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Telomere length is a biomarker of biological ageing and lifespan in various vertebrate taxa. Evidence is accumulating that telomeres shorten more rapidly when an individual is exposed to environmental stressors. Parasites are potent selective agents that can cause physiological stress directly or indirectly through the activation of the host's immune system. Yet to date, empirical evidence for a role of parasites in telomere dynamics in natural populations is limited.

Here we show experimentally that exposure to ectoparasitic hen fleas (Ceratophyllus gallinae) during growth results in shorter telomeres in female, but not male, great tit (Parus major) nestlings. Females had significantly longer telomeres than males when growing up in experimentally deparasitized nests but because of the sexspecific effects of parasitism on telomere shortening, this sexual dimorphism was absent in birds growing up in experimentally infested nests. Our results provide the first experimental evidence for a role of ectoparasitism in telomere dynamics in a natural vertebrate population, and suggest that the costs of infection manifest in sexspecific ways.

Introduction

Evidence is accumulating that the length of telomeres, the protective caps at the end of chromosomes, is a predictor of ageing and lifespan across vertebrate taxa [START_REF] Wilbourn | The relationship between telomere length and mortality risk in non-model vertebrate systems: a meta-analysis[END_REF]. Telomeres have been found to shorten more rapidly when an individual is exposed to environmental stressors, such as harsh abiotic conditions or food limitation [START_REF] Chatelain | The association between stressors and telomeres in non-human vertebrates: a meta-analysis[END_REF][START_REF] Epel | Accelerated telomere shortening in response to life stress[END_REF]). Parasites are particularly potent selective agents that can induce physiological stress through direct damage (e.g. by consuming host resources [START_REF] Tripet | The coevolutionary potential of a 'generalist' parasite, the hen flea Ceratophyllus gallinae[END_REF])) or indirectly through the activation of the host's immune system [START_REF] Costantini | Does immune response cause oxidative stress in birds? A meta-analysis[END_REF]). Yet to date, empirical evidence for an effect of parasitism on telomere attrition in natural populations is limited.

Accelerated telomere shortening in response to experimental pathogen infection has been demonstrated in captive house mice (Mus musculus) [START_REF] Ilmonen | Telomere attrition due to infection[END_REF], and a correlation between pathogen infection and subsequent telomere attrition is also observed in humans [START_REF] Asghar | Cellular aging dynamics after acute malaria infection: A 12-month longitudinal study[END_REF]. Furthermore, correlative and experimental work in avian malaria host-pathogen systems has demonstrated accelerated telomere shortening in Plasmodium-infected birds [START_REF] Asghar | Hidden costs of infection: Chronic malaria accelerates telomere degradation and senescence in wild birds[END_REF][START_REF] Asghar | Parallel telomere shortening in multiple body tissues owing to malaria infection[END_REF][START_REF] Karell | Pale and dark morphs of tawny owls show different patterns of telomere dynamics in relation to disease status[END_REF], and recent findings suggest that the costs of avian malaria infection in terms of accelerated telomere attrition might be host sex-specific [START_REF] Sudyka | Sex-specific effects of parasites on telomere dynamics in a short-lived passerinethe blue tit[END_REF]). Yet, given the lack of studies in other natural host-parasite systems, the generality of these findings is currently unclear.

Hematophagous hen fleas (Ceratophyllus gallinae) are common, nest-based ectoparasites of cavity nesting birds [START_REF] Tripet | The coevolutionary potential of a 'generalist' parasite, the hen flea Ceratophyllus gallinae[END_REF]. We have previously shown that exposure to hen fleas during growth has sex-specific consequences for great tit (Parus major) nestlings [START_REF] Tschirren | Sexual dimorphism in susceptibility to parasites and cell-mediated immunity in great tit nestlings[END_REF]. Male nestlings exposed to hen fleas have a significantly lower body mass and smaller body size compared to male nestlings growing up in a flea-free nest, whereas no significant negative effect of hen flea exposure on the growth of female nestlings is observed [START_REF] Tschirren | Sexual dimorphism in susceptibility to parasites and cell-mediated immunity in great tit nestlings[END_REF]. Thus, at first sight, males appear to be more susceptible to hen fleas than females. However, individuals exposed to parasites (or other environmental stressors) are predicted to prioritise resource allocation to key fitness-related traits and functions, at the expense of traits and functions less closely related to fitness, in order to minimize the negative impact of parasitism on fitness [START_REF] Boonekamp | Canalisation in the wild: effects of developmental conditions on physiological traits are inversely linked to their association with fitness[END_REF][START_REF] Vedder | Telomere attrition and growth: a life-history framework and case study in common terns[END_REF][START_REF] Waddington | Canalization of development and the inheritance of acquired characters[END_REF]). If selection is acting in a sex-specific way, these allocation priorities will differ between males and females. As a consequence, the costs of parasitism might manifest differently in the two sexes.

Here we experimentally quantify the (sex-specific) effect of ectoparasite infestation on telomere length (TL) in a natural bird population. We show that exposure to hen fleas during growth negatively affects TL of female, but not male, great tit nestlings, demonstrating a sex-specific role of ectoparasitism in telomere dynamics.

Materials & Methods

Experimental procedures

The study was performed in a great tit population breeding in nest boxes in a forest near Bern, Switzerland (46°54′N 7°17′E/46°57′N 7°21′E). Nest boxes were visited regularly from the beginning of the breeding season onwards to determine the start of nest building and egg laying. One day after hatching, nestlings from broods with the same hatching date and a similar brood size were partially exchanged ('crossfostering'). Nestlings were marked individually by clipping down feathers, ranked in their original nest according to body mass and then alternately assigned to stay in their original nest or to be moved to the foster nest. During cross-fostering, the nesting material of all nests was heat-treated in a microwave oven to kill hen fleas naturally present in the nest [START_REF] Richner | Effect of an ectoparasite on reproduction in great tits[END_REF]. One randomly chosen nest of each cross-fostering pair was then assigned to be experimentally re-infested with 40 female and 20 male hen fleas, whereas no fleas were added to the other nest (hereafter referred to as 'uninfested') [START_REF] Richner | Effect of an ectoparasite on reproduction in great tits[END_REF]. Note that although fleas can naturally immigrate into 'deparasitized' nests, these numbers are small compared to the flea load of experimentally infested nests [START_REF] Heeb | Horizontal transmission and reproductive rates of hen fleas in great tit nests[END_REF]. This experimental design ensured that for each family, half of the siblings were exposed to ectoparasitic hen flea during growth, whereas the other half grew up in a nest with no (or very few) fleas present. The hen fleas used for the experimental re-infestation were obtained from old nests collected in the study area at the start of the breeding season. Eight days post-hatching, nestling were weighed and a small blood sample (approx. 20µl) was taken for molecular sex determination (as described in [START_REF] Tschirren | Sexual dimorphism in susceptibility to parasites and cell-mediated immunity in great tit nestlings[END_REF]) and TL analysis. Because blood was only sampled at one time point, we inferred telomere shortening by comparing nest mates and biological siblings that were randomly assigned to the two flea treatment groups, rather than based on within-individual telomere dynamics.

All procedures comply with the current laws of Switzerland and were approved by the Animal Experimentation Board of the Cantonal Veterinary Office of Berne, Berne, Switzerland (license 16/02) and the Federal Office for the Environment, Berne, Switzerland (license 2200). The municipality of Berne approved field work in their forests.

Telomere length analysis

Telomere length (TL) was quantified in whole blood of a randomly selected subset of 159 nestlings from 62 nests (39 males and 43 females from flea-free nests and 42 males and 35 females from flea-infested nests) using real-time qPCR. In short, relative individual telomere length was calculated as the ratio (T/S ratio) of the quantity of telomere repeated sequences (T) relative to the DNA quantity of a reference gene (S) (see [START_REF] Stier | Investigating how telomere dynamics, growth and life history covary along an elevation gradient in two passerine species[END_REF]) and the electronic supplementary materials ESM1 for a detailed description). Telomere measurements were standardised (z-score) for statistical analysis.

Statistical analysis

We used a linear mixed model to test for sex-specific effects of ectoparasite exposure during growth on nestling TL using the R package lme4 [START_REF] Bates | lme4: Linear mixed-effects models using S4 classes[END_REF].

Nestling sex, flea treatment and their interaction were included as fixed effects. Nest of origin and nest of growth were included as random effects to account for the nonindependence of biological siblings and nestlings growing up in the same nest, respectively. We also ran a second model, including the factors described above and body mass and the interaction between body mass and sex or flea treatment as additional factors. Significance of predictors was evaluated using Satterthwaite's degree of freedom method in lmerTest [START_REF] Kuznetsova | lmerTest Package: Tests in Linear Mixed Effects Models[END_REF]. Pairwise posthoc comparisons were performed for significant outcomes in the main models using lsmeans [START_REF] Lenth | Least-squares means: the R package lsmeans[END_REF]. All statistical analyses were performed in R version 4.0.2. (R Core Team 2017). Normality of the residuals was confirmed by visual inspection and Shapiro-Wilk test.

Results

We observed a significant interaction effect between nestling sex and experimental flea infestation on nestling TL (t = -2.05, df =130.1, P = 0.042; Fig. 1;ESM3).

Posthoc contrasts revealed that flea-exposed female nestlings (mean ± 1SD: 1.263 ± 0.277) had significantly shorter telomeres than female nestlings growing up in an uninfested (mean ± 1SD: 1.409 ± 0.326) nest (t = 2.103, df = 79.8, P = 0.039; Fig. 1), whereas the TL of male nestlings in flea-infested (mean ± 1SD: 1.189 ± 0.286) and uninfested (mean ± 1SD: 1.135 ± 0.246) nests did not differ significantly (t = -0.686, df = 67.5, P = 0.495; Fig. 1). Consequently, a significant sex difference in TL was observed in flea-free nests, with female nestlings having significantly longer telomeres than male nestlings (t = -4.194, df = 152, P < 0.001; Fig. 1), whereas in flea-infested nests no significant sex difference in TL was observed (t = -1.332, df = 152, P = 0.185; Fig. 1).

No significant association between body mass and TL was found (body mass: t = 0.90, df = 133.3, P = 0.370; sex x body mass: t = -0.55, df = 147.6, P = 0.585; flea treatment x body mass: t = -1.56, df = 106.4, P = 0.121). Furthermore, including body mass as a covariate in the model did not change the sex x flea interaction effect on TL (t = -2.01, df = 129.2, P = 0.047). Full model outputs are presented in the electronic supplementary materials ESM3.

Discussion

This study provides the first experimental evidence for a (sex-specific) role of ectoparasite infestation in telomere dynamics, adding to the growing evidence that environmental stressors accelerate telomere shortening in natural populations [START_REF] Chatelain | The association between stressors and telomeres in non-human vertebrates: a meta-analysis[END_REF].

Thus far, evidence for parasite-induced telomere attrition in wild vertebrates was limited to avian malaria host-pathogen systems, where accelerated telomere shortening in response to chronic infection was observed [START_REF] Asghar | Hidden costs of infection: Chronic malaria accelerates telomere degradation and senescence in wild birds[END_REF][START_REF] Asghar | Parallel telomere shortening in multiple body tissues owing to malaria infection[END_REF][START_REF] Karell | Pale and dark morphs of tawny owls show different patterns of telomere dynamics in relation to disease status[END_REF]. In contrast, the effect of ectoparasites on nestling telomere shortening presented here was acute, occurring after only eight days of exposure. This finding is in line with previous studies that demonstrated particularly rapid telomere shortening in response to environmental stressors during the juvenile period [START_REF] Salomons | Telomere shortening and survival in free-living corvids[END_REF]. Importantly, early life telomere length [START_REF] Eastwood | Early-life telomere length predicts lifespan and lifetime reproductive success in a wild bird[END_REF][START_REF] Van Lieshout | Individual variation in early-life telomere length and survival in a wild mammal[END_REF]) and rate of telomere attrition [START_REF] Boonekamp | Nestling telomere shortening, but not telomere length, reflects developmental stress and predicts survival in wild birds[END_REF] appear to be a particularly strong fitness predictors.

Currently it is unclear if the observed effect of hen flea exposure on host telomere shortening is caused by direct blood loss and subsequently enhanced blood cell division [START_REF] Tripet | The coevolutionary potential of a 'generalist' parasite, the hen flea Ceratophyllus gallinae[END_REF], the transfer of flea-borne pathogens [START_REF] Aivelo | Bacterial microbiota composition of a common ectoparasite of cavity-breeding birds, the Hen Flea Ceratophyllus gallinae[END_REF], or the activation of the nestlings' immune system [START_REF] Costantini | Does immune response cause oxidative stress in birds? A meta-analysis[END_REF].

The effect of ectoparasite exposure on telomere shortening was sex-specific with females showing a significantly accelerated telomere attrition when exposed to fleas, whereas no significant difference in telomere length of males in flea-infested and uninfested nests was observed. Interestingly, the opposite pattern was found in captive house mice (Mus musculus) where telomere shortening in response experimental Salmonella enterica infection was much more pronounced in males than in females [START_REF] Ilmonen | Telomere attrition due to infection[END_REF]. It is currently unclear why infection has opposite sex-specific effects on TL in the two systems (see also below).

Previously we have shown that male nestlings exposed to hen fleas are significantly smaller and lighter, whereas no significant difference in body size or mass is found in female nestlings from flea-infested and flea-free nests [START_REF] Tschirren | Sexual dimorphism in susceptibility to parasites and cell-mediated immunity in great tit nestlings[END_REF]. It suggests that costs of infection manifest in sex-specific ways, with males prioritising telomere maintenance at the expense of early life growth when exposed to ectoparasites, and vice versa in females. We would expect such sex-specific resource allocation priorities if early life telomere attrition and growth, respectively, are differentially associated with fitness in males and females. No sex-specific effect of fledging body mass or size on first year survival (i.e. local recruitment) is found in the study population [START_REF] Tschirren | Differential effects of maternal yolk androgens on male and female offspring: a role for sex-specific selection?[END_REF]. However, juvenile body mass or size might affect other fitness components in a sex-specific way, such as reproductive success.

Indeed, juvenile mass (but not adult mass) is a significant predictor of clutch size in female great tits [START_REF] Tilgar | Long-term consequences of early ontogeny in free-living Great Tits Parus major[END_REF].

Similarly, the associations between telomere length (or attrition) and fitness might be sex-specific [START_REF] Olsson | Sexual differences in telomere selection in the wild[END_REF]. Telomere length predicts local recruitment (i.e. first year survival) in great tits [START_REF] Salmon | Selective disappearance of great tits with short telomeres in urban areas[END_REF]), but it is currently unknown if this association is sex-specific. In birds, males typically live longer than females (Che-Castaldo et al. 2019), and accelerated ageing and / or a shorter lifespan might thus have more severe fitness consequences for males than for females [START_REF] Barrett | Sex differences in telomeres and lifespan[END_REF]). Yet, associations between sex, telomere length and lifespan appear to be highly taxon specific [START_REF] Barrett | Sex differences in telomeres and lifespan[END_REF][START_REF] Wilbourn | The relationship between telomere length and mortality risk in non-model vertebrate systems: a meta-analysis[END_REF], and further research is required to elucidate the causes and consequences of this taxon-specific variation.

Our results demonstrate sex difference in telomere shortening in response to ectoparasitism, but at the same time we also found an absolute sex difference in early life telomere length in the absence of infection, with females having significantly longer telomeres than males. Interestingly, sex differences in telomere length (and attrition) are found in various taxa (e.g. [START_REF] Barrett | Sex differences in telomeres and lifespan[END_REF][START_REF] Gardner | Gender and telomere length: Systematic review and meta-analysis[END_REF][START_REF] Watson | Sex differences in leucocyte telomere length in a free-living mammal[END_REF]), but we currently do not have a good understanding of the causes and consequences of sexual dimorphism in telomere length (or attrition) across species [START_REF] Barrett | Sex differences in telomeres and lifespan[END_REF].

In conclusion, our study provides the first experimental evidence for a role of ectoparasitism in telomere dynamics in a natural vertebrate population. Importantly, the consequences of ectoparasite exposure for telomere attrition was sex-specific, with TL of females being more strongly affected than TL of males. This finding contrasts previous observations of ectoparasite-induced growth reduction in male nestlings and suggests that males and females are prioritising different traits and functions when exposed to environmental stressors, such as ectoparasites (i.e. sexspecific canalization). Understanding sex-specific associations between TL and fitness within and across taxa will help to elucidate the causes and consequences of such sexual dimorphism in TL dynamics. 
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