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Does body growth impair immune function in a large herbivore?
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According to the principle of allocation, trade-offs are inevitable when resources allocated to one biological function are no longer available for other functions. Growth, and to a lesser extent, immunity are energetically costly functions that may compete with allocation to reproductive success and survival. However, whether high allocation to growth impairs immune system development during the growing period or immune system performance during adulthood is currently unknown in wild mammals. Using three roe deer (Capreolus capreolus) populations experiencing contrasting environmental conditions, we tested for potential costs of growth on immune phenotype over both the short-term (during growth), and the long-term (during adulthood) over the course of an individuals' life. We investigated potential costs on a set of 12 immune traits that reflect both innate and adaptive responses, and compared them between sexes and populations. Although fast growth tended to be associated with low levels of some humoral traits (globulins) during the growing period and some cellular immune traits (i.e. eosinophil and neutrophil counts) during adulthood, evidence for a trade-off between growth and other immune components was limited. Unexpectedly, no detectable growth costs on immunity were found in females from the population experiencing the least favourable environment. We discuss our findings in the light of the complex interplay between resource allocation strategies among reproduction, maintenance and immunity, in relation to local environmental conditions experienced by roe deer.

Introduction

Growth is a key life history trait that shapes reproductive success and both short-term and long-term survival in most organisms. Developing a large body rapidly can buffer the effects of fluctuating environmental conditions [START_REF] Dmitriew | The evolution of growth trajectories: what limits growth rate?[END_REF] and allows juveniles to spend less time at the critical early-life stage, when they are particularly vulnerable to predators [START_REF] Metcalfe | Growth versus lifespan: perspectives from evolutionary ecology[END_REF][START_REF] Roitt | Causes and consequences of variation in offspring body mass: meta-analyses in birds and mammals[END_REF]. Large mature males are generally more successful in intra-and inter-sexual competition, and have thereby higher reproductive success than small males [START_REF] Andersson | Sexual Selection[END_REF], while large females often exhibit higher fecundity than small ones (Roff 1992). A large body size can be attained either by an extended developmental period, an accelerated growth rate, or both [START_REF] Metcalfe | Growth versus lifespan: perspectives from evolutionary ecology[END_REF]. However, growth entails substantial energy and nutrient requirements [START_REF] Wieser | Cost of growth in cells and organisms: general rules and comparative aspects[END_REF], which are expected to have deleterious consequences on individual physiological performance and survival during prime-age adulthood and old age [START_REF] Arendt | Optimistic growth: competition and an ontogenetic niche-shift select for rapid growth in pumpkinseed sunfish (Lepomis gibbosus)[END_REF][START_REF] Blanckenhorn | The evolution of body size: what keeps organisms small?[END_REF][START_REF] Dmitriew | The evolution of growth trajectories: what limits growth rate?[END_REF].

Physiological and survival costs associated with rapid growth have been documented for several decades, notably in some of the first contributions to the evolutionary biology of aging [START_REF] Williams | Pleiotropy, natural selection and the evolution of senescence[END_REF]. Such relationships are embedded in the principle of allocation [START_REF] Cody | A general theory of clutch size[END_REF], which states that individuals must allocate the limited amount of energy they acquire from their environment among the competing functions of growth, reproduction and survival. Most studies on vertebrate populations performed in the wild to date have focused on the energy allocation trade-off between current reproduction and subsequent survival or reproduction [START_REF] Stearns | The evolution of life histories[END_REF][START_REF] Lemaître | Early-late life trade-offs and the evolution of ageing in the wild[END_REF][START_REF] Gélin | Individual heterogeneity and offspring sex affect the growthreproduction trade-off in a mammal with indeterminate growth[END_REF]. So far, the long-term effect of fast growth has been investigated much less. Yet, high energy allocation to body growth could be at the expense of energy allocated to the maintenance of cellular and physiological functions [START_REF] Mcdade | Life history, maintenance, and the early origins of immune function[END_REF]. In the wild, restriction of food resources likely exacerbates energy allocation trade-offs. Harsh environmental conditions and low levels of food resources slow down growth [START_REF] Arendt | Optimistic growth: competition and an ontogenetic niche-shift select for rapid growth in pumpkinseed sunfish (Lepomis gibbosus)[END_REF] and lead to delayed sexual maturity or reduced adult size, or both [START_REF] Bonenfant | Empirical evidence of density dependence in populations of large herbivores[END_REF]). However, compensatory growth (sensu [START_REF] Hector | Quantitative analysis of compensatory and catch-up growth in diverse taxa[END_REF] can occur, enabling juveniles to recover partially or fully from food limitation during early life. This compensatory growth is also associated with various and pronounced physiological costs, both over the short-and long-term throughout the course of an individual's life [START_REF] Metcalfe | Compensation for a bad start: grow now, pay later?[END_REF]. Thus, although it is possible to recover a normal growth trajectory at some stage, slow growth during early life can have profound, pervasive and long-standing effects on individual adult performance [START_REF] Metcalfe | Compensation for a bad start: grow now, pay later?[END_REF]. The costs of compensating for a bad start may include a faster rate of telomere attrition [START_REF] Geiger | Catching-up but telomere loss: half-opening the black box of growth and ageing trade-off in wild king penguin chicks[END_REF], decreased physiological condition during adulthood (e.g. low tolerance to food restriction, [START_REF] Dupont-Prinet | Physiological mechanisms underlying a trade-off between growth rate and tolerance of feed deprivation in the European sea bass (Dicentrarchus labrax)[END_REF], an increased rate of senescence (e.g. more rapid loss of body mass in late adulthood, [START_REF] Douhard | The cost of growing large: costs of post-weaning growth on body mass senescence in a wild mammal[END_REF] or even a shortening of lifespan [START_REF] Lee | Experimental demonstration of the growth rate-lifespan[END_REF].

Immunity is a key physiological trait that potentially mediates life history trade-offs between growth and reproduction or between growth and survival [START_REF] Sheldon | Ecological immunology: costly parasite defences and trade-offs in evolutionary ecology[END_REF][START_REF] Lochmiller | Trade-offs in evolutionary immunology: just what is the cost of immunity?[END_REF][START_REF] Zuk | Immune defense and host life history[END_REF][START_REF] Lee | Linking immune defenses and life history at the levels of the individual and the species[END_REF]. Immune function determines an individual's sensitivity to infections and diseases, and thus affects both reproductive success and survival in the wild [START_REF] Sheldon | Ecological immunology: costly parasite defences and trade-offs in evolutionary ecology[END_REF][START_REF] Schmid-Hempel | Variation in immune defence as a question of evolutionary ecology[END_REF]. The immune system is also a major physiological mechanism involved in cellular renewal and repair, and as such, is an essential component of somatic maintenance [START_REF] Mcdade | Life history, maintenance, and the early origins of immune function[END_REF]. So far, the majority of studies that have focused on the trade-off between growth and immunity have been performed in birds (e.g. [START_REF] Soler | Trade-off between immunocompetence and growth in magpies: an experimental study[END_REF][START_REF] Brommer | Immunocompetence and its costs during development: an experimental study in blue tit nestlings[END_REF][START_REF] Mauck | Increase in the constitutive innate humoral immune system in Leach's Storm-Petrel (Oceanodroma leucorhoa) chicks is negatively correlated with growth rate[END_REF]. Of these, experimental work based on food supplementation has shown that the immune response is resource dependent [START_REF] Soler | Trade-off between immunocompetence and growth in magpies: an experimental study[END_REF][START_REF] Brommer | Immunocompetence and its costs during development: an experimental study in blue tit nestlings[END_REF], a prerequisite for an energy allocation trade-off to occur. However, experiments based on parasite challenge or immune stimulation in young birds revealed that immune challenge affects the immune profile and body condition, but does not limit growth [START_REF] Hõrak | Health impact of phytohaemagglutinin-induced immune challenge on great tit (Parus major) nestlings[END_REF], and may even result in accelerated wing development [START_REF] Saino | Effects of a dipteran ectoparasite on immune response and growth trade-offs in barn swallow, Hirundo rustica, nestlings[END_REF][START_REF] Szàp | Cost of parasitism and host immune defence in the sand martin Riparia riparia: a role for parentoffspring conflict?[END_REF]. These previous studies, generally based on the manipulation of immunity in growing individuals, found limited impact on their growth, possibly because the amount of energy required for the immune response is much lower than that required for tissue growth [START_REF] Klasing | Nutritional modulation of resistance to infectious diseases[END_REF]). On the contrary, it is not known whether high allocation to growth could be costly over the short-term (i.e. for immune development) or over the long-term (i.e. for immune performance during adulthood). Specifically, rapid growth is more likely to compete with the most energy demanding traits such as cellular immunity than with less costly ones such as humoral functions [START_REF] Klasing | The costs of immunity[END_REF]). In addition, rapid growth may also carry a higher cost in terms of timing of immune development because individuals with low immune function in early life may accelerate their immune development later in life [START_REF] Mauck | Increase in the constitutive innate humoral immune system in Leach's Storm-Petrel (Oceanodroma leucorhoa) chicks is negatively correlated with growth rate[END_REF][START_REF] Rossi | Innate immunity correlates with host fitness in wild boar (Sus scrofa) exposed to classical swine fever[END_REF].

Here we tested for potential costs of early growth on immunity in young and adult roe deer, and of late growth on adult immunity. We collected data in both sexes on 12 immune traits encompassing both the innate and adaptive components of the immune response for 300 roe deer sampled during their growing period, and for 196 roe deer sampled during adulthood. These animals originated from three populations which have been intensively monitored using Capture-Mark-Recapture for over 20-30 years [START_REF] Gaillard | How does climate change influence demographic processes of widespread species? Lessons from the comparative analysis of contrasted populations of roe deer[END_REF][START_REF] Hewison | Landscape fragmentation influences winter body mass of roe deer[END_REF]. The populations are subjected to very different environmental conditions, which leads to marked differences in life history (notably growth rate, see [START_REF] Gaillard | Early survival in roe deer: causes and consequences of cohort variation in two contrasted populations[END_REF]) and immunological [START_REF] Cheynel | Immunosenescence patterns differ between populations but not between sexes in a long-lived wild mammal[END_REF] traits. Based on the principle of allocation and knowledge gained from empirical studies, we predicted that (i) a negative association should occur between early growth and immune traits over the short-term (i.e. during the growing period) in young roe deer, in particular for adaptive immunity that develops more progressively compared to innate immunity; (ii) a negative association should occur between early and/or late growth and adult immune traits over the long-term (i.e. during adulthood); (iii) immunity costs of late growth should be higher than those of early growth; (iv) the trade-off between growth and long-term immunity should be stronger for the most costly immune functions (in particular, cellular innate immunity, e.g. neutrophils, monocytes) than for less costly ones (typically, antibody response); (v) the trade-off should be strongest in the population experiencing the poorest environmental conditions. Finally, we also controlled for sex-specific effects because studies performed in laboratory and natural systems have reported that levels of immune performance are generally higher in females than in males [START_REF] Zuk | Sex differences in parasite infections: patterns and processes[END_REF]. However, we expected the association between either early or late growth with immunity to be similar in males and females because roe deer only display a low intensity of sexual selection [START_REF] Andersen | The European roe deer: the biology of success[END_REF], and because no clear sex differences were reported in physiological traits and intensity of parasitism in the studied populations [START_REF] Cheynel | Immunosenescence patterns differ between populations but not between sexes in a long-lived wild mammal[END_REF].

Materials and methods

Study populations and data collection

We used data from three populations of roe deer: two are located in enclosed forests in north-eastern France (48°43′N, 4°55′E, 1360 ha) at Trois-Fontaines, and in western France (46°50′N, 0°25′W, 2614 ha) at Chizé; and the third population is located at Aurignac, in a rural site in the southwest of France (43°17′N, 0°53′E, 7500 ha).

The Trois-Fontaines population is exposed to a continental climate characterized by cold winters and warm rainy summers. This site has rich soils and provides high habitat quality for roe deer. In contrast, the Chizé population has a temperate oceanic climate with Mediterranean influences, and frequent summer droughts combined with poor soils, resulting in limited forest productivity [START_REF] Pettorelli | Using a proxy of plant productivity (NDVI) to find key periods for animal performance: the case of roe deer[END_REF]. Hence, fawn survival, female fertility, adult body mass [START_REF] Gaillard | How does climate change influence demographic processes of widespread species? Lessons from the comparative analysis of contrasted populations of roe deer[END_REF], age-specific telomere length [START_REF] Wilbourn | Age-dependent associations between telomere length and environmental conditions in roe deer[END_REF]; and many markers of immune performance [START_REF] Cheynel | Immunosenescence patterns differ between populations but not between sexes in a long-lived wild mammal[END_REF] are consistently lower at Chizé than at Trois-Fontaines. Aurignac has an oceanic climate with summer droughts and is a mixed landscape of woodland patches, meadows and crops offering high quality resources for roe deer [START_REF] Abbas | Landscape fragmentation generates spatial variation of diet composition and quality in a generalist herbivore[END_REF].

As part of the long-term Capture-Mark-Recapture program initiated in the late 1970s for the two forest populations and in 2001 for the Aurignac population, 6-12 days of capture occur between December and March each year (see [START_REF] Gaillard | Roe deer survival patterns-a comparative analysis of contrasting populations[END_REF][START_REF] Morellet | The effect of capture on ranging behaviour and activity of the European roe deer Capreolus capreolus[END_REF] for details about the capture sessions). In May-June, newborn fawns are also captured annually. Roe deer caught within their first year of birth (i.e. either as newborn or as 8-month-old individuals during winter captures) are identified using tooth eruption patterns [START_REF] Hewison | Tests of estimation of age from tooth wear on roe deer of known age: variation within and among populations[END_REF]. At capture, we recorded body mass (to the nearest 50 g) and performed a basic clinical examination. We collected blood samples from the jugular vein (up to 20 mL for a 20 kg roe deer). We performed cell counts within 52 h of sampling on whole blood preserved on EDTA at 4 °C. We also extracted and conserved serum at -20 °C for measures of functional activities (see below).

The two forest populations of roe deer (Trois-Fontaines and Chizé) were used for the analyses of both short-term and long-term costs of rapid growth on immune performance. The population of Aurignac was included for the analysis investigating the short-term consequences of rapid growth on immune performance only since the exact age of most adults is unknown at this site [START_REF] Hewison | Landscape fragmentation influences winter body mass of roe deer[END_REF]).

Dataset

We used data from known-aged individuals that were bloodsampled at least once during their lifetime between 2010 and 2016. Roe deer usually gain most of their adult body mass (more than 90%) within the first 2 years of life, but only reach their full adult mass at about 4 years of age [START_REF] Hewison | Reproductive constraints, not environmental conditions, shape the ontogeny of sex-specific mass-size allometry in roe deer[END_REF]. When not faced with strong food limitation, females start to give birth at 2 years of age [START_REF] Gaillard | Effects of age and body weight on the proportion of females breeding in a population of roe deer (Capreolus capreolus)[END_REF], while most males father their first offspring during their fourth year of life [START_REF] Vanpé | Age-specific variation in male breeding success of a territorial ungulate species, the European roe deer[END_REF]). Adult immune performance was measured as the median of each immune trait during adulthood (i.e. between 4 and 9 years of age). Based on these age-classes, data on immunity were collected for a total of 300 growing animals (i.e. sampled at 8 months of age) in the three populations (see details in Table 1). At Aurignac, we only used data for growing roe deer (i.e. at 8 months of age, n = 41) since the sample size for known-aged adults was too small to perform a detailed analysis (n = 9). Data on immunity were also collected for a total of 196 prime-aged adults (i.e. sampled between 4 and 9 years of age) at Chizé and Trois-Fontaines. Data were approximately equally distributed between sexes (Table 1). These immune measures on roe deer at Trois-Fontaines and Chizé have already been the subject of a previous analysis on immunosenescence patterns (see [START_REF] Cheynel | Immunosenescence patterns differ between populations but not between sexes in a long-lived wild mammal[END_REF].

Owing to the relatively recent start of immunity assessments in the monitoring programs ( 2010) and to the imperfect detection rate during the capture-recapture season (i.e. recapture rate of about 0.5; [START_REF] Gaillard | Roe deer survival patterns-a comparative analysis of contrasting populations[END_REF], only 32 out of the 196 adults with immunity measures also had immunity measures during their growing period (Table 1). Growth measures (i.e. early and late growth, see below for a definition of these metrics) were based on records of both body mass at first capture (at about 8 months of age) and on adult body mass (between 4 and 6 years of age, before body mass senescence starts; [START_REF] Douhard | The cost of growing large: costs of post-weaning growth on body mass senescence in a wild mammal[END_REF].

Immunity measures

We measured a set of 12 immune traits to depict both the innate and adaptive responses, represented by both humoral and cell-mediated components [START_REF] Roitt | Causes and consequences of variation in offspring body mass: meta-analyses in birds and mammals[END_REF]. We assessed the cellular part of immunity by measuring the total white blood cell (WBC) count and assessing the composition of the white blood cell population (five different cell types, measured in 10 3 cells/mL), based on the identification of the first hundred WBC in Wright-Giemsa-stained blood smears [START_REF] Houwen | The differential cell count[END_REF][START_REF] Gilot-Fromont | Immune phenotype and body condition in roe deer: individuals with high body condition have different, not stronger immunity[END_REF]. Neutrophils and monocytes are phagocytic cells of the innate response. Basophils and eosinophils participate in the inflammatory response and play a role in the innate response against parasites, but eosinophils are also involved in the adaptive response. Finally, lymphocytes include T and B cells, B cells being specifically involved in the production of antibodies. Innate humoral immunity was assessed by measuring both the circulating levels of natural antibodies (NAbs) and the complement-mediated cell lysis activity. We used the hemagglutination-hemolysis (HAHL) assay [START_REF] Matson | A hemolysis-hemagglutination assay for characterizing constitutive innate humoral immunity in wild and domestic birds[END_REF], see also [START_REF] Gilot-Fromont | Immune phenotype and body condition in roe deer: individuals with high body condition have different, not stronger immunity[END_REF] for a previous study on roe deer). In this assay, the HA score (measured in titre) measures the ability of NAbs to agglutinate exogenous cells and provides a proxy of the NAbs concentration, and HL score measures the ability of these NAbs to cause hemolysis. Innate humoral immunity also includes numerous proteins involved in acute and chronic inflammatory processes. We thus measured the levels of alpha1-globulin, alpha2-globulin and beta-globulin, which include several acute phase proteins of the inflammatory response. Total protein content (in g/L) was first assessed by refractometry, followed by automatic agarose gel electrophoresis (HYDRASYS, Sebia, Evry, France) that separates albumin and the 4 fractions of globulins (alpha1, alpha2, beta, and gamma). We also measured the specific level of haptoglobin (HAP in mg/mL), a protein that belongs to the alpha2-globulin fraction which is synthesized in cases of chronic infection or inflammation. Haptoglobin analyses were performed on a Konelab 30i automaton (Fisher Thermo Scientific, Cergy-Pontoise, France) using phase Haptoglobin assay (Tridelta Development LTD, County Kildare, Ireland) chromogenic kit. Contrary to the other immune parameters, haptoglobin was only measured at Chizé and Trois-Fontaines. The humoral component of the adaptive immunity response was assessed by measuring the concentration of gamma-globulins (see above for details about the electrophoresis protocol), i.e., immunoglobulins, which represent the majority of circulating antibodies. Detailed protocols for measuring each of the immune parameter are provided in Online Resource 1. For adult animals with repeated measures of immune traits between 4 and 9 years of age (82 individuals sampled twice or more), we estimated within-individual repeatability of our immune measures and their 95% confidence interval (CI) using the R package rptR [START_REF] Nakagawa | Repeatability for Gaussian and non-Gaussian data: a practical guide for biologists[END_REF]. We found that the majority of adult immune traits were consistent over time (repeatability of between 0.22 and 0.41 for the various forms of white blood cells, between 0.03 and 0.46 for various forms of globulins and between 0.07 and 0.42 for HAHL, results provided in Online Resource 1).

Growth measures

Early growth (i.e. adjusted body mass at 8 months of age, which was labelled as "early mass" in [START_REF] Douhard | The cost of growing large: costs of post-weaning growth on body mass senescence in a wild mammal[END_REF] and late growth (i.e. a compound of early growth and growth from 8 months of age to adulthood) were defined and calculated as in [START_REF] Douhard | The cost of growing large: costs of post-weaning growth on body mass senescence in a wild mammal[END_REF]. Most births take place around mid-May (80% within less than 25 days, [START_REF] Gaillard | Roe deer survival patterns-a comparative analysis of contrasting populations[END_REF], while annual winter captures occur from mid-December to early March. We could not measure postnatal growth rate per se (i.e. growth between birth and 8 months) because the exact birth date was unknown for those fawns that were first marked during the winter captures.

We indexed early growth as fawn mass at winter capture (i.e. about 8 months of age) adjusted to the median date of capture (i.e. January 27th). This adjustment is required because fawns in the studied populations continue to grow during their first winter [START_REF] Hewison | Maternal age is not a predominant determinant of progeny sex ratio variation in ungulates[END_REF], although their mass at capture is mostly the accumulated product of growth from birth to early October, when weaning takes place [START_REF] Andersen | The European roe deer: the biology of success[END_REF]. From the body mass data, the average daily mass gain throughout the winter capture period was 12 ± 0.005 (SE) g day -1 at Chizé, 24 ± 0.008 g day -1 at Trois-Fontaines [START_REF] Douhard | The cost of growing large: costs of post-weaning growth on body mass senescence in a wild mammal[END_REF], and 30 ± 0.005 g.

day -1 at Aurignac (linear regression with date of capture as the sole covariate; no sex-difference was detected). As individual variation in early growth was partly due to variation in environmental conditions during the year of birth [START_REF] Gaillard | Body mass of roe deer fawns during winter in 2 contrasting populations[END_REF], we further adjusted early growth relative to the average fawn mass of each cohort in each population.

Late growth corresponded to the post-weaning growth from about 8 months to 4 years of age. When calculating late growth we accounted for variation in mass at 8 months of age because fawns that grow slowly early in life subsequently tend to grow faster than fawns that grow fast early in life. This late growth was thus measured for each sex and each population as the residuals of the linear regression between early growth and subsequent mass gain, which corresponds to the difference between adult body mass (i.e. the median body mass between 4 and 6 years of age) and early growth. As such, early growth and late growth were statistically independent.

Assessing covariation among immunity traits

We performed a principal component analysis (PCA) on the 12 immune traits to identify the main axes of variation that determined their correlation structure. We thus examined whether the immune traits could be clustered into a few biologically meaningful and independent components (corresponding to PCs). We examined covariation among the 12 immune traits in both growing and adult animals to assess the consistency of the immune phenotype over the lifetime at Chizé and Trois-Fontaines, and to identify potential differences in relation to sex and population (see Fig. 1 and Table 2). We did not include Aurignac in the PCA analysis because haptoglobin concentration was not assayed in this population. In the analyses, we removed individuals that contributed abnormally to the PCs, possibly because of a severe inflammatory state (i.e. 2 and 1 Finally, to assess whether 'slow' and 'fast' growing roe deer displayed an overall difference in immune traits, we calculated the average PC coordinates of the fastest growers (top 25%, n = 66 for growing and n = 37 for adult animals) and of the slowest growers (bottom 25%, n = 66 for growing and n = 37 for adult animals) after separating them within sex and population (see Fig. 1). To test whether the slowest growers differed in overall immune function from the fastest growers, we used a non-parametric PerMANOVA test ('adonis2' function in the R package vegan; [START_REF] Oksanen | Package 'vegan'. Community ecology package[END_REF].

The PCA was performed using the R package 'ade4' [START_REF] Dray | The ade4 package: implementing the duality diagram for ecologists[END_REF]. Differences in average trait measures between sexes and populations were assessed using a two-way ANOVA followed by Tukey's post hoc test using the multcomp R-package [START_REF] Hothorn | Simultaneous inference in general parametric models[END_REF]) (Table 2).

Assessing the short-term and long-term growth costs on immunity

We investigated, in both growing and adult animals, the effects of growth on the two first axes of covariation in immunity traits (i.e. first and second PCs, which roughly correspond to continuums of the level of globulins (PC1) and of the cellular part of immunity (PC2); see Fig. 1). Growth effects corresponded to early growth in growing animals, and to both early growth and late growth in adults. Firstly, we assessed the magnitude and the precision of these effects from their 'effect size' and CI [START_REF] Nakagawa | Effect size, confidence interval and statistical significance: a practical guide for biologists[END_REF]. Secondly, to assess whether variation in individual growth explained variation in immune function, we performed a model selection procedure using an information-theoretic approach [START_REF] Burnham | Model selection and multimodel inference: a practical information-theoretic approach[END_REF]. Within each sex and population, we calculated 'effect size' as the partial correlation coefficients, which measure the standardized effect of one growth measure on an immune trait while controlling for the potential effects of other traits. To obtain the effect sizes, for each immune trait we first fitted the mixed-effect model including early growth, late growth (only in adults), and average cohort fawn mass as fixed factors and cohort as a random effect on the intercept (i.e. additive model). We then used Eq. ( 24) in Nakagawa and Cuthill (2007, p. 82) for mixed-effect models to calculate effect size. We calculated CI of effect sizes following [START_REF] Nakagawa | Effect size, confidence interval and statistical significance: a practical guide for biologists[END_REF]'s recommendations (i.e. using the 'es calculator', see http://cebcp .org/pract ical-meta-analy sis-effec t-size for further information). We also calculated the effect size of growth on each of the 12 immune traits separately (see Online Resource 2 for growing and adult roe deer). As data for growing roe deer at Aurignac could not be included in the PCA analysis (see above), we assessed effect size of early growth on individual immune traits separately in this population (results presented in Online Resource 2).

Using the information-theoretic approach, we fitted several candidate linear mixed-effect models of immunity traits, which either included or did not include early and late growth as covariates (supplementary methods in Online Resource 3, and best models selected in Online Resource 4 for growing animals and adults). We investigated a possible population-or sex-specific effect of growth on the immune phenotype by fitting models including either three-way interaction (i.e. growth (early or late) × population × sex) or twoway interactions involving growth (see Online Resource 3 for the full list of models). Models were ranked based on the Akaike Information Criterion corrected for small sample size (AICc, [START_REF] Burnham | Model selection and multimodel inference: a practical information-theoretic approach[END_REF] in the R package MuMIn [START_REF] Bartoń | MuMIn: multi-model inference[END_REF]. We selected the model with the lowest AICc. When the difference in AIC (denoted ΔAICc) of two competing models was less than 2, we retained the model with the lowest number of parameters in accordance with parsimony rules. In addition, we calculated AIC weights (ωi) to measure the relative likelihood that a given model was the best among the set of fitted models. All linear mixed-effect models were fitted using restricted maximum likelihood ('lmer' function in the R package lme4; [START_REF] Bates | Fitting linear mixedeffects models using lme4[END_REF] to estimate model parameters. As data for growing roe deer at Aurignac could not be included in the PCA analysis (see above), we selected models separately for each immune trait in this population (Online Resource 4). All analyses were carried out in R version 3.4.1 (R Core Team 2015).

Results

Covariation among immune traits during growth and adulthood

The main axis of covariation among immune traits (PC1) accounted for 24.3% and 23.5% of the total inertia for growing and adult roe deer, respectively (Fig. 1). In both cases, PC1 was mostly influenced by the five globulin concentrations: gamma-(r = 0.81 and 0.75 in growing and adult roe deer, respectively), beta-(r = 0.90 and 0.90), alpha1-(r = 0.85 and 0.80), alpha2-globulin (r = 0.71 and 0.55), and haptoglobin (r = 0.38 and 0.57). PC1 could thus be directly interpreted as a continuum of the humoral part of innate immunity. In the following analyses, we used PC1 as a continuum for globulin levels.

PC2 captured around 13.2% and 13.3% of the total inertia growing and adult roe deer, respectively (Fig. It mostly reflected variation in cellular immunity. In both growing and adult roe deer, PC2 was positively correlated with markers of natural antibodies (HL: r = 0.72 and 0.75; HA: r = 0.69 and 0.46), neutrophil count (r = 0.38 and 0.29) and lymphocyte count (r = 0.14 and r = 0.45). PC2 was negatively correlated with monocyte (r = -0.34 and -0.55), eosinophil (r = -0.29 and r = -0.18) and basophil (r = -0.12 and -0.35) counts. Our analyses revealed clear consistency between the immune phenotype of growing and adult individuals.

The similarity in the structure of correlations between immune traits (Fig. 1) most likely resulted from high and consistent between-population differences in the level of immune traits at both life stages (Table As expected, growing animals and adults had higher globulin levels at Chizé than at Trois-Fontaines. In contrast, both growing animals and adults had higher neutrophil and lymphocyte counts at Trois-Fontaines than at Chizé (Table 2). In growing animals, no sex-difference was detected for most immune traits except for lymphocytes, which were higher in than in males. In adult animals, we detected sex diffor eosinophils, which were higher in females than in males in adults of both populations; and for haptoglobin, which were higher in males than in females (Table 2). Finally, the growth type (i.e. slow or fast) did not influence the immune profile of either young or adult roe deer (Fig. 1). Thus, there were no differences between slowest (i.e. bottom 25%) and fastest (i.e. top 25%) growing roe deer in either early growth in growing (F = 1.37, df = 12, 132, p = 0.21) and adult (F = 0.80, df = 12, 74, p = 0.56) roe deer, or in late growth in adult roe deer (F = 0.40, df = 12, 132, p = 0.79).

Short-term effects of early growth on immunity traits in growing roe deer

Effect size

In growing roe deer with known values of early growth (n = 300, see Table 1), effect sizes for early growth in relation to immunity traits were mostly negligible (Fig. 2). At Trois-Fontaines and Chizé, no relationship was found between early growth and globulin level (PC1, Fig. 2), cellular immunity (PC2, Fig. 2) or immune traits separately (Online Resource 2). At Aurignac, we found a negative effect of early growth on neutrophil count in males (effect size: -0.48 [-0.76; -0.06]). The magnitude of this effect was, however, not consistent with that observed at Chizé or Trois-Fontaines.

Selected models

Based on this approach, we only found support for an overall negative relationship between early growth and PC1 across both sexes and all populations (model selection in Online Resource 3 and selected models detailed in Online Resource 4). More specifically, the selected model for the two main immune traits contributing to PC1 included a negative effect of growth, that is for alpha1-globulins at Chizé (Fig. 3a, slope of -0.11 ± 0.04, p < 0.01) and gamma-globulins in all three populations (Fig. 3b, slope of -0.36 ± 0.09, p < 0.001).

Long-term effects of early and late growth on immunity traits in adult roe deer

Effect size

Based on effect sizes for early and late growth in adult roe deer from both Trois-Fontaines and Chizé (124 out of 196 roe deer available to characterize immunity during adulthood, Table 1), evidence for substantial long-term growth costs on immunity was overall weak and heterogeneous (Fig. 4 and Online Resource 2). In both Trois-Fontaines and Chizé, although several immune traits taken separately were negatively associated with early or late growth (Online Resource 2), no significant association was observed 

Selected models

The model selection procedure did not support any effect of our growth metrics on immune function, except for two immune traits that strongly contributed to PC2 (model selection in Online Resource 3 and selected models detailed in Online Resource 4): the eosinophil count in males (model selected: [early growth × sex], Online Resource 4) and the neutrophil count (model selected: [early growth × pop + late growth], Online Resource 4). More precisely, the eosinophil count was negatively affected by early growth in males in the two populations (Fig. 5a), slope of -0.03 ± 0.01, p < 0.01). Finally, the neutrophil count was negatively affected by early growth at Trois-Fontaines only (Fig. 5b), slope of -0.24 ± 0.11, p < 0.05) and by late growth in both populations (Fig. 5c), slope of -0.22 ± 0.09, p < 0.05). 

Discussion

We tested for potential short-term and long-term costs of growth on immunity in a large herbivore in three freeranging populations facing markedly different ecological conditions. Overall, we found only limited evidence for the expected costs of growth on roe deer immunity, both over the short-term during immune development (at 8 months), and over the longer-term during adulthood (between 4 and 9 years of age). In growing animals, we found that a high rate of early growth led to a decrease in the levels of some globulins (gamma-globulins in all populations and at Chizé). Similarly, in adults, the level of some immune traits was slightly negatively impacted by a high rate of both early and late growth. In the adult males of two populations, both neutrophil and eosinophil counts were lower in individuals which had grown fast. In female adults of two populations, a high rate of late growth negatively impacted the neutrophil count, while a similar relationship with early growth was observed in females from Trois-Fontaines only. Long-term growth costs thus generally tended to affect the cellular part of the immune response, mostly the number of neutrophils and eosinophils. The fact that the various components of the immune system were differentially affected by growth is consistent with our hypothesis that immune functions are not equally costly to produce and maintain. As reported by previous studies [START_REF] Klasing | The costs of immunity[END_REF], our results support the assertion that innate and cellular components of immunity are more costly to produce over the long-term than adaptive and humoral immune components. Consequently, although some cellular immune traits might be impaired by fast growth, the evidence for growth costs on other immune components is far from evident in roe deer. Our results also highlight that, contrary to our expectations, high late growth that potentially includes compensatory growth does not lead to higher costs for the immune response than early growth. Finally, although Trois-Fontaines provides clearly more suitable habitat for roe deer than Chizé (based on higher wood production, plant productivity and homogeneity of the forest, see details in [START_REF] Pettorelli | Using a proxy of plant productivity (NDVI) to find key periods for animal performance: the case of roe deer[END_REF], roe deer at Chizé did not seem to pay higher growth costs on immunity than those at Trois-Fontaines.

Obviously, our study had some limitations that might partly account for the overall findings of an absence of a marked trade-off between growth and immunity in roe deer. The two main axes of our PCA only accounted for of the total variation in the immune measures, indicating that a substantial proportion of variation remains. Low resolution in our immune measures might account for this low explanatory power of the PCA, because measuring immunity in wild species is challenging. Indeed, access to wild animals is difficult, and standardized measurement techniques have still to be developed for non-model species such as roe deer. The immune measures in our study provide a general pattern of energy allocation to the two components of the immune response, which is consistent over the long-term, as indicated by the substantial withinindividual repeatability we found in adults. Although our measures were taken without considering the previous history of pathogen exposure, these baseline levels have been shown to be related to the response to previous challenges [START_REF] Schneeberger | Immune profile predicts survival and reflects senescence in a small, longlived mammal, the greater sac-winged bat (Saccopteryx bilineata)[END_REF]), and to be strongly associated with survival in some mammals in the wild [START_REF] Rossi | Innate immunity correlates with host fitness in wild boar (Sus scrofa) exposed to classical swine fever[END_REF] on wild boar Sus scrofa, [START_REF] Garnier | Joint associations of blood plasma proteins with overwinter survival of a large mammal[END_REF] on Soay sheep Ovis aries). However, short-term variation in some immune parameters in response to specific immune challenges may obscure the observed pattern, in particular, for parameters displaying short-term responses such as haptoglobin or alpha-globulins. Some of these measures could also be improved to assess immune allocation more precisely, for example, by discriminating different populations of lymphocytes, and/or by conducting functional immunological tests. Lastly, our assessment of growth could potentially be improved and a more detailed assessment of the growth curve might have enabled a better detection of trade-offs. Since we did not have repeated measures of body mass in our populations, we used mass gain between 8 months of age and adulthood as a proxy of growth. Although this prevented us from deriving a very detailed growth trajectory, it still provided relevant information on individual allocation to growth for our model species. Indeed, roe deer display a monomolecular pattern of growth, involving a peak in growth rate at birth which then consistently decreases with increasing age [START_REF] Portier | Growth of European roe deer: patterns and rates[END_REF].

Besides the methodological limitations reviewed above, a possible explanation for the absence of a clear trade-off between growth and immunity in the present study might be due to the lack of information on reproductive effort. While the patterns of covariation between growth and immune performance that have been reported so far are highly variable (see e.g. [START_REF] Saino | Effects of a dipteran ectoparasite on immune response and growth trade-offs in barn swallow, Hirundo rustica, nestlings[END_REF][START_REF] Hõrak | Health impact of phytohaemagglutinin-induced immune challenge on great tit (Parus major) nestlings[END_REF][START_REF] Mauck | Increase in the constitutive innate humoral immune system in Leach's Storm-Petrel (Oceanodroma leucorhoa) chicks is negatively correlated with growth rate[END_REF], most studies (including ours) ignored the fact that available resources have to be partitioned among growth, reproduction, and a broad range of physiological functions related to survival [START_REF] Stearns | The evolution of life histories[END_REF][START_REF] Kirkwood | Evolution of senescence -late survival sacrificed for reproduction[END_REF]. High allocation to reproduction during early life is generally associated with long-term fitness [START_REF] Lemaître | Early-late life trade-offs and the evolution of ageing in the wild[END_REF], but see [START_REF] Panagakis | Influence of early reproductive success on longevity and late reproductive success in an alpine ungulate[END_REF]) and physiological costs (e.g. [START_REF] Bauch | Telomere length reflects phenotypic quality and costs of reproduction in a long-lived seabird[END_REF][START_REF] Hanssen | Cost of reproduction in a long-lived bird: incubation effort reduces immune function and future reproduction[END_REF]) in wild vertebrates. Although most studies have been performed in females, recent evidence suggests that the same might be true in males [START_REF] Lemaître | Early life expenditure in sexual competition is associated with increased reproductive senescence in male red deer[END_REF][START_REF] Beirne | Sex differences in senescence: the role of intra-sexual competition in early adulthood[END_REF]. Therefore, a decline in immune performance might, in some species, be only apparent in individuals that allocate substantially to both growth and reproduction (e.g. gestation and lactation in females or energy allocation to traits associated with sexual competition in males). Studies on laboratory or farm animals that have been intensely selected for high productivity (growth or reproduction) have shown that, despite ad libitum access to nutrient-dense food, a downregulation of immune function can occur when immunity is not purposely selected for ( [START_REF] Van Der Most | Trade-off between growth and immune function: a meta-analysis of selection experiments[END_REF]). The trade-offs involving reproduction might be particularly pronounced in roe deer females that rely almost exclusively on available food resources during breeding and do not store body reserves to meet the energetic requirements of reproduction (i.e. income breeder reproductive tactic, [START_REF] Andersen | Factors affecting maternal care in an income breeder, the European roe deer[END_REF]. Cumulative costs of growth and reproduction might even be more pronounced in harsh environments such as Chizé, where roe deer females show higher between-year variation in reproductive success, than in Trois-Fontaines or Aurignac [START_REF] Gaillard | How does climate change influence demographic processes of widespread species? Lessons from the comparative analysis of contrasted populations of roe deer[END_REF]. Females of long-lived iteroparous species faced with harsh conditions are selected to favour their own survival over their offspring survival [START_REF] Gaillard | Temporal variation in survival of mammals: a case of environmental canalization?[END_REF], which could explain the absence of costs paid on immunity by females at Chizé and their lower allocation to reproduction when faced with food shortage [START_REF] Gaillard | Effects of age and body weight on the proportion of females breeding in a population of roe deer (Capreolus capreolus)[END_REF]. The trade-off between growth and immune development may also be stronger in degraded habitats because habitat quality and biodiversity both contribute to shape pathogen burden and parasite selective pressure [START_REF] Civitello | Biodiversity inhibits parasites: broad evidence for the dilution effect[END_REF][START_REF] Young | Does habitat disturbance increase infectious disease risk for primates?[END_REF].

Optimal strategies relative to the maintenance or the regulation of the immune system also depend a lot on the pathogen pressure of the environment, and the optimal allocation of resources among different components of immunity is context-specific. Parasites and pathogens generate a threat to survival and infections are one of the causes potentially jeopardizing juvenile survival [START_REF] Sams | Physiological correlates of neonatal mortality in an overpopulated herd of white-tailed deer[END_REF][START_REF] Lynsdale | Parasite-associated mortality in a long-lived mammal: variation with host age, sex, and reproduction[END_REF]). The 'antigen-exposure' hypothesis points to ecological variation in pathogen pressure as being a key determinant of observed variation in immunity [START_REF] Mcdade | Trade-offs between acquired and innate immune defenses in humans[END_REF]. This hypothesis predicts that, in environments with high pathogenic pressure, overall allocation to immune function will be greater, and/or that adaptive immunity will be prioritized over innate immunity if the costs of increasing allocation to all components of the immune function are exceedingly large. At Chizé, young roe deer faced high parasite pressure, for instance of Trichuris sp. [START_REF] Cheynel | Immunosenescence patterns differ between populations but not between sexes in a long-lived wild mammal[END_REF]. It is therefore crucial for them to allocate energy to immunity during body development. This strong allocation to immunity from the early stages until adulthood could explain the overall absence of a trade-off between growth and immunity, especially at Chizé. At Trois-Fontaines, roe deer are less exposed to parasites and have more resources available to mount an efficient immune response. Additionally, the high parasite pressure on young roe deer at Chizé could result in the selective disappearance of lower quality individuals and especially young roe deer unable to allocate to both immunity and growth, a selection expected to be weaker at Trois-Fontaines. Finally, if nutritional resources are limited, as is expected to be the case at Chizé, immune components that require fewer resources, both in the shortterm but also in the long-term, should be favoured. Even if allocating preferentially to adaptive immunity requires the payment of upfront costs, especially when food is limited, adaptive immunity should be favoured in the long run in anticipation of deferred future benefits and given the lower maintenance and per-response activation costs, compared to the innate responses [START_REF] Mcdade | Trade-offs between acquired and innate immune defenses in humans[END_REF]). In line with previous studies [START_REF] Gilot-Fromont | Immune phenotype and body condition in roe deer: individuals with high body condition have different, not stronger immunity[END_REF][START_REF] Cheynel | Immunosenescence patterns differ between populations but not between sexes in a long-lived wild mammal[END_REF], these findings support the assertion that roe deer allocate more to adaptive immunity from the youngest age at Chizé than at Trois-Fontaines.

In this study, we showed that young roe deer pay only negligible costs of growing rapidly in terms of immune performance. However, it is likely that high allocation to growth, especially late in the growing period (after weaning), can affect physiological functions other than immunity, which might have deleterious consequences on fitness components later in life. For instance, roe deer that grow fast late in the growing period suffered from a steeper rate of mass senescence than slower growers [START_REF] Douhard | The cost of growing large: costs of post-weaning growth on body mass senescence in a wild mammal[END_REF]. These findings illustrate the complexity of detecting physiological costs and trade-offs in the wild, especially when immune responses are involved [START_REF] Sandland | Costs of immune defense: an enigma wrapped in an environmental cloak?[END_REF].

Fig. 1

 1 Fig. 1 Biplots of PCA analyses of the 12 immunity traits measured during a, c the growing period, and b, d adulthood in a, b female and male roe deer of the two populations (Chizé and Trois-Fontaines), and in c, d individuals with extremely fast (top 25%) or slow (bottom 25%) growth. Arrows indicate the contribution of immune traits

Fig. 2

 2 Fig. 2 Effect size of early growth on the two main axes of covariation among immune traits (PC1, PC2) measured in growing roe deer (at 8 months of age) at Chizé and Trois-Fontaines. Effect sizes (symbols) are reported together with associated 95% confidence interval

Fig. 4

 4 Fig. 4 Effect size of a early growth and b late growth on the two main axes of covariation among immune traits (PC1/PC2) measured in adult roe deer (from 4 to 9 years of age included) at Chizé

Table 1

 1 Sex-and population-specific sample sizes

	Subset	Chizé		Trois-Fontaines	Aurignac		Total
		Females	Males	Females	Males	Females	Males	
	Immunity measures at 8 months of age (individuals with	59	71	68	61	20	21	300
	measure of early growth)	(59)	(71)	(68)	(61)	(20)	(21)	(300)
	Immunity measures during adulthood [4-9 years of age] (indi-	61	39	51	45	-	-	196
	viduals with early and late growth measures)	(43)	(28)	(33)	(20)			(124)
	Immunity measures during growth and adulthood (individuals	6	10	11	5	-	-	32
	with growth measures)	(3)	(2)	(11)	(5)			(21)

Table 2

 2 Average sex-specific immune measures observed in the three roe deer populations, at Aurignac, Chizé and Trois-Fontaines Level of statistical significance denoted by asterisk: *p < 0.05, **< 0.01, ***< 0.001. Means within rows sharing a common character in their superscript are not statistically different (p > 0.05) based on pairwise comparisons (Tukey's test)

	Immune trait	Chizé		Trois-Fontaines	Aurignac		Effects		
		Females	Males	Females	Males	Females	Males	Population	Sex	Interaction
	Growing animals									
	Globulin levels (PC1)	0.27 a	0.36 a	-0.32 a	-0.33 a	-	-	**	-	-
	Cellular immunity (PC2)	-0.15 a	-0.22 a	0.20 a	0.18 a	-	-	*	-	-
	Alpha1-globulin	3.59 a	3.60 a	3.57 a	3.58 a	3.48 a	3.37 a	-	-	-
	Alpha2-globulin	5.55 ab	6.09 ac	5.91 a	5.56 ab	4.47 bc	4.30 b	***	-	-
	Haptoglobin	0.13 a	0.14 a	0.15 a	0.16 a	-	-	-	-	-
	Beta-globulin	5.99 a	5.89 a	5.59 a	5.52 a	5.14 a	5.30 a	***	-	-
	Gamma-globulin	18.24 a	17.88 a	13.31 b	14.11 b	10.08 c	9.69 c	***	-	-
	Neutrophil count	4.34 ac	4.06 a	5.80 d	5.67 d	5.53 bcd	5.89 bd	***	-	-
	Monocyte count	0.42 ade	0.45 ad	0.33 cd	0.26 ce	0.08 bc	0.17 bce	***	-	-
	Basophil count	0.06 a	0.09 a	0.05 a	0.05 a	0.06 a	0.07 a	-	-	-
	Lymphocyte count	2.38 abd	2.03 a	2.69 bef	2.37 abd 3.00 cdf	2.72 ace	***	*	-
	Eosinophil count	0.06 a	0.07 a	0.05 a	0.07 a	0.05 a	0.04 a	-	-	-
	HA	4.59 a	4.59 a	4.10 a	4.08 a	3.70 a	3.83 a	***	-	-
	HL	1.78 a	1.98 a	2.02 a	2.30 a	3.05 b	3.33 b	***	-	-
	Adult animals									
	Globulins (PC1)	0.237 b	1.263 a	-0.56 c	-0.78 c	-	-	***	-	**
	Cellular immunity (PC2)	0.50 a	0.25 a	-0.43 b	-0.40 b	-	-	***	-	-
	Alpha1-globulin	3.03 a	3.35 b	3.16 ab	3.12 ab	-	-	-	-	*
	Alpha2-globulin	5.83 a	5.76 a	5.70 a	5.35 a	-	-	-	-	-
	Haptoglobin	0.21 ab	0.78 a	0.14 b	0.17 c	-	-	**	***	**
	Beta-globulin	7.19 ab	8.36 a	6.61 b	6.44 c	-	-	***	*	**
	Gamma-globulin	20.28 a	20.89 a	15.20 b	14.53 b	-	-	***	-	-
	Neutrophils	5.18 b	5.05 b	6.42 a	6.01 ab	-	-	***	-	-
	Monocytes	0.31 a	0.31 a	0.32 a	0.35 a	-	-	-	-	-
	Basophils	0.08 a	0.08 a	0.05 a	0.07 a	-	-	-	-	-
	Lymphocyte count	1.62 b	1.62 b	2.33 a	2.12 a	-	-	***	-	-
	Eosinophil count	0.11 a	0.09 a	0.11 a	0.06 a	-	-	-	*	-
	HA	3.96 a	3.90 a	4.04 a	4.20 a	-	-	-	-	-
	HL	1.84 b	2.07 ab	2.25 ab	2.47 a	-	-	*	-	-
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