condition and juvenile mortality and reporting starvation or predation as the main cause of mortality (Figure 1). 

Appendix 2

Studies with starvation as main cause of juvenile mortality

Species

Reference Survival

Reference Reproduction Alces alces (Ericsson et al., 2001) (Ericsson et al., 2001) Bison bison [START_REF] Millspaugh | Effects of Culling on Bison Demographics in Wind Cave National Park, South Dakota[END_REF]) [START_REF] Millspaugh | Effects of Culling on Bison Demographics in Wind Cave National Park, South Dakota[END_REF]) Capreolus capreolus [START_REF] Gaillard | The Williams' legacy: A critical reappraisal of his nine predictions about the evolution of senescence[END_REF] Unpublished) [START_REF] Gaillard | The Williams' legacy: A critical reappraisal of his nine predictions about the evolution of senescence[END_REF] Unpublished) Cebus capucinus (Bronikowski et al., 2016) (Bronikowski et al., 2016) Cercopithecus mitis (Bronikowski et al., 2016) (Bronikowski et al., 2016) Cervus elaphus (Benton, Grant, & Clutton-Brock, 1995) (Benton et al., 1995) Cervus nippon (Minami, Ohnishi, & Takatsuk 2009b) (Minami et al., 2009a) Cynomis ludovicianu (Hoogland, 1995) (Hoogland, 1995) Gorilla beringei (Bronikowski et al., 2016) (Bronikowski et al., 2016) Kobus leche (Sayer & Lavieren, 1975) (Rees, 1978) Loxodonta africana (Moss, 2001) (Moss, 2001) Lycaon pictus (Creel & Creel, 2002) (Creel & Creel, 2002) Marmota flaviventris (Schwartz, Armitage, & Van Vuren, 1998) (Schwartz et al., 1998) Marmota marmota (Berger et al., (Delgiudice et al., 2006) (DelGiudice, Lenarz, & Powell, 2007) Otaria flavescens (Grandi, Dans, & Crespo, 201 (Grandi et al., 2016) Ovis canadensis (Festa-Bianchet et al., 2006) (Bérubé, Festa-Bianchet, & Jorgenson, 1999) Pan troglodytes (Bronikowski et al., 2016) (Bronikowski et al., 2016) Panthera leo (Packer et al., 1998) (Packer et al., 1998) Panthera pardus (Balme et al., 2013) (Balme et al., 2013) Papio cynocephalus (Bronikowski et al., 2016) (Bronikowski et al., 2016) Propithecus diadema (Pochron, Tucker, & Wright, 2004) (Pochron et al., 2004) Rucervus eldii (Nie et al., 2011) (Nie et al., 2011) Tamasciurus hudsoni (McAdam et al., 2007) (McAdam et al., 2007) Urocitellus beldingi (Sherman & Morton, 1984) (Sherman & Morton, 1984) Urocitellus brunneus (Sherman & Runge, 2002b) (Sherman & Runge, 2002b) Ursus arctos (Zedrosser et al., 2013) (Zedrosser et al., 2013) Chapter VIII

General discussion and perspectives

Aside from the kernel function, there is one key parameter that is required to build an IPM. The primary goal of an IPM is to follow the distribution of a given trait over time [START_REF] Ellner | Integral Projection Models for Species with Complex Demography[END_REF]. In my analyses the focal trait was body mass. We thus need to know the initial distribution of body mass among individuals to build IPMs [START_REF] Ozgul | Coupled dynamics of body mass and population growth in response to environmental change[END_REF].

Trait distribution is rarely reported for all individuals unless we have access to the complete monitoring of individuals. Most often, the only distributions recorded concern one age only [START_REF] Adams | Reproductive Performance of Female Alaskan Caribou[END_REF][START_REF] Milner | Reproductive success and failure: the role of winter body mass in reproductive allocation in Norwegian moose[END_REF]. However, two relationships are reported in most cases, which can be used to obtain this distribution. For most species the age distribution of the population is known at least roughly because it can be reconstructed from the mortality curves that are all compiled in Malddaba. Moreover, the relationship linking age to body mass (i.e. growth process) is available for most species included in Malddaba. Thus, we can associate a body mass to each individual using the age distribution. One interesting perspective would be to compare those distributions among species in the same manner as we compared age distributions across species. Thus, by comparing the mean, the variance and the mode of the distribution (See Fig. 8.1. for an example of a body mass distribution) we will be able to extract species-specific patterns of body mass distributions and also to highlight if there are differences among populations and what are the factors shaping those differences.

My analyses clearly indicate that heavier individuals outperform lighter ones in terms of survival rates and in terms of reproduction rates. If among-individual variation in body mass is heritable, then we can make the basic prediction that individual body mass will increase over time for all populations of mammals. However, mammals are not all gigantic so how can we explain this apparent contradiction? There are also marked disadvantages to have a very high body mass. The disadvantages of obesity have been convincingly demonstrated in humans but also in captive animals, in which obesity leads both survival [START_REF] Manson | Body Weight and Longevity: A Reassessment[END_REF] and fertility [START_REF] Edwards | Pregnancy complications and birth outcomes in obese and normal-weight women: Effects of gestational weight change[END_REF] rates to decrease. Thus, there is a structural limit to which individuals of a given species can grow. This limit is rarely attained by individuals because the amount of resources available to them is limited in the wild. Also, to increase the mean size of the individuals, the functions of the IPM should all be positive. We cannot check that it was the case because in most studies we compiled only one relationship was investigated. Calculation of generation time requires age-specific data on survival and fecundity rates and knowledge of population growth rates. These data are generally lacking for threatened species, so approximations including only partial demographic information have to be used leading to potential errors in generation time estimates.

2.

To quantify the magnitude of potential errors in generation time estimates we compared seven approximations with exact measures of generation time, calculated either from complete life tables available for 58 mammalian species or from simulated data. We also tested the commonly used prediction of generation time based on the allometric relationship with body mass using phylogenetic generalized least squares. 

Synthesis and applications:

Our results provide an overview of the potential errors that occur when estimating generation time in absence of key demographic information. We demonstrate that using more rigorous mathematical formulations of generation time and accounting for uncertainties in proxy measures should considerably improve current IUCN extinction risk assessments.

(

where θ T = [a0, a1, c, b0, b1, b2] is the vector of mortality parameters, where   a b   and From the hazard rate, the cumulative survival probability is calculated as

Here S(x) provides the expression for lx in continuous time. From the age-structured mortality rates, we calculated survival probabilities at every age interval [x, x + ∆x] as

where ∆x = 1. We modeled the age-specific fecundity rate at birth mx using the following flexible exponential function with a quadratic effect as a function of age (Emlen 1970) (5)

where γ T = [γ 0 ,γ 1 ,γ 2 ] is a vector of parameters with γ 0 ,γ 1 ,γ 2 > 0, where γ 0 controls the maximum number of offspring produced when x = γ 2 , γ 1 determines how fast mx increases with age, and where γ 2

represents the age at which maximum mx is achieved. As with mortality, we varied the values of γ to simulate a range of mx trajectories (Figure S2). We calculated mx for a given age interval

With the resulting age-specific fecundity rates and survival probabilities, we constructed

Leslie matrices (Leslie 1945), and calculated the asymptotic population growth rate λ as described above and obtained the corresponding stable age distribution

where ω is the age when only 0.1% of the population remains alive (i.e. S(x) = 0.001) (Caswell 2001).

To investigate discrepancies in the estimation of generation time for measures not considering population growth rates, we adjusted the values of mx for all 225 simulated life tables such that the resulting population growth rate could take three values, namely λ = 0.9, λ = 1, and λ = 1.1; thus resulting in 675 populations that were either declining, stationary or increasing.

Calculation of generation time

We calculated generation time Tb (sensu [START_REF] Leslie | The Intrinsic Rate of Increase and the Overlap of Successive Generations in a Population of Guillemots (Uria aalge Pont.)[END_REF] as the weighted mean age of the mothers at childbirth. We assumed this to be the most appropriate measure of generation time because it requires the least number of assumptions while incorporating all relevant demographic information from the population. Note that all equations calculated from life tables in Table 1 are approximations to Tb, and therefore Tb provides the closest approximation of the true generation time.

We compared Tb with seven other measures of generation time that require data from life tables, population projection matrices or are based on simpler aggregated demographic measures at the species level (Table 1). To compute IUCN's 'adult-mortality proxy', Tq we calculated the average annual adult mortality ( q ) as the complement of the weighted average age-specific survival probabilities, p , weighted by their stable age-distribution, v (see above) as

The phylogenetic regression that provided the best fit included all three logged variables, namely body weight, age at first reproduction and reproductive lifespan (Fig. 2). Notably, the phylogenetic regression between body mass and Tbi (Tphyl_1) provided the worst fit (AIC = 76.6, R 2 = 0.43, λp = 0.855), where Tb was markedly overestimated for shorter-lived species and strongly under-estimated for longer-lived species (Fig. 2a). The addition of age at first reproduction (Tphyl_2) improved the fit considerably (AIC = 28.2, R 2 = 0.87, λp = 0.645) while the model with all three covariates provided the best fit (AIC = -8.5, R 2 = 0.95, λp = 0.009) (Fig. 2, Table 2). Notably, the RMSE between yb and δ from the full regression is lower (RMSEδ = 0.167) than between yb and yz (RMSEz = 0.181). The crossvalidation analysis shows that the approximation based on the phylogenetic regression performs at least as well as the z-approximation (Fig. 3).

Discussion

We show that measures of generation time are highly sensitive to the population growth rate λ and to the amount of age-dependence in the vital rates. Until we are able to gather sufficient demographic information for a wide range of species to estimate key demographic traits such as generation time, we will have to rely on proxies such as those provided in the IUCN guidelines. Based on our findings, we recommend improving upon this information by providing clearer guidelines on the assumptions for estimation methods on generation time. We recommend Tb as the appropriate measure of generation time to be included in the guidelines. We further recommend making assessors aware of the results obtained in this study, such as the underestimation of generation time resulting from the assumption of constant mx and clear guidelines on the calculation of average vital rates. To spur initiatives for further research on generation time it would be desirable to include data and methods used for the estimation of generation time, where this is appropriate, in the online database of Red List assessments (http://www.iucnredlist.org). Further knowledge on generation times is urgently needed to design effective conservation management and prioritize species at greatest risk.
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