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INTRODUCTION

Carry-over effects are often important drivers of
population processes, including individual reproduc-
tive success, especially in migratory animals (Norris
& Taylor 2006, Holmes 2007, Morrissette et al. 2010).
These effects describe situations in which fitness-
related outcomes in one season are affected by suc-
cess or state in a previous season (O’Connor et al.
2014). Many carry-over effect studies describe how
quality of winter habitat and diet affect phenology
and reproductive success of subsequent breeding
seasons (Reudink et al. 2009, Sorensen et al. 2009,

Drake et al. 2013), while others describe effects of the
breeding season on the non-breeding period (Stutch-
bury et al. 2011, Schultner et al. 2014b). However, the
proximate physiological changes that accompany
these effects are not as well studied.

One of the strongest components of carry-over
effects is quality of the winter environment. Winter
habitat choice (Reudink et al. 2009, Inger et al. 2010,
Angelier et al. 2013, González-Prieto & Hobson 2013)
and diet (Sorensen et al. 2009) can strongly influence
performance and condition during subsequent
breeding seasons. At the same time, quality and
dominance status may influence access to wintering
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deployed global location sensing loggers on chick-rearing murres breeding in the southeastern
Bering Sea to examine subsequent overwinter locations and foraging behavior. In the tracked
individuals, we measured individual telomere length and longitudinal telomere length changes in
blood and used feathers molted during fall and early spring to assess trophic niche (via stable iso-
topes) and stress levels (as reflected in feather corticosterone levels). Longitudinal changes in
telomere length were better predicted by winter diving parameters than by geographic distribu-
tion and movement variables, such that birds that foraged more intensely (more time diving, more
dive bouts) also experienced higher telomere loss. This indicates that in a pursuit-diving species
with high flight costs, patterns of water-column use through diving may be more important than
horizontal spatial movement for predicting physiological changes underlying carry-over effects.
We conclude that telomere dynamics might be used as an indicator connecting behavior and
physiological stress from season to season.
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habitat (Rockwell et al. 2012, Angelier et al. 2013), so
that these effects may be a combination of extrinsic
(environmental) or intrinsic (reflecting individual
quality through habitat access) factors. Some studies
indicate that these carry-over effects are mediated
inter-seasonally by glucocorticoid stress hormones
(Sanderson et al. 2014), levels of which elevate in
response to poor environment or low food availabil-
ity. For example, elevated corticosterone in blood
plasma indicates nutritional stress in common murres
Uria aalge (Kitaysky et al. 2007).

In this study, we use physiological measures and
biologging to explore the relationship between vari-
ables associated with the non-breeding period (win-
tering variables) and inter-annual telomere dynamics
in the thick-billed murre U. lomvia (hereafter murre).
We deployed geolocation and depth loggers to track
murre location and diving behavior during migration
and wintering in the North Pacific (Orben et al.
2015). As habitat use may change within the winter-
ing period (e.g. Takahashi et al. 2015), we also com-
pare diet and stress variables measured in plumage
molted during fall and spring. Stable isotope values
in feathers reflect diet during the molt in which they
were grown (Becker et al. 2007, Bourgeon et al.
2014). Specifically, stable isotope values for nitrogen
(ratios of 15N/14N as compared to an international
standard; δ15N) provide a proxy for the trophic level
of foraging (Karnovsky et al. 2012), which may influ-
ence reproductive parameters via carry-over effects
(Sorensen et al. 2009). During the breeding season,
murres at our study colonies eat a mixture of prey
including invertebrates (squid and euphausiids) and
fish (especially juvenile pollock Gadus chalcogram-
mus) (Harding et al. 2013). In general, higher
trophic-level prey (i.e. fish) are a higher-quality food
source, since they have high protein and fat content
and do not require energy expenditure to excrete
excess salt (Nehls 1996). Thus, a diet of high-quality,
high trophic-level prey may contribute to recovery
from the breeding season. Fish and squid may also
require more skill to catch, since they are active
swimmers which must be pursued (Kokubun et al.
2016). Therefore, access to this high-quality prey
may be more dependent on diving skills than
 patterns in spatial use.

Telomeres are non-coding DNA repeats which cap
eukaryotic chromosomes and function to protect
DNA (Monaghan & Haussmann 2006). Degradation
of telomeres occurs when cells divide, and loss rates
are accelerated by oxidative damage (von Zglinicki
2002). Telomere length (TL) is considered a potential
indicator of individual state or quality and is increas-

ingly used in ecology as an indicator of biological age
(Monaghan & Haussmann 2006, Barrett et al. 2013).
Short TL and loss of TL may be related to variation in
migration distance (Plot et al. 2012), elevated breed-
ing stress (Schultner et al. 2014a), lower survival
(Salomons et al. 2009, Barrett et al. 2013), or poor-
quality wintering habitat (Angelier et al. 2013), mak-
ing telomere dynamics a good candidate for reflect-
ing patterns in carry-over effects. TL loss has also
been used as a cost of reproduction in avian systems
(Bauch et al. 2013, Sudyka et al. 2014). However,
there are still many links to be made between telo -
mere dynamics, individual quality, and survival
(Monaghan 2010). Some studies, especially of long-
lived species, have not found relationships with
longevity (Pauliny et al. 2006) or changes in body
mass and survival (Pauliny et al. 2012). In thick-billed
murres, TL is related to physiological stress (baseline
corticosterone) (Young et al. 2016) and interacts with
habitat quality to predict patterns in foraging behav-
ior during the breeding season (Young et al. 2015).
Links to other phases of the annual cycle, however,
have not been tested.

The stress hormone corticosterone is passively
deposited into feathers as they are grown; thus, the
concentration of corticosterone in feathers acts as an
integrated measure of stress experienced during
feather growth (Bortolotti et al. 2008, Lattin et al.
2011). Feather corticosterone (fCORT) is linked to
use of high-quality wintering grounds during migra-
tion in great skuas Stercorarius skua (Bourgeon et al.
2014), overwinter survival in house sparrows Passer
domesticus (Koren et al. 2012), and nutritional stress
in rhinoceros auklets Cerorhinca monocerata (Will et
al. 2015). Our use of feathers from 2 parts of the body
allows evaluation of stress levels in fall and in spring.

This study addresses the relationship between TL
and change and wintering variables. Wintering vari-
ables included diving variables (average dive depth,
dive bouts per day, and a measure of foraging inten-
sity), spatial variables (winter home range area and
maximum distance from colony), fall and spring
fCORT, and fall and spring δ15N values. We test (1)
the effect of TL (in year 1) on wintering variables; (2)
the effect of wintering variables on the annual
change in TL (ΔTL); and (3) the possible effects of TL,
ΔTL, and wintering variables on subsequent breed-
ing probability. We predict that TL will explain vari-
ation in wintering variables, indicating more effort
(e.g. high fCORT, large winter home range, high for-
aging intensity) or lower foraging ability (lower δ15N
values) in birds with short TL (Prediction 1). TL may
act as an integrative measure of individual state
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(Monaghan & Haussmann 2006, Barrett et al. 2013),
so this prediction describes a carry-over effect by
which accumulated life history may affect behavior
in the upcoming winter. Second, we test the relation-
ships between wintering behaviors and ΔTL. Murres
have some of the most energetically expensive avian
flight (Elliott et al. 2013), but their wing-propelled
pursuit-diving behavior allows them to exploit the
oceanic environment in a third dimension, diving to
depths of over 200 m (Orben et al. 2015). We predict
that diving behaviors will be more important predic-
tors of telomere changes than spatial variables (e.g.
winter home range area, maximum distance from
colony) (Prediction 2). Third, we test for a relation-
ship between wintering variables and subsequent
breeding. If telomeres mediate carry-over effects,
then wintering variables associated with TL will be
associated with subsequent breeding (Prediction 3).
We also directly test the effect of TL in deployment
year and TL change between years on breeding
probability.

MATERIALS AND METHODS

Field sampling

Geolocation loggers and time-depth recorders
(LAT2500 and LAT1500, Lotek Wireless) were de -
ployed on breeding thick-billed murres during July
and August of 2008 and 2009 at 2 of the Pribilof
Islands (St. Paul Island: 57° 10’ N, 170° 17’ W; and St.
George Island: 56° 34’ N, 169° 36’ W) and at Bogoslof
Island in 2008 only (53° 55’ N, 168° 02’ W) (Orben et
al. 2015). The colonies are located in the southeast-
ern Bering Sea, Alaska, and murres at all 3 colonies
conduct short-distance migrations, either in the
vicinity of the colonies or nearby in the western
Bering Sea, Gulf of Alaska, or North Pacific (Orben et
al. 2015). Loggers were retrieved 1 to 2 yr after de -
ploy ment (n = 49), also in July and August, and blood
samples and measurements were taken again. Most
birds (n = 39) were blood sampled in both years,
allowing calculation of ΔTL. Of the remaining 10
birds, 9 were only sampled in the year of device de -
ploy ment, and 1 was only sampled in the year of
retrieval. Blood samples (<0.5 ml) were taken from
the wing vein, preserved in a 2% EDTA buffer, and
stored at the University of Alaska Fairbanks in a
glycerol storage buffer at −80°C. Body size was cal-
culated as a principal component of wing, tarsus, and
culmen measurements. Principal component 1 (PC1)
ex plained 51% of the variation, and all 3 variables

were negatively correlated with PC1 (mean: −0.72 ±
0.01), so the inverse PC1 score was used as body size.

Geolocation and diving data

Geolocator data were analyzed as in Orben et al.
(2015). After filtering erroneous locations, we used a
generalized additive model to smooth latitude and
longitude over time. Winter home range area was
calculated as the minimum convex hull area of high
residency time based on a radius of 60 km. High res-
idency locations were identified as the upper quartile
of residence time for each murre (Orben et al. 2015).
Loggers recorded pressure conditionally every
minute below 5 dbar (5 m). Using maximum likeli-
hood estimates, dive bout end criteria were calcu-
lated for each murre (DIVEMOVE 1.3.4; Luque &
Guinet 2007), and dives were separated into bouts
when 25.7 min occurred between dives (Orben et al.
2015). Migration and diving were analyzed at either
the annual level (e.g. maximum distance from the
colony) or the seasonal level (e.g. fCORT levels in fall
or spring). Seasonal divisions were as follows: fall =
September, October, November; winter = December,
January, February; and spring = March, April, May.
Diving variables of interest were the percent of the
day spent diving, bout duration, dives per bout, and
percent of the bout diving. These variables were all
positively correlated (mean correlation = 0.53, mean
variance inflation factor = 17.9), so they were col-
lapsed into 1 foraging intensity variable using a prin-
cipal component analysis. The variance explained by
PC1 was 65%, and all factors had strong positive
loadings (Table 1).

Laboratory techniques

Telomeres were measured using the telomere rest -
riction fragment assay following Young et al. (2015).
Briefly, 5 µl of packed red blood cells were extracted
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Variable                                       Loading        Correlation

Percent of 24 h diving                   1.38                 0.768
Bout duration                                 1.47                 0.819
Dives per bout                                1.73                 0.963
Percent of the bout diving             1.16                 0.646

Table 1. Measures of thick-billed murre foraging intensity.
Variable loadings and correlations from the first principal 

component of a principal component analysis
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into agarose plugs using the Chef Genomic DNA
Plug Kit (Bio-Rad). DNA was separated on a 0.8%
agarose gel using pulsed field gel electrophoresis. TL
values were calculated from gel images following
Salomons et al. (2009) and Young et al. (2015). Longi-
tudinal samples from the same individual were ana-
lyzed in adjacent lanes, and gels included 2 control
samples per gel to determine intra-assay variability
(CV = range/mean; mean CV = 4.7 ± 1.4%). TL val-
ues were standardized to these control samples to
reduce the potential effects of inter-assay variability.

For δ15N and fCORT analyses, we sampled breast
feathers grown in the autumn and throat feathers
from breeding plumage grown in February and
March (Gaston & Jones 1998). Stable isotope values
were analyzed using a Carlo-Erba elemental ana-
lyzer interfaced with a Finnigan Delta Plus XP mass
spectrometer (Light Stable Isotope Lab, University
of California Santa Cruz [UCSC]). Measurement
precision (standard deviation), based on within-run
replicates of the laboratory standard (pugel), was
0.14%. Fall and spring δ15N values were not corre-
lated (correlation = 0.261, 95% CI = −0.028 to 0.51).
For fCORT assays, throat (3 feathers) and breast (1
feather) feathers were weighed to the nearest mg
and measured to the nearest 0.5 mm. Throat feath-
ers were measured separately but were weighed to -
gether (Lattin et al. 2011). We followed methods
outlined in Bortolotti et al. (2008) but did not mince
feathers. Feathers were extracted in 5 ml of HPLC-
grade methanol (Fisher Scientific), sonicated for
60 min at 50°C, and incubated overnight in a 50°C
water bath. Whole feathers were analyzed in a sin-
gle radioimmunoassay (Wingfield & Farner 1975)
using a Sigma-Aldrich antibody (C8784) with an
intra-assay CV < 1%. Samples were combined with
2000 cpm of tritium-labeled corticosterone (NET399,
Perkin Elmer) to control for loss of hormone during
analysis. Final fCORT titers were adjusted for per-
cent recovery (mean 95%). Results were converted
to pg mm–1 (Bortolotti et al. 2008). Fall and spring
fCORT values were correlated (correlation = 0.50,
95% CI = 0.19−0.71), indicating that a murre stressed
in the fall is also likely to incur high stress in the
spring.

Analysis

Analysis was conducted in program R (R Develop-
ment Core Team 2011). Prediction 1 was addressed
using MANOVA, in which TL was the independent
variable, and dependent variables were a subset of

the wintering variables (foraging intensity, maxi-
mum distance from the colony, winter home range
area, fall δ15N values, spring δ15N values, fall fCORT
levels, and spring fCORT levels). Only 29 birds had
data for each of these variables and could be
included in the MANOVA. As fall fCORT demon-
strated an effect in the larger analysis, a follow-up
univariate ANOVA with a larger sample size (n =
34) was also run for this variable. For Predictions 2
and 3, models used the ‘lm’ function in R and were
compared using Akaike’s information criterion cor-
rected for small sample size (AICc). For Prediction
2, the models were ΔTL ~ X, where ΔTL was the
percent change in TL from deployment to recapture,
and X was wintering variables. ΔTL was usually cal-
culated from 1 yr to the following year, but in 4
cases telomeres were re- sampled after 2 yr; in these
cases, ΔTL was divided by 2 to indicate mean
annual change. In addition to wintering variables,
we include other measures likely to affect migration
and TL: year (of global location sensing deployment,
first capture), sex (Young et al. 2013, 2015), colony
(Young et al. 2015), body size (Barrett et al. 2013,
Orben et al. 2015), body mass, and the annual
change in body mass. Twenty-three birds had com-
plete data and could be used in this analysis. The
variables which most strongly limited sample size
were the fall and spring δ15N values, so a secondary
analysis was done which excluded these variables
but increased the sample size (n = 31).

We addressed Prediction 3, the effect of wintering
variables on breeding in the following year, using
logistic regression. Wintering variables included
maximum distance from the colony, winter home
range area, fall and spring δ15N values, fall and
spring fCORT, and foraging intensity. Telomere vari-
ables were deployment TL and ΔTL. We also tested
the effect of deployment year, sex, colony, change in
body mass from year 1 to year 2, and body size.
Twenty-one birds had complete data and could be
used in this analysis. Birds were recaptured at breed-
ing sites, so birds recaptured as ‘not breeding’ were
likely birds that failed very early in breeding or were
attending nest sites but deferred reproduction. Thus,
non-breeding recaptures represented birds that sur-
vived the winter but were unable or unwilling to suc-
cessfully breed. We could not distinguish between
birds that were not breeding due to high stress levels
or poor condition and those that may have failed for
extrinsic reasons; however, even in years with a high
reproductive failure due to extrinsic causes, poor
parental condition may still play a large role in deter-
mining which nests fail.



Young et al.: Telomeres and wintering behaviors

RESULTS

Effect of deployment TL on wintering variables
(Prediction 1)

A MANOVA in which TL was tested against forag-
ing intensity, maximum distance from the colony,
winter home range area, fall δ15N values, spring δ15N
values, fall fCORT, and spring fCORT was not signif-
icant (Pillai = 0.31, F7,21 = 1.33, p = 0.28). However,
the univariate ANOVAs indicated that fall fCORT
may be positively related to TL (F1,27 = 6.0, p = 0.021).
A follow-up univariate ANOVA, which used a larger
sample size to test the relationship between fall
fCORT and TL (n = 34), also demonstrated the posi-
tive relationship (Fig. 1; β = 4.35 × 10−4 ± 1.82 × 10−4).

Annual and seasonal predictors of telomere change
(Prediction 2)

We tested the effects of wintering variables on
longi tudinal ΔTL. Models making up 95% of AICc
weight are presented in Table 2. Parameter estimates
were model-averaged using these models (Table 3).
The only parameter with an estimate that did not
overlap zero was foraging intensity. Foraging inten-
sity showed a negative relationship with ΔTL (Fig. 2),
such that birds that foraged more intensively (more
time spent diving, more dive bouts) lost more TL.

In the larger analysis, without stable isotope val-
ues, models making up 95% of AIC weight were for-
aging intensity, year, null, maximum distance from
colony, sex, and body size. Foraging intensity re -
mained the best model (ΔAICc = 0), with the second

model having a higher ΔAICc (year, ΔAICc = 4.02).
Foraging intensity also remained the only parameter
with a weighted estimate that did not overlap zero
(weighted β = −3.61 ± 2.35).

Telomere change, wintering variables, and
 subsequent breeding (Prediction 3)

Models with the lowest ΔAICc for predicting
breed ing status in the recapture year (0 = non-breed-
ing; 1 = breeding) were foraging intensity, body size,
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Model                                             ΔAICc       w       Sum w

Foraging intensity                             0        0.379      0.379
Null                                                  2.56      0.105      0.484
Year                                                  2.64      0.101      0.585
Fall δ15N value                                 3.15    0.0785    0.664
Body size                                          4.35    0.0430    0.707
Sex                                                   4.42    0.0416    0.748
Mean depth                                     4.54    0.0391    0.787
Home range area                            4.65    0.0370    0.824
Spring δ15N value                            4.76    0.0350    0.859
Maximum distance from colony    4.83    0.0338    0.893
Fall fCORT level                             4.91    0.0324    0.926
Spring fCORT level                         4.95    0.0319    0.958

Table 2. Akaike’s information criterion corrected for sample
size (AICc) output for models of wintering variables (as pre-
dictors) and change in telomere length (response variable in
the thick-billed murre). Presented are the model, the ΔAICc
avalue (difference between model AICc and the lowest
AICc), the AIC weight of the model (w, which indicates
the proportional support for this model), and a column sum-
ming those weights to 95% of total weight. fCORT: feather 

corticosterone value

Fig. 1. Deployment (breeding season) telomere length pre-
dicting feather corticosterone (fCORT) levels in thick-billed 

murres, as measured in feathers grown during the fall

Parameter                                          Weighted         SD
                                                            estimate

Intercept                                                3.77            6.05
Foraging intensity                             −4.37            3.41
Year (2009)                                          −1.12            1.44
Fall δ15N value                                      0.408          0.551
Body size                                               0.244          0.387
Sex (male)                                             0.217          0.351
Mean depth                                          0.00922      0.0155
Home range area                                 0.000          0.000
Spring δ15N value                                 0.0491        0.0952
Maximum distance from colony       −0.00123      0.00263
Fall fCORT level                                   0.0122        0.0338
Spring fCORT level                              0.0122        0.0457

Table 3. Weighted parameter estimates for models of winter-
ing variables and change in telomere length in the thick-
billed murre. Presented are the parameter, the weighted
 estimate (based on models making up 95% of Akaike’s in-
formation criterion weight), and the weighted standard de-
viation (SD). Parameter estimates that do not overlap zero, 

indicating good predictive strength, are in bold
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and the change in mass (Table 4). However, all
model-averaged parameter estimates overlapped
zero (Table 5), indicating little influence of these
variables on successful reproduction. Eliminating
variables that did not perform well and limited the
sample size allowed an increase to n = 35 but did not
change the results (not shown).

DISCUSSION

TL and wintering variables

We found that deployment TL did not predict spa-
tial wintering variables or foraging intensity but may
be related to winter fCORT levels. Birds with longer

TL had higher fCORT in the autumn (Fig. 1). Long TL
may indicate high-quality individuals (Le Vaillant et
al. 2015) that may have invested heavily in offspring,
behaviorally or energetically. TL in murres is associ-
ated with breeding season foraging patterns, espe-
cially depth and choice of water masses (Young et al.
2015). Behavioral changes such as increased depth
and trip duration led to higher post-breeding stress in
rhinoceros auklets (Will et al. 2015), and similar pat-
terns may drive post-breeding stress in murre fCORT
as well. TL did not predict the location of wintering
but may indicate individuals suffering carry-over
effects from the breeding season, potentially due to
lack of experience or high reproductive effort, al -
though we cannot demonstrate a causal role for TL
affecting fCORT.

Overwinter behaviors and ΔTL

Our second prediction was supported by the win-
tering data; foraging intensity, a principal component
made up of diving-related behaviors, was a good
predictor of ΔTL (Tables 2 & 3). Murres with high for-
aging intensity scores (long bout duration, high per-
centage of time spent diving) lost more TL than those
with lower scores. Birds with high foraging intensity
may be inefficient foragers, recovering from stressful
breeding seasons, or of lower quality, but their
intense foraging is reflected in physiological changes
to telomeres. However, spatial wintering variables
(winter home range area and maximum distance
from the colony) did not perform well as predictors of
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Parameter                                       Weighted         SD
                                                         estimate

Intercept                                         0.229                1.25
Foraging intensity                        −0.843                1.18
Body size                                         0.356                0.664
Change in body mass                  −0.000932          0.00184
Year (2009)                                   −0.0568              0.125
Fall fCORT level                          −0.0104              0.0236
TL                                                    0.00000790      0.0000189
Maximum distance from colony   0.000534          0.00129
Spring δ15N value                           0.0104              0.0262
Spring fCORT level                     −0.00713            0.0186
Home range area                         −0.000000124    0.000000350
Sex (male)                                       0.0114              0.0358

Table 5. Weighted parameter estimates for models predicting suc-
cessful breeding in the thick-billed murre. Presented are the pa-
rameter, the weighted estimate (based on models making up 95%
of Akaike’s information criterion weight), and the weighted stan-
dard deviation (SD). All parameter estimates overlap zero, indica-
ting low predictive strength. fCORT: feather corticosterone value; 

TL: telomere length

Fig. 2. Percent change in telomere length (ΔTL) from one
breeding season to the next predicted by foraging intensity
in the thick-billed murre. See Table 1 for details of the 

foraging intensity principal component

Model                                             ΔAICc      w       Sum w

Foraging intensity                             0        0.375     0.375
Body size                                         1.83     0.150     0.525
Change in body mass                     2.57     0.104     0.629
Null                                                  3.39   0.0688   0.698
Year                                                  4.25   0.0448   0.742
Fall fCORT level                             4.49   0.0397   0.782
TL                                                     4.90   0.0323   0.814
Maximum distance from colony    4.94   0.0317   0.846
Spring δ15N value                           5.11   0.0291   0.875
Spring fCORT level                        5.26   0.0270   0.902
Home range area                            5.43   0.0248   0.927
Sex                                                   5.58   0.0231   0.950

Table 4. AICc output for models predicting successful
breeding in the thick-billed murre. See Table 2 for details
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telomere change. Murres have extremely high wing-
loading and flight costs but are adept wing-propelled
pursuit-diving foragers, specializing in catching
agile, fast-moving prey underwater. Species-specific
parameters related to the ability to extract energy
from the environment should drive quality indicators,
and telomeres were sensitive to these qualities, re -
lated to diving, in murres. Our findings support the
idea that in a specialist diver, variation in water col-
umn use is more associated with TL maintenance
than are flight patterns.

Although TL (and rates of change) have previously
been shown to differ by sex and breeding colony in
many species (reviewed in Barrett & Richardson
2011) including the thick-billed murre (Young et al.
2013), such differences were not found in this study.
However, male murres spend the first weeks after
colony departure with the fledgling, diving intensely
to supply both chick and self (Elliott & Gaston 2014).
Thus, telomere loss associated with intense foraging
may contribute to the sex differences found in other
studies. It should also be noted that, although many
of our ΔTL values were positive, a positive value is
unlikely to be a true telomere lengthening (Steen-
strup et al. 2013). Lengthening is likely due to short
follow-up time (1 yr instead of many years in a long-
lived species) and also to methodological constraints.
Therefore, we avoid interpreting a positive ΔTL as an
increase in TL but rather as TL maintenance or a
reflection of relative differences in food availability
or other conditions affecting those birds.

ΔTL and subsequent breeding

TL and ΔTL were not associated with the probabil-
ity of breeding in year 2. No parameter had an esti-
mate that was different from zero, but models of for-
aging intensity and body size had ΔAICc < 2. These
models indicated that deployment year body mass
was higher in birds that were breeding at recapture,
and their overwinter foraging intensity was lower.
This may indicate that the better condition of these
birds carried over into the next year, although the
results are not strong enough to make a definitive
conclusion and certainly not strong enough to infer
causation. We did find a relationship between ΔTL
and winter foraging intensity (previous subsection),
but this did not carry over to breeding probability.
Investigating longer time series of changes in forag-
ing and breeding parameters, in relation to changes
in body mass and ΔTL, would be a good subject for
future research on drivers of carry-over effects.

There are 2 likely explanations for the lack of rela-
tionship between TL variables and subsequent
breeding. It is possible that the birds which were
not recaptured had extremely high TL loss, but vari-
ation in ΔTL among recaptured birds was minimal,
regardless of breeding status. Alternatively, as non-
breeding status may be due to parental quality or
extrinsic causes, perhaps the murres recaptured as
non-breeders are not the lowest-quality individuals,
so their status is not associated with a quality indica-
tor. It would be useful to assess fledging probability
and adult survival in relation to TL and ΔTL. Perhaps
on a scale of several years, the cumulative effect of
winter stress and low trophic level diet will lead to fit-
ness outcomes.

CONCLUSION

TL did not predict the spatial wintering patterns
but may indicate individuals suffering high stress
due to carry-over effects from the breeding season.
Our findings also support the idea that telomeres, a
physiological quality indicator, were sensitive to a
species-specific parameter related to the ability to
extract energy from the environment, in this case
diving behaviors rather than spatial use. Winter for-
aging intensity was related to the maintenance of TL
from year to year, although causation cannot be
inferred. In this pursuit diver, variation in water col-
umn use was more important for maintaining TL than
the size of the wintering area and distances travelled.
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