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Determinants of individual variation in reallocation of limited resources
towards self-maintenance versus reproduction are not well known. We
tested the hypothesis that individual heterogeneity in long-term ‘somatic
state’ (i) explains variation in endocrine and behavioural responses to
environmental challenges, and (ii) is associated with variation in strategies
for allocating to self-maintenance versus reproduction. We used relative
telomere length as an indicator of somatic state and experimentally gener-
ated an abrupt short-term reduction of food availability (withdrawal of
food supplementation) for free-living seabirds (black-legged kittiwakes,
Rissa tridactyla). Incubating male kittiwakes responded to withdrawal by
increasing circulating corticosterone and losing more weight compared to
continuously supplemented controls. Males with longer telomeres increased
time in directed travel regardless of treatment, while experiencing smaller
increases in corticosterone. Males with longer telomeres fledged more
chicks in the control group and tended to be more likely to return regardless
of treatment. This study supports the hypothesis that somatic state can
explain variation in short-term physiological and behavioural responses
to challenges, and longer-term consequences for fitness. Male kittiwakes
with longer telomeres appear to have prioritized investment in self over
investment in offspring under challenging conditions.

1. Background

The life of free-living animals is rife with challenges that require them to con-
tinuously adjust their physiology and behaviour in ways that maximize their
fitness. Fluctuations in resource availability are an important environmental
challenge that forces reallocation of energy between processes of somatic main-
tenance and reproduction. Individuals’ responses to fluctuations in resource
availability vary along the life-history strategy continuum, even within a popu-
lation (e.g. [1]). Individuals are expected to adopt different allocation strategies,
and this variation may manifest most strongly under challenging conditions [2].
An individual’s strategy presumably reflects an integration of its internal
resources and constraints with current environmental conditions in ways that
maximize fitness [3]. While a multitude of genetic and environmental factors
contribute to variation in strategies, much research has focused on
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glucocorticoids as a physiological mediator of resource
allocation [4], and telomeres as an integrative indicator of
long-term ‘somatic state’ that may correlate with allocation
decisions [5].

(a) Glucocorticoids and energy allocation

In most vertebrates, a primary mediator of physiological
and behavioural reallocation in response to challenges is a
transient increase in circulating glucocorticoids, regulated
by the hypothalamic-pituitary-adrenal (HPA) endocrine
axis. Seabirds are long-lived top predators with life-histories
that are primarily regulated by bottom-up processes—their
glucocorticoid (corticosterone) levels often vary in response
to the availability and quality of their prey at sea [6,7] and
elevated corticosterone is often interpreted as an indicator
of nutritional stress [8-11]. At the scale of colonies, elevated
baseline corticosterone can be associated with reduced
reproductive success [12,13].

Black-legged kittiwakes (Rissa tridactyla)—small, long-
lived, colonial, cliff-nesting gulls—have been the focus of
many experiments examining the interactions among food
availability, corticosterone and behaviour. Though responses
can vary based on factors like sex and body condition, kitti-
wakes tend to respond to exogenous corticosterone by
spending less time attending the nest and more time foraging
at sea [14-16]. Corticosterone-implanted kittiwakes may sub-
sequently suffer reduced survivorship [15,17] and other costs,
like faster declines in telomere length [18]. However, as in
many species, populations of kittiwake show substantial het-
erogeneity in the relationship between corticosterone and life-
history strategy. In one study, a Pacific kittiwake population
responded to exogenous corticosterone by decreasing nest
attendance, such that chicks bore the costs of elevated par-
ental corticosterone (reflected in reduced growth and
survival), while Atlantic kittiwakes showed the opposite
response, buffering chicks and incurring direct costs [13].
Further, there is heterogeneity in both the magnitude and
consequences of glucocorticoid elevation in response to chal-
lenges within populations [19]. Efforts to identify factors
contributing to this variation have converged on telomere
length as an indicator of somatic state with potential to
explain interindividual variation in behavioural [20] and
physiological responses to challenges, as well as variation
in life-history strategies [21].

(b) Telomeres, somatic state and life history

Telomeres are vital, non-coding DNA ‘caps’ at the ends of
chromosomes. Telomere length varies at birth, is affected by
both genetic and epigenetic factors, and is thought to be regu-
lated by cellular processes such as cell division, metabolic
rate and, potentially, oxidative damage (reviewed in [22])
that may reduce telomere length. In some species, the
ongoing activity of the enzyme telomerase increases telomere
length [23]. While there are multiple hypotheses about
sources of interindividual variation in telomere length, telo-
meres are frequently used as a proxy for long-term somatic
state, a measure of physiological deterioration that is the pro-
duct of genetics and developmental experience, exposure to
physiological challenges and allocation to investment in
somatic maintenance and repair [24]. While chronological
age can explain some variation in telomere length [25],
relative telomere length (RTL) may be better explained by

the cumulative consequences of an individual’s life-history
strategy and exposure to environmental challenges; there is
evidence that individuals allocating more intensively to
reproduction incur costs to their own self-maintenance that
manifest in shorter telomeres (the ‘Biological Age’” or ‘Repro-
ductive Cost’ hypothesis [26-29]). However, telomere length
has also been proposed as a potential proxy for individual
quality in some species. Some seabird studies found no
relationship between chronological age and telomere length,
and no evidence that increased reproductive effort is associ-
ated with shorter telomeres [1]. These correlative studies
instead support the ‘Telomere-Individual Quality’ hypoth-
esis, where individuals with longer telomeres are better
able to navigate environmental challenges and have higher
reproductive success [30,31]. More recently, the ‘Telomere
Messenger’ hypothesis proposes that telomere dynamics are
an adaptive mechanistic mediator of individual life-history
strategies, acting as a signal that determines how an individ-
ual alters energy allocation in response to environmental
conditions to maximize their fitness [32]. Whether telomere
length in kittiwakes reflects reproductive costs, individual
quality or both [33], it is a strong candidate for explaining
interindividual variation in relative allocation to self-
maintenance and reproduction in response to ecological
challenges. Though relationships between corticosterone
exposure and telomere length vary, corticosterone has been
proposed as a link between telomere length and other aspects
of phenotype [21,26,34,35].

(c) Ecologically relevant challenge

In this study, we experimentally reduced food availability for
free-living adult kittiwakes of known age to test the ability of
telomere length to explain interindividual variation in
responsiveness to an ecologically relevant challenge. We capi-
talized on the unique ability to supplementally feed free-
living adult kittiwakes at a field site on Middleton Island,
AK. By withdrawing food supplementation from incubating
males who had been continuously provided with fish at the
nest ad libitum since the start of the year’s breeding season,
we generated an ecologically relevant challenge that we
anticipated would elevate baseline plasma corticosterone, in
response to (i) a change in energy balance due either to
decreased food intake or increased effort required to acquire
food, and/or (ii) the perception that food availability was
unpredictable [36,37]. We measured baseline corticosterone,
body mass and GPS-derived movement behaviour before
and after the experimental withdrawal of supplemental
food. We also measured reproductive success in the year of
the experiment and noted the birds’ return to the colony
in the subsequent year. We used this experimental mani-
pulation to test the hypothesis that heterogeneity in
individuals’ somatic state explains variation in (i) endocrine
and behavioural responses to short-term environmental
challenges, and (ii) relative investment in current versus
future reproduction. The hypothesis predicts that telomere
length, as an indicator of somatic state, will correlate with
physiological and behavioural responses to this ecologically
relevant challenge, as well as variation in individual strat-
egies for allocating to self-maintenance versus a given
reproductive event.
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Figure 1. Experimental timeline for sampling and food withdrawal. (Online version in colour.)

2. Methods
(a) Study site

Black-legged Kkittiwakes nest on a modified radar tower on
Middleton Island, AK (59.4283° N, 146.3300°W). The tower
and food supplementation regimen have been described in
detail previously [38], but briefly: kittiwakes voluntarily nest
on horizontal wooden beams on the outside walls of the tower;
wood partitions delineate nest sites. Individual nest sites are vis-
ible and accessible from inside the tower via sliding mirrored
glass windows. Holes with PVC tubes allow delivery of whole
thawed capelin (Mallotus villosus) to each nest. All birds are
sexed based on behaviours during courtship and copulation
and are banded with unique colour combinations. Nests are
monitored daily to determine lay, hatch and fledge dates.

(b) Experimental design

In May 2017, we began training birds to accept supplemental food
at 20 nests on a single panel of the tower (figure 1). The panel had
not been supplemented for the four consecutive years prior to this
study (and only one bird from 2017 was fed in 2013). Feeding
began on 8 May, after pairs had been established at nest sites.
Nest occupants were fed as many capelin as they would consume
three times per day (at 8.00, 14.00 and 18.00 h).

The male at each nest containing at least one egg was captured
21 days after its first egg was laid (incubation is approx. 28 days),
beginning on 18 June. We focused on male kittiwakes because they
are more likely than females to maintain investment in self-main-
tenance than reproduction [39] and were thus expected to be
more behaviourally responsive to food withdrawal than females.
We conducted the study during incubation because while incu-
bation is energetically costly [40], birds may be more responsive
to environmental challenges than during chick rearing.

Birds were captured from inside the tower and bled from the
alar vein within 3 min after initial disturbance to acquire baseline
corticosterone levels [41]. Birds were then weighed and fitted
with a GPS unit (i-gotU GT-120 sealed in small heat-shrink
pouches; 16.7+0.1g; 2min fix rate), affixed to two central
rectrices at the base of the tail below the preen gland using
marine cloth tape (Tesa), glue and cable ties.

Birds carrying GPS units were released and food supple-
mentation continued for approximately 48 h (the duration of

six scheduled feeds) for all nests, to acquire baseline (pre-
withdrawal) measures of movement behaviour, after which
11 nests stopped receiving food supplementation (withdrawal
treatment) while nine nests continued to receive food sup-
plementation (control treatment). Because kittiwakes retained
the ability to forage freely at sea, withdrawal of food supplemen-
tation increased the effort required to acquire food without
preventing access to food [42]. The 2017 season followed a
multi-year marine heat wave and was a relatively low-food
year for kittiwakes at this site, with incubating birds travelling
long distances [43]. Thus, birds in this experiment may have
been particularly reliant on food supplementation, potentially
magnifying the impacts of withdrawal of the supplement.
Treatments were assigned in alternation by lay date. Target
capture time was 48 h after food withdrawal (96 h after initial
capture), but one bird was captured 2 days late, and a second
4 days late. At recapture, birds were immediately bled again,
relieved of their GPS units, re-weighed, and released. Food sup-
plementation was resumed for at least a week after recapture
then withdrawn from all birds for the remainder of the breeding
season owing to logistical constraints (chick ages: 5-15 days).

() Reproductive success and return to colony
All nests were monitored daily until the end of the breeding
season, and nests were categorized as successfully fledging a
chick if a chick either left the nest after 35 days or was at least 35
days old and still in the nest when monitoring ended for the
season (mortality at the colony after this age is rarely observed).
Daily resighting the following summer identified every indi-
vidual who returned to nest at a tower nesting site, as well as
hundreds of individuals nesting at other locations on the
island. Because nest site fidelity and resighting probability are
high in this population, birds that were not resighted in 2018
were interpreted as not having returned to the colony to breed.

(d) Hormone analyses

Hormone analysis was conducted blind to treatment. Whole blood
was kept cool for up to 1 h after collection in the field, then centri-
fuged (5 min at 7500 r.p.m.) to separate plasma and red blood cells,
which were kept frozen until assay. Corticosterone was assayed in
duplicate in a single radioimmunoassay, as previously described
[6]. Average recovery of radiolabelled corticosterone after
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extraction was 94%, and the coefficient of variation (CV) of dupli-
cates was 1.6%. Corticosterone samples were not available for three
birds.

(e) Telomere analyses

Telomere analysis was conducted blind to treatment. Blood
samples from 10-day old kittiwake chicks from fed nests in
2016 were also included in the analysis (samples collected and
handled as for adults). DNA was extracted from frozen red
blood cells from pre-withdrawal blood samples (stored tempor-
arily at —20°C in the field, then at —80°C until analysis), and
telomere length quantified using real-time quantitative polymer-
ase chain reaction (qPCR). Briefly, we extracted DNA using
DNeasy Blood and Tissue Kit (Qiagen), assessed extract concen-
tration and purity using a NanoDrop spectrophotometer, and
stored in elution buffer at —80°C. DNA concentration of all
samples was at least 20 ng pl™" and of high quality (260/280
ratio averaged 1.91+0.101 (s.d.), and 260/230 ratio averaged
2.11+0.102). To confirm behaviour-based sexing, we genetically
sexed all birds following Young et al. [44].

We measured RTL using real-time qPCR. This technique
provides telomere quantity as a ratio of telomeric DNA to the
quantity of a single-copy reference gene (here GAPDH). General
protocols were adapted from Cawthon [45], reference gene
primers were from Criscuolo et al. [46] and telomere primers
were from Foote [47]. Samples were run in triplicate, on different
plates for the telomere and the reference gene primers. The qPCR
protocol for the reference gene (GAPDH) was: 2 min at 50°C,
then 10 min at 95°C, followed by 40 cycles of 15s at 95°C and
1 min at 60°C. For the telomere reaction it was 2 min at 50°C,
then 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 20's
at 58°C and 1 min at 72°C. Mean intra-plate CV’s (calculated as
s.d. among three replicates divided by the average Cq value)
were 0.72% for GAPDH and 0.94% for telomeres. Efficiencies
of amplification (calculated from a standard curve included on
each plate) were 100/101% and 90/97.5% for GAPDH and for
telomeres in chick and adult assays, respectively. Repeatability
of the RTL measurements, determined using an intra-class corre-
lation coefficient (ICC) [48], was high (ICC =0.95). An identical
standard sample was run on each plate. Since efficiencies dif-
fered, we used Cawthon’s [45] method of RTL calculation,
which corrects for the primer efficiency and standardizes to the
standard sample so that values can be compared across plates.

(i) Movement analyses

All movement analyses were carried out using the moveHMM
[49] package in R (v. 3.4.1). We analysed tracks of 18 males;
one withdrawal male lost the device during deployment and a
second withdrawal male was excluded because the device
recorded data for only part of the experiment. Parameters for
the model were first maximized using a recursive algorithm
and selected based on the resulting models estimated manxi-
mum-likelihood ratio [50]. With the resultant parameters, we
used a hidden Markov model with a wrapped Cauchy angle
distribution to identify bird movement as one of two states
based on step length and turn angle [50]. State 1 was character-
ized by long step lengths and low turn angles and can be
described as ‘directed flight’; it is usually associated with transit
flight to or from the colony. State 2 is characterized by short
step lengths and high turn angles—it was highly correlated
with time spent at or very near the colony, though we cannot
differentiate between loafing near the nest, and ‘foraging’ at the
nest (waiting for supplemental feeding). The amount of time
spent in each state was converted into the proportion of total
time in the pre- and post-withdrawal windows, and the change
in proportion of time spent in state 1 was used as an indicator
of behavioural change.

(f) Statistical analyses

To account for individual variation in behaviour and physiology,
the independent variable used for analyses (for body mass, corti-
costerone and movement behaviour) was the change from pre- to
post-. See the electronic supplementary material, table S1 for
sample sizes, initial and final values for all measures by treat-
ments; and S3 for full model results. All statistical analyses
were run in R (v. 3.6.2; see the electronic supplementary material,
S4 for code). To first determine whether the food withdrawal
treatment posed a physiological challenge, we compared the
magnitude of change in corticosterone and the change in body
mass (from pre-withdrawal capture to post-withdrawal capture)
between control and withdrawal treatments using Welch's two-
sample t-tests (one-tailed). We then fitted linear models and gen-
eralized linear models (GLM) and log-transformed non-normal
response variables to achieve normality. We used Type III
ANOVA to test significance of interactions; when interactions
were non-significant, we removed the interaction term and
used Type II ANOVA to test for main effects. We report model
estimates + s.e.

(i) Age and telomere length

To test whether telomere length reflects chronological age, we
modelled RTL in response to age. We first used data from the
subset of known-age adults that were banded as chicks at the
colony (1 =12). Then, we repeated the analysis including conser-
vative age estimates for birds that were not banded as chicks (n =
8), which were calculated as year first banded at the colony plus
7 years, the average age of recruitment for birds at historically
unfed nests at this colony [51]. Finally, we modelled log-trans-
formed RTL including all experimental adults and also 10-day
old chicks.

(ii) Telomere length and variation in response to challenge

To test the hypothesis that heterogeneity in individuals’ somatic
state explains variation in endocrine and behavioural responses
to short-term environmental challenges, we modelled change
in corticosterone and change in the proportion of time spent in
movement state 1, in response to treatment, RTL, and their inter-
action. To assess whether somatic state explained physiology and
behaviour in the absence of an environmental challenge, we
modelled pre-withdrawal corticosterone (at first capture; log-
transformed) and pre-withdrawal proportion of time spent in
movement state 1 (first 48h; log-transformed) in response
to RTL.

(iii) Telomere length and life history

To test the hypothesis that heterogeneity in individuals’ somatic
state is associated with different strategies for optimizing fitness,
we modelled the number of chicks fledged in response to treat-
ment, RTL and their interaction. We used logistic regression to
model return to colony the following year (yes/no; binomial
GLM) in response to telomere length, treatment and their inter-
action. Where interactions were significant, separate post hoc
models were re-run for each treatment in response to RTL only.

3. Results

(a) Response to food withdrawal

The increase in corticosterone was significantly greater in
withdrawal birds than controls (figure 2a; t;;,=-3.9, p<
0.01). Withdrawal birds also lost more body mass between
the two capture events (figure 2b; t1,=2.0, p <0.05).
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Figure 2. Male kittiwakes subject to greater than 48 h of experimental withdrawal of supplemental feeding at the nest had (a) higher increases in baseline
corticosterone and (b) larger decreases in body mass than control birds with uninterrupted supplemental feeding. (Online version in colour.)

(b) Age and telomere length

Among adult males included in this experiment, there was no
relationship between telomere length and age using either
birds with known ages (1 =12, range 7-17 years; =0.029 +
0.064, F119=0.20, p=0.66) or combined known age and esti-
mated age birds (n=19, range 7-18 years; §=0.028 + 0.044,
F118=039, p=0.54). However, telomere length declined
with age when we included both experimental adults and
10-day old chicks (electronic supplementary material, figure
S1; B=—0.024 + 0.006, F; 5, =16.1, p < 0.001).

(c) Telomere length and variation in response

to challenge

(i) Corticosterone

Telomere length did not explain any variation in (log-
transformed) baseline corticosterone levels at first capture
(8=0.35+0.86, F1,17=0.17; p=0.69).

Telomere length and treatment did not interactively influ-
ence the change in baseline corticosterone from pre- to post-
withdrawal sampling (8=-15.6+13.4, F,13=14, p=0.26).
However, withdrawal birds increased baseline corticosterone
more than controls (8=7.4+12, F;,,=35.7, p<0.0001;
figure 3a) and individuals with shorter telomeres increased
baseline corticosterone more than individuals with longer
telomeres (3=—-24.4+6.2, F;14=15.5, p <0.01; figure 3a).

(ii) Movement behaviour

Telomere length was not associated with variation in the (log-
transformed) proportion of time in state 1 in the first 48 h. (i.e.
prior to food withdrawal; f=1.0+0.59, F; 1,=0.45, p=0.51),
however the change in proportion of time spent in directed
travel (state 1) was significantly explained by telomere
length (8=0.72+0.30, F;,5=6.5, p<0.05—birds with
longer telomeres had a larger increase in time spent in
directed travel between pre- and post-withdrawal time
periods (figure 3b). Treatment effect was not statistically sig-
nificant (treatment x telomere length: f=0.18 £0.59, F;14=
0.10, p =0.76; treatment: f=0.090 + 0.059, F; 15=2.3, p=0.15).

(d) Telomere length and life history

(i) Reproductive success

An interactive effect between treatment and telomere length
indicated that the association between telomere length
and fledging success varied between treatments (treatment x
telomere length: g =—43.9 +30.4, ;(% =6.9, p <0.01; treatment:
Bf=12.0+728, ;(% =8.0, p<0.01; telomere length: f=36.1+
29.5, ;(% =5.9, p<0.05; figure 4a). Post hoc analyses showed a
positive relationship between telomere length and fledging
success within the control group (8=36.1+29.5, ;(%=5.9,
p <0.05); though the relationship appears negative in the
withdrawal group (figure 4a), it was not statistically signifi-
cant (3=-7.8+75, y¢1=1.3,d.f.=1, p=0.26).

(i) Return to colony

The probability that birds returned in the following year was
not influenced by an interaction between telomere length and
treatment (3=2.4+15.1, )(% =0.026, p=0.87). However, birds
with longer telomeres were more likely to return to the
colony (8=12.7+7.5, ;ﬁ =3.8, p <0.05) regardless of treatment
(B8=-0.50+1.30, ;(% =0.15, p=0.70; four birds were not
resighted in 2018, two from the control group and two from
the withdrawal group; all four had RTLs below the 50th per-
centile; figure 4b). Birds that did not return in 2018 were not
resighted in the subsequent 4 years.

4. Discussion

We found that male kittiwakes with longer telomeres had
smaller increases in corticosterone, larger adjustments in
movement behaviour, and were more likely to invest in
self-maintenance in the face of an abrupt reduction in local
food availability. Of note, RTL did not explain baseline corti-
costerone at initial capture, or behaviour in the first 48 h prior
to the withdrawal of food, suggesting that relationships
between somatic state and individual heterogeneity may be
more likely to be revealed under challenging conditions. In
other words, our experimental manipulation of resource
availability allowed underlying variation in resource
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allocation strategies to emerge [52]. In this study, we were
able to control for many potential sources of variation—sex,
age, and reproductive stage—by using known-age male kitti-
wakes at day 21 of incubation and measuring baseline
corticosterone and behaviour before and after experimental
manipulation.

(a) An ecologically relevant challenge

Kittiwakes exhibit fidelity to local foraging patches [53], yet the
existence of such patches can be ephemeral, necessitating
adjustments in foraging behaviour [54]. We mimicked the dis-
appearance of a local food patch by removing the daily food
supplement that had been a reliable source of food

for approximately five weeks. The removal of this food sup-
plement for 48 h more than doubled baseline corticosterone
for free-living male kittiwakes with unhindered access to fora-
ging at sea, though levels remained well below reported
capture-and-handling induced maxima for kittiwakes at this
site (approx. 3545 ng ml™" [9]). This reduction in local food
availability also revealed a relationship between telomere
length and baseline corticosterone levels that was previously
masked. Most studies that have used experimental manipula-
tions to explore relationships between corticosterone and RTL
in free-living animals have relied on the administration of
exogenous corticosterone. The physiological consequences of
exogenous corticosterone administration are complicated,
with potentially undesirable consequences such as inhibition
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of the HPA axis following an initial spike [55,56]. In fact, admin-
istration of exogenous corticosterone has also been used as a
tool to shut down endogenous glucocorticoid production in
seabirds [57]. By experimentally inducing variation in
endogenous glucocorticoid secretion rather than relying on
exogenous administration, we were able to explore the concur-
rent changes in movement behaviour and reveal a correlation
between telomere length and heterogeneity in these responses.
However, causal relationships among telomere length, corticos-
terone secretion and behaviour are difficult to disentangle.

(b) Telomeres, corticosterone and behaviour

Our study cannot differentiate between the possibility that
HPA axis reactivity drives RTL (by generating variation in
exposure to telomere-shortening glucocorticoids (e.g. [34]))
and the possibility that somatic state/telomere length
drives HPA axis reactivity, perhaps acting as a ‘messenger’
that integrates past experience and optimizes phenotype
accordingly [32]. In many long-lived seabirds including
kittiwakes (electronic supplementary material, figure S1), a
substantial amount of the variation in adult telomere length
seems to be driven by telomere attrition during development
[58]. Factors during the nestling phase such as social milieu
(i.e. brood size/degree of competition [44]), interannual
variation (presumably in resource availability [59,60]) or
exposure to elevated glucocorticoids [28] can generate vari-
ation in telomere length. However, while challenging
experiences during adulthood such as increased energy
expenditure and elevated glucocorticoid exposure [18] can
accelerate telomere attrition in some species (potential mech-
anisms reviewed in [34,35]), a recent meta-analysis suggests
that short-term elevations in glucocorticoids, at least, do not
consistently alter telomere length [61].

Relatively few studies have looked for relationships
between movement behaviour and telomere length. In our
study, RTL explained some of the change in movement beha-
viour, with longer telomere birds showing a larger increase
in directed travel, regardless of treatment group. Potential
explanations for the increase in proportion of time in state
lin the control group (all values positive, no treatment
effect) include a change in environmental conditions, sensi-
tivity of control birds to the disrupted food availability at
neighbouring nests, or the possibility that GPS deployment
(relatively heavy at approx. 17 g or 3.5% body mass) may
have served as an additional challenge that triggered differen-
tial behavioural responses [62] associated with telomere length.
The two general categories of explanations for relationships
between telomere length and behaviour are that (i) telomere
length drives the adoption of particular behavioural strategies
(selective adoption), or (ii) behaviour is causal and the cumu-
lative consequences of foraging strategies have contributed to
variation in telomere length [63]. In several bird species, indi-
viduals with what appear to be more efficient foraging
strategies have longer telomeres or experience less telomere
loss [30,44,64]. In this study, male kittiwakes with longer telo-
meres appeared more behaviourally responsive to challenges,
despite showing smaller increases in corticosterone. The
increase in the proportion of time in directed flight by longer
telomere birds may reflect an environment-driven shift in fora-
ging strategy from ‘sit and wait at a local patch’ (food
supplementation at the nest) to ‘travel to seek food elsewhere’,
perhaps at distant but predictable food patches (sensu [53]) that
become worthwhile under more challenging conditions. While

we would predict that other populations or species would also
show a relationship between telomere length and changes in
foraging strategies in response to environmental challenges,
what constitutes an optimal response strategy is likely to
vary depending on the distribution and predictability of food.

(c) Telomeres and life-history

Longer telomere birds tended to have higher return rates the fol-
lowing year, but only had higher reproductive success in the
absence of the short-term food withdrawal challenge (control
group). The second food withdrawal, when we stopped supple-
menting all nests in early chick rearing, probably served as an
additional energetic challenge, such that variation in reproduc-
tive success and return rates reflected responses to either one
(control group), or two (withdrawal group) challenges. Our
results are consistent with studies showing that individuals
with longer telomeres tend to adopt a ‘slower’ pace of life strat-
egy, keeping corticosterone low and prioritizing investment in
self-maintenance over a single reproductive event when con-
ditions become challenging. This is simultaneously consistent
with longer telomere birds maintaining better somatic state,
and with past experimental evidence that unlike their Atlantic
conspecifics, kittiwakes at this Pacific colony allocate towards
self-maintenance over reproduction in the face of elevated corti-
costerone [13]. We would predict that, in contrast to their Pacific
counterparts, Atlantic kittiwakes with longer telomeres would
show higher reproductive success and, potentially, lower
survival in the face of a decline in resource availability.

5. Conclusion

This study supports the hypothesis that, in this long-lived seabird
species, somatic state may be able to explain variation in both
short-term physiological and behavioural responses to chal-
lenges, and the longer-term consequences for fitness. Though
studies in additional years, populations and species are needed
before these results can be generalized, our results suggest that
in our experimental subset of incubating male Pacific kittiwakes,
birds with longer telomeres appear to be ‘prudent parents’ who,
under challenging conditions, responded physiologically and be-
haviourally in ways that prioritized maintenance of self (somatic
state) over investment in offspring [65]. The ability of telomere
length to explain variation in response to an environmental
challenge is predicted by most hypotheses about the relation-
ships among telomeres, somatic state and resource allocation
but is perhaps surprising given our relatively small sample
size. We hypothesize that our non-pharmacological experi-
mental manipulation, combined with our ability to control for
multiple potential sources of variation and to measure individual
responses (rather than just initial or final states), revealed these
relationships. We suggest that future studies exploring the
relationship between telomere length and heterogeneity in
phenotype/fitness may benefit from using ecologically relevant
challenges to elicit underlying heterogeneity in responses,
instead of relying on variation at a single time point.
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