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1  | INTRODUC TION

In wild vertebrates, some individuals survive and reproduce better than 
others and this has led to the concept of individual quality (Wilson & 
Nussey, 2010). Importantly, several studies have reported that individ‐
ual quality may blur life‐history trade‐offs when studying wild popu‐
lations (Stearns, 1992; van Noordjwik & de Jong, 1986). For example, 
high‐quality individuals may be able to reproduce effectively while lim‐
iting the costs of reproduction, whereas the trade‐off between survival 

and reproduction could be particularly exacerbated in low‐quality in‐
dividuals (Fay, Barbraud, Delord, & Weimerskirch, 2016; Hamel, Cote, 
Gaillard, & Festa‐Bianchet, 2009; Weladji et al., 2008). Therefore, it 
appears crucial to take individual quality into account when studying 
demographic processes and life‐history strategies (Aubry, Cam, Koons, 
Monnat, & Pavard, 2011; Cam, Aubry, & Authier, 2016; van Noordjwik 
& de Jong, 1986; Wilson & Nussey, 2010).

However, obtaining a reliable measure of individual quality is 
challenging because individuals must be monitored during a large 
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Abstract
1. In wild vertebrates, some individuals survive and reproduce better than others 

and this has led to the concept of individual quality. Despite its importance when 
studying ecological processes and life‐history trade‐offs, measuring individual 
quality is complex because individuals must be followed during a large part of 
their life.

2. Recently, telomere biology has been successfully brought into ecology and tel‐
omere length has been suggested to be a promising molecular tool to evaluate indi‐
vidual quality in wild vertebrates (“the telomere–individual quality hypothesis”).

3. In this study, we tested this hypothesis in a long‐lived species, the black‐browed 
albatross (Thalassarche melanophrys) by simultaneously measuring telomere length 
and several potential complementary phenotypic proxies of individual quality in a 
single year. In addition, we followed the return rate and the reproductive perfor‐
mance of these same albatrosses for a decade.

4. We found that long telomeres were associated with several markers of high indi‐
vidual quality (foraging behaviour, body size and stress hormone levels). 
Furthermore, we found that a single measure of telomere length could predict 
future offspring productivity, for at least several years following telomere meas‐
urement (better productivity being associated with longer telomeres).

5. Altogether, these results support the “telomere–individual quality hypothesis” 
and suggest that telomere length can be useful to estimate individual quality in 
long‐lived seabirds.
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part of their life (Aubry et al., 2011; Jenouvrier, Aubry, Barbraud, 
Weimerskirch, & Caswell, 2017; Weladji et al., 2008). As a conse‐
quence, ecologists have regularly tried to identify a phenotypic trait 
or a combination of phenotypic traits that is associated with individ‐
ual quality (Lailvaux & Kasumovic, 2011; Moyes et al., 2009; Wilson 
& Nussey, 2010). So far, most studies have relied on inter‐individual 
variation in morphology, behaviour or physiology to assess individ‐
ual quality. High‐quality individuals are often expected to be larger, 
better at foraging and more dominant than low‐quality individuals 
(DeMory, Thompson, & Sakaluk, 2010; Vanpé et al., 2007). Similarly, 
high‐quality individuals have been reported to show lower stress 
hormone levels, lower metabolic rates and higher immune defences 
than low‐quality individuals (Angelier, Wingfield, Weimerskirch, & 
Chastel, 2010; Blackmer et al., 2005; Bowers et al., 2014; Ouyang, 
Sharp, Dawson, Quetting, & Hau, 2011). However, these variables 
are often measured on daily or seasonal time‐scales, and they are 
not always consistent markers of individual quality.

Recently, telomere length has been suggested to be a prom‐
ising molecular tool to evaluate individual quality in vertebrates 
(Bauch, Becker, & Verhulst, 2013; Le Vaillant et al., 2015). 
Telomeres are long repetitive non‐coding sequences of DNA 
that protect the chromosomes during the replication processes. 
However, telomeres shorten with advancing age and possibly as 
a result of oxidative stress (Von Zglinicki, 2002; Reichert & Stier, 
2017, but see Boonekamp, Bauch, Mulder, & Verhulst, 2017) and 
this telomere attrition leads to a progressive loss of protective 
function (Blackburn, 2005). Short telomeres have often been 
associated with low survival and decreased longevity in verte‐
brates (Asghar, Hasselquist et al., 2015; Barrett, Burke, Hammers, 
Komdeur, & Richardson, 2013; Bize, Criscuolo, Metcalfe, Nasir, 
& Monaghan, 2009; Fairlie et al., 2016; Haussmann, Winkler, & 
Vleck, 2005; Heidinger et al., 2012; Salomons et al., 2009; Stier 
et al., 2014). In addition to this potential causal link between telo‐
mere length and individual quality, telomere length could also be 
an indirect biomarker of individual quality. Adult telomere length 
is known to be partly determined by genetic factors (heritability, 
Asghar Bensch, Tarla, Hansson, & Hasselquist, 2015; Becker et 
al., 2015; Reichert, Rojas et al., 2015) and developmental condi‐
tions (Angelier, Costantini, Blévin, & Chastel, 2018; Boonekamp, 
Mulder, Salomons, Dijkstra, & Verhulst, 2014; Monaghan, 2014; 
Nettle et al., 2015; Young et al., 2017), which are also known to 
have long‐term consequences on adult performance (Lindström, 
1999; Metcalfe & Monaghan, 2001; Monaghan, 2008). In addi‐
tion, environmental constraints and life‐history events (e.g. repro‐
duction) can accelerate telomere shortening in adults (Angelier, 
Vleck, Holberton, & Marra, 2013; Reichert et al., 2014; Sudyka et 
al., 2014). Therefore, a better ability to cope with environmental 
constraints and to limit the fitness cost of specific events (e.g. the 
cost of reproduction) may be associated with a reduced telomere 
attrition and higher performance (although a higher reproductive 
effort could also be related to better performance and higher 
telomere attrition, see Bauch et al., (2013)). As a result, long telo‐
meres should be either directly or indirectly associated with better 

life‐long performance, and thus, with higher individual quality 
(hereafter called “the telomere–individual quality hypothesis”).

Only a few studies have examined whether telomere length 
is associated with better reproductive performance and results 
are mixed (Bauch et al., 2013; Hall et al., 2004; Ouyang, Lendvai, 
Moore, Bonier, & Haussmann, 2016; Parolini et al., 2017; Pauliny, 
Wagner, Augustin, Szep, & Blomqvist, 2006). For example, Bauch 
et al. (2013) found that birds with shorter telomeres surprisingly 
reproduced better in Common terns (Sterna hirundo) and this seems 
to be related to the cost of reproduction, which is associated with 
an important telomere shortening in successful chick‐rearing birds 
(Bauch, Riechert, Verhulst, & Becker, 2016). Importantly, to our 
knowledge, only three studies have tested whether telomere 
length is correlated with long‐term offspring productivity (over 
several breeding seasons) in a wild species (Asghar, Hasselquist 
et al., 2015; Bauch, Becker, & Verhulst, 2014; Olsson et al., 2011). 
Moreover, the links between telomere length and other potential 
morphological, behavioural or physiological proxies of individual 
quality have also rarely been investigated (Nettle et al., 2016; 
Ouyang et al., 2016; Young, Barger, Dorresteijn, Haussmann, 
& Kitaysky, 2016; Young et al., 2015). Among other traits, body 
size, foraging behaviour and circulating stress hormone levels 
have been suggested as potential relevant traits to assess indi‐
vidual quality. In species with determinate growth, adult body 
size could be a reliable proxy of the developmental conditions 
that were experienced by the individual (Metcalfe & Monaghan, 
2001; Naguib & Gil, 2005). Thus, a small body size is usually as‐
sociated with energetically constrained developmental conditions, 
which could also be associated with telomere attrition (Bateson, 
Emmerson, Ergün, Monaghan, & Nettle, 2015; Boonekamp et al., 
2014; Costanzo et al., 2017; Nettle et al., 2016, 2015; Reichert, 
Criscuolo et al., 2015; Stier et al., 2014). In addition, behavioural 
parameters, such as foraging skills, are reliable proxies of individ‐
ual quality in seabirds (Lescroël, Dugger, Ballard, & Ainley, 2009) 
and albatrosses (Patrick & Weimerskirch, 2014). High‐quality indi‐
viduals are usually better foragers with better access to resources 
and/or high‐quality habitat, which could translate into a reduced 
rate of telomere attrition (Angelier et al., 2013; Young et al., 2015). 
Finally, stress hormones are often used as a proxy of the individual 
ability to cope with the environment (Wingfield et al., 1998) and 
even with individual quality in black‐browed albatrosses (Angelier 
et al., 2010): elevated glucocorticoids levels are often associated 
with low food availability (Kitaysky, Wingfield, & Piatt, 1999), 
a poor energetic state (Angelier, Wingfield, Parenteau, Pellé, 
& Chastel, 2015; Lynn, Stamplis, Barrington, Weida, & Hudak, 
2010) and overall lower performance (Bonier, Martin, Moore, & 
Wingfield, 2009). Therefore, elevated glucocorticoids levels are 
expected to be associated with short telomeres (Angelier et al., 
2018). To better understand whether telomere length is a proxy of 
individual quality in wild vertebrates, the link between telomere 
length and individual quality needs to be further explored by look‐
ing at multiple phenotypic traits and performance metrics (Wilson 
& Nussey, 2010).
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In this study, we tested the “telomere–individual quality hy‐
pothesis” in a long‐lived species, the black‐browed albatross 
(Thalassarche melanophrys). To do so, we measured telomere 
length and several potential complementary phenotypic proxies 
of individual quality (foraging behaviour: time spent at sea, body 
size and stress hormone levels: baseline corticosterone levels) in 
59 chick‐rearing black‐browed albatrosses in a single year. During 
the demanding chick‐rearing period, albatrosses search for food to 
the maximum limits of their ability and their ability of parents to 
perform shorter foraging trips and to frequently feed their chick 
is associated with better foraging skills and breeding performance 
(Weimerskirch, Mougey, & Hindermeyer, 1997). Moreover, body 
size is known to be affected by developmental conditions and to 
predict performances in albatrosses (Blanchard, Hanuise, Dano, 
& Weimerskirch, 2007; Weimerskirch, Barbraud, & Lys, 2000; 
Weimerskirch, Zimmermann, & Prince, 2001). Specifically, larger 
birds consistently show better reproductive performance and 
higher survival probability in albatrosses (Cornioley, Jenouvrier, 
Börger, Weimerskirch, & Ozgul, 2017), suggesting that larger birds 
may be higher quality individuals. Finally, elevated corticosterone 
levels are known to be related with poor foraging efficiency and 
low breeding success in chick‐rearing black‐browed albatrosses, 
suggesting that it may also be a good proxy of individual ability 
to cope with the environment (Angelier, Weimerskirch, Dano, & 
Chastel, 2007; Angelier et al., 2010). If telomere length is a reliable 
proxy of individual quality, then according to the telomere–individ‐
ual quality hypothesis, we specifically predict that longer telomeres 
will be associated with shorter foraging trips (prediction 1), a larger 
body size (prediction 2) and lower baseline corticosterone levels 
(prediction 3). We also followed the return rate and the reproduc‐
tive performance of these sampled albatrosses during a decade. 
This long‐term monitoring provides us with an integrative measure 
of offspring productivity (i.e. the number of chicks produced over a 
decade) and allows us to further examine the relationship between 
telomere length and individual quality. Therefore, according to the 
telomere–individual quality hypothesis, we also predict that longer 
telomeres will be associated with a higher long‐term offspring pro‐
ductivity (prediction 4).

2  | MATERIAL S AND METHODS

Our study was carried out in January 2004 at Kerguelen Island dur‐
ing the breeding period. black‐browed albatrosses are philopatric 
birds with a high survival probability and a low fecundity (one egg 
per year). On Kerguelen, the population of albatrosses has been 
monitored every year since 1978 at Canyon des Sourcils Noirs 
(49.4°S, 70.1°E). So, it is possible to follow the breeding performance 
and return rates of individuals across their entire lives. Because 25 of 
the sampled birds were banded as chicks and returned to the colony 
to breed, we have data on the exact age of 25 breeding albatrosses 
(20 males and 5 females). Other birds used in this study were banded 
as adults, so their age was uncertain.

2.1 | Capture, blood sampling, foraging 
behaviour and breeding success

Fifty‐nine parents were captured and sampled for blood before 
being released at their nest (30 males and 29 females). During the 
chick‐rearing period, both males and females forage to feed their 
chicks and there is no difference in foraging behaviour or corticos‐
terone levels between sexes (Angelier et al., 2007). Males are slightly 
bigger than females but there is a large overlap in body size between 
sexes. Birds were captured at the colony during the chick‐rearing 
period. We caught birds by hand at the nest, just after their mate had 
relieved them from their brooding duties. We collected blood from 
the tarsus vein with a syringe and a 27G needle to measure baseline 
corticosterone levels and telomere length. All blood samples were 
collected within 3 min of capture. Although all samples were suf‐
ficient to measure telomere length, we could not draw enough blood 
to measure baseline corticosterone levels in two individuals (n = 57). 
Beak length, beak width and tarsus length were measured to the 
nearest 0.5 mm with a calliper, except for three individuals (n = 56). 
Body size was then calculated using a principal component analy‐
sis because all three morphological variables were highly correlated 
(all p < 0.001; all r > 0.500). Most of the variance was explained by 
a single axis (70.22%), which was correlated with beak and tarsus 
lengths (all r > 0.800; all p < 0.001). This axis was therefore consid‐
ered as a proxy of body size (hereafter called “body size”), and body 
size was not affected by age (p = 0.631, r2 = 0.01). The whole proce‐
dure was conducted within 5 min of capture, allowing us to minimize 
the time spent within the colony. Following capture, we monitored 
the time spent at sea for a subsample of individuals before they re‐
turned to their nest to relieve their partner (n = 30). Each of these 
birds was marked with picric acid on their chest before being re‐
leased (Weimerskirch et al., 1997), and all nests were then observed 
from dawn (5:00 a.m.) to dusk (9:00 p.m.) to quantify the time spent 
at sea. We only captured one bird per nest and no bird abandoned 
after capture. In this study, all of the albatrosses that we sampled 
had already bred at least once before (i.e. experienced breeders). We 
focused on these experienced breeders because survival and breed‐
ing performance show little variation among experienced breeders, 
while inexperienced breeders have a much lower survival probability 
and a much lower breeding success (Angelier et al., 2007; Nevoux, 
Weimerskirch, & Barbraud, 2007; Rolland, Nevoux, Barbraud, & 
Weimerskirch, 2009).

2.2 | Offspring productivity

All albatrosses were breeding in the monitored colony and, there‐
fore, we were able to monitor whether they managed to successfully 
raise their chick or not in 2004 (hereafter called “current breeding 
success”). As a result of the long‐term monitoring conducted at 
Kerguelen archipelago, these 59 albatrosses were then followed, 
and their presence and reproductive performances were monitored 
every year from 2005 to 2013. Thus, for each year, we knew whether 
these birds were seen at the colony or not, and, when they were 
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present, whether they successfully fledged young or not. We sub‐
sequently estimated offspring productivity by counting how many 
fledged chicks were produced over a specific number of breeding 
seasons (irrespective of a bird's presence at the colony and/or sur‐
vival). This estimate includes several components that collectively 
determine the productivity of an albatross: the ability of albatrosses 
(a) to survive; (b) to attempt breeding; and (c) to successfully rear 
a chick. To further assess whether telomere length was related to 
adult survival, breeding probability and breeding success probability, 
we performed multi‐state capture–mark–recapture (CMR) analyses 
using E‐SURGE 2.0.6 (Supporting Information Appendix S1). To as‐
sess whether the relationship between telomere length and produc‐
tivity varied over time, we calculated nine indices of productivity 
that used different time frames (from 2 to 10 years). Among the 59 
sampled adult albatrosses, we were able to determine the exact age 
of a limited number of albatrosses (n = 25). Therefore, we could not 
include the age of individuals in our general analyses. However, we 
used this subsample of albatrosses to confirm that telomere length 
was not significantly correlated with age in adults, as previously 
reported in other Procellariiformes (Foote et al., 2010; Hall et al., 
2004; Haussmann & Mauck, 2008). Finally, we examined temporal 
telomere dynamics in this species by sampling a few additional indi‐
viduals (n = 4) in two consecutive years (see Supporting Information 
Appendix S2).

2.3 | Molecular sexing, corticosterone assay and 
telomere length analysis

Baseline corticosterone levels were determined by radioimmu‐
noassay and sex was determined by PCR as previously described 
(Angelier et al., 2007). The intra‐assay variation was 4.5% and the 
minimal detectable corticosterone levels was 0.4 ng/ml. Telomere 
length was determined by Southern blot analysis using the 
TeloTAGG Telomere Length Assay (Roche, Mannheim, Germany, see 
Supporting Information Appendix S3 for details on the assay).

2.4 | Statistical analyses

All statistical analyses were performed with SAS (v. 9.4). Model 
selections were conducted using a step‐down approach start‐
ing from the full models. First, generalized linear models (GLMs) 
with telomere length as the dependent variable and “age,” “sex” 
and their interaction as independent variables/factors were built 
to test whether telomere length was related to age and differed 
between males and females (normal distribution and identity link 
function). Second, we used GLMs with baseline corticosterone lev‐
els, time spent at sea, body size and current breeding success, as 
our dependent variables and “sex” and “telomere length” and their 
interaction as independent variables/factors to test whether these 
phenotypic traits were related to telomere length or not (corticos‐
terone levels: normal distribution and log link function; time spent 
at sea, body size: normal distribution and identity link function; cur‐
rent breeding success: binomial distribution and logit link function). 

Third, we used GLMs with our indices of productivity as dependent 
variables, and “telomere length,” “sex” and their interaction as inde‐
pendent variables/factors to test whether telomere length was re‐
lated to our nine indices of productivity that were calculated using 
different time frame window (from two to ten years of monitoring). 
Finally, we calculated the percentage of variance (r2) in productivity 
that was related to telomere length for all nine indices. Then, we 
aimed to investigate how the variance in productivity was related 
to telomere length when we increased the number of years used to 
calculate our index of productivity. Although visual inspection of 
the data suggested that this relationship might be nonlinear, quad‐
ratic and broken‐stick models were less parsimonious than linear 
models, and therefore, we used a linear regression.

3  | RESULTS

3.1 | Corticosterone levels, time spent at sea, body 
size and current breeding success

Telomere length was not significantly influenced by individual age 
(estimates, Mean ± SE: −0.004 ± 0.016; F1,23 = 0.07, p = 0.794), sex 
(F1,22 = 1.22, p = 0.285) or their interaction (F1,21 = 2.23, p = 0.150), 
suggesting that age is not a major determinant of individual telomere 
length in this species.

The time spent at sea was negatively correlated with telo‐
mere length (estimates, Mean ± SE: −0.018 ± 0.007; F1,28 = 6.96, 
p = 0.013; Figure 1a), suggesting that more efficient foragers have 
longer telomeres. However, the time spent at sea was not affected 
by sex (F1,27 = 0.04, p = 0.834) or the “sex × telomere” interaction 
(F1,26 = 0.32, p = 0.578).

Body size was significantly correlated with telomere length 
(estimates, Mean ± SE: 0.996 ± 0.285; F1,53 = 12.25, p = 0.001; 
Figure 1b) and larger birds had longer telomeres. Moreover, body 
size was significantly affected by sex: males were larger than females 
(F1,53 = 57.55, p < 0.001). However, body size was not affected by 
the “sex × telomere” interaction (F1,52 = 0.29, p = 0.594).

Baseline corticosterone levels were significantly correlated with 
telomere length (estimates, Mean ± SE: −0.286 ± 0.099; F1,55 = 8.89, 
p = 0.004; Figure 1c) and birds with higher corticosterone levels had 
shorter telomeres. However, baseline corticosterone levels were not 
affected by sex (F1,54 = 0.02, p = 0.886) or the “sex x telomere” inter‐
action (F1,53 = 0.55, p = 0.460).

Current breeding success was not significantly explained by telo‐
mere length (F1,57 = 1.96, p = 0.166), sex (F1,55 = 0.07, p = 0.799) or 
their interaction (F1,55 = 0.42, p = 0.520).

3.2 | Telomere length and adult survival, 
breeding and success probabilities

Our initial model was (Φsex, βsex, γsex, psex.st.t), where Φ is the ap‐
parent survival probability, β the breeding probability, γ the suc‐
cess probability, p the recapture probability, sex the sex effect, st 
the state effect, and t the year effect (see Supporting Information 
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Appendix S1 for further details). It fit the data well (�2

63
 = 35.92, 

p = 0.998). Model selection indicated that recapture probabil‐
ity was not sex‐ or year‐dependent, but was state‐dependent 
(Table 1). Capture probabilities were 0.246 ± 0.074, 0.762 ± 0.106 
and 1 for non‐breeders, failed breeders and successful breeders, 
respectively. Survival, breeding and success probabilities were not 
sex dependent (Table 1) and were, respectively, 0.940 ± 0.012, 
0.867 ± 0.036 and 0.403 ± 0.013. Although the slopes of the re‐
lationships between survival probability, breeding probability and 
telomere length were all positive (Table 1), their 95% confidence 
intervals included zero and there was little statistical evidence 

that telomere length affected these parameters. However, the 
power analysis indicated that, for our sample size, the probability 
to detect this effect was only 0.36 and 0.27 for survival and breed‐
ing probability, respectively. Sample sizes of 240 individuals would 
be required to raise power above 0.75 (see Supporting Information 
Appendix S1). For the success probability, there was a non‐sig‐
nificant positive effect of telomere length (Table 1), and the 95% 
confidence interval of the slope that we estimated only marginally 
included 0 (Table 1). In addition, the statistical power for this pa‐
rameter was high (0.92). These conclusions are supported by the 
evidence ratios and model likelihoods (see Supporting Information 
Appendix S1 for further details).

3.3 | Offspring productivity

Productivity was significantly correlated with telomere length, 
but only when productivity was calculated over a period varying 
from two to eight years following the telomere sampling (Table 2). 
Specifically, birds with longer telomeres produced more chicks over 
these periods (Figure 2). Telomere length was only marginally related 
to productivity when productivity was calculated over a period that 
included nine or ten years of monitoring data (p < 0.100, Table 2). 
The explained variance in productivity significantly decreased as 
the number of years used to calculate the index of productivity in‐
creased (linear regression, F1,7 = 17.33, p = 0.004; Figure 3).

4  | DISCUSSION

4.1 | Telomere length and inter‐individual 
heterogeneity in multiple phenotypic traits

According to our first prediction, we found that telomere length 
was negatively correlated with the time spent at sea in chick‐rear‐
ing albatrosses in 2004. In chick‐rearing Procellariiformes, the 
ability to perform short foraging trips is a key determinant of 
breeding success because short foraging trips allow parents to 
regularly feed their chick and to avoid nest desertion by their mate 
(Chastel, Weimerskirch, & Jouventin, 1995; Weimerskirch et al., 
1997). Importantly, the chick‐rearing period is very demanding and 
black‐browed albatross parents search for food to the maximum 
limits of their ability during this specific period (Weimerskirch et 
al., 1997). Therefore, the ability of chick‐rearing parents to perform 
short trips is probably a reliable proxy of their foraging skills, and 
potentially of their individual quality (Weimerskirch et al., 1997; 
see also Weimerskirch, 1992). Interestingly, other studies have re‐
ported that foraging behaviour can be related to telomere length 
(e.g. diving behaviour and type of prey in Thick‐billed murres Uria 
lomvia, Young et al., 2015; Young et al., 2016). This supports the 
idea that long telomeres may be related to foraging skills, although 
the functional and causal link between telomere length and forag‐
ing behaviour remains to be elucidated.

Furthermore, we also found that telomere length was positively 
associated with body size in both male and female black‐browed 

F I G U R E  1   Relationship between telomere length and (a) 
the time spent at sea, a proxy of foraging skills in chick‐rearing 
albatrosses; (b) body size; and (c) baseline corticosterone levels. 
White and black dots, respectively, denote female and male 
albatrosses
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Model Deviance np AICc ΔAICc Slope ± SE (95% CI)

(Φ, β, γtel, pst) 1,063.23 9 1,081.73 0 0.225 ± 0.130 (−0.029 to 0.479)

(Φ, β, γ, pst) 1,066.32 8 1,082.71 0.98

(Φ, βtel, γ, pst) 1,065.51 9 1,084 2.27 0.181 ± 0.199 (−0.209 to 0.570)

(Φtel, β, γ, pst) 1,065.62 9 1,084.12 2.39 0.195 ± 0.242 (−0.278 to 0.669)

(Φsex, β, γ, pst) 1,066.26 9 1,084.75 3.02

(Φsex, βsex, γ, pst) 1,065.9 10 1,086.5 4.77

(Φsex, βsex, γsex, 
pst)

1,065.28 11 1,088.01 6.28

(Φsex, βsex, γsex, 
pst.t)

1,028.42 35 1,105.84 24.12

(Φsex, βsex, γsex, 
psex.st.t)

1,011.98 60 1,155.3 73.57

Notes. p, recapture probability; t, year effect; sex, sex effect; st, state effect; tel, telomere length 
effect.
np indicates the number of estimated parameters.

TA B L E  1   Modelling demographic 
parameters of black‐browed albatrosses at 
Kerguelen, and testing for the effect of 
telomere length on survival (Φ), breeding 
(β), and success (γ) probabilities

Number of years used to 
calculate productivity Dependent variable Independent variables F p

2 Productivity Telomere length 6.59 0.013

Sex 0.44 0.510

Sex × telomere length 0.17 0.678

3 Productivity Telomere length 7.91 0.007

Sex 1.09 0.301

Sex × telomere length 0.28 0.596

4 Productivity Telomere length 9.58 0.003

Sex 1.46 0.232

Sex × telomere length 0.11 0.746

5 Productivity Telomere length 6.96 0.011

Sex 0.96 0.332

Sex × telomere length 0.03 0.856

6 Productivity Telomere length 5.90 0.018

Sex 0.79 0.378

Sex × telomere length 0.05 0.797

7 Productivity Telomere length 5.77 0.020

Sex 0.23 0.636

Sex × telomere length 0.06 0.811

8 Productivity Telomere length 4.62 0.036

Sex 0.16 0.691

Sex × telomere length 0.46 0.499

9 Productivity Telomere length 3.40 0.070

Sex 0.16 0.695

Sex × telomere length 0.89 0.350

10 Productivity Telomere length 3.54 0.065

Sex 0.54 0.466

Sex × telomere length 0.97 0.329

Significant variables are indicated in bold.

TA B L E  2   Relationship between 
telomere length and offspring 
productivity calculated using different 
time frame windows (from 2 to 10 years of 
monitoring after the initial telomere 
length measurement)
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albatrosses (prediction 2), as previously reported in passerine 
species (Angelier, Vleck, Holberton, & Marra, 2015; Costanzo et 
al., 2017; Parolini et al., 2017). This result could appear surprising 

because telomere length is dynamic throughout the life of indi‐
viduals while body size is determined during the developmental 
period in this species with determinate growth. However, most 
telomere attrition occurs during development and telomere length 
seems to vary to a much lesser extent during adulthood (reviewed 
in Angelier et al., 2018). Moreover, developmental constraints 
are associated with accelerated telomere attrition (Bateson et al., 
2015; Boonekamp et al., 2014; Costanzo et al., 2017; Nettle et 
al., 2016, 2015; Reichert, Criscuolo et al., 2015; Stier et al., 2014) 
and reduced growth (Metcalfe & Monaghan, 2001; Naguib & 
Gil, 2005), potentially explaining the positive link between telo‐
mere length and body size in adult albatrosses, especially if de‐
velopmental conditions affect the allocation of resources to both 
growth and telomere maintenance (see Vedder, Verhulst, Becker, 
& Bouwhuis, 2017 for the theoretical framework linking growth 
and telomere maintenance). For example, younger black‐browed 
albatrosses produce chicks in poorer condition and with shorter 
telomeres (Dupont et al., 2018). Supporting this interpretation, re‐
cent studies reported that a larger body size and a better growth 
rate were associated with longer telomeres in developing birds 
(Black‐legged kittiwakes Rissa tridactyla: Young et al., 2017; male 
Barn swallows Hirundo rustica: Caprioli et al., 2013; Parolini et al., 

F I G U R E  2   Relationship between telomere length and offspring productivity (calculated using 2, 4, 6 or 8 years of monitoring data). Open 
circles represent data points, while grey square and error bars, respectively, represent means and standard errors

F I G U R E  3   Link between the number of years used to calculate 
offspring productivity (from 2 to 10 years) and the variance in 
productivity (r2) that is explained by individual telomere length 
(measured at the beginning of the study period)
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2015, but see Common terns Sterna. hirundo, Vedder et al., 2017) 
although the relationship between growth and telomere dynamics 
seems more complex in other study systems (Stier et al., 2014; 
Stier, Massemin, Zahn, Tissier, & Criscuolo, 2015, Stier et al., 2016; 
reviewed in Vedder et al., 2017). Importantly, body size is often 
related to adult performance in albatrosses (Weimerskirch et al., 
2000, 2001; Blanchard et al., 2007; Cornioley et al., 2017), and 
therefore, our results support the “telomere–individual quality 
hypothesis.”

Finally and according to our third prediction, we found that telo‐
mere length was negatively correlated with baseline corticosterone 
levels in chick‐rearing albatrosses in 2004. Baseline corticosterone 
levels are often related to breeding performance in wild vertebrates 
(reviewed in Bonier et al., 2009), and especially in chick‐rearing black‐
browed albatrosses (Angelier et al., 2007, 2010). Corticosterone is 
closely linked to energy regulation (Jimeno, Hau, & Verhulst, 2017) 
and elevated corticosterone levels are often related with high ener‐
getic constraints (Angelier, Wingfield et al., 2015; Lynn et al., 2010), 
especially in black‐browed albatrosses (Angelier et al., 2007), and 
they are therefore often a reliable proxy of a low ability of an indi‐
vidual to cope with its environment (Angelier & Wingfield, 2013, but 
see Bonier et al., 2009). Recently, there has been a growing interest 
in the link between glucocorticoids levels and telomere dynamics in 
wild vertebrates (Angelier et al., 2018; Monaghan, 2014). Our re‐
sults support the results from a few studies, which have found that 
elevated plasma glucocorticoids levels are negatively correlated 
with telomere length in several species (Young et al., 2016; Quirici, 
Guerrero, Krause, Wingfield, & Vásquez, 2016; Bauch et al., 2016; 
but see Ouyang et al., 2016).

Assessing individual quality is challenging in wild vertebrates, 
and using several complementary traits to capture inter‐individual 
heterogeneity in performance is recommended (Wilson & Nussey, 
2010). In this study, we investigated the link that may exist between 
telomere length and inter‐individual variations in multiple pheno‐
typic traits (see also Bauch et al., 2013; Le Vaillant et al., 2015; Young 
et al., 2016). Our results demonstrate that telomere length is cor‐
related with all of these phenotypic traits, therefore supporting the 
“telomere length–individual quality hypothesis.”

4.2 | Telomere length and offspring productivity

Because high‐quality individuals should survive and perform con‐
sistently better relative to low‐quality individuals, high‐quality 
individuals should logically produce more offspring over a given 
period of time. Therefore, offspring productivity should be a reli‐
able proxy of individual quality when it is calculated with several 
years/breeding seasons of data (Wilson & Nussey, 2010). Here, we 
specifically found that albatrosses with longer telomeres produced 
more offspring during the years following telomere measurement 
(2004–2013). This result supports the “telomere–individual quality” 
hypothesis and, together with our other results, provides evidence 
that telomere length is linked to individual quality in a long‐lived 
bird species (see also Bauch et al., 2013; Le Vaillant et al., 2015; 

Ouyang et al., 2016). Birds with long telomeres may be birds that 
could effectively cope with environmental stressors and demanding 
life‐history stages (e.g. growth, reproduction, migration and moult) 
without suffering important telomere attrition (Bauch et al., 2014). 
Albatrosses of higher quality would display better performance and 
slower telomere shortening, therefore explaining the positive corre‐
lation between individual quality and telomere length even if longer 
telomeres do not provide fitness benefits per se. In addition, longer 
telomeres might also be mainly determined by the genetic quality 
of the parents and by early‐life environmental conditions, which are 
also known to affect long‐term performance. Interestingly, some 
studies found that telomere length was negatively related to repro‐
ductive output in other species and this may be related to a covari‐
ation between telomere length, adult performance and age (Bauch 
et al., 2013; Ouyang et al., 2016) or to elevated reproductive costs 
and telomere attrition in successful breeders (Bauch et al., 2013). 
Contrary to these previously studied species, telomere length is not 
correlated with age in adult albatrosses and adult telomere attrition 
seems to be slow (Supporting Information Appendix S2). Telomere 
length may therefore be mainly determined by early life and spe‐
cifically by developmental conditions in black‐browed albatrosses 
(e.g. parental cares, see Dupont et al., 2018). This may explain this 
discrepancy.

In wild vertebrates, offspring productivity depends on survival, 
breeding frequency and breeding success, and the functional link 
between telomeres and productivity needs to be clarified at the 
molecular, cellular and organismal levels (Monaghan, 2010, 2014). 
Long telomeres may mechanistically allow albatrosses to survive 
and/or reproduce more frequently and successfully. Supporting 
this interpretation, longer telomeres are associated with higher 
survival in numerous studies (Asghar, Hasselquist et al., 2015; 
Barrett et al., 2013; Bize et al., 2009; Fairlie et al., 2016; Haussmann 
et al., 2005; Heidinger et al., 2012; Salomons et al., 2009; Stier et 
al., 2014), although we still lack experimental data demonstrating 
the causal link between telomere length and survival. In our study, 
we only detected a non‐significant positive trend between telo‐
mere length and survival (possibly because of a lack of statistical 
power, see Supporting Information Appendix S1) Furthermore, 
three studies have reported that telomere length is associated 
with lifetime reproductive success (reptile: Olsson et al., 2011; 
birds: Asghar, Hasselquist et al., 2015; Bauch et al., 2014), and sev‐
eral proxies of breeding success, such as arrival date, brood size or 
the number of recruits (Bauch et al., 2013, 2014; Hall et al., 2004; 
Ouyang et al., 2016; Parolini et al., 2017; Pauliny et al., 2006; Plot, 
Criscuolo, Zahn, & Georges, 2012). Supporting this link between 
telomere length and reproductive performance, we found margin‐
ally significant positive trends between telomere length, success 
probability and, to a lesser extent, breeding probability. However, 
our sample sizes were too limited to detect significant results and 
further studies with larger sample sizes are therefore required to 
robustly test the relationship between telomere length and demo‐
graphic parameters (see power analyses Supporting Information 
Appendix S1).
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Importantly, we found that the relationship between offspring 
productivity and telomere length varies depending on the number 
of years that were used to calculate offspring productivity since 
the time of telomere sampling. This emphasizes the limit of telo‐
mere length to be used as a reliable proxy of individual quality 
throughout life. First, we did not find any significant relationship 
between current breeding success and telomere length, but this 
probably resulted from a lack of statistical power. We sampled 
chick‐rearing birds in our study and only a small percentage of 
breeding failure occurred during that period (9 of 59 birds, ~15%, 
most breeding failures occur at the incubation stage in albatrosses). 
Second, and more interestingly, telomere length was related to off‐
spring productivity, but this relationship significantly weakened as 
we used more years to calculate offspring productivity (Figure 3). 
This suggests that telomere length can reliably predict offspring 
productivity only during a few years following the telomere mea‐
surements. In vertebrates, the rate of telomere shortening may 
vary among individuals depending on their habitat, their social en‐
vironment or their breeding effort (Angelier et al., 2013; Asghar, 
Hasselquist et al., 2015; Nettle et al., 2015; Reichert, Criscuolo 
et al., 2015; Reichert et al., 2014; Schultner, Moe, Chastel, Bech, 
& Kitaysky, 2014; Stier et al., 2016, 2014; Sudyka et al., 2014). 
Although telomere attrition seems slow in black‐browed alba‐
trosses (see Supporting Information Appendix S2), two albatrosses 
with similar telomere length in 2004 (i.e. at the time of sampling) 
may have different telomere dynamics during the following years, 
resulting potentially in a significant difference in telomere length a 
few years after the initial telomere length measurement. This might 
explain why telomere length is linked with medium‐term produc‐
tivity only although this hypothesis needs to be specifically tested. 
Another possibility is that part of the sampled individuals reached 
senescence in the decade following our sampling. Importantly, 
senescence is characterized by a drastic decline in reproductive 
performances and survival (Angelier et al., 2007; Pardo, Barbraud, 
Authier, & Weimerskirch, 2013), and possibly by a sharp decline in 
telomere length as found in jackdaws, Corvus monedula (Salomons 
et al., 2009). Therefore, our 2004 telomere length measurement 
may be completely disconnected from telomere length and repro‐
ductive performances 10 years later. These senescence‐related 
changes could therefore blur the relationship between individual 
quality and telomere length.
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