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Introduction

Life history theory assumes that organisms are constrained to optimally trade-off limited energetic and time resources between life history traits, to maximize fitness [START_REF] Roff | The Evolution of Life Histories: Theory and Analysis[END_REF][START_REF] Stearns | The Evolution of Life Histories[END_REF]. The most prominent life-history trade-off involves the cost of reproduction [START_REF] Stearns | Tradeoffs in life history evolution[END_REF]. The cost of reproduction is at the core of the disposable soma theory of ageing, which postulates that reproduction is traded-off against somatic protection and maintenance, leading to a progressive decline in future reproduction and survival [START_REF] Kirkwood | Evolution of ageing[END_REF]. Thus, under this assumption of trade-offs between current reproduction and subsequent reproductive performance, organisms are expected to optimize their age-specific allocation to reproduction and survival to maximize fitness [START_REF] Charlesworth | The relation of reproductive effort to age[END_REF][START_REF] Pianka | Natural selection of optimal reproductive tactics[END_REF][START_REF] Bell | The costs of reproduction and their consequences[END_REF].

So far, theory predicts that organisms may optimise their age-related reproductive investment in two ways. First, organisms are predicted to increase their investment in reproduction as they approach the end of their life [START_REF] Williams | Natural selection, the costs of reproduction, and a refinement of Lack's principle[END_REF][START_REF] Clutton-Brock | Reproductive effort and terminal investment in iteroparous animals[END_REF][START_REF] Forslund | Age and reproduction in birds -hypotheses and tests[END_REF][START_REF] Isaac | Terminal reproductive effort in a marsupial[END_REF]. This hypothesis invokes that current reproduction is costly on future reproduction and/or survival [START_REF] Alonso-Alvarez | Increased susceptibility to oxidative stress as a proximate cost of reproduction[END_REF][START_REF] Harshman | The cost of reproduction: the devil in the details[END_REF][START_REF] Reznick | Costs of reproduction: an evaluation of the empirical evidence[END_REF]. Young individuals, with high residual reproductive value, i.e. high opportunity for future reproduction [START_REF] Williams | Natural selection, the costs of reproduction, and a refinement of Lack's principle[END_REF], are therefore expected to allocate less to current reproduction to ensure future reproductive opportunities, whereas older individuals, with low residual reproductive value, should allocate more to current reproduction. Under this assumption of agedependent "terminal investment" [START_REF] Clutton-Brock | Reproductive effort and terminal investment in iteroparous animals[END_REF], older individuals able to support higher costs of reproduction should be selected, because subsequent reproductive opportunities might be null. In line with this hypothesis, older females of the burying beetle, Nicrophorus orbicollis, tend to produce larger brood sizes than young ones during their first reproductive attempt [START_REF] Creighton | Cost of reproduction, resource quality, and terminal investment in a burying beetle[END_REF]. However, empirical evidence for this prediction is often inconclusive. Indeed, in some species, reproductive performance can be improved with age-dependent experience [START_REF] Curio | Why de young birds reproduce less well[END_REF][START_REF] Martin | Patterns and mechanisms for age-dependent reproduction and survival in birds[END_REF]. In other cases, the differential survival of high and low performing reproducers could be a confounding effect for this pattern [START_REF] Forslund | Age and reproduction in birds -hypotheses and tests[END_REF]. In fact, if individuals with low reproductive performance are more likely to die young because of higher 'frailty' (see [START_REF] Vaupel | The impact of heterogeneity in individual frailty on the dynamics of mortality[END_REF], individuals with high reproductive performance become over represented at old age because of selective disappearance, thus explaining late increased reproductive output at the cohort or population level [START_REF] Nussey | Measuring senescence in wild animal populations: towards a longitudinal approach[END_REF]. It is nevertheless possible to correctly analyse age-specific change in a trait from longitudinal data while controlling for between-individual variation in a population using adapted statistical models (van de [START_REF] Van De Pol | Age-dependent traits: a new statistical model to separate within-and between-individual effects[END_REF][START_REF] Nussey | The rate of senescence in maternal performance increases with early-life fecundity in red deer[END_REF][START_REF] Nussey | Patterns of body mass senescence and selective disappearance differ among three species of free-living ungulates[END_REF]. Furthermore, terminal reproductive investment is expected to be associated to shorter subsequent survival independently of chronological age but this has rarely been tested [START_REF] Tarwater | Age and years to death disparately influence reproductive allocation in a short-lived bird[END_REF].

Second, and opposite to the terminal investment hypothesis, the "reproductive restraint" hypothesis predicts that organisms adaptively invest less in reproduction as they age [START_REF] Curio | Why de young birds reproduce less well[END_REF][START_REF] Mcnamara | Deterioration, death and the evolution of reproductive restraint in late life[END_REF]. As reproductive activity may generate accumulation of damages (see above), thus decreasing survival probability, organisms should benefit by reproducing less intensively late in life to defer death and therefore gain more time for reproducing [START_REF] Mcnamara | State-dependent life histories[END_REF][START_REF] Mcnamara | Deterioration, death and the evolution of reproductive restraint in late life[END_REF]. Such a reduced reproduction late in life due to reproductive restraint should be distinguished from a simple consequence of senescence. On the one hand, senescing individuals are expected to show reduced reproduction late in life as a side effect of somatic deterioration, associated with an age-dependent decline of somatic protection, including immunity [START_REF] Loison | Age-specific survival in five populations of ungulates: evidence of senescence[END_REF][START_REF] Weladji | Age-related reproductive effort in reindeer (Rangifer tarandus): evidence of senescence[END_REF]. On the other hand, reduced late-life reproduction due to reproductive restraint should be associated with maintained somatic protections. Empirical evidence consistent with the reproductive restraint hypothesis is scarce (Cotter, Ward, & Kilner, 2010;[START_REF] Lecomte | Patterns of aging in the longlived wandering albatross[END_REF][START_REF] Elliott | The prudent parent meets old age: a high stress response in very old seabirds supports the terminal restraint hypothesis[END_REF][START_REF] Smith | Residency time as an indicator of reproductive restraint in male burying beetles[END_REF][START_REF] Morin | Older conservatives: reproduction in female Alpine chamois (Rupicapra rupicapra) is increasingly riskaverse with age[END_REF][START_REF] Boonekamp | Experimentally increased brood size accelerates actuarial senescence and increases subsequent reproductive effort in a wild bird population[END_REF] and direct experimental evidence is missing.

Experimentally disentangling the terminal investment strategy from the reproductive restraint one and senescence requires to assess the effects of age-dependent reproductive effort on postreproduction survival and age-related somatic functions (e.g., immune protection) [START_REF] Coulson | Reduced reproductive performance prior to death in the Black-legged Kittiwake: senescence or terminal illness[END_REF][START_REF] Mcnamara | Deterioration, death and the evolution of reproductive restraint in late life[END_REF][START_REF] Reed | Reproductive senescence in a long-lived seabird: rates of decline in latelife performance are associated with varying costs of early reproduction[END_REF]. The terminal investment hypothesis assumes that as older organisms reach a state in which prospects for future survival decrease, they should increase their allocation to current reproduction. Therefore, late reproductive allocation should be inversely related to survival and immune protection after the last reproduction. In contrast, under the reproductive restraint hypothesis, late allocation in reproduction is not expected to compromise late post-reproduction survival, and immune protection should be maintained with age. However, as organisms invest in their early reproduction, immune protection and longevity are expected to decline rapidly.

Based on these hypotheses, we tested the reproductive allocation strategy of females of the yellow mealworm beetle, Tenebrio molitor (Coleoptera: Tenebrionidae). The mealworm beetle is a cosmopolitan stored grain product pest that lives for several months in populations of variable density. In this highly promiscuous insect, adult females are continuously receptive to reproduction from their fifth day post-emergence and can mate many times with several males within their five months of adulthood. T. molitor is iteroparous and considered as an income breeder insect [START_REF] Zanchi | Relationship between early body condition, energetic reserves and fitness in an iteroparous insect[END_REF], whose adults finance reproduction from resources gained as adults, as opposed to capital breeder insects, for which reproduction depends on resources cumulated as juveniles [START_REF] Stearns | The Evolution of Life Histories[END_REF][START_REF] Jönsson | Capital and income breeding as alternative tactics of resource use in reproduction[END_REF]. It feeds at both the larval and the adult stages and females lay eggs in several reproductive bouts along its lifespan [START_REF] Dick | Oviposition in certain coleoptera[END_REF][START_REF] Hughes | Between semelparity and iteroparity: Empirical evidence for a continuum of modes of parity[END_REF]. These features possibly allow females to adjust their lifetime reproductive effort according to their physiological state and environment [START_REF] Kasumovic | Body condition but not dietary restriction prolongs lifespan in a semelparous capital breeder[END_REF]. Usually, females can produce up to 30 eggs per day but egg production often starts to decline after three weeks [START_REF] Dick | Oviposition in certain coleoptera[END_REF]. Such an age-associated decline in female fecundity may reflect either intrinsic reproductive senescence (i.e., chronological decline in reproductive performance that does not necessary result from the cost of a previous reproductive effort) and/or, based on the disposable soma theory of ageing, trade-off between early and late reproduction [START_REF] Williams | Natural selection, the costs of reproduction, and a refinement of Lack's principle[END_REF][START_REF] Kirkwood | Evolution of ageing[END_REF][START_REF] Ricklefs | The physiology/life-history nexus[END_REF].

Here, we experimentally manipulated female age-specific allocation into reproduction at the individual level and assessed its consequences on female fecundity, late-life post-reproduction survival and immunocompetence. The immune system of T. molitor relies on both constitutive and inducible innate mechanisms with cellular and humoral components [START_REF] Vigneron | Immune defenses of a beneficial pest: the mealworm beetle, Tenebrio molitor[END_REF]. Haemocytes are circulating immune cells involved in parasite elimination. T. molitor contains four main types of haemocytes that are morphologically and functionally distinct [START_REF] Chung | Fine structure of the hemopoietic tissues in the mealworm beetle, Tenebrio molitor[END_REF][START_REF] Urbański | Developmental changes in haemocyte morphology in response to Staphylococcus aureus and latex beads in the beetle Tenebrio molitor[END_REF][START_REF] Vigneron | Immune defenses of a beneficial pest: the mealworm beetle, Tenebrio molitor[END_REF]. Granulocytes and plasmatocytes are the two most abundant haemocytes, and are involved in phagocytosis and encapsulation, respectively. Oenocytoids are cells producing enzymes of the melanization cascades, whereas the last category of haemocytes, the prohaemocytes, may function as precursors of haemocytes. The activity of these immune cells is at the core of the inflammatory response, as they may generate cytotoxic compounds [START_REF] Nappi | Cytotoxicity and cytotoxic molecules in invertebrates[END_REF], causing self-damage and lifespan reduction [START_REF] Sadd | Self-harm caused by an insect's innate immunity[END_REF][START_REF] Daukšte | Senescence in immune priming and attractiveness in a beetle[END_REF][START_REF] Khan | Early-life inflammation, immune response and ageing[END_REF][START_REF] Krams | Trade-off between cellular immunity and life span in mealworm beetles Tenebrio molitor[END_REF][START_REF] Pursall | Immune responses accelerate ageing: proof-of-principle in an insect model[END_REF]. Haemocyte counts were found to decrease after mating [START_REF] Fedorka | Immune suppression and the cost of reproduction in the ground cricket, Allonemobius socius[END_REF][START_REF] Mckean | Increased sexual activity reduces male immune function in Drosophila melanogaster[END_REF]. Haemocyte numbers decline or remain unchanged with age, depending on the insect species studied [START_REF] Adamo | Changes in lifetime immunocompetence in male and female Gryllus texensis (formerly G. integer): trade-offs between immunity and reproduction[END_REF][START_REF] Doums | Senescence of immune defence in Bombus workers[END_REF][START_REF] Horn | Phagocytic ability declines with age in adult Drosophila hemocytes[END_REF][START_REF] Jehan | Sex-specific patterns of senescence in artificial insect populations varying in sex-ratio to manipulate reproductive effort[END_REF]. In addition, microbial challenge also induces the production of antibacterial peptides in the haemolymph [START_REF] Vigneron | Immune defenses of a beneficial pest: the mealworm beetle, Tenebrio molitor[END_REF], an energetically costly process that may reduce survival [START_REF] Moret | Survival for immunity: the price of immune system activation for bumblebee workers[END_REF].

However, previous work found that variation in immune parameters, as a function of age and reproductive effort, does not always predict organism resistance or tolerance to an immune challenge by natural pathogens [START_REF] Adamo | Changes in lifetime immunocompetence in male and female Gryllus texensis (formerly G. integer): trade-offs between immunity and reproduction[END_REF][START_REF] Khan | Early-life inflammation, immune response and ageing[END_REF]. Therefore, a direct measure of immune protection, through a pathogenic exposure, is required in addition to the assessment of immune parameters for a comprehensive understanding of their variation. Hence, confronting putative up-or down-regulation of immune components with organism resistance as a function of age and reproductive allocation will help the interpretation of variation of immune parameters in terms of somatic protection or dysregulation [START_REF] Khan | Immunosenescence and the ability to survive bacterial infection in the red flour beetle Tribolium castaneum[END_REF][START_REF] Licastro | Innate immunity and inflammation in ageing: a key for understanding age-related diseases[END_REF].

In this study, individual T. molitor females were allowed to reproduce either early and/or late in life to examine the effect of ageing and reproduction on fecundity, late post-reproduction survival and immunity. Immunity was assessed through the measurement of haemocyte counts, antibacterial activity and resistance to a bacterial infection. Under the hypothesis that early reproduction is costly, we expect that females reproducing early would exhibit reduced late fecundity, immunity and longevity. If female late-life reproductive strategy corresponds to a terminal investment, they are then expected to favour late reproductive investment at the expense of a reduced post-reproduction immunity and survival. By contrast, if females adopt a reproductive restraint strategy, late reproduction should not be associated with reduced late post-reproduction immunity and survival.

Material and methods

INSECT CULTURE AND EXPERIMENTAL DESIGN

Virgin adult beetles of controlled age (10 ± 2 days post-emergence) were obtained from ca. 700 pupae randomly sampled from a stock culture maintained in standard laboratory conditions at Dijon, France. Prior to the experiments, all the experimental insects were maintained separately, at 24 ± 1°C, 70% RH in permanent darkness (as this insect is highly photophobic), supplied ad libitum with bran flour and water, and supplemented once a week with apple.

The following experiments had two objectives. First, we assessed the influence of age-specific reproduction and the intensity of the reproductive effort on patterns of actuarial, reproductive and immune senescence. For this purpose females were allowed to reproduce either early (from 10 to 20 days old), late (from 40 to 60 days old) or both early and late in life and then assessed for their longevity, fecundity, resistance to a bacterial infection and variation in their immune parameters. The early-life reproduction period corresponds to the age range during which all females are sexually mature and produce a large number of eggs (up to 30 eggs) per day [START_REF] Dick | Oviposition in certain coleoptera[END_REF][START_REF] Drnevich | Material benefits from multiple mating in female mealworm beetles (Tenebrio molitor L.)[END_REF]. The late-life reproductive period corresponds to the age range during which survival is still high [START_REF] Jehan | Sex-specific patterns of senescence in artificial insect populations varying in sex-ratio to manipulate reproductive effort[END_REF], preventing selective disappearance, and for which egg production is strongly declining. Indeed, from 40 to 60 days old, egg production is usually about one egg a day and negligible after 80 days old [START_REF] Dick | Oviposition in certain coleoptera[END_REF][START_REF] Jehan | Sex-specific patterns of senescence in artificial insect populations varying in sex-ratio to manipulate reproductive effort[END_REF]. Second, we assessed the immediate cost of one single reproductive event performed by young and old females, and immune defences with the aim of explaining the patterns of senescence previously observed.

To address these two questions, we conducted three successive experiments (Fig. S1) because it was not possible to measure the three main parameters -namely longevity/reproduction, resistance to bacterial infection and measure immune parameters -in a single series.

EXPERIMENT 1: AGE-SPECIFIC REPRODUCTIVE EFFORT, FECUNDITY AND

LONGEVITY

The influence of early and/or late reproduction on longevity and the cost of early reproduction on late reproduction were estimated from 4 groups of 30 females of T. molitor experimentally varying in their age-specific reproductive effort. In a first group, females were allowed to reproduce during 20 days early in life only: between day 10 and day 30 post-emergence.

Females of the second group were allowed to reproduce during 20 days late in life only: between day 40 and day 60 post-emergence. Females in the third group were allowed to reproduce both for 20 days early and 20 days late in life, whereas a last group of control females were never allowed to reproduce.

Each reproducing female was paired with a 10± 2 days old virgin male for 10 days. This male was then replaced by a new 10± 2 days old virgin male, with which the female spent 10 additional days. Couples were maintained in a Petri dish containing bleached flour and provided ad libitum food and water under standard laboratory conditions. Female reproductive output was estimated by counting the number of eggs laid by the female every 3 or 4 days along the 20 days episode of reproduction. Couples were transferred into a new Petri dish and eggs were counted by sieving the flour (mesh size 600µm) [START_REF] Moreau | Transgenerational immune priming is constrained by the maternal immune response in an insect[END_REF]. Body mass of the females was measured to the nearest 1 mg using an OHAUS balance (discovery series, DU114C) at the date of the first episode of reproduction. When females were not allowed to reproduce during the above specified reproductive episodes, they were treated as those allowed to reproduce, except they were paired with 10± 2 days old virgin females instead of males to control for a potential effect of density of individuals in the Petri dish. From the end of each reproductive episode, females were maintained alone in a new Petri dish with ad libitium food and water, and checked twice a week until death.

EXPERIMENT 2: INFLUENCE OF AGE AND REPRODUCTION ON RESISTANCE TO A BACTERIAL INFECTION

Potential changes in somatic maintenance in response to a female's lifetime reproductive effort were examined in terms of resistance to a bacterial infection. For this purpose, groups of 30 females that did not reproduce, that reproduced early in life only, that reproduced late in life only and that reproduced both early and late in life, as described above (Fig. S1), were exposed at the age of 60 days old (immediately after the late sequence of reproduction) to a systemic bacterial infection. The infection was done through wounding with a fine sterilized needle (0.03 mm, Fine Science Tools® n°26000-25) dipped into a pellet of live Bacillus cereus [START_REF] Dhinaut | Immune priming specificity within and across generations reveals the range of pathogens affecting evolution of immunity in an insect[END_REF]. B. cereus is a natural pathogen of T. molitor [START_REF] Du Rand | Determination of insecticidal toxicity of three species of entomopathogenic spore-forming bacterial isolates against Tenebrio molitor L. (Coleoptera: Tenebrionidae)[END_REF][START_REF] Jurat-Fuentes | Bacterial Entomopathogens[END_REF] known to stimulate its immune response and to induce significant mortality upon infection [START_REF] Dhinaut | A dietary carotenoid reduces immunopathology and enhances longevity through an immune depressive effect in an insect model[END_REF]. In addition to these groups of females that were infected late in life, two additional groups of 30 females were exposed to the infection at 30 days old (immediately after the early sequence of reproduction). These additional groups were kept virgin or allowed to reproduce early in life only, to assess the age-specific cost of reproduction on resistance to an infection when compared to the groups of old (60 days old) females that were kept virgin and those that reproduced late in life only (Fig. S1).

After exposure to the infection, survival was checked every hour during the first 12 hours postinfection and then once a day for 14 days [START_REF] Dhinaut | A dietary carotenoid reduces immunopathology and enhances longevity through an immune depressive effect in an insect model[END_REF][START_REF] Dhinaut | Immune priming specificity within and across generations reveals the range of pathogens affecting evolution of immunity in an insect[END_REF].

EXPERIMENT 3: INFLUENCE OF AGE AND REPRODUCTION ON THE IMMUNE

RESPONSE

Potential variation in resistance to the infection by B. cereus was further examined by testing the effect of female age and reproductive effort on various immune effectors, before and after an immune challenge. For this purpose, we took a 5-µL sample of haemolymph in females of 60 days old, coming from groups that varied in their reproduction (virgin, early reproduction only, late reproduction only and both early and late reproduction -Fig. S1). This sample taken at the end of their reproductive treatment, was used to test for the concentration of the main haemocytes of T. molitor and its antibacterial activity while the females were unchallenged (corresponding to basal levels of these immune parameters). Immediately after this first sample of haemolymph, the females were immune challenged through a single injection of a 5-µL suspension of inactivated B. cereus at a concentration of 10 8 cells per mL of phosphate buffer saline solution (PBS 10 mM, pH7.4). A second 5-µL sample of haemolymph from each female was collected 3 days after this challenge, corresponding to the peak of the immune response (Haine, Moret, Siva-Jothy, & Rolff, 2008;[START_REF] Haine | Temporal patterns in immune responses to a range of microbial insults (Tenebrio molitor)[END_REF] for the concentration of the main haemocytes and the antibacterial activity of their haemolymph while they were immune challenged.

In addition to these groups of females that were assessed late in life, two additional groups of 15 to 25 females (kept virgin or allowed to reproduce in early life only -Fig. S1) were assessed at 30 days old (immediately after the early sequence of reproduction). These additional groups were used to assess the age-specific effect of reproduction on immune parameters, when compared to the groups of old (60 days old) females that were kept virgin and those that reproduced late in life only. In all groups, animals were sacrificed after the second haemolymph sample.

BACTERIAL CULTURES FOR IMMUNE CHALLENGES AND INFECTIONS

The bacterium Bacillus cereus used in this study to perform immune challenges and infections was obtained from the Pasteur institute (CIP69.12). The bacterium was grown overnight at 28°C in liquid Broth medium (10 g bacto-tryptone, 5 g yeast extract, 10 g NaCl in 1000 mL of distilled water, pH 7). Bacteria used to perform immune challenges were inactivated in 0.5% formaldehyde prepared in PBS for 30 minutes, rinsed three times in PBS, and their concentration adjusted to 10 8 bacteria per mL using a Neubauer improved cell counting chamber. The success of the inactivation was tested by plating a sample of the bacterial solution on sterile Broth medium with 1% of bacterial agar and incubated at 28°C for 24 hours. Aliquots were kept at -20 °C until use. Immune challenges were performed by injection through the pleural membrane between the second and the third abdominal tergites using sterile glass capillaries that had been pulled out to a fine point with an electrode puller (Narashige PC-10).

For infection, overnight bacterial cultures (20 mL) were centrifuged at 3500 g at 4°C for 30 min. The supernatant was discarded and the bacteria pellet was used for infection.

HAEMOLYMPH COLLECTION AND IMMUNE PARAMETERS

Haemolymph collection was done as described by [START_REF] Dhinaut | Immune priming specificity within and across generations reveals the range of pathogens affecting evolution of immunity in an insect[END_REF]. Briefly, beetles were chilled on ice for 10 min before the sampling of 5 µL of haemolymph from a wound made in the beetle's neck. Samples were flushed in a microcentrifuge tube containing 25 µL of anticoagulant buffer [START_REF] Lee | The pro-phenoloxidase of coleopteran insect, Tenebrio molitor, larvae was activated during cell clump/cell adhesion of insect cellular defense reactions1The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank Nucleotide Sequence Databases with accession number AB020738.1[END_REF]. A 10-µL subsample was immediately used for haemocyte count using a Neubauer improved haemocytometer under a phase-contrast microscope (magnification x 400). The count of the main haemocyte types found in T. molitor haemolymph was further done using the description made by [START_REF] Urbański | Developmental changes in haemocyte morphology in response to Staphylococcus aureus and latex beads in the beetle Tenebrio molitor[END_REF]. We especially measured the concentration of granulocytes, plasmatocytes and prohaemocytes.

The observation of oenocytoïds was anecdotic in our study. Another 5-µL were transferred in an N-phenylthiourea-coated microcentrifuge tube (P7629; Sigma-Aldrich, St Louis, MO, USA) flash-frozen in liquid nitrogen and then stored at -80 °C for later examination of its antibacterial activity.

Antimicrobial activity of the haemolymph was measured using the inhibition zone assay described by [START_REF] Moret | Trans-generational immune priming": specific enhancement of the antimicrobial immune response in the mealworm beetle, Tenebrio molitor[END_REF]. Briefly, haemolymph samples were thawed on ice, and 2 µL of the sample solution was used to measure antibacterial activity on zone inhibition plates seeded with Arthrobacter globiformis from the Pasteur Institute (CIP105365). An overnight culture of the bacterium was added to Broth medium containing 1 % agar to achieve a final concentration of 10 5 cells.mL -1 . Six millilitres of this seeded medium were subsequently poured per Petri dish. After solidification, sample wells were made using a Pasteur pipette fitted with a ball pump. Two microlitres of sample were deposited in each well. Plates were then incubated overnight at 28°C and the diameter of each zone of inhibition was measured.

STATISTICS

All the statistical approaches are summarized in Table 1.

Female fecundity from Experiment 1 was analysed using Generalized Linear Models (GLMs) fitted with a Poisson distribution and a Log link function. We first tested whether female reproductive performance in a single reproductive attempt differs with age. For this purpose, the number of eggs laid by females that reproduced only once in life: either early or late in life; was analysed as a function of age (30 days old versus 60 days old), as a fixed categorical factor, and female initial body mass, measured at 10 days old, as an independent continuous covariate tested as main effect only (Table 1). Then, we tested whether early reproduction, the general state of females or the imminence of their death predict late reproductive effort [START_REF] Tarwater | Age and years to death disparately influence reproductive allocation in a short-lived bird[END_REF]; Table 1). For this purpose, late female fecundity was analysed as a function of early reproduction (yes/no) as a categorical fixed factor, the duration in days from the late reproductive episode to female death, and female initial body mass as continuous independent covariates. Finally, among female that reproduced twice (early and late in life) the number of eggs laid late in life was analysed as a function of the number of eggs laid early in life to test whether early reproduction affects late reproductive output at the individual level (Table 1).

Data on fecundity were analysed using IBM® SPSS® statistics 19 for Macintosh.

We analysed the differences in female longevity from Experiment 1 as a function of their reproductive treatment using a mixed effects Cox model [START_REF] Therneau | Coxme: Mixed Effects Cox Models[END_REF] including early-life reproduction (yes/no), late-life reproduction (yes/no) and their interaction as independent categorical covariates. This allowed us to test, in a full factorial design, whether the impact of late reproduction could be dependent on late reproduction, which would be revealed as a significant interaction term, since the effects of early reproduction and late reproduction on late survival might not be a priori additive. We also included female initial body mass as an independent continuous covariate, which was tested as a main effect only. To account for potential variation in frailty among female individuals, their identity was included as random effect (Table 1).

Mixed effects Cox regressions were also used to examine resistance to a bacterial infection from Experiment 2 as a function of age and reproductive treatment. We first analysed the survival of females exposed to a bacterial infection late in life (at 60 days old) according to early-life reproduction (yes/no), late-life reproduction (yes/no) and their interaction as independent categorical covariates in a full factorial design. Female initial body mass was included as an independent continuous covariate, which was tested a main effect only (Table 1). Then, we tested the effects of age and a single reproduction attempt on female post-infection survival. For this purpose, the Cox regression analysis included female age at which they were exposed to the bacterial infection (30 days old or 60 days old), reproduction (yes/no) occurring just before being exposed to the bacterial infection and their interaction as categorical independent covariates in a full factorial design. Note that old females that reproduced both early and late in life were not used in this analysis. Female initial body mass was included as an independent continuous covariates, which was tested as a main effect only (Table 1). In this experiment, survival was assayed for 14 days. Therefore, beetles that survived beyond this period were censored. These analyses also took into account potential inter-individual variation by including female identity as random effect (Table 1). All Cox regression analyses were performed using R version 3.6.3 (R Core Team, 2020) and the 'coxme' package version 2.2-16. Model reduction was limited to non-significant interaction terms whereas non-significant main effects were kept in the final model. Proportional assumption was checked using cox.zph() function in the R survival package.

In Experiment 3, individual variation in haemocyte counts and antibacterial activity, measured before and after an immune challenge, were analysed using analyses of variance for repeated measures. Data on haemocyte counts were standardized to z scores using the rank inverse-normal transformation procedure from [START_REF] Templeton | A Two-Step Approach for Transforming Continuous Variables to Normal: Implications and Recommendations for IS Research[END_REF], whereas data on antibacterial activity were log-transformed to satisfy the conditions of use of parametric tests.

We first tested, in old females (60 days old), for changes in immune defences resulting from an immune challenge as a function of early-life reproduction (yes/no), late-life reproduction (yes/no) and their interaction as independent categorical fixed factors (Table 1). Then, we tested the effects of female age and a single reproduction attempt on changes in immune defences before and after an immune challenge. For this purpose, the analysis included female age (30 days old or 60 days old), reproduction (yes/no) occurring just before being assayed and their interaction as categorical independent covariates (Table 1). For all the parametric tests, non-significant interactions were removed for all models. Data on immune parameters were analysed using IBM® SPSS® statistics 19 for Macintosh.

Results

AGE-SPECIFIC REPRODUCTIVE EFFORT AND LATE-LIFE HISTORY TRAITS

Longevity

Early and late-life reproduction had no effect on female longevity either as main effects (Table S1, Mixed effects Cox Regression analysis: early reproduction z = 0.03 df = 1 P = 0.980, late reproduction z = 1.22, df = 1, P= 0.220) or as an interaction (effect before being removed from the last model: z = -0.24 df = 1 P = 0.810), while accounting for interindividual variation by including female identity as random effects. Only the initial body mass of females explained variation in longevity, with the heaviest females surviving slightly longer than the lightest (z = -2.34, df = 1, P = 0.019, Odd ratio = 0.98). Furthermore, as agespecific survival within the 70 first days post-emergence, which covers the two reproductive periods during which females were allowed to reproduce, was very high (ranging from 100% to 96 % -Fig. S2). Therefore, any later difference in life histories could not be attributed to selective disappearance of frail individuals during this period of female lifespan.

Fecundity

When considering females that reproduced only once in life, those that reproduced late in life produced almost nearly half the number of eggs than those that reproduced early (Table S2, GLM χ 2 1, 56 = 52.06 P < 0.001, Fig. 1). Heavier females laid more eggs than lighter ones (initial body mass χ 2 1, 56 = 3.93 P = 0.048).

Considering only the reproduction late in life, the number of eggs laid by females was lower when they had first reproduced early in life than when they had not (Table S3, GLM χ 2 1, 53 = 9.87 P = 0.002, Fig. 2). Female initial body mass did not explain late fecundity (initial body mass χ 2 1, 53 = 0.53 P = 0.465). However, late post-reproduction survival (in days) was positively correlated with female late fecundity (χ 2 1, 53 = 6.00 P = 0.014), demonstrating that females that had the shortest post-reproductive survival were also those exhibiting the lowest fecundity late in life (Fig. 2).

Finally, among the females that reproduced twice, there was a positive correlation between the number of eggs laid early and late in life (Table S4, GLM χ 2 1, 27 = 9.15 P = 0.002, Fig. 3).

Female initial body mass did not explain variation in this relationship (χ 2 1, 27 = 0.05 P = 0.820).

Post-infection survival

Female resistance to a bacterial infection occurring late in life (at 60 days old) was not affected by reproduction either early in life (Table S5, Mixed Effects Cox regression analysis, z = -1.26 df =1 P = 0.210), late in life (z = 2.08 df =1 P = 0.089) or their interaction (effect before being removed from the last model: z = -0.41 df = 1 P = 0.680), while accounting for inter individual variation by including female identity as random effects. Heavier females exhibited greater resistance to infection than light ones (z = -2.28, df = 1, P = 0.023, Odd ratio = 0.98).

Immune parameters

Female total haemocyte count was similar whenever they had reproduced early or late in life (Table 2, Fig. 4a). The immune challenge with the dead bacterium B. cereus resulted in a general increase in the total haemocyte count, irrespective of their age-specific reproductive effort (Table 2, Fig. 4a).

Some of the haemocyte types exhibited contrasted levels of variation according to the agespecific reproductive effort of the females and the immune challenge. Granulocytes represented about 60 to 70 % of the total haemocyte count, near to the range previously described in this insect species [START_REF] Urbański | Developmental changes in haemocyte morphology in response to Staphylococcus aureus and latex beads in the beetle Tenebrio molitor[END_REF]. While early reproduction did not change the granulocyte count, late reproduction resulted in a decline of this type of haemocyte (Table 2, Fig. 4b). However, granulocyte count was insensitive to the immune challenge either as a main effect or as an interaction with early or late reproduction (Table 2, Fig. 4b).

Plasmatocyte count, which varied between 29 and 69 % of the total haemocyte count, was affected by the interaction between early and late reproduction (Table 2). While plasmatocyte count tended to increase when females had reproduced only once (early reproduction only or late reproduction only), it was at the lowest value in females that had reproduced both early and late in life (Fig. 4c). The immune challenge increased the plasmatocyte count irrespective of early or late reproduction (Table 2, Fig. 4c).

The prohaemocyte count (about 0.5% of the total haemocyte count) was unaffected by early reproduction whereas it was reduced by late reproduction (Table 2, Fig. 4d). The immune challenge induced a decline in the count of this haemocyte type independently of early or late reproduction (Table 2, Fig. 4d).

Reproduction, either early or late, had no effect on the haemolymph antibacterial activity, which was stimulated by the immune challenge only (Table 2, Fig. 4e).

EFFECT OF AGE AND REPRODUCTION ON IMMUNOCOMPETENCE

Post-infection survival

Old T. molitor females had less resistance to infection by B. cereus than young females (Table S6, Mixed Effects Cox Regression analysis: z = 8.12, df = 1, P= 0.002, Odd ratio = 1.03, Fig. 5). Whether the females reproduced or not before being exposed to the infection had no effect on their resistance (z = 2.73, df = 1, P= 0.073). The interaction term between age and reproduction did not explain any variation of resistance to the infection (not retained by the model selection procedure) as well as initial female body mass (z = -1.14 df = 1 P = 0.240).

Immune parameters

Female total haemocyte count was not affected by age (Table 3, Fig. 6a). As above, the immune challenge with B. cereus raised the total haemocyte count, but this increase was much stronger in females that reproduced than in females that did not reproduce, as revealed by the Challenge × Reproduction interaction, independently of age (Table 3, Fig. 6a).

The various types of haemocytes that constitute the total haemocyte count showed contrasted levels of variation according to age, reproduction and the immune challenge. Whereas the granulocyte count (here about 64% of the total haemocyte count), was unaffected by age, reproduction or the immune challenge (Table 3), plasmatocyte (about 37 % of the total haemocyte count) and prohaemocyte (about 1.2 % of the total haemocyte count) counts showed variation according to age and reproduction (Table 3).

Plasmatocyte count was higher in old females than in young ones and was further increased by reproduction (Table 3, Fig. 6b). The plasmatocyte count increased upon the immune challenge, but this increase was much stronger in females that reproduced than in females that did not reproduce, irrespective of their age (Table 3, Fig. 6b). Prohaemocyte count declined with female age and as an effect of reproduction in an additive manner (Table 2, Fig. 6c).

Upon the immune challenge, prohaemocyte count decreased, and this decrease was much stronger in young females than in old ones (Table 3), mostly because the basal level of prohaemocytes decreased with female age (Fig. 6c).

Antibacterial activity in female haemolymph was not affected by reproduction or age (Table 3). It only increased as an effect of the immune challenge with the dead bacterium B. cereus.

(Table 3, Fig. 6d).

Discussion

This study aimed at experimentally examining the effect of ageing and reproduction on fecundity, longevity and immunocompetence of T. molitor females. More specifically, we tested whether late life reproduction corresponds to a terminal investment or a reproductive restraint pattern or senescence.

T. molitor females are sexually mature from the fifth day post-emergence. While they are continuously receptive during their adulthood, egg production may decline from the third week onward of adult life [START_REF] Dick | Oviposition in certain coleoptera[END_REF]. Such an age-associated decline in female fecundity may reflect either intrinsic reproductive senescence and/or trade-off between early and late reproduction [START_REF] Ricklefs | The physiology/life-history nexus[END_REF]. In our study, the assessment of female age-specific fecundity demonstrated clear evidence for reproductive senescence in T. molitor females, as the number of eggs laid for the first time by older females (from 40 to 60 days old) is nearly half that laid by younger females (from 10 to 30 days old), all else being equal (Fig. 1). This decline in egg production is similar to results identified in other insect species, such as the fruit fly, Drosophila melanogaster [START_REF] Churchill | Differing effects of age and starvation on reproductive performance in Drosophila melanogaster[END_REF], and the cockroach, Nauphoeta cinerea [START_REF] Moore | A delay in age at first mating results in the loss of future reproductive potential via apoptosis[END_REF]. In addition, older female fecundity is further reduced when they had reproduced early in life, demonstrating the occurrence of a trade-off between early and late reproduction, which accelerated reproductive senescence. However, our results failed to provide evidence for such a trade-off at the individual level, as females with the highest fecundity early in life were also those with the highest fecundity late in life.

This relationship cannot be attributed to selective disappearance of frail individuals since, within this period of time, age-specific mortality is very low. Interestingly, initial body mass, which was found to be a good indicator of body condition and potential female fecundity [START_REF] Zanchi | Relationship between early body condition, energetic reserves and fitness in an iteroparous insect[END_REF], did not explain variation in the female trade-off between early and late reproduction. Body mass in T. molitor is both genetically determined (Morales-Ramos, Kelsrup, Rojas, & Emery, 2019) and explained by proximal food acquisition (e.g., [START_REF] Kim | Nutritional analysis of alternative feed ingredients and their effects on the larval growth of Tenebrio molitor (Coleoptera: Tenebrionidae)[END_REF]. Our result therefore suggests that genetically determined body size is not correlated with the trade-off, or that conditions of resource acquisition in our experiment were rather optimal. Indeed, females were fed ad libitum and kept individually, preventing competition for food. Because the experiment was too short to select for body size, we believe that optimal feeding conditions likely prevented the observation of individual trade-off in resource allocation between early and late reproduction, as theorized by van

Noordwijk and de [START_REF] Van Noordwijk | Acquisition and allocation of resources: their influence on variation in life history tactics[END_REF]. This is especially relevant in an income breeder insect like T.

molitor whose reproduction is fuelled by resources gained as adults, as opposed to capital breeder insects, for which reproduction depends on the limited resources cumulated as juveniles [START_REF] Jönsson | Capital and income breeding as alternative tactics of resource use in reproduction[END_REF]. Therefore, under unlimited access to food during adulthood, individual trade-off between early and late reproduction might remain undetectable.

Nevertheless, it is noteworthy that late fecundity was positively associated with post-late reproduction survival time, which is opposite to the prediction from the terminal investment hypothesis. One could argue that, as we have imposed the late reproductive event for all the females at the same age, most females may have not reached the critical physiological state that would induce enhanced fecundity at the expense of late survival. However, numerous females had died soon after their late reproduction (within the first 30 days post-late reproduction, Fig. 2), indicating they have reached this critical state. These females are clearly not those that exhibited the highest fecundity, suggesting that the relationship we have found is rather strong. All together, these results demonstrate that T. molitor females are experiencing reproductive senescence and that early reproduction is costly on future reproduction, which could accelerate the rate of reproductive senescence. In addition, the observed pattern of lifetime reproductive allocation does not support the occurrence of a terminal investment.

As the cost of early reproduction accelerated reproductive senescence, it was expected that longevity could have been affected too [START_REF] Flatt | Survival costs of reproduction in Drosophila[END_REF][START_REF] Harshman | The cost of reproduction: the devil in the details[END_REF][START_REF] Lemaître | Early-late life trade-offs and the evolution of ageing in the wild[END_REF]. However, our results do not support this view as females that reproduced early, late or both did not exhibit reduced longevity compared to females kept as virgins. These results

suggest the occurrence of an allocation priority scheme [START_REF] Rigby | Life-history trade-offs with immune defenses[END_REF], where allocation of resources to reproduction is sacrificed before the allocation to survival. It therefore means that the fitness of T. molitor females is, to some extent, primarily achieved through longevity, which would potentially support the reproductive restraint hypothesis.

It is usually predicts that costs of reproduction are reflected in future reproduction rather than survival in long-lived species, whereas the opposite is expected for short-lived breeders [START_REF] Hamel | Fitness costs of reproduction depend on life speed: empirical evidence from mammalian populations[END_REF]. Our results suggest that T. molitor females present comparable life history tactics to that of long-lived large mammals, despite its longevity of few months.

Iteroparity of this income breeder insects characterised by a low adult mortality rate and living in a stable environment [START_REF] Vigneron | Immune defenses of a beneficial pest: the mealworm beetle, Tenebrio molitor[END_REF] may potentially explain the selection of such a priority scheme [START_REF] Bouwhuis | The forms and fitness cost of senescence: Age-specific recapture, survival, reproduction, and reproductive value in a wild bird population[END_REF][START_REF] Hamel | Fitness costs of reproduction depend on life speed: empirical evidence from mammalian populations[END_REF][START_REF] Lemaître | Reproductive senescence: New perspectives in the wild[END_REF]. Further study is required on this matter. Moreover, in line with this priority scheme hypothesis, we also found that female reproduction never jeopardized their survival to a bacterial infection, either early, late or both. Nonetheless, older females were less tolerant to the infection than younger ones. Hence, somatic protection is therefore intrinsically senescing in T. molitor females, but the cost of reproduction appeared insufficient to accelerate its pace, at least in our study. As explained above, it is possible that conditions were too favourable for females to exhibit any significant reproduction cost on resistance to infection. However, our results are supported by a previous study using the ecologically and phylogenetically related species, Tribolium castaneum, which found a similar decline in post-infection survival with age and only a small negative effect of reproduction on female survival after infection [START_REF] Khan | Immunosenescence and the ability to survive bacterial infection in the red flour beetle Tribolium castaneum[END_REF].

Measured immune parameters do not fully explain the above pattern of resistance to a bacterial infection, although changes in some of them according to age, reproduction and the immune challenge are significant. Our results show that female post-infection survivorship is unlikely dependent on antibacterial activity, as its level was not found to be affected by age or reproduction prior to infection. Only the immune challenge increased its activity in the haemolymph, and previous studies have demonstrated that it only provides a survival benefit to a bacterial infection when it has been previously induced [START_REF] Dhinaut | Immune priming specificity within and across generations reveals the range of pathogens affecting evolution of immunity in an insect[END_REF][START_REF] Moret | Adaptive innate immunity? Responsive-mode prophylaxis in the mealworm beetle, Tenebrio molitor[END_REF].

Haemocyte counts, and especially variation of the different haemocyte types, may partly explain variation in female post-infection survivorship. Nonetheless, an important insight from our data is that measuring total-haemocyte count, without taking into account the variation of the different types of haemocytes, appears insufficient to characterize female immunocompetence according to age and reproductive effort. Plasmatocytes are considered as the second most important haemocytes, after granulocytes, mainly involved in phagocytosis, encapsulation and wound healing [START_REF] Theopold | Coagulation in arthropods: defence, wound closure and healing[END_REF][START_REF] Vigneron | Immune defenses of a beneficial pest: the mealworm beetle, Tenebrio molitor[END_REF]. Their recruitment was induced by the immune challenge and reproduction, putatively explaining variation in total-haemocyte count as a function of these factors. Such a reproduction-dependent increase of plasmatocytes after an immune challenge suggests that females are likely wounded during mating and/or oviposition, which may have primed their immune system, resulting in an increased concentration of plasmatocytes.

Indeed, priming was previously found associated with enhanced circulation of haemocytes [START_REF] Dhinaut | Immune priming specificity within and across generations reveals the range of pathogens affecting evolution of immunity in an insect[END_REF][START_REF] Zanchi | Differential expression and costs between maternally and paternally derived immune priming for offspring in an insect[END_REF]. It is not known whether increased plasmatocyte count results from the synthesis of new cells (presumably from prohaemocytes) and/or the release of sessile haemocytes into circulation, which each process may involve different costs. Interestingly, plasmatocyte count also increased with female age, as can be explained by a higher probability of having been wounded with age.

Old females that had experienced early and late reproduction had less circulating plasmatocytes than females that had reproduced only once, either early or late. This suggests that the two successive reproductive episodes were costly for the females, which were not able to produce or release plasmatocytes anymore. Reproduction also had an apparent cost on granulocyte and prohaemocyte counts, which were reduced in old females after a late reproductive effort. Nevertheless, these apparent costs of reproduction on circulating granulocytes and prohaemocytes did not jeopardize female post-infection survivorship.

In contrast to plasmatocyte count, prohaemocyte count was found to decline with female age, after reproduction and after an immune challenge. The decline of prohaemocytes after the immune challenge is smaller in old females than in young ones, as old females had a lower number of circulating prohaemocytes. Together these results provide two important insights.

On the one hand, prohaemocytes contribute to the production of plasmatocytes as females grow in age, after reproduction and after the immune challenge. Considering the different proportion of each of these cell types in the haemolymph (plasmatocytes 37% and prohaemocytes 1.2 % of the total haemocyte count), prohaemocytes are unlikely to be contributing to the production of plasmatocytes at a one to one ratio, although the dynamics of production of the prohaemocytes and their differentiation into other new immune cells is not known. On the other hand, there is a clear demonstration that prohaemocyte count, which represents the ability of the insects to produce new immune cells, is senescing. Therefore, in the long term, age may limit the ability of the females to protect themselves from pathogens late in life, which is consistent with our finding that old females had less resistance to bacterial infection compare to young ones. Overall, the interpretation of immune measures in the context of immunosenescence is complex and may require the assessment of numerous parameters to better understand such a phenomenon. Note that our study allowed assessing a limited number of immune parameters and it is likely that other unmeasured immune components, such as the activity of the prophenoloxidase system or lysozyme activity could be helpful to better explain the pattern of longevity and post-infection survivorship of T.

molitor females as a function of age and reproductive effort.

To summarize, we confirmed that T. molitor females exhibit age-related decline in fecundity and that this reproductive senescence could be accelerated by a significant cost of early reproduction. Females did not increase their reproductive effort with age at the expense of their late post-reproduction survival. Although we found that females become less able to survive a bacterial infection with age, reproductive effort (even late in life) did not negatively impact resistance. While some cellular immune parameters, such as prohaemocytes, declined with age and reproductive effort, others, like plasmatocytes and antibacterial activity, remained at high levels or still exhibited a strong response potential to an immune challenge late in life, irrespective of reproduction. Therefore, while we found some evidence of immune senescence, some components of immunity remained relatively high late in life. Together, these results suggest that T. molitor female late life reproductive effort is not achieved at the expense of post-reproduction survival and somatic functions, which is not consistent with the terminal investment hypothesis [START_REF] Williams | Natural selection, the costs of reproduction, and a refinement of Lack's principle[END_REF][START_REF] Clutton-Brock | Reproductive effort and terminal investment in iteroparous animals[END_REF][START_REF] Forslund | Age and reproduction in birds -hypotheses and tests[END_REF][START_REF] Isaac | Terminal reproductive effort in a marsupial[END_REF]. Conversely, these results, in addition to the observation of a life history priority scheme [START_REF] Rigby | Life-history trade-offs with immune defenses[END_REF], in which longevity is favoured at the expense of reproduction, suggest that T. molitor reproduction late in life is more consistent with the reproductive restraint hypothesis [START_REF] Mcnamara | Deterioration, death and the evolution of reproductive restraint in late life[END_REF]. Therefore, our study provides, to our knowledge, the first direct experimental support for this hypothesis, for which only scarce empirical evidence from natural populations [START_REF] Lecomte | Patterns of aging in the longlived wandering albatross[END_REF][START_REF] Elliott | The prudent parent meets old age: a high stress response in very old seabirds supports the terminal restraint hypothesis[END_REF][START_REF] Morin | Older conservatives: reproduction in female Alpine chamois (Rupicapra rupicapra) is increasingly riskaverse with age[END_REF][START_REF] Boonekamp | Experimentally increased brood size accelerates actuarial senescence and increases subsequent reproductive effort in a wild bird population[END_REF] or indirect experimental support in insects (Cotter et al., 2010;[START_REF] Smith | Residency time as an indicator of reproductive restraint in male burying beetles[END_REF] were previously available.

Life history priority schemes, in which life history traits might be favoured at the expense of others, may have important implications for the evolution of reproductive allocation strategies. Life-history theory predicts that costs of reproduction in long-lived species with low mortality should impact future reproduction rather than survival, while the opposite is expected for short-lived species [START_REF] Hamel | Fitness costs of reproduction depend on life speed: empirical evidence from mammalian populations[END_REF]. Here, we found evidence that T. molitor females exhibit comparable life history tactics than that of long-lived animals, despite being relatively short-lived. Here, we propose that a priority scheme favouring longevity at the expense of reproduction could be frequent in income breeder insects such as T. molitor, in comparison to capital breeder insects. Indeed, longevity may provide the opportunity for income breeder insects to optimise their reproductive effort overtime according to their resource access. This is supported by the fact that T. molitor adult females kept in rich food conditions can maintain higher fecundity over time than females kept with low food, irrespective of the nutritive environment they were exposed to as larvae [START_REF] Zanchi | Relationship between early body condition, energetic reserves and fitness in an iteroparous insect[END_REF].

Further studies are needed to formally test this priority scheme hypothesis between longevity and reproduction in capital and income breeder insects, as it would highlight different life history strategies with regards to senescence. More over, the fact a relatively short-lived insect could evolve life history tactics similar to that of long-lived large mammals change our consideration about the relative importance of longevity (at least its absolute value) in the evolution of life history strategies. Lines above and below the main curves correspond to the 95 % confidence intervals. yes/no) and their interaction as independent categorical covariates in a full factorial design.

Female initial body mass ('Mass') was also included as an independent continuous covariate, which was tested as a main effect only. To account for female individual heterogeneity, female identity was included as a random effect in the model. We limited model reduction to the interaction terms when revealed not significant, whereas main effects were always kept in the final model. Data for this analysis are from Experiment 1 and involve females that did not reproduced at all, those that reproduced early in life only, those that reproduce late in life only and those that reproduced both early and late in life (N = 120). and their interaction as independent categorical covariates in a full factorial design. Female initial body mass (measured at 10 days old) was included as an independent continuous covariate, which was tested a main effect only. To account for female individual heterogeneity, female identity was included as a random effect in the model. As survival was assayed for 14 days post-infection, beetles that survived beyond this period were censored. We limited model reduction to the interaction terms when revealed not significant, whereas main effects were always kept in the final model. Data for this analysis are from Experiment 2 and involve females that were exposed to a bacterial infection at 60 days old and that were either never allowed to reproduce, reproduce once early in life, reproduce once late in life and reproduce both early and late in life (N= 101).

Table S6. Mixed effects Cox regression analysis for T. molitor female survival to bacterial infection according to age of exposure to the infection ('Age': 60 days old/30 days old), whether they were allowed to reproduce ('Reproduction': yes/no) just before being exposed to the bacterial infection, and their interaction as categorical independent covariates in a full factorial design. Female initial body mass (measured at 10 days old) was included as an independent continuous covariate, which was tested a main effect only. To account for female individual heterogeneity, female identity was included as a random effect in the model. As survival was assayed for 14 days post-infection, beetles that survived beyond this period were censored. We limited model reduction to the interaction terms when revealed not significant, whereas main effects were always kept in the final model. Data for this analysis are from Experiment 2 and involve 30 days old infected females that were either or not allowed to reproduce early in life, and 60 days old infected females that were either or not allowed to reproduce late in life (N= 95). Females were either allowed to reproduce early in life (from day 10 to day 30) or /and late in life (from day 40 to day 60), as illustrated by copulating beetles, and then used for the respective measurements of the experiments they were allocated to. Note that for experiment 1, fecundity was assessed during the periods the females were allowed to reproduce and that longevity was recorded for the day the female had emerged. In addition some females were exposed to the early reproductive treatment only and then allocated to the experiment 2 or 3

for the assessment of their survival to a bacterial infection and changes in their immune parameters, respectively. a relative to the females that were not allowed to reproduce early in life.

Table S5. Mixed effects Cox regression analysis for T. molitor female survival to bacterial infection late in life according to early-life reproduction (yes/no), late-life reproduction (yes/no) and their interaction as independent categorical covariates in a full factorial design. Female initial body mass (measured at 10 days old) was included as an independent continuous covariate, which was tested a main effect only. To account for female individual heterogeneity, female identity was included as a random effect in the model. As survival was assayed for 14 days post infection, beetles that survived beyond this period were censored. We limited model reduction to the interaction terms when revealed not significant, whereas main effects were always kept in the final model. Data for this analysis are from Experiment 2 and involve females that were exposed to a bacterial infection at 60 days old and that were either never allowed to Proportional hazard assumption was checked as a non-significant relationship between residuals and time using the cox.zph() function in the R survival package (global test χ 2 7.04 = 2.58 P = 0.92, the test is also non significant for each of the covariates).

Table S6. Mixed effects Cox regression analysis for T. molitor female survival to bacterial infection according to age of exposure to the infection ('Age': 60 days old/30 days old), whether they were allowed to reproduce ('Reproduction': yes/no) just before being exposed to the bacterial infection, and their interaction as categorical independent covariates in a full factorial design. Female initial body mass (measured at 10 days old) was included as an independent continuous covariate, which was tested a main effect only. To account for female individual heterogeneity, female identity was included as a random effect in the model. As survival was assayed for 14 days post infection, beetles that survived beyond this period were censored. We limited model reduction to the interaction terms when revealed not significant, whereas main effects were always kept in the final model. Data for this analysis are from Experiment 2 and involve 30 days old infected females that were either or not allowed to reproduce early in life, and 60 days old infected females that were either or not allowed to reproduce late in life (N= 95). Proportional hazard assumption was checked as a non-significant relationship between residuals and time using the cox.zph() function in the R survival package (global test χ 2 7.03 = 5.39 P =0.62, the test is also non significant for each of the covariates).
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 S2 Fig. S2. Adult age-specific survival rates (± standard error) of Tenebrio molitor females. Data
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 S1 Fig. S1. Common experimental design to the three experiments studying individual female fecundity, longevity (experiment 1), post-infection survival (experiment 2) and changes in immune parameters (experiment 3) as a function of their age-specific reproduction treatment.
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 S2 Fig. S2. Adult age-specific survival rates (± standard error) of Tenebrio molitor females. Data are from experiment 1 (N = 120).

  

  

Table 1 .

 1 Summary of statistical tests and designs used to address the questions asked in each experiment of the study. Expected outcomes are also listed for all tests, including expected results under terminal investment (TI), reproductive restraint (RR) or senescence (S).

	Experiments Questions	Predictions	Statistical tests	Models used
	Experiment 1	Does age affect female egg	Old females may produce fewer eggs than young	GLM fitted with a	Eggs ~ age at reproduction (young/old) +
		output?	ones under RR and S. Old females may produce as	Poisson distribution	female initial body mass (in mg)
			many or more eggs than young ones under TI. .	and a log link	
				function	
	Experiment 1	Does female late fecundity is	Female late fecundity should be reduced by early	GLM fitted with a	Eggs laid late ~ early reproduction
		predicted by early reproduction	reproduction under TI, RR and S. It should be	Poisson distribution	(yes/no) + post-late reproduction survival
		and post-late reproduction	negatively correlated to survival after late	and a log link	time (in days) + female initial body mass
		survival?	reproduction under TI, not correlated or positively	function	(in mg)
			correlated under RR.		
	Experiment 1	Do females trade-off early and	A negative relationship between early and late	GLM fitted with a	Eggs laid late ~eggs laid early + female
		late reproductive output?	fecundity is expected, unless lab conditions are	Poisson distribution	initial body mass (in mg)
			good.	and a log link	
				function	
	Experiment 1	Does female longevity depend	Shorter longevity should be associated to early and	Mixed Effects Cox	Age ~ early reproduction (yes/no) + late
		on early and late reproduction?	late reproduction under TI, but not under RR.	Regression	reproduction (yes/no) + early x late
					reproduction + female initial body mass
					(in mg) + female ID (as random effect)
	Experiment 2	Is survival to a bacterial	Reproduction may reduce late-life infection	Mixed Effects Cox	Time in days ~ early reproduction
		infection occurring late in life	survival under TI but not under RR.	Regression	(yes/no) + late reproduction (yes/no) +
		dependent on reproduction?			early x late reproduction + female initial
					body mass (in mg) + female ID (as
					random effect)
	Experiment 2	Do age and a single	Old females may resist less the infection than	Mixed Effects Cox	Time in days ~ age + reproduction
		reproductive attempt influence	young ones. Reproduction is expected to further	Regression	(yes/no) + female initial body mass (in
		survival to infection?	reduce the survival of old females under TI but not		mg) + female ID (as random effect)
			under RR.		
	Experiment 3	Does immune responsiveness	Overall, reproduction may negatively affect	Analyses of variance	Within and between subjects change in
		late in life is dependent on	immunity. Late reproduction may further decline	for repeated	the immune parameter ~ early
		early and late reproduction?	immunity under TI but not under RR.	measures.	reproduction (yes/no) + late reproduction
					(yes/no) + early x late reproduction
	Experiment 3	Do age and a single	Old females may show lower immune	Analyses of variance	Within and between subjects change in
		reproductive attempt influence	responsiveness than young ones. Reproduction is	for repeated	the immune parameter ~ age (young/old)
		immune responsiveness?	expected to further reduce the immune	measures.	+ reproduction (yes/no) + age x
					reproduction

Table S1 .

 S1 Mixed effects Cox regression analysis for T. molitor female longevity according to early reproduction ('early reproduction': yes/no), late reproduction ('Late reproduction':

Table S2 .

 S2 Generalised linear model (GLM) for T. molitor female fecundity (number of eggs

	laid during a 20 days period) when reproducing for the first time according to age ('Age') that
	is either early in life (from 10 to 30 days old) or late in life (from 40 to 60 days old) and female
	initial body mass ('Mass': measured at 10 days old). Data for this analysis are from Experiment
	1 and involve females that reproduced early in life only and those that reproduced late in life
	only (N = 59).

Table S3 .

 S3 Generalised linear model (GLM) for T. molitor female late life fecundity (number of eggs laid during a 20 days period -from age of 40 to 60 days old) according to whether they Data for this analysis are from Experiment 1 and involve females that reproduced late in life only and those that reproduced early and late in life (N = 57).

had or not reproduced early in life ('Early reproduction': from 10 to 30 days old), late postreproduction survival ('Late survival' in days) and initial body mass ('Mass', measured at 10 days old).

Table S4 .

 S4 Generalised linear model (GLM) testing for the correlation between the number of eggs laid by T. molitor females late and early in life accounting for female initial body mass.

	Data for this analysis are from Experiment 1 and involve females that reproduced both early
	and late in life (N = 30).

Table S5 .

 S5 Mixed effects Cox regression analysis for T. molitor female survival to bacterial infection late in life according to early-life reproduction (yes/no), late-life reproduction (yes/no)

Table S2 .

 S2 Generalised linear model (GLM) for T. molitor female fecundity (number of eggs laid during a 20 days period) when reproducing for the first time according to age ('Age') that is either early in life (from 10 to 30 days old) or late in life (from 40 to 60 days old) and female initial body mass ('Mass': measured at 10 days old). Data for this analysis are from Experiment 1 and involve females that reproduced early in life only and those that reproduced late in life only (N = 59).

	Effect	ß	± s.e.	χ 2	d.f.	P	Exp(ß)
	(Intercept) 3.45 0.34 103.65 1, 56 < 0.001	31.53
	Age a	0.58 0.08 52.06 1, 56 < 0.001	1.82
	Mass	0.005 0.003	3.93 1, 56	0.048	1.01

a relative to the old females.

Table S3 .

 S3 Generalised linear model (GLM) for T. molitor female late life fecundity (number of eggs laid during a 20 days period -from age of 40 to 60 days old) according to whether they had or not reproduced early in life ('Early reproduction': from 10 to 30 days old), late post reproduction survival ('Late survival' in days) and initial body mass ('Mass', measured at 10 days old). Data for this analysis are from Experiment 1 and involve females that reproduced late in life only and those that reproduced early and late in life (N = 57).

	Effect	ß	± s.e.	χ 2	d.f.	P	Exp(ß)
	(Intercept)	3.32 0.38 78.30 1, 53 < 0.001	27.66
	Early reproduction a 0.33 0.11 9.87 1, 53	0.002	1.40
	Late survival	0.005 0.002 6.00 1, 53	0.014	1.01
	Mass	0.002 0.003 0.53 1, 53	0.465	1.00

  reproduce, reproduce once early in life, reproduce once late in life and reproduce both early and late in life (N= 101).

	Variable in the best model	ß	± s.e.	z	d.f.	P	Exp(ß)
	Mass	-0.017 0.007 -2.28	1 0.023	0.98
	Early reproduction	-0.261 0.208 -1.26	1 0.210	0.77
	Late reproduction	0.348 0.205 2.08	1 0.089	1.42
	Random effects (Female ID): SD 0.0199, Variance 0.0004		
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CJ, TR and YM conceived the ideas and designed methodology; CJ and CS collected the data; CJ and YM analysed the data; CJ, TR and YM led the writing of the manuscript. All authors contributed critically to the drafts and gave final approval for publication. responsiveness of old females under TI but not under RR. Females were either allowed to reproduce early in life (from day 10 to day 30) or /and late in life (from day 40 to day 60), as illustrated by copulating beetles, and then used for the respective measurements of the experiments they were allocated to. Note that for experiment 1, fecundity was assessed during the periods the females were allowed to reproduce and that longevity was recorded from the day the female had emerged. Some females were exposed to the early reproductive treatment only and then allocated to the experiment 2 or 3 for the assessment of their survival to a bacterial infection or changes in their immune parameters.

Supporting information

Late life reproduction in an insect: terminal investment versus reproductive restraint yes/no) and their interaction as independent categorical covariates in a full factorial design.

Female initial body mass ('Mass') was also included as an independent continuous covariate, which was tested as a main effect only. To account for female individual heterogeneity, female identity was included as a random effect in the model. We limited model reduction to the interaction terms when revealed not significant, whereas main effects were always kept in the final model. Data for this analysis are from Experiment 1 and involve females that did not reproduced at all, those that reproduced early in life only, those that reproduce late in life only and those that reproduced both early and late in life (N = 120). Proportional hazard assumption was checked as a non-significant relationship between residuals and time using the cox.zph() function in the R survival package (global test χ 2 20.4 = 1.41 P =1, the test is also non significant for each of the covariates).

Table S4. Generalised linear model (GLM) testing for the correlation between the number of eggs laid by T. molitor females late and early in life accounting for female initial body mass.

Data for this analysis are from Experiment 1 and involve females that reproduced both early and late in life (N = 30). 

Effect