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Human recreational activities increase worldwide in space and frequency leading to higher rates of encounter between humans and wild animals. Because wildlife often perceive humans as predators, this increase in human disturbance may have negative consequences for the individuals and also for the viability of populations. Up to now, experiments on the effects of human disturbance on wildlife have mainly focused on individual behavioral and stress-physiological reactions, on breeding success, and on survival. However, the effects on other physiological parameters and trans-generational effects remain poorly understood. We used a low-intensity experimental disturbance in the field to explore the impacts of human disturbance on telomere length in great tit (Parus major) populations and found a clear effect of disturbance on telomere length. Adult males, but not females, in disturbed plots showed shorter telomere lengths when compared to control plot. Moreover, variation in telomere length of adult great tits was reflected in the next generation, as we found a positive correlation between telomere length of the chicks and of their fathers. Given that telomere length has been linked to animal lifespan, our study highlights that activities considered to be of little concern (i.e., low levels of disturbance) can have a long-lasting impact on the physiology and survival of wild animals and their next generation.
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INTRODUCTION

Outdoor recreational activities are increasing worldwide, and areas that were previously only rarely accessed and disturbed are now being exposed to an ever-greater amount of human visitation (Balmford et al., 2009; Buckley, 2009; Hammitt et al., 2015). This increases the frequency of human-wildlife encounters, which raises concerns among researchers and conservationists about the potential consequences for wildlife. Wild animals often perceive humans as predators (Frid and Dill, 2002) and accordingly activate physiological and behavioral reactions, which may have negative consequences, such as offspring abandonment or energy loss (Cott, 1969; Weimerskirch et al., 2002; Tablado and Jenni, 2017).

Most studies investigating the impact of human disturbance on wild animals focused on the behavioral and physiological reactions to human stressors, such as flushing behavior after a human approach (Stankowich and Blumstein, 2005; Blumstein, 2006; Møller, 2010; Bötsch et al., 2018a) or levels of baseline and stress-induced glucocorticoids in animals exposed to anthropogenic disturbance (Walker et al., 2006; French et al., 2010; Bonier, 2012; Muehlenbein et al., 2012). Other studies have investigated how disturbance affects further biological parameters such as reproduction (Carney and Sydeman, 1999; Ellenberg et al., 2006; Strasser and Heath, 2013), survival (Ruhlen et al., 2003; López-Roig and Serra-Cobo, 2014; Gibson et al., 2018), or movement and habitat use (Tablado et al., 2016; Bötsch et al., 2017, 2018b; Doherty et al., 2021). Some researchers have also examined potential transgenerational effects of human disturbance transmitted via maternal hormones or antibodies to their offspring (Bertin et al., 2008; Bötsch et al., 2020). However, the impact of human disturbance on the DNA, such as on telomere length or attrition, remains still largely unexplored in wild animals (but see Angelier et al., 2018; Injaian et al., 2019).

Telomeres are highly repetitive sections of DNA that cap the ends of chromosomes in most eukaryote species and serve to maintain chromosome integrity (Blackburn, 1991), but shorten with cell replication and oxidative stress (Olovnikov, 1973; Von Zglinicki, 2002; Stewart et al., 2003). Individuals with longer telomeres for their age are generally found to have better survival prospects, both in humans (reviewed by Boonekamp et al., 2013) and other vertebrates, mainly mammals and birds (reviewed by Wilbourn et al., 2018). Explaining between and within individual variation in telomere length therefore has become an important topic in the study of life histories and can be used as an indicator of longevity.

Telomere length and accelerated telomere attrition have been previously linked to stress in human and non-human vertebrates (Monaghan, 2014; Bateson, 2016; Oliveira et al., 2016; Coimbra et al., 2017; Chatelain et al., 2020; Rentscher et al., 2020). Although the exact mechanisms underlying this link are still being studied, it appears that glucocorticoids could mediate the association between environmental stressors and telomere dynamics (Angelier et al., 2018; Casagrande et al., 2020; Powolny et al., 2020). When exposed to stressors, vertebrates react by mounting a series of behavioral and physiological stress responses, among which there is an increase in glucocorticoid secretion (Sapolsky et al., 2000; Tablado and Jenni, 2017). Glucocorticoids enhance metabolic rates and energy mobilization for coping with the stressors, and these usually result in higher oxidative stress levels leading to DNA damage and telomere shortening (Casagrande et al., 2020; Chatelain et al., 2020). Other mechanisms through which glucocorticoids have been suggested to affect telomere length include reduced antioxidant defenses through genomic effects and the modulation of telomerase activity (Kratschmar et al., 2012; Angelier et al., 2018).

Frequent encounters with humans, which often increase circulating glucocorticoids (Tablado and Jenni, 2017), could act as stressors and, therefore, are likely to have a direct impact on telomere length in wildlife. A second way in which human disturbance could affect telomere length of wild populations would be indirectly through generating stressful environments, which tend to be occupied by low-quality individuals with shorter telomeres that are displaced from better environments. Human disturbance could have thus, have both direct effects on telomere length, for example, through inducing high levels of glucocorticoids in blood (Angelier et al., 2018; Casagrande et al., 2020), and/or indirect effects, through altering settlement patterns (Bötsch et al., 2017), in that disturbed areas are used mainly by low-quality individuals with shorter telomeres. Some studies have investigated the effect of traffic noise on telomere length (Meillère et al., 2015; Injaian et al., 2019); however, to our knowledge no previous study has assessed the impact of the disturbance caused through the mere presence of humans on wildlife telomere dynamics.

The aim of this study was to experimentally test whether human recreational activities affect telomere length in wild bird populations. For this purpose, we compared telomere length of free-living adult great tits (Parus major) which had been exposed to an experimental disturbance treatment during the early breeding season with telomere length of adults hardly exposed to humans. Moreover, we examined whether potential variations in telomere length experienced by disturbed adults would be reflected in their offspring. We hypothesized that our experimental disturbance would lead to shorter telomere length in adults, through direct or indirect effects, and that these telomere length patterns would appear also in the next generation, through a correlation between telomere length in the chicks and in their parents. Given the negative association between telomere length and survival (Wilbourn et al., 2018), studies like ours are essential to understand the magnitude of the potential long-term effects of human disturbance on wildlife.



MATERIALS AND METHODS


Study Area and Experimental Design

Our study took place in the Forêt domaniale de Chaux near Dole in eastern France (47°05′N, 05°40′E) in 2015. This mixed deciduous forest covers 200 km2 and consists mainly of pedunculate oaks (Quercus robur) and European hornbeam (Carpinus betulus). We selected 12 plots of well-structured, mature forest, with large old trees, some understory and dead wood, in which no timber harvesting happened during the study period. The plots were at least 9 km from the nearest town (Dole, 23,000 inhabitants) and the frequency of human recreational activities was extremely low (primarily in autumn during mushroom collection and hunting). During our fieldwork (daily from March to June, 50 h per week) we rarely saw people off-trail within the plots (less than one person per month) and we saw approximately one person per week on the gravel roads bordering the study plots.

In February 2015 we mounted 210 nestboxes (Schwegler, B1, with 32 mm entrance diameter) for small cavity nesters (mainly tit species) in the twelve plots. As the plots had different sizes (mean 9.2 ha, range: 7.5–13 ha), we adjusted the number of nest boxes per plot, so that the nest box density per plot was approximately the same and did not exceed the natural breeding density of tits [1.9 boxes per hectare, 60 m minimal distance between neighboring boxes (Krebs, 1971)].

Each plot was divided into two halves, called split-plots, one receiving the disturbance treatment and the other serving as control. The applied treatment was a human disturbance/intrusion event applied in early spring during territory settlement of the focal birds. A group of two to three people walked through the split-plot on a regular mower-pattern (distance between walking lines 20 m), which allowed a homogenous disturbance of the entire split-plots. The direction of the mower-pattern walks was turned 90° and the starting point and time of day was varied between successive disturbance events to avoid animals getting used to the disturbance. The group carried a loudspeaker (Hama, smartphone speaker, power 3W) which continuously played human conversation (discussions, interviews, or TV-news-presentations in different languages) at an average human-conversation volume level of approximately 60 dB at 1 m distance (Byrne et al., 1994; Hacki, 1996). The goal was to mimic human outdoor recreational activities, namely hiking through forests in a small group. The plots were well separated from each other with a minimal distance of 600 m to prevent confounding effects of neighboring treatments (for more details see Bötsch et al., 2017). Each plot was bordered on one side by a gravel road (closed to the public for cars) which was at the border of the disturbed split-plot in six plots and at the border of the control split-plot in the other six plots. In each split-plot, the disturbance events lasted about 45 min and occurred one to three (mean 2.3) times per day during daytime from March 7 to April 22 (in total 105 disturbance events during 46 days in each split-plot). Afterward, the plots were only entered for nest box checks and catching of the adults. From the end of April, all 210 nestboxes were checked every second week to determine nestbox occupation. Nestboxes occupied by great tits were checked daily to determine the precise hatching date and the number of hatchlings. To minimize the risk of brood abandonment, we caught the adults at the earliest 8 days after the chicks hatched.



Sample Collection

For the telomere analysis of the adult great tits we used the red blood cells (erythrocytes) from a small blood sample (sampling technique see below), whereas for the chicks some growing body feathers were used. Note that telomere lengths in feathers and blood has been previously shown to be correlated (Kärkkäinen et al., 2020). When the chicks were at least 8 days old, we started to catch adults while they were feeding their chicks by closing the entrance hole of the nestbox manually from the outside. Adults were quickly taken out of the box to take a first blood sample within 3 min after closing the entrance hole. This allowed determining baseline corticosterone levels, as corticosterone increases quickly after 3 min (Romero and Romero, 2002). The blood sample (up to 30 μl) was taken by vein puncturing with a 0.3 mm needle and the effluent blood was collected with a heparinized capillary and stored in Eppendorf tubes in the cool. Blood samples were centrifuged in the field for 5 min at 8,000 rpm (Hettich, EBA 3S) and plasma and cells were stored separately in liquid nitrogen or deep freezers (−20°C) until analysis. We measured the bird’s tarsus length, weighed, and sexed them according to plumage characters (adults only). All birds were ringed with the official French aluminum rings (C.R.B.P.O., Centre de Recherches sur la Biologie des Populations d’Oiseaux). To measure the reactivity of the hypothalamic–pituitary–adrenal axis (HPA) with a standardized capture and handling protocol (Wingfield et al., 1994), the birds were kept in a cloth bag and a second blood sample was taken on the other wing 30 min after capture (stress-induced corticosterone level).

Nestlings were weighed and ringed when they were about 14 days old (13–15 days). The number of ringed nestlings per brood at this age reflects the number of fledglings, because nestling mortality during the last days in the nest is very low (Linden et al., 1992; Oddie, 2000). For genetic sexing and the telomere analysis, a few small feathers from the underside were plucked and stored in Eppendorf tubes, immediately frozen and then stored in liquid nitrogen or deep freezers (−20°C) until analysis.

From a total of 140 great tit broods in the 12 plots, we selected 10 first broods from control split-plots and 10 first broods from disturbed split-plots. Of these 20 broods, we had obtained both blood samples (one for baseline and one for stress-level corticosterone measures) from both adults. On average 9.7 chicks per brood fledged from these 20 broods. Due to financial constraints we had to randomly select six chicks from each brood for the telomere analysis.

The study was approved by the local authorities and the French ringing scheme C.R.B.P.O. (permit number 2014157-0012 of the Direction Régionale de l’Environnement, de l’Aménagement et du Logement de Franche-Comté and permit number 15006 for 2014–2016 from the C.R.B.P.O., for details see also Bötsch et al., 2017).



Laboratory Analyses: Telomere Length, Genetic Sexing, and Corticosterone

Telomere length was measured in DNA extracted (2.5 years after sample collection) either from red blood cells in adults [applying the Nucleospin Blood Quickpure kit (Macherey-Nagel, Düren, Germany to stress-level blood samples)] or from feathers in chicks [using the Nucleospin tissue kit (Macherey Nagel, Düren, Germany)] with a quantitative real-time amplification (qPCR) previously used in birds (Criscuolo et al., 2009). The qPCR were done immediately after DNA extraction using a Bio-Rad CFX384 system (Biorad Hercules, United States). Previous to qPCR analyses, DNA quantity and quality were assessed based on spectrophotometer absorbance (Nanodrop 1000 Thermo Scientific, ratios A260/A280 and A260/A230) and gel-migration. The qPCR telomere measurement produces a relative telomere length expressed as the T/S ratio between telomere (T) and control genomic sequence (S) amplifications. T and S values were calculated following (Pfaffl, 2001), based on the number of amplification cycles of each sequence, controlled for the efficiencies of each reaction. Individual T/S ratios are expressed relatively to a randomly chosen individual, for which the value is set at 1 (golden sample). We used the P. major (great tit) EGR1 (ZENK), early growth response 1 gene (Gene ID: 107210829) as a control gene, with the primers ZENK1: (5′-TACATGTGCCATGGTTTTGC-3′) and ZENK2: (5′-AAGTGCTGCTCCCAAAGAAG-3′). The primers used for the telomere sequence amplification were: Tel1b (5′-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′) andTel2b (5′-GGCTTGCCTTACCCTTACCCTTACCCTT ACCCTTACCCT-3′). Both qPCR (control gene and telomere) was performed in a total volume of 10 μL. Primer concentrations in the final mix were 100 nM for telomere and 500 nM for the control gene. We used 2 ng DNA per reaction and GoTaq qPCR mix (Promega, Madison, WI, United States). All samples were measured in one run of qPCR, containing one plate for the telomere sequence amplification and one plate for the ZENK gene amplification. Real-time amplification of TL and Zenk sequences was performed in separate 384 well plates filled by a calibrated automated liquid handling workstation (Epmotion, Eppendorf, Montesson, France). All samples were run in duplicates. We run all chick and adult samples on the same plate. We choose randomly one sample among the chicks (MES 74,10) and one sample among the adults (Mes 180575) for golden samples. For each tissue type (blood = adults or feather = chicks), a serial dilution was carried out to evaluate the efficiency (E) of the qPCR reaction. For adults ES = 100.2%, r2 = 0.976 and ET = 99.3%, r2 = 0.982 and for chicks ES = 100%, r2 = 0.997 and ET = 99.7%, r2 = 0.982. The reaction conditions were: 95°C for 2 min – followed by 30 (telomere) or 40 (control) cycles of 95°C for 15 s, 56°C for 30 s, and 72°C for 90 s. All amplifications ended by a dissociation curve analysis to check for unspecific signals. Intra-run coefficients of variation for chicks were 1.07 ± 0.12% (Cq S), 1.69 ± 0.13% (Cq T), and 10.40 ± 1.00% (T/S ratio) and intra-run coefficients of variation for adults were 1.03 ± 0.1% (Cq S), 0.95 ± 0.14% (Cq T), and 7.13 ± 0.95 (T/S ratio). Following Lindrose et al. (2021), we also calculate the intra-class correlation (ICC) to assess repeatability of T/S ratio, which was of 0,785 (chicks) and 0,899 (adults). Sex determination was also done on DNA extracted, following an adapted method from Griffiths et al. (1998).

With the following enzyme immunoassay (EIA) the corticosterone concentrations of all the samples (in triplicates for 5 μl plasma, or duplicates if less than 5 μl plasma were available) were determined (Munro and Stabenfeldt, 1984; Müller et al., 2006). The sample was diluted in 195 μl of water and corticosterone was extracted from this solution with 4 ml dichloromethane and after evaporation re-dissolved with 200 μl phosphate-buffer. The anti-corticosterone antibody (Chemicon International, AB1297) was diluted with the coating buffer to the final dilution of 1:8,000. HRP (horseradish peroxidase) conjugated to corticosterone at a final dilution of 1:400,000 served for labeling the enzyme, while ABTS [2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)] was the substrate. A standard curve ran in parallel on each plate was used for calculating the corticosterone concentrations in the samples. For an internal control a chicken plasma sample with known corticosterone concentrations (was ran in duplicate on each plate). Intra-assay variation was 4.5% and inter-assay variation 5.4%. The detection (quantitation) threshold was at 0.026 ng ml–1, if a measure was under the threshold we re-measured the sample and diluted it less strongly to reach the detection limit. From the triplicate/duplicate measures the mean was computed for further analysis.



Statistical Analyses

With the aim of investigating the effect of human disturbance on adult telomere length we applied a linear mixed model (LMM) to test for the effect of experimental disturbance (treatment: disturbed vs control split-plots) on adult T/S ratio, which followed a normal distribution. We also accounted for the effect of sex (as main effect and in interaction with treatment), other stressors (i.e., presence/absence of a gravel road bordering the split-plot) and timing of reproduction (expressed as hatching date). We were not able to account for the effect of adult age, because age was not available for all adults.
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FIGURE 1. Effect of disturbance and sex on adult telomere length (T/S ratio). Represented are the posterior means ± 95% CrI (N = 40). Posterior probabilities (PP; from 0.5 to 1) indicate the support for a true difference between the two factor levels.


In a second step, we explored some of the potential mechanisms through which the stress caused by experimental disturbance could have influenced telomere length. For this purpose, we performed additional LMMs to examine how disturbed and control split-plots differed in number of hatchlings produced, adult body condition [calculated as the Scaled Mass Index (SMI; Peig and Green, 2009) using body mass and tarsus length], and in adults baseline levels of corticosterone (i.e., baseline corticosterone) and in the stress-induced adrenocortical response (i.e., stress corticosterone levels). As response variables for those four models we used the number of hatchlings per nest, adult body condition, baseline corticosterone (log-transformed), and stress-induced levels of corticosterone. As explanatory variables we included treatment alone and in interaction with sex, presence/absence of road, and chickage (i.e., age of the nestlings). In the model investigating the determinants of number of hatchlings, we were not able to include sex, since there is only one value per breeding pair, and chickage was replaced by hatching date. In the models referring to corticosterone levels we also accounted for sampling time (seconds after capture of birds) as linear term in the case of baseline corticosterone and both as linear and quadratic form in the case of stress-induced corticosterone to control for the point of the stress-response curve in which the samples were taken.

Finally, after investigating the impact of disturbance on adult telomere length and the potential mechanisms underlying this effect, we investigated the link between telomere length of the adults and of their nestlings. We thus performed a LMM with nestling telomere length (i.e., log-transformed nestling T/S ratio) as response variable and tested for the effect of fathers’ telomere length (father T/S ratio) and mothers’ telomere length (mother T/S ratio). As explanatory variables, we also accounted for other potentially effects such as that of number of hatchlings, nestling sex, hatching date, and nestling body condition (calculated in the same way as adult body condition).

In all aforementioned models we accounted for the potential non-independence of the data within plots and nest boxes by including plot-ID and nest-box-ID as random factors. The only exception was the model where we tested the effect of disturbance on the number of hatchlings, in which there was no need to include nest-box-ID as random term since there is only one value per nest. All analyses were done using the “lme4” package (Bates et al., 2014) in R v. 3.6.0 (R Core Team, 2019) using a Bayesian framework. Parameter estimates (and their 95% credible intervals; CrI) were calculated by simulating random samples (n = 10,000) from the joint posterior distribution of the model parameters using the function sim from the R-package arm (Gelman and Su, 2015). In order to assess the impact of the explanatory variables we calculated the posterior probability (PP) of the hypotheses that these explanatory variables had either a positive or a negative influence on the response variables, based on the posterior distributions of the model parameters. The higher the probability (from 0.5 to 1), the stronger the support for a given effect. For the categorical variables treatment, sex and road, we calculated the PP of the hypotheses that there were differences between disturbed and control treatment, between females and males, and between split-plots with or without bordering gavel road, respectively. The larger the PPs (0.5 to 1), the greater the support for the difference between categories.




RESULTS

We found an effect of experimental disturbance on adult telomere length, although it varied according to sex. While the probability that telomeres are shorter in disturbed than in control plots is 0.94 for males, there is only a low probability (0.66) that female telomere lengths differs between treatments (Figure 1 and Table 1). Adult telomere length was neither related to the presence of a gravel road bordering the split-plot nor to hatching date (Table 1).


TABLE 1. Parameter estimates and corresponding 95% credible intervals (CrI) of the model examining the effect of experimental disturbance, sex, presence of gravel road, and hatching date on adult telomere length (N = 40).
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When comparing parameters between disturbed and control split-plots that could hint on the potential underlying mechanisms through which disturbance leads to differences in telomere length, we observed that the number of hatchlings and body condition of the adults were lower in disturbed split-plots than in control split-plots, after controlling for the presence of a gravel road, and hatching date or chick age, respectively (Figures 2A,B and Table 2). We also found that baseline corticosterone was higher in males in disturbed split-plots compared to control split-plots, whereas there was no difference in females (Figure 2C and Table 2). On the other hand, there was no association between disturbance and stress-induced corticosterone levels in either sex (Figure 2D and Table 2).
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FIGURE 2. Comparison of number of hatchlings (A), adult body condition (B), adult baseline corticosterone (C), and stress-induced corticosterone (D) between split-plots with or without experimental disturbance. Values correspond to posterior means ± 95% CrI (N = 40, except for number of hatchlings, where N = 20). Posterior probabilities (PP; from 0.5 to 1) represent the likelihood that the differences between factor levels are true.



TABLE 2. Factors related to number of hatchlings (A), adult body condition (B), adult baseline corticosterone (C), and adult stress-induced corticosterone (D).
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Finally, the exploration of the correlation between parental telomere length and nestling telomere length, revealed that nestling telomere length was positively related to father telomere length, whereas there was a weaker support for a correlation between nestling telomere length and mother telomere length (Figures 3A,B and Table 3). There seems to be also a relationship between chick telomere length and number of hatchlings and hatching date. Chick telomere length decreased with increasing number of siblings (Figure 3C and Table 3) and was longer at later hatching dates (Figure 3D and Table 3).
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FIGURE 3. Nestling telomere length (T/S) in relation to father (A) and mother (B) telomere length (T/S), to number of hatchlings (C), and to hatching date (D). Represented are posterior means ± 95% CrI (N = 116). Dots refer to the raw data averaged by nest. Posterior probabilities (PP; from 0.5 to 1) indicate the likelihood that the relationships observed are real.



TABLE 3. Model estimates and corresponding 95% credible intervals (CrI) of the model investigating the relationship between father and mother telomere length and nestling telomere length, while accounting for other covariates (N = 116).
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DISCUSSION

Our findings suggest that human presence can indeed lead to shorter telomere lengths in wildlife. We found that adult male great tits exposed to an experimental human disturbance (i.e., mimicking hikers) tended to have shorter telomere length than adult males in control split-plots, although a similar effect for females was not detectable. This coincides with previous studies showing how stressors, whether natural (predators and food scarcity) or anthropogenic (noise, light pollution, and proximity of roads) promote telomere attrition, thus resulting in telomere length reductions (Salmón et al., 2016; Injaian et al., 2019; Chatelain et al., 2020; Grunst A. et al., 2020; Grunst M.L. et al., 2020; Caccavo et al., 2021).

The mechanisms through which our experimental disturbance led to shorter telomere lengths could be several, entailing both direct and indirect effects, which are not mutually exclusive. The mere presence of humans, which wild animals often perceive as predators (Frid and Dill, 2002), may lead to increases in circulating corticosterone (Müller et al., 2006; Strasser and Heath, 2013; Soldatini et al., 2015), which is directly linked to increased oxidative stress (both through exacerbation of free radical production and decrease of enzymatic antioxidant capacity) and to reduced telomerase activity (Liu and Mori, 1999; Choi et al., 2008; Costantini et al., 2008; Haussmann and Marchetto, 2010). All of this leads, therefore, to higher telomere attrition and shorter telomere lengths (Casagrande et al., 2020; Chatelain et al., 2020). This is supported by the higher levels of baseline corticosterone we found in males in disturbed split-plots compared to males in control sites. Along the same line, the repeated exposure to human disturbance may be the cause of the lower body condition shown by adult great tits in the disturbed split-plots; body mass/condition has also been previously associated to decreased telomere lengths (Barrett et al., 2013; Rollings et al., 2017).

Indirect effects of disturbance could also play a role in determining the telomere length patterns. Given that the experimental disturbance took place early in the breeding season (i.e., during territory settlement and egg-laying), our treatment could have had an influence in the quality of the males occupying disturbed vs undisturbed split-plots. If disturbed split-plots had been occupied mainly by low quality individuals and/or less experienced great tits, which could not compete with higher quality adults for the undisturbed sites, this would result in a non-random territory settlement, which could also, at least partially, explain the lower body condition, higher baseline levels and shorter telomere lengths found in males from disturbed split-plots. This explanation is supported by previous studies that have shown that even low-intensity human disturbance may affect bird territory settlement (Bötsch et al., 2017, 2018b).

We found that disturbed split-plots were occupied more often by first-year breeders (birds in their second calendar year) than older birds (15 vs 2; that is, 8 females and 7 males vs 1 female and 1 male older breeders; plus 3 of undetermined age). In contrast, undisturbed split-plots were occupied equally by the two age classes: 7 vs 7 (i.e., 5 female and 2 male first-year breeders vs 3 female and 4 male older breeders; plus 6 individuals of undetermined age). Because telomere length generally decreases with age (Hall et al., 2004; Monaghan and Haussmann, 2006), the shorter telomere length of males in disturbed split-plots cannot readily be explained by the higher proportion of first-breeders.

Our results also show a lower number of hatchlings per nest in disturbed than in control split-plots. This could again be explained by both direct and indirect effects. Our experimental disturbance, which lasted until the egg-laying period could have resulted in stressed mothers laying lower-quality eggs and in interruptions during incubation, both negatively associated to number of hatchlings (Blomqvist et al., 1997; Krist, 2011). Indirect effects would involve disturbance leading to settlement of lower quality adults in the disturbed split-plots, which produce less or lower quality eggs, which in turn results also in a lower number of hatchlings (Coulson and Porter, 1985; Kärkkäinen et al., 2019). Independently of the mechanism through which human disturbance might have led to lower number of hatchlings, the smaller brood sizes in the disturbed split-plots, which may translate into lower parental effort and stress during the chick-rearing phase (Smith et al., 1988; Bonier et al., 2011), might have helped buffering the negative effects of the disturbance itself in adult females. This could at least partially explain why the effect of disturbance on telomere length is higher in males than females. Another complementary explanation for this sex-specific response of telomere length to disturbance would be the fact that females have higher amounts of antioxidants, especially during the breeding period, and therefore can be more resistant than males to oxidative damage and telomere shortening, as has been shown in some birds and mammals (López-Arrabé et al., 2018; Viblanc et al., 2018).

Additionally, we observed that variations in telomere length of adult great tits were reflected in the next generation as we found a positive correlation between telomere length of the chicks and their fathers. This agrees with recent studies showing that telomere length is highly heritable in wild bird populations (Vedder et al., 2021). Interestingly, we did not find enough support for a correlation between telomere length of chicks and mothers, which agrees with some previous research suggesting that telomere length of nestlings might be paternally inherited [Criscuolo et al., 2017; Bouwhuis et al., 2018; although see for example, Horn et al. (2011) and Asghar et al. (2015)]. Cross-fostering experiments would be necessary to separate the genetic, epigenetic and environmental components of the correlation between chick’s and parents’ telomere length (Soler et al., 2003; McCarty, 2017).

Finally, telomere length of the chicks was negatively correlated with brood size (i.e., number of hatchlings), probably reflecting the negative influence that competition with nest-mates over resources has on nestlings’ oxidative stress and telomere length (Boonekamp et al., 2014; Reichert et al., 2015; Costanzo et al., 2016). Telomere length of chicks also correlated with hatching date, with nestlings hatched from later broods having longer telomere lengths, when compared to earlier hatching broods. This is likely a consequence of earlier broods overlapping more with the experimental disturbance, which ended on the 22nd of April, than later broods (i.e., hatching dates ranging from the 22nd of April until the 9th of May).



CONCLUSION

In conclusion, even though our study does not allow disentangling direct from indirect effects of disturbance, it still highlights how even low levels of disturbance, such as small groups of hikers, may have an impact on telomere length of wild animal populations and their next generations. Moreover, given the association between telomere length and lifespan and survival (Heidinger et al., 2012; Tricola et al., 2017; Wilbourn et al., 2018; Vedder et al., 2021), disturbance-driven changes in telomere length could thus have important long-term consequences at the population level (Dupoué et al., 2017). Therefore, management measures such as restrictions guiding outdoor recreational activities and the creation of protected core areas without human access are essential for the long-term conservation of biodiversity.
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Posterior probabilities (PP; from 0.5 to —1) represent the strength of the support

for a given effect.

“/” indlicates reference category (included in the intercept).

Random factors = plot-ID + nest-box-ID.
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(A) Number of hatchlings (N = 20)

(B) Adult body condition (SMI) (N = 40)

Effects Posterior mean Crl 95% PP Posterior mean Crl 95% PP
Intercept —11.90 —31.02; 7.53 0.539 0.473; 0.608
Treatment 0.99 Figure 2
Control / / / /
Disturbed —1.473 —2.723; —0.224 —0.013 —0.036; 0.010
Sex (adults) Figure 2
Female n/a / /
Male n/a 0.012 —0.036; 0.010
Disturbed x male n/a 0.003 —0.029; 0.035
Road 0.75 0.74
Absence / y / /
Presence —0.438 —1.782; 0.889 —0.005 —0.021; 0.011
Hatching date 0.186 0.024; 0.346 0.99 n/a
Chickage n/a 0.001 —0.006; 0.007 0.57
(C) Log(adult baseline corticosterone)(N = 40) (D) Log(adult stress corticosterone)(N = 40)
Intercept 0.158 —1.598; 1.888 —11.335 —47.930; 24.571
Treatment Figure 2 Figure 2
Control / ¥ / /
Disturbed —0.133 —0.635; 0.359 0.094 —0.629; 0.792
Sex (adults) Figure 2 Figure 2
Female / f / /
Male —0.152 —0.593; 0.295 0.320 —0.389; 1.021
Disturbed x male 0.429 —0.204; 1.057 —0.198 —1.185; 0.840
Road 0.87 0.85
Absence / / / /
Presence 0.219 —0.164; 0.614 0.276 —0.249; 0.806
Chickage 0.079 —0.078; 0.233 0.84 —0.051 —0.261; 0.160 0.69
Sampling time 0.007 0.000; 0.015 0.97 0.015 —0.020; 0.049 0.80
Sampling time? n/a —3.0e—06 —1.2e—05; 5.0e—06 0.79

Values shown correspond to model estimates with 95% credible intervals (Crl). Posterior probabilities (PP; from 0.5 to —1) indicate the likelihood that an

effect/difference is true.

“/” indlicates reference category (included in the intercept).
Random factors = plot-ID + nest-box-ID (the latter not being necessary in model investigating number of hatchlings).
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Effects Posterior mean
Intercept 0.968
Treatment
Control /
Disturbed 0.061
Sex (adults)
Female /
Male 0.044
Disturbed x male —0.293
Road
Absence /
Presence 0.010
Hatching date 0.001

Crl 95%

—2.751; 4.573

/
—0.233; 0.351

/
—0.188; 0.279
—0.623; 0.030

/
—0.253; 0.269
—0.029; 0.032

PP

Figure 1

Figure 1

0.53

The higher the posterior probabilities (PP; from 0.5 to —1), the stronger the support

for a given effect.

“/” indlicates reference category (included in the intercept).

Random factors = plot-ID + nest-box-ID.
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