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Abstract

When vertebrates face stressful events, the hypothalamic–pituitary–adrenal (HPA) axis is activated,

generating a rapid increase in circulating glucocorticoid (GC) stress hormones followed by a return

to baseline levels. However, repeated activation of HPA axis may lead to increase in oxidative

stress. One target of oxidative stress is telomeres, nucleoprotein complexes at the end of chromo-

somes that shorten at each cell division. The susceptibility of telomeres to oxidizing molecules has

led to the hypothesis that increased GC levels boost telomere shortening, but studies on this link

are scanty. We studied if, in barn swallows Hirundo rustica, changes in adult erythrocyte telomere

length between 2 consecutive breeding seasons are related to corticosterone (CORT) (the main

avian GC) stress response induced by a standard capture-restraint protocol. Within-individual telo-

mere length did not significantly change between consecutive breeding seasons. Second-year indi-

viduals showed the highest increase in circulating CORT concentrations following restraint.

Moreover, we found a decline in female stress response along the breeding season. In addition,

telomere shortening covaried with the stress response: a delayed activation of the negative feed-

back loop terminating the stress response was associated with greater telomere attrition. Hence,

among-individual variation in stress response may affect telomere dynamics.
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Organisms are adapted to face predictable and unpredictable events

with different physiological and behavioral responses. Endocrine

regulatory systems have evolved to mediate slow and long-term

physiological changes related to predictable, demanding transitions

between life history stages. In addition, hormones are involved in

the rapid response to occasional short-term stressors and in the

maintenance of allostasis (Goymann and Wingfield 2004; McEwen

2010). An adequate physiological response to stressors is essential

for survival in life-threatening situations or sudden environmental

challenges. In vertebrates, the endocrine stress response is mainly

mediated by the activation of the hypothalamic–pituitary–adrenal

(HPA) axis (Sapolsky et al. 2000). Exposure to a source of stress is
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accompanied by a rapid increase in the synthesis of glucocorticoids

(GCs), resulting in a temporary inhibition of some body functions

such as digestion, reproduction, immune response, and pain percep-

tion, and in a stimulation of essential ones such as energy mobiliza-

tion, cognitive capacity, and cardiovascular tone (Sapolsky et al.

2000; McEwen 2010). The termination of the response to a stressful

condition typically results in the activation of a GC-mediated nega-

tive feedback loop and in the subsequent return of GC to baseline

levels. However, a prolonged or repeated exposure to stressors can

result in chronic stress (Dickens and Romero 2013). In turn, this

may lead to an increase of baseline GC levels, an increase in the in-

tensity of the hormonal response to acute stressors, and an altered

recovery dynamic of GC levels after the acute stress response

(McEwen 1998).

In general, relatively high stress-induced GC levels potentially

shift allostatic load to overload (McEwen and Wingfield 2003;

Romero et al. 2009), with multiple physiological consequences,

including increased metabolism (Jimeno et al. 2018). Increased me-

tabolism, in turn, may lead to an overproduction of oxidizing react-

ive oxygen species (Finkel and Holbrook 2000), although the link

between oxidative stress and metabolic rate has been questioned by

some authors (Speakman and Garratt 2014; Alonso-Alvarez et al.

2017). If not balanced by antioxidant mechanisms, reactive oxygen

species can damage biological molecules, including DNA, lipids,

and proteins (Falnes et al. 2007). A potentially sensitive target for

pro-oxidant molecules are telomeres, repeated DNA sequences rich

in guanine that are particularly vulnerable to damaging strand

breaks (Chatelain et al. 2020). Terminal telomeres are noncoding

nucleoprotein complexes located at the end of eukaryotic chromo-

somes, where they mainly accomplish the function of stabilizing gen-

omic material and preventing chromosome end fusion (Palm and de

Lange 2008). In normal somatic cells, telomeres shorten at each cell

division until a lower threshold length is reached; the cell then enters

replication senescence or undergoes apoptosis (Blackburn 1991).

Telomere attrition is thus part of physiological aging, which may be

accompanied by progressive organismal loss of function (Monaghan

and Haussmann 2006). However, the rate at which telomeres short-

en depends on a number of extrinsic factors. These may include so-

cial environment (Costanzo et al. 2017), nutritional conditions

(Young et al. 2017), environmental factors such as traffic noise

(Injaian et al. 2019), and exposure to elevated GC levels

(Haussmann et al. 2012; Herborn et al. 2014). In addition, telomere

attrition does not proceed at a stable rate across life stages; in birds

for example telomere shortening can be more pronounced in early

life (Parolini et al. 2015, 2019) compared with adulthood (Hall

et al. 2004; Pauliny et al. 2012).

The effects of GC on the production of pro-oxidants combined

with the susceptibility of telomere dynamics to the action of oxidizing

molecules have led to the hypothesis that increased GC levels can

boost telomere shortening (Haussmann and Marchetto 2010;

Monaghan 2014; Haussmann and Heidinger 2015; Bateson 2016;

Angelier et al. 2018). Accordingly, negative covariation between the

circulating concentration of the main avian GC, corticosterone

(CORT), and telomere length has been observed in studies on nestlings

during the pre-independence period and in adult birds (Angelier et al.

2018, but see Cerchiara et al. 2017). Most of the studies carried out so

far have focused on baseline CORT levels, thus whether telomere dy-

namics can be associated to the responsiveness of the HPA axis during

acute stress remains to be addressed (Angelier et al. 2018).

In this study, we investigated whether in adult barn swallows

Hirundo rustica telomere length decreased from 1 year to the

following one. This analysis was not confounded by selective mor-

tality since the same individuals were assayed in consecutive years.

Moreover, in the second year, we analyzed the CORT stress re-

sponse to a standard capture-restraint protocol, likely simulating

predation (Wingfield and Ramenofsky 1999; Jones et al. 2016;

Costanzo et al. 2018). Since inter-individual responses to stressful

events may greatly vary in timing and intensity among individuals,

we characterized the time course of the stress-induced CORT re-

sponse by determining circulating CORT at 0 (baseline), 20, and

30 min after capture. Finally, we tested if CORT concentrations in

the second year explained change in telomere length between the

first and second year. Individuals with higher baseline and stress-

induced CORT were predicted to have a larger decline in telomere

between years. Studies of temporal consistency in stress response in

other bird species showed repeatability levels of R¼0.16 for base-

line and R¼0.32 for stress-induced CORT concentration

(Schoenemann and Bonier 2018). In the barn swallow, the only

study that investigated CORT levels repeatability was conducted

within 1 breeding season and showed a repeatability of R¼0.48 for

baseline and R¼0.57 for stress-induced CORT levels (Vitousek

et al. 2017). Therefore, despite a large fraction of individual vari-

ation in CORT concentration remains unexplained, our analyses are

based on the assumption that individuals may maintain similar pat-

terns of stress responses across their lifetime.

Materials and Methods

Animal handling
We studied barn swallows at 8 colonies located close to Milan

(Northern Italy) in 2017 (mean sampling date ¼ May 22 [10.3 d

SD]) and 2018 (mean sampling date ¼ June 1 [9.7 d SD]). In 2017,

we captured (using mist-nets), sexed, and individually marked all

breeding adults; in addition, a blood sample was collected for

telomere length analyses. In 2018, we focused our attention only

on returning individuals that had already been sampled in 2017

(see Supplementary Material S1 for sample sizes). Since barn swal-

lows of our study population have extremely high breeding philo-

patry (Møller 1994), we can assume that all the individuals which

had not been already caught in the year preceding the experiments

(2016) were 1-year-old individuals at their first breeding season.

Thanks to our annual ringing activity at these colonies, we could

therefore assess the age of all breeding individuals. However, due to

a local annual mortality of 0.6–0.7 (Møller and De Lope 1999), the

number of individuals older than 3 years of age in 2018 was low.

Thus, we classified individuals in the following 3 age classes: class 1

(individuals of 1 year of age in 2017), 2 (individuals of 2 years of age

in 2017), and 3 (individuals of 3 or more years of age in 2017).

In 2018, 75 recaptured individuals were subjected to a standard

capture-restraint protocol (Wingfield and Ramenofsky 1999). We

decided against a design with the stress protocol in the first year be-

cause this design would have required enlarging the sample to more

than 200 birds in order to obtain enough recaptures the following

year. At our study sites, birds spend the night inside the farms where

they nest. Before dawn, we placed mist-nets at all the exits and we

caught the birds as they left their colonies between 4:00 and 6:00

AM. This way, we could trap all the individuals soon after they had

resumed their activities and presumably before they had encoun-

tered any other stressor. We took a blood sample within 3 min after

capture to determine baseline CORT levels (see Romero and Reed

2005). Birds were then placed into a cloth bag until a second and

a third blood sample was taken at 20 and 30 min after capture
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(C20 and C30, respectively) to measure stress-induced CORT levels.

The C30 sample could be collected only from 25 out of the 75

sampled birds and comprised only 1 female of age class 3; therefore,

we excluded this data point from further analysis and the finale

sample size for C30 was 24 (see Supplementary Material S1 for sam-

ple sizes).

Blood samples were collected by puncturing the brachial vein

and collecting blood (ca. 60mL) in heparinized capillary tubes. Upon

capture, females were inspected for brood patch to obtain a proxy

of the breeding stage. For the capture-restraint protocol, we used

only females with incubation patches that could be unambiguously

attributed either to the egg incubation stage (brood patch completely

featherless, breast muscle not visible because of opaque skin, and

broad wrinkles) or the nestling stage (brood patch featherless, breast

muscle visible, and markedly thinner wrinkles) (own personal obser-

vation), indicative of females that were actively reproducing. Blood

samples were kept on ice and then centrifuged within 12 h after col-

lection in order to separate plasma (used for CORT analyses) from

red blood cells (used for telomere length analyses) and finally stored

at �80�C until laboratory analyses.

Telomere length analyses
Genomic DNA was extracted starting from 5 to 10mL of red blood

cells using the Wizard DNA extraction kit (Promega, WI, USA). The

amount and purity of the extracted DNA were measured using a

Nanophotometer (IMPLEN). Telomere length was measured by

monochrome multiplex quantitative PCR method (MMQPCR)

(Cawthon 2009) on an iQ5 real-time PCR detection system

(BioRad). According to this method, telomere length was measured

as the ratio (T/S) between the amount of telomeric repeats (T) and

the amount of a single-copy gene, CTCF (S), relative to a reference

sample, and expressed as relative telomere length (RTL). Full meth-

odological details of RTL measurement in the barn swallow are

reported in Parolini et al. (2015). All reactions were run in triplicate.

Samples were randomly assigned to the plates. Two samples were

replicated in each plate to assess repeatability of telomere measure-

ments. The mean intra- and inter-plate coefficient of variation

(6SD) of RTL measures was 2.8 6 2.3% and 2.3 6 1.6%,

respectively.

CORT assay
We used a commercially available CORT 125I radioimmunoassay

kit (catalog no. 07-120102; MP Biomedicals, Solon, OH, USA) to

quantify plasma levels of total CORT. We followed the protocol of

the manufacturer with modifications as described in Washburn and

Millspaugh (2002). Briefly, the volume of all reagents was halved,

and the dilution of the samples was 1:50 instead of 1:200.

Furthermore, the standard curve was extended of 2 points below the

lowest concentration to increase sensitivity. This assay has been vali-

dated and used for a number of avian species (Soldatini et al. 2015;

Huber et al. 2017). All samples were analyzed in duplicate in a total

of 10 assays. The inter- and intra-assay coefficients of variation

were below 6% and 10%, respectively.

Statistical analyses
A linear mixed model (LMM) was used to investigate the change of

RTL between 2017 and 2018 with the bird ID as a random grouping

factor and the fixed effects of sex, age class, year of sampling to-

gether with all two-way interactions. The same approach was used

to investigate the effects of the capture-restraint protocol on baseline

C0, C20, and C30 CORT concentrations by including the fixed

effects of sex, age class, sampling date, sampling time, and all the

two-way interactions. Pearson’s correlation tests were performed to

investigate the covariation between time of day when blood sam-

plings were performed and CORT levels. In addition, to test the

three-way interaction effects of sex, sampling time, and sampling

date, we fitted a separate LMM to the C0 and C20 data only (which

were available for all individuals). To investigate the effects of fe-

male breeding stage (two-level factor indicating either incubation or

nestling stage) on CORT concentrations, we fitted a LMM that

included only females and tested additionally the fixed effects of age

class, sampling date, sampling time, together with all the two-way

interactions. Breeding stage and sampling date could be simultan-

eously included in the analyses because they were only weakly asso-

ciated (binomial generalized linear model of breeding stage in

relation to sampling date: z¼0.24, P¼0.81). The effects of sex, age

class, sampling date, year, and CORT response (C0, C20, C30 levels;

change in CORT concentrations between C0 and C20; change in

CORT concentrations between C20 and C30), and the interaction be-

tween year and CORT response on change in RTL were investigated

by LMMs, including bird ID as a random grouping factor. In add-

ition, the same approach was applied to investigate whether change

in RTL could be predicted by the integral of CORT concentration

from baseline to C30 (area under the curve, AUCI), computed

according to Pruessner et al. (2003) as area under the curve with re-

spect to the baseline CORT concentration. In order to avoid the risk

of inflating type-I error rate, two- and three-way interaction effects

were included in the analyses only when an a priori hypotheses

existed (Whittingham et al. 2006). Tukey’s post-hoc tests were used

to evaluate pairwise differences between levels of statistically signifi-

cant factors. Since the number of observations for age classes 2 and

3 was low, we re-ran all the analyses pooling individuals of age class

2 and 3 and considering age as a two-level factor (age 1 versus

older); the results were qualitatively unchanged (details not shown

for brevity), so we reported in the main text only the analyses con-

sidering age as a three-level factor. All the analyses were run using R

3.5.2 statistical package (R Core Team 2018). LMMs were fitted

using the lmer function from the lme4 (Bates et al. 2015) and the

lmerTest package (Kuznetsova et al. 2017).

Results

Annual variation in RTL
Forty out of the 68 individuals (58.8%) for which RTL was meas-

ured in 2017 and 2018 showed a decline in RTL with age, whereas

change in RTL was positive for the remaining individuals. A non-

significant trend for a decrease in RTL between the 2 years was

found (mean RTL in 2017: 1.02 [0.07 SD]; 2018: 1.00 [0.07]; F1,64

¼ 2.29, P¼0.14), and no significant effects of sex, age class, or their

interaction on change in RTL emerged (F1,62 � 2.14, P�0.15).

Variation in CORT concentrations
Individuals showed a classical stress response following a restraint

(Table 1) with low baseline CORT levels [C0, mean 6 SE (ng/mL):

34 6 19.2] and an increase of CORT concentrations after 20 (C20:

73 6 32.8) and 30 (C30: 73 6 31.5) min of restraint (Tukey’s post

hoc test: C0–C20: t89.2 ¼ 10.10, P<0.001; C0–C30: t112.9 ¼ 3.96,

P<0.001). In 14 out of the 24 individuals for which we had both

C20 and C30 CORT levels, CORT concentrations were higher at C20

than at C30 (Figure 1); however, the difference in CORT
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concentrations between C20 and C30 was statistically non-significant

(Tukey’s post hoc test: C20–C30: t112.9 ¼ 1.57, P¼0.26). These

results were not influenced by the time of day when blood samplings

were performed (covariation between time of day and CORT re-

sponse [C0, C20, C30 levels; change in CORT concentrations be-

tween C0 and C20; change in CORT concentrations between

C20 and C30]: jrj < 0.34, P>0.10). CORT concentrations of indi-

viduals in age class 1 were higher than those of age class 3 at

C20 only (t115 ¼ 2.82, P¼0.016) while no other significant pairwise

differences were detected (t133 � j1.99j, P�0.12). Post-hoc tests

revealed that individuals of age class 1 had the most pronounced in-

crease in CORT levels 20 min after capture, when compared with

individuals of age classes 2 (t89.2 � 2.82, P<0.006) and 3 (t89.2 �
2.89, P<0.005), whereas no other differences in stress response

among age classes and time intervals were found (t105.1 � 0.78,

P�0.44). CORT concentrations varied differently with sampling

date according to sex (Table 1). In particular, CORT concentrations

were on average higher in males than in females (t102 ¼ 2.02,

P¼0.046) and decreased during the breeding season in females

(t86.53 ¼ 2.15, P¼0.034) but not in males (t88.03 ¼ 0.16, P¼0.88).

When we restricted the analyses to C0 and C20 time points, the

three-way interaction effect showed that baseline CORT levels did

not change during the breeding season in both sexes (males: slope es-

timate ¼ �0.31 6 0.48 [SE], t100.18 ¼ 0.65, P¼0.52; female:

�0.68 6 0.51, t99.33 ¼ 1.34, P¼0.18), while C20 CORT levels

showed a statistically significant decline in females (�1.70 6 0.51,

t99.33 ¼ 3.33, P¼0.001) but not in males (0.22 6 0.48, t100.18 ¼
0.45, P¼0.66) (Figure 2). Finally, female breeding stage did not sig-

nificantly affect CORT levels and the seasonal decrease of CORT

(Table 1).

Covariation between RTL and CORT concentrations
C0, C20, and C30 CORT concentrations, and AUCI, were separately

tested as predictors of change in RTL between 2017 and 2018; how-

ever, none of these factors had significant effects on RTL

(Supplementary Material S2).

Change in CORT concentrations between C0 and C20 did not

predict change in RTL between the 2 breeding seasons (Table 2).

Conversely, change in CORT concentrations between C20 and C30

predicted change in RTL between the 2 breeding seasons. In particu-

lar, individuals showing a prolonged increase in CORT concentra-

tion between C20 and C30 in 2018 had a stronger telomere attrition

between the 2 breeding seasons (t21 ¼ 2.24, P¼0.023) (Figure 3),

independently of any sex, age class, or sampling date effect. All the

results remained qualitatively unchanged when the analyses were

restricted to the 24 individuals for which we had C30 CORT concen-

trations (details not shown for brevity).

Discussion

In the present study, we investigated the association between the

endocrine stress response and telomere dynamics in individuals of

our long-term study population of barn swallows. To this aim, we

compared telomere attrition within adult barn swallows between 2

consecutive years and subjected them to a standard capture-restraint

protocol to evaluate the temporal pattern of increase in circulating

CORT levels.

We found only a marginal decline in RTL during the 2 consecu-

tive breeding seasons, with approximately 40% of the individuals

experiencing an increase in RTL, which, in some cases, was non-

negligible. It is unlikely that these results are due to systematic meas-

urement errors, since the same analytical methods highlighted a

significant decline in telomere length during the nestling period in a

companion study (A. Costanzo, unpublished data; see also Parolini

et al. 2015). Telomere elongation had been previously attributed to

measurement errors, in particular in qPCR-based studies, however

recent work showed that telomeres may recover in wild populations

(Spurgin et al. 2018; van Lieshout et al. 2019), although statistical

tests for detecting true positive change in RTL are still under devel-

opment (Nettle and Bateson 2017). The present results are therefore

consistent with other studies of avian species that failed to find

Table 1. LMM of CORT concentrations according to sex, age class,

time after capture, sampling date, and all their two-way interac-

tions on all individuals and LMM of CORT concentrations accord-

ing to the same predictors plus breeding stage on females only

F df P

Males and females (n¼ 75)

Sex 5.65 1, 66.41 0.020

Age class 2.27 2, 65.39 0.11

Time 90.58 2, 92.54 <0.001

Sampling date 3.37 1, 70.09 0.07

Sex � age class 0.73 2, 66.54 0.49

Sex � time 0.76 2, 94.90 0.47

Sex � sampling date 4.52 1, 70.08 0.037

Age class � time 4.08 4, 94.88 0.004

Age class � sampling date 0.31 2, 69.96 0.74

Time � sampling date 1.42 2, 100.89 0.25

Females only (n¼ 36)

Age class 0.09 2, 27.17 0.91

Time 30.97 2, 40.97 <0.001

Sampling date 6.17 1, 29.53 0.019

Breeding stage 0.05 1, 26.93 0.82

Age class � time 2.37 3, 39.88 0.09

Age class � sampling date 0.78 2, 29.84 0.47

Age class � breeding stage 1.24 2, 30.11 0.30

Time � sampling date 2.29 2, 47.00 0.11

Time � breeding stage 0.40 2, 42.76 0.68

Sampling date � breeding stage 0.17 1, 29.80 0.69

Breeding stage (incubating versus brooding) was assessed inspecting female

brood patches. Bold typeface indicates statistically significant effects.

Figure 1. Change in CORT concentration measured after 20 (C20) and 30 (C30)

min of restraint stress. Black lines represent those individuals whose CORT

concentrations decreased after C20 (n¼14), while gray lines represent those

whose CORT concentrations kept rising after that time point (n¼10). (A)

Males (n¼13); (B) females (n¼11).
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evidence for telomere attrition in adulthood (Hall et al. 2004;

Pauliny et al. 2012), and further suggest that telomere dynamics

may be life stage-specific (Young 2018).

When subjected to the capture-restraint protocol developed by

Wingfield and Ramenofsky (1999), individuals showed a typical

endocrine stress response, with an increase of CORT secretion

Figure 2. Change in C0 (black line) and C20 (gray line) CORT concentrations along the breeding season (Julian date, 1¼1st January) in (A) males and (B) females.

Table 2. LMM of change in telomere length in relation to sex, age

class, year, sampling date and change in CORT concentration be-

tween C0 and C20 and between C20 and C30

F Df P

Change in RTL (n¼ 68)

Sex 2.08 1, 61.99 0.16

Age class 0.33 2, 61.99 0.72

Sampling date 0.06 1, 61.99 0.82

Year 1.57 1, 65.99 0.22

Change in CORT concentration

between C0 and C20

0.01 1, 61.99 0.93

Year � Change in CORT con-

centration between C0 and C20

0.18 1, 65.99 0.67

Change in RTL (n¼ 23)

Sex 0.18 1, 17 0.68

Age class 0.32 2, 17 0.55

Sampling date 0.01 1, 17 0.92

Year 0.59 1, 21 0.45

Change in CORT concentration

between C0 and C20

0.10 1, 17 0.75

Year � Change in CORT con-

centration between C0 and C20

6.06 1, 21 0.023

Bold typeface indicates statistically significant effects.

Figure 3. Change in RTL between 2017 and 2018 in relation to change in

CORT concentration measured in 2018 after 20 (C20) and 30 (C30) min of re-

straint stress. Negative values of telomere change represent telomere short-

ening between the 2 breeding seasons.
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20 min after capture (Table 1). Despite intense experimental effort,

sample size for some tests was limited and the relative results should

be taken cautiously. CORT baseline values found in the present

study (34 6 19.2 ng/mL) are overall higher compared with other

studies of the same species (e.g., 6.2 6 0.7 ng/mL; Vitousek et al.

2014). This difference might be due to different reasons.

Populations may differ in baseline levels due to unknown environ-

mental factors. A more plausible reason is the timing of sampling. In

the present study, blood sampling was performed between 04:00

and 06:00 a.m. Considering the circadian rhythm of CORT concen-

tration, we probably caught the birds during a time window in

which CORT levels are decreasing from the peak reached before

sunrise but are still elevated compared with day hours (Breuner

et al. 1999; Rich and Romero 2001; Turriani et al. 2016). Because

some studies have shown that during this time window also the

stress response might vary (see Carere et al. 2003), the lack of a co-

variation between time of day and CORT response strongly suggests

that the narrow sampling time window allowed us to minimize po-

tentially confounding inter-individual differences due to circadian

variation in hormone concentrations (Saino 2002). In both sexes,

baseline CORT levels did not vary across the breeding season,

whereas CORT levels at C20 declined with sampling date in females

only (Figure 2). Studies conducted on other avian species disclosed

sex differences in adrenal activity in breeding birds (Bokony et al.

2009), while no sex differences were observed in other life history

stages (Cornelius et al. 2012; Krause et al. 2014). The sensitivity of

the HPA axis to a stressor may reflect adaptations linked to sex roles

and facilitate sex-specific reproductive behaviors (Romero and

Wingfield 1999) related to parental care (Adkins-Regan 2005). In

species in which females provide more parental care than males, the

former sex usually shows lower baseline and stress-induced CORT

levels during the breeding season than the latter (Holberton and

Wingfield 2003; Meddle et al. 2003). Indeed, it has been demon-

strated that elevated CORT levels are associated with a higher likeli-

hood of abandoning the clutch (Silverin 1986; Wingfield and

Silverin 1986). In contrast, higher stress-induced CORT concentra-

tions in males are associated with increased aggressive behavior

(Kitaysky et al. 2003), potentially promoting successful nest and

partner defense.

Individuals belonging to different age classes showed clear differ-

ences in stress response (Table 1). In particular, individuals in age

class 1 showed the highest increase in CORT concentrations follow-

ing restraint. Individuals in age class 3, on the other side, had the

lowest baseline CORT levels and a dampened stress response. The

observation of age differences in CORT concentrations does not ne-

cessarily contradict our assumption of consistency in individual

stress response both within and among breeding seasons, since we

assumed that individuals tend to have CORT levels higher or lower

than other individuals of the same age. The stress response is among

the key hormonal mechanisms mediating the trade-off between in-

vestment in current reproduction and future survival and reproduc-

tion, as predicted by the “brood value hypothesis” (Heidinger et al.

2006; Bokony et al. 2009). According to this theory, as an organism

ages, the value of its current reproductive effort increases due to the

reduction of future reproductive opportunities. While immediate

survival is favored by a fast elevation of CORT levels (Sapolsky

et al. 2000) that promotes gluconeogenesis and enhances the respira-

tory and the cardiovascular system following a stressful event

(Sapolsky et al. 2000), the same CORT response inhibits processes

that are not immediately vital, such as reproduction, parental care,

and immune functions. Thus, in accordance with the “brood value

hypothesis,” individuals in age class 1 showed the strongest GC re-

sponse in their stress response to our standardized stress protocol.

However, it remains unclear whether the reduced stress response in

individuals in age classes 2 and 3 was due to aging effects or if these

individuals were less sensitive to capture-restraint procedures due to

habituation to previous captures (Rabdeau et al. 2019). It is import-

ant to note that these results are not confounded by differences in

timing of sampling relative to breeding stage among individuals of

different age classes (Table 1). Indeed, in males, baseline and stress-

induced CORT levels did not change along the breeding season, sug-

gesting that variation in CORT levels among individuals of different

ages was not related to differences in reproductive conditions.

Similarly, in females the observed decrease in stress-induced CORT

levels during the breeding season was not related to differences in

their breeding stage, as no differences in CORT levels were found

between incubating and brooding individuals.

Although CORT responses are often discussed at population

level in terms of mean response, considerable variation in magnitude

and time course of CORT synthesis exists among individuals

(Cockrem 2007). This applies also to our results. Indeed, the analy-

ses of the mean responses showed no significant differences in

CORT levels between C20 and C30. However, one of the most pecu-

liar result of this study is that a closer inspection of the CORT stress

response profiles revealed the existence of 2 distinct patterns of

stress response (Figure 1). Some individuals showed a decline in

CORT levels between C20 and C30, probably due to an earlier acti-

vation of the negative feedback loop terminating the stress response.

Other individuals showed a prolonged CORT response, with a fur-

ther increase in CORT levels between C20 and C30, which suggests a

delayed activation of the negative feedback. This result was inde-

pendent of any age and sex effect (see Figure 1). Intraspecific vari-

ation in patterns of CORT secretions has been linked to personality

in other species (Carere et al. 2010). Personalities vary along a con-

tinuum, but individuals are usually classified as “proactive” or

“reactive,” with the former being generally bolder and more aggres-

sive than the latter (Dingemanse and Réale 2005). Studies carried

out on birds selected for divergent CORT responses (Cockrem

2007; Baugh et al. 2012) showed that proactive, bolder individuals

exhibit a lower CORT response following a given stressor (Baugh

et al. 2012). Unfortunately, to date little research on personality has

been conducted in barn swallows (Corti et al. 2017; Costanzo et al.

2018), therefore this aspect is at present speculative and deserves

further investigations.

Changes in CORT levels between C20 and C30 were found to be

related to telomere shortening (Table 2 and Figure 3). Individuals

showing a further increase in CORT 20 min after capture-restraint

showed a larger telomere attrition between 2 consecutive years when

compared with those showing decreasing CORT after 20 min.

CORT concentrations at C20 and C30 were overall higher in individu-

als of age class 1 (see above); however, it is important to remember

that in this analysis we did not consider the absolute values of CORT

concentration but the relative differences between time points, which

are not influenced by any sex or age effect. Individual differences in

the activation of the negative feedback that terminates the stress re-

sponse have been related to the ability to cope with challenges, and

different studies demonstrated an association between the strength of

the negative feedback and several major physiological and fitness

traits such as oxidative stress and telomere shortening (Rich and

Romero 2005; Haussmann et al. 2012; Monaghan 2014; Casagrande

and Hau 2018), sexual and parental behavior (Vitousek et al. 2019;

Zimmer et al. 2019), and survival (Romero and Wikelski 2010). An
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additional explanation for the association between telomere shorten-

ing and stress response may be related to variability in personality

traits, which is known to covary with life-history and physiological

differences. Indeed, proactive and reactive personalities are associ-

ated to higher or lower responsiveness of the HPA axis, respectively;

a stronger reactivity of the HPA axis is, in turn, associated with an in-

crease in metabolism (Angelier et al. 2018), with potentially negative

effects on telomere length via an imbalance of redox status in favor

of pro-oxidants (Finkel and Holbrook 2000; Falnes et al. 2007).

Therefore, an association between telomere dynamics and slower or

faster activation of the negative feedback could arise. In addition, dif-

ferent CORT levels may affect the process restoring telomere length

by acting on the enzyme telomerase (Choi et al. 2008). Despite no tel-

omerase activity is commonly considered to occur in normal somatic

cells of adult birds, some studies have shown telomere elongation

with age, even when controlling for mortality related to telomere

length (Haussmann et al. 2007). Yet, an alternative interpretation of

the present correlational results is that both telomere length and

stress response strategies covary with an underlying causative factor,

and that the relationship between CORT concentration and telomere

length is not directly causal in nature. For example, individuals

exposed to specific ecological or social conditions could retain rela-

tively high baseline CORT levels and undergo more rapid telomere

shortening if extrinsic factors have effects on telomere dynamics that

are not mediated by the HPA axis. Therefore, in the barn swallow,

future studies should be aimed at disentangling whether the associ-

ation between telomere dynamics and the activity of the HPA axis is

causal or, conversely, results from an underlying causative factor.

In conclusion, we showed that in our barn swallow population a

capture-restraint protocol caused an increase in circulating CORT

concentrations that varied according to sex and age of individuals. In

particular, females but not males showed a decrease in stress-induced

CORT concentrations during the breeding season, suggesting a

reduced probability of nest abandonment. In addition, in agreement

with the “brood value hypothesis,” individuals in age class 1 showed

the strongest stress response, favoring the immediate survival over

the inhibition of non-vital processes such as parental care. However,

the alternative explanation of a physiological aging effect cannot be

ruled out, and future experimental studies should be carried out to

determine the relative importance of these 2 non-mutually exclusive

hypotheses. Moreover, our data suggested the existence of 2 different

patterns of stress response, with some individuals showing further in-

crease and others decline of CORT concentration after 20 min of re-

straint (C20). Finally, we identified a relationship between CORT

stress response and telomere shortening between 2 breeding seasons,

whereby individuals with a probably delayed termination of the

CORT response showed a larger annual decrease in telomere length.

Therefore, our results broaden the understanding of the mechanistic

links between the stress response and aging, revealing that among-

individual differences in the time course of the stress response, likely

reflecting personality differences, may impact telomere dynamics.

Further experimental studies are needed to establish the direction of

causation in the associations between functioning of the HPA axis, as

reflected by the strength of the negative feedback that terminates the

CORT stress response, and telomere dynamics.
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