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INTRODUCTION

Carry-over effects, which are processes in one life
history stage that affect processes in the next stage,
are believed to be important determinants of behav-
ior and fitness in animals (Norris 2005, Harrison et al.
2011, Catry et al. 2013). During recent years, carry-
over effects have been documented in several spe-
cies, and usually attributed to habitat or diet quality
(Marra et al. 1998, Norris 2005, Sorensen et al. 2009,
Bogdanova et al. 2011, Conklin & Battley 2012). At a

proximate level, it has been suggested that physio-
logical stress, acting via the hypothalamic−pitu-
itary−adrenal axis, can result directly in carry-over
effects (Legagneux et al. 2012). Other proposed, non-
exclusive factors include body condition and the
effects of previous breeding outcome (Bogdanova et
al. 2011, Klaassen et al. 2012, Legagneux et al. 2012).
However, most studies of carry-over effects to date
remain correlative, making it difficult to untangle
physiological mechanisms from confounding factors
such as genetics or different individual quality (Bog-
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danova et al. 2011). As, to our knowledge, no experi-
mental manipulations of candidate mediators of carry-
over effects have been reported, mechanisms there-
fore remain essentially unknown (Harrison et al. 2011).

Recently, evidence that indirectly implies glucocor-
ticoid hormones as mediators of carry-over effects
has been accumulating (Legagneux et al. 2012, Mark
& Rubenstein 2013). Glucocorticoids are physiologi-
cal mediators of environmental stress (Wingfield
1994, Bonier et al. 2009). In seabirds, secretion of
the glucocorticoid hormone corticosterone (CORT)
increases with deteriorating food availability, as
demonstrated by both experimental and observa-
tional studies (e.g. Kitaysky et al. 1999a, Buck et
al. 2007, Kitaysky et al. 2007, Kitaysky et al. 2010).
Circulating CORT is important for the regulation of
stored energy (Wingfield et al. 1998, Sapolsky et al.
2000, Schultner et al. 2013b) and foraging behavior
(Wingfield et al. 1998, Sapolsky et al. 2000, Kitaysky
et al. 2001, Angelier et al. 2007a,b). However, in -
creases in CORT levels due to stress can also trigger
the reduction and abandonment of current reproduc-
tive efforts, thereby modulating breeding success
(Wingfield et al. 1998, Kitaysky et al. 2001). In sum-
mary, CORT has the potential to affect processes
 previously suggested to be involved in carry-over
effects. As well as a modulation of energy stores and
breeding success, CORT may also interfere more
directly with the preparations for migration. For
example, high levels of CORT reduce feather growth
(Romero et al. 2005), a potentially important factor in
the pre-migratory molt process. Furthermore, it has
been demonstrated that chronically increased CORT
levels have long-term negative consequences on
health, immune and cognitive function, and survival
(Wingfield et al. 1998, Sapolsky et al. 2000, Goutte et
al. 2010b, Kitaysky et al. 2010), each of these being
relevant in the context of carry-over effects. How-
ever, no study to date has experimentally tested the
specific role of CORT in carry-over effects.

Seabirds in general, and kittiwakes in particular,
represent a unique system to study mechanisms of
carry-over effects on migration. Not only have kitti-
wakes been a focal species in much of the work on
glucocorticoid hormones, meaning that the birds’
hormonal profiles, the environmental influence on
these, and behavioral and physiological effects of
hormones, are relatively well known (e.g. Kitaysky
et al. 2001, Angelier et al. 2007a, Buck et al. 2007,
Kitaysky et al. 2010). Kittiwakes and many other sea-
birds are also large enough that they can be fitted
with small tracking devices. Furthermore, the annual
migration of seabirds is usually large scale, which

makes it possible to track the animals through low-
cost, but coarse-resolution devices such as geoloca-
tors (relative to, for example, GPS-based technology).
Many kittiwakes in the Atlantic, for example, mi -
grate a distance of several thousand kilometers twice
annually between their breeding colonies and win-
tering grounds (Frederiksen et al. 2012).

In the present study, we examined whether physio-
logical stress during breeding carries over to affect
migration patterns in arctic-breeding kittiwakes. As a
proxy of physiological stress, we increased the CORT
levels in chick-rearing kittiwakes for a short-term pe-
riod through CORT implants. Subsequently, we tracked
individual migration patterns with geo locators that
were recovered during the following breeding season.

MATERIALS AND METHODS

Corticosterone treatment

Kittiwakes are cliff-nesting, medium-sized gulls
with a northern circumpolar distribution. Both part-
ners on a nest share parental duties about equally,
typically raising 1 or 2 chicks. The breeding season
lasts from April or May to August or September, with
chicks hatching around 10 July (Moe et al. 2009). Kit-
tiwakes can molt their primary feathers from May to
December, with most feathers being replaced before
arrival at the wintering areas in November (Olsen
& Larsson 2004, González-Solís et al. 2011). During
July to August 2011, we performed a short-term
stress experiment in a colony of chick-rearing kitti-
wakes in Kongsfjorden, Svalbard, Norway. Briefly,
when chicks were about 10 d old, we implanted one
parent subcutaneously with a CORT-filled silastic
tube (CORT treatment: ‘CORT’, n = 13; nmale = 5, 
nfemale = 8). Small incisions were made at both ends of
the implant to facilitate a rapid hormone release,
effectively replicating earlier studies in which 2
implants with single incisions were used. The
implants produce a peak in baseline CORT levels
before returning to pre- or slightly below pre-
implantation levels 2 to 3 d later (Kitaysky et al. 2001,
Angelier et al. 2009, Goutte et al. 2010a, Schultner et
al. 2013a). The disinfected implant was inserted
under the skin between the shoulders through a
small incision and the incision closed with tissue glue.
A control group of indivi duals received an empty
implant (CORT treatment: ‘control’, n = 12; nmale = 6,
nfemale = 6). Implants were given while birds were
held for a different purpose (equilibration period of
doubly labeled water for measuring energy expendi-
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ture) for ~1 h, and handling times (±SE) were almost
identical for both treatments (CORT = 1 h 15 min ±
1 min, control = 1 h 17 min ± 2 min). At implantation,
males were heavier than females  (linear model:
F1,16 = 42.880, p < 0.001), as expected (Moe et al.
2002), but body mass did not differ among the treat-
ments in either sex (CORT treatment: F1,16 = 1.556,
p = 0.230; CORT treatment × sex: F1,16 = 2.652, p =
0.123). Also baseline CORT levels were similar be -
tween treatment groups (F1,15 = 0.218, p = 0.648), but
elevated in males compared with females (F1,15 =
23.033, p < 0.001). There was no significant inter -
action between CORT treament and sex before the
experiment (F = 1.445, p = 0.248; control females =
5.4 ± 1.2 ng ml−1, CORT females = 6.3 ± 0.4 ng
ml−1, control males 11.8 ± 1.5 ng ml−1, CORT males =
10.2 ± 1.1 ng ml−1). Initial conditions for the implant
treatment were also similar with respect to clutch
size (Pearson’s chi-squared test: χ2 = 0.008, p = 0.927)
and timing of implantation (t-test: t16.746 = 0.147, p =
0.885). We recaptured the birds and removed the im -
plants after the peak in CORT levels was produced,
i.e. after a 3 d period. Consequently, there was no dif-
ference in baseline CORT levels at recapture between
implant treatments (F1,14 = 0.120, p = 0.735) or sexes
(F1,14 < 0.001, p = 0.993), and no significant interac-
tion between implant and sex (F1,14 = 0.273, p = 0.609;
control females = 6.9 ± 1.7 ng ml−1, control males =
8.1 ± 1.9 ng ml−1, CORT females = 7.1 ± 0.8 ng ml−1,
CORT males = 6.3 ± 2.7 ng ml−1). For a more detailed
description of the CORT experiment, see Schultner et
al. (2013a).

Geolocator deployment

Birds were equipped with light-level geolocators
mounted on a leg band (n = 25, Mk18L and Mk18H,
1.5 and 1.9 g, British Antarctic Survey) later in the
breeding season, when their chicks were ~25 d old.
In July 2012, we recovered 22 and successfully
extracted data from 20 geolocators, 12 of which were
from CORT-treated individuals (nfemales = 7, nmales = 5)
and 8 from controls (nfemales = 4, nmales = 4). One data-
extracted geo locator from a CORT-treated male only
held data up to 26 December 2011.

Geolocator analyses

Geolocator data were analyzed with BASTrak soft-
ware (British Antarctic Survey). Following Frederik-
sen et al. (2012), we used a light threshold level of

10 and a sun elevation angle of −3° to estimate 2 daily
positions. Estimates of latitude were unreliable around
the equinoxes, and the periods 7 September to 19
October and 24 February to 5 April were conse-
quently removed. We estimated timing of autumn
departure and spring arrival as the date when the
birds crossed 70° N (see ‘Migration analyses’ below).
This parameter was used instead of departure and
arrival at the colony (79° N) because geolocators can-
not provide positions under constant daylight, which
occurs from end of April to end of August at the
colony. In contrast, positions (and timing) could be
determined for all birds when they crossed 70° N. At
this point, all birds were in rapid transit towards or
away from the wintering areas, which we regard as a
useful benchmark for inter-individual comparison of
timing of migration.

Migration analyses

Geolocator positions have an average error of
~185 km (Phillips et al. 2004). To reduce the influence
of outliers and errors, we smoothed positions using a
3-position moving average based on spherical tri -
gonometry. Distances between successive smoothed
positions and between positions and the colony were
calculated as great circle distances assuming a
spherical Earth. We analyzed 3 main parameters of
migration timing: (1) autumn departure from the
breeding region, defined as the date an individual
crossed latitude 70° N in southward direction; (2)
time spent at the wintering grounds, defined as the
number of days an individual spent south of 70° N;
and (3) spring arrival, defined as the date an individ-
ual crossed 70° N in northward direction. We also
analyzed the median distance to the colony for each
individual in each month, and the time spent in the
west versus the east Atlantic sectors. Based on spatial
rather than biological considerations, we used 35° W
to separate west and east Atlantic into roughly simi-
lar-sized sectors.

Effects of corticosterone treatment on migration

For each of the 3 migration parameters, we fitted
linear models with migration behavior as response
and the factors CORT treatment (CT; control or
CORT) and sex (S; female or male), along with the
interaction between CT and S, as explanatory vari-
ables. Median monthly distance to the colony was
analyzed with linear mixed-effect models, with treat-
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ment, month and sex as fixed factors and individual
identity as a random factor (random intercept). The
number of birds and observations were 20 and 137,
respectively. The random term remained constant in
all candidate models, while the fixed-effect terms
were changed. We thus fitted the models with maxi-
mum likelihood (Pinheiro & Bates 2000, Zuur et al.
2009). We selected the best model for inference using
an information theoretic approach with Akaike’s in -
formation criterion corrected for small sample size
(AICc). The relative likelihoods of candidate models

were expressed with AICc weights (Burnham &
Anderson 2002). As month (M) is a strong predictor
of distance to colony (Frederiksen et al. 2012), we
included M in each candidate model. The set of
 candidate models was then designed to include all
combinations with CT and S, along with the interac-
tions. Intercept was included in all the models, and
we also included a model with intercept only. The
intercept-only model has no biological meaning, but
is useful as a statistical null model. All analyses were
carried out in R v2.15.2 (R Core Team 2012), in -
cluding packages ‘nlme’ (Pinheiro et al. 2013) and
‘AICcmodavg’ (Mazerolle 2013). We report means ±
standard errors throughout.

RESULTS

Autumn departure of kittiwakes was affected by
the CORT treatment in a sex-specific manner (p =
0.004 for CT × S, Table 1). When treatments were
pooled, female kittiwakes departed earlier than
males (24 October ± 3 d and 30 October ± 2 d, respec-
tively; S, p = 0.039, Table 1). However, CORT-treated
females departed for autumn migration on 19 Octo-
ber ± 3 d, whereas CORT-treated males departed
2 wk later (2 November ± 2 d, Fig. 1). Control females
and males departed on 1 November ± 3 d and 27
October ± 3 d, respectively (Fig. 1).

CORT treatment also affected the total time spent
in the wintering areas in a sex-specific manner
(CT × S, p = 0.028, Table 1). CORT-treated females
spent 13 d more at the wintering grounds than
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df F p

Autumn departure (cross 70° N southbound)
CT 1,16 2.2 0.155
S 1,16 5.0 0.039
CT × S 1,16 11.5  0.004

Time spent south of 70° N
CT 1,15 0.6 0.449
S 1,15 0.3 0.593
CT × S 1,15 5.9 0.028

Spring arrival (cross 70° N northbound)
CT 1,15 0.1 0.705
S 1,15 1.2 0.283
CT × S 1,15 0.7 0.428

Table 1. Effects of CORT treatment during breeding (CT:
CORT or control) and sex (S: female or male) on autumn de-
parture, time spent south of 70° N and spring arrival in kitti-
wakes Rissa tridactyla. Autumn departure and spring arrival
were defined as the date when crossing 70° N during south-
ward and northward migration, respectively. Statistically 

significant p-values (<0.05) are in bold

Fig. 1. Rissa tridactyla. (A) Autumn departure (days after October 1, 2011), (B) time spent south of 70° N, and (C) spring  arrival
(days after April 1, 2012) for male and female individuals. Birds were either CORT (grey bars, nmale = 5, nfemale = 7) or control
(white bars, nmale = 4, nfemale = 4) treated while breeding (July 2011). Autumn departure and spring arrival refer to timing of 

crossing 70° N during southbound and northbound migration, respectively. Displayed are means ± SE
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CORT-treated males (179 ± 5 d and 166 ± 3 d, respec-
tively, Fig. 1). In contrast, control females spent 11 d
less at the wintering grounds than males (165 ± 4 d
and 176 ± 5 d, respectively, Fig. 1). These effects on
time spent at the wintering grounds were mainly
driven by the timing of autumn departure, as there
was no effect of CORT treatment and sex on timing
of spring arrival (CT × S, p = 0.428, Table 1, Fig. 1).
On average, CORT-treated females and males arrived
(i.e. crossed 70° N, see ‘Materials and methods’)
on 15 April ± 2 d and 16 April ± 4 d, respectively,
whereas control females and males arrived on 14
April ± 2 d and 20 April ± 3 d, respectively (Fig. 1).

In line with these differences in migratory behav-
ior, distance to colony was best explained by the full
model including the 3-way interaction CT × M × S
compared with other candidate models (AICc weight
= 0.99, Table 2). Thus, CORT treatment affected
the birds’ distance to the colony, and this effect
depended on month and sex. In October, during the
time of autumn migration, CORT-treated females
were distributed further south than CORT-treated
males and control females, which remained at higher
latitudes and closer to the colony (Figs. 2 & 3). Over-
all, distance from colony was similar during the win-
ter months December, January and February in con-
trol and CORT-treated birds (Fig. 3, Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/ m496
p125_ supp. pdf). All birds visited both the west and
the east Atlantic sectors during winter (Fig. S1 in the
supplement), and time spent in the different sectors
was not affected by the CORT treatment (for time
in the west Atlantic: F1,15 = 1.821, p = 0.197) or sex
(F1,15 = 0.948, p = 0.346) after controlling for time
spent south of 70° N (F1,15 = 4.566, p = 0.050). Total

distance travelled during the migration period was
not affected by the CORT treatment (F1,16 = 0.031, p =
0.863) or sex (F1,9 <0.001, p = 0.988).

DISCUSSION

We demonstrated experimentally that physiologi-
cal stress during breeding has a carry-over effect that
modifies migratory behavior in a long-lived seabird.
Female kittiwakes that were CORT-treated during
the chick-rearing period departed from their breed-
ing grounds early, compared with kittiwakes in other
years and nearby colonies (Frederiksen et al. 2012),
whereas similarly stressed males left later. This re -
sulted in ~2 wk longer residence of CORT-treated
females at the wintering grounds (south of 70° N)
compared with controls. CORT-treated males, in con-
trast, spent an average of 10 d less at the wintering
grounds than control males. Later migratory behav-
ior, i.e. total distance travelled, time spent in different
sectors of the Atlantic or spring arrival at the breed-
ing grounds, was not affected and thus confirms results
from earlier studies that carry-over effects across mul -
tiple seasons may be difficult to detect (Bogdanova et
al. 2011).

We found carry-over effects of elevated CORT lev-
els in kittiwakes to be sex specific. This is in line with
earlier studies in which breeding success carried
over to migration in a sex-specific way, with female
but not male kittiwakes spending longer time in the
west Atlantic sector after a failed breeding attempt
(Bogdanova et al. 2011). However, whether the sex
specificity of carry-over effects can be attributed to
contrasting parental investment before winter migra-
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Rank Model K AICc ΔAICc AICc weights

1 CT + M + S + ‘CT × M’ + ‘CT × S’ + ‘M × S’ + ‘CT × M × S’ 30 2186.3 0.0 0.99
2 M + S 10 2198.9 12.6 <0.01
3 M 9 2199.0 12.8 <0.01
4 M + S + ‘M × S’ 16 2200.3 14.0 <0.01
5 CT + M 10 2201.2 14.9 <0.01
6 CT + M + S 11 2201.2 14.9 <0.01
7 CT + M + S + ‘CT × S’ 12 2201.8 15.6 <0.01
8 CT + M + S + ‘M × S’ 17 2202.8 16.5 <0.01
9 CT + M + ‘CT × M’ 16 2206.3 20.0 <0.01
10 CT + M + S + ‘CT × M’ 17 2206.4 20.2 <0.01
11 Intercept only 3 2417.3 231.1 <0.01

Table 2. Comparison of linear mixed-effect models (individual identity was entered as a random effect) analyzing median dis-
tance to colony of individual kittiwakes Rissa tridactyla in relation to CORT treatment (CT), month (M) and sex (S) based on
Akaike’s information criterion corrected for finite sample size (AICc) and weights (AICc weights). K denotes the number of
 parameters in each model and models are ranked according to their ΔAICc. Number of individuals = 20, observations = 137

http://www.int-res.com/articles/suppl/m496p125_supp.pdf
http://www.int-res.com/articles/suppl/m496p125_supp.pdf
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tion, to the need of females to attain energy for egg
production in the following breeding period, or to dif-
ferential roles in the establishment and defense of
breeding sites remains an interesting question for
future research.

Earlier observational studies have shown that habi-
tat and diet quality or quantity, the intrinsic state of
animals and reproductive success can lead to carry-
over effects in animals (e.g. Norris 2005, Bogdanova
et al. 2011, Harrison et al. 2011). However, proximate
mechanisms remain largely elusive in these studies.

Our results showed that the glucocorticoid hormone
CORT can be a mediator of carry-over effects be -
tween the reproductive and migratory life history
stages. Theoretically, the stress hormone CORT itself
could have directly triggered differences in migratory
behavior. This would support one of the few experi-
mental studies on carry-over effects, in which stress
during migration — induced by captivity — was sug-
gested to carry over to reproduction in wild geese
(Legagneux et al. 2012). As physiological stress in
that particular study was not manipulated or meas-
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Fig. 2. Rissa tridactyla. Median positions in October for male (circles) and female (triangles) individuals from Kongsfjorden,
Svalbard, Norway (79° N, 12° E). Red symbols: CORT-treated kittiwakes (nmale = 5, nfemale = 7); blue symbols: controls (nmale = 

4, nfemale = 4); arrow: position of breeding colony

Fig. 3. Rissa tridactyla. Monthly median distance to colony (km) during the non-breeding period (September 2011 to April
2012) of (A) female or (B) male kittiwakes that were either CORT (grey boxes, nmale = 5, nfemale = 7) or control (white boxes,
nmale = 4, nfemale = 4) treated while breeding (July 2011). Boxes around the median  represent the first and third quartiles,
whiskers the largest and smallest value within 1.5× the interquartile range from the box, and points outside this range are 

plotted as outliers
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ured at the proximate level, an involvement of stress
hormones remained speculative. However, other stu -
dies have established that elevated levels of CORT
affect foraging and cognitive capabilities, and can
impact immunocompetence and post-reproductive
survival (Sapolsky et al. 2000, Romero 2004, Bonier et
al. 2009, Goutte et al. 2010b, Kitaysky et al. 2010).
There is also evidence that CORT is directly involved
in processes important for molt (Romero 2002, Romero
et al. 2005, DesRochers et al. 2009) and migration
(Piersma et al. 2000, Landys-Ciannelli et al. 2002, Re-
neerkens et al. 2002, Landys et al. 2004). Thus, CORT
could have been a direct causal determinant of the
changes in migratory behavior that we ob served in
this study. However, firstly, CORT is suggested to de-
lay rather than advance molt, as it may decrease
feather protein deposition (Romero et al. 2005). As
kittiwakes usually molt most of their primary feathers
before autumn migration (Olsen & Larsson 2004,
González-Solís et al. 2011), CORT-treated birds would
be expected to migrate later. Secondly, in our study
the exposure of breeding birds to elevated levels of
CORT was only short term (less than 3 d) and CORT
returned to baseline levels after this increase. There-
fore, it would be surprising if such a transient in -
crease in stress hormones would have a long-lasting
direct effect. Thirdly, we only observed an advance in
the migration schedule of CORT-treated females, and
not in males. The direct effects of CORT would there-
fore be sex specific, in that they would cause an
 advance of migration in one but not the other sex. At
the moment, there is no physiological evidence that
would support such a notion, e.g. a largely different
CORT-receptor distribution between sexes. Finally,
evidence against a consistent proximate effect of cir-
culating CORT on migration schedules is derived
from an examination of the hypothalamic-pituitary-
adrenal (HPA) axis function during mid- to late chick
rearing: baseline total and free CORT levels a few
weeks before departure were lower in CORT-treated,
early departing females than in controls (potentially
reflecting a ‘better’ physiological state as discussed
below; see Fig. S2 in the Supplement for mid- to
late-season CORT levels), but within each treatment
group, lower CORT levels tended to be associated
with later departure. CORT consequently does not
seem to be a convincing proximate mechanism to
 determine departure, and the relationship between
HPA axis function and migration appears to be con-
text dependent. To conclude thus far, we did not find
indications for a direct proximate effect of CORT
(CORT treatment or mid- to late-season CORT levels)
on molt and/or migration.

Although our study identified CORT as an impor-
tant mediator of carry-over effects between breeding
and migration, the exact pathways that lead to
changes in migration schedules in response to a
short-term physiological stress remain to be estab-
lished. Theoretically, CORT may carry over to migra-
tion by affecting 2 non-exclusive factors: repro -
ductive performance or the pre-migratory state of
individuals. Reproductive performance has been
proposed as a major link between breeding and
migration (Bogdanova et al. 2011, Catry et al. 2013),
and CORT (or its major underlying factor in kitti-
wakes, food availability) is a known modulator of
reproductive success (Wingfield et al. 1998, Kitaysky
et al. 1999b, 2001). However, kittiwakes in our study
maintained relatively high parental care and had
increased reproductive success in response to the
CORT treatment (Schultner et al. 2013a). Although
we did not observe predation on study nests during
our daily presence in the colony, CORT-mediated
changes in parental behavior may have interacted
unnoticed with predation events to modify breeding
success. But as the timing of autumn departure from
the breeding grounds of CORT-treated females was
similar for unsuccessful and successful breeders in
this study (Table S1 in the Supplement), breeding
success overall did not seem to have a strong influ-
ence on observed differences in migratory behavior.
CORT may alternatively have contributed to individ-
ual differences in energy stores at the end of the
breeding season. Reproduction is a costly activity
and often leads to a depletion of energy stores (e.g.
Drent & Daan 1980, Golet & Irons 1999) and can
reduce future survival (e.g. Stearns 1989, Golet et al.
1998). Elevated levels of CORT, on the other hand,
can stimulate food acquisition and intake (Sapolsky
et al. 2000, Angelier et al. 2007a), potentially leading
to larger energy stores at the end of the season,
which would then allow an earlier migration. Simi-
larly, as molt is energetically costly (Portugal et al.
2007, Fox et al. 2013), early or rapid completion of
molt due to available stored energy may have con-
tributed to an advancement of migration timing
(González-Solís et al. 2011, Fox et al. 2013). How-
ever, although CORT-treated females in our study
tended to gain body mass through the breeding
 season, compared with control females (Table S2,
Fig. S3 in the Supplement), differences were subtle
(about 7% change relative to initial body mass) and
statistically insignificant (Table S2 in the supple-
ment). Furthermore, as mass change and departure
from breeding grounds in CORT-treated males were
similar to control males, we could not conclusively
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assess the role of energy stores. In summary, al -
though we could not rule out a direct effect of CORT
on migratory behavior, a possible link between phys-
iological stress experienced during reproduction and
migratory behavior is the dynamics of energy stores.
However, sample sizes in our study were limited and
future studies are clearly needed to investigate the
interactive effects of hormones, behavior, energy
balance and reproductive success in detail.

In conclusion, this is the first study that demon-
strates a link between physiological stress during
reproduction, mediated by CORT, and migratory
behavior. We were not able to quantify other impor-
tant aspects of pre- and post-breeding ecology
that are linked to breeding performance, such as
prospecting on other colonies (Ponchon et al. 2013)
and dispersal (Danchin et al. 1998), owing to the con-
tinuous light conditions in Arctic summer; however,
they should be explored in the future. Another
intriguing question that deserves more attention is
whether and how stress during reproduction and
resulting changes in migration behavior translate
into individual fitness (Plot et al. 2012). Larger-scale
studies that investigate proximate factors and deploy
tracking devices are needed, to avoid the limitations
of small sample sizes in current experimental carry-
over studies. However, with our study, we demon-
strated the significance of an experimental approach
to advance our understanding of carry-over effects.

Acknowledgements. We especially thank V. S. Bråthen, C.
Lassen, E. Noreen, D. B. Skomsø, J. Welcker and R. C.
Young for their help in the field, and W. Moskal and the staff
of the Sverdrup Research Station for logistic support.
Thanks also to 3 anonymous reviewers for their contribu-
tions to the manuscript. Financial support was provided by
the Norwegian Research Council (SPORE project, grant
#196181) and by Arctic Field Grants from the Svalbard Sci-
ence Forum. J.S. was supported by a Graduate Student
Research Award from the North Pacific Research Board.
O.C. and S.T. were supported by the French Polar Institute
(IPEV, research project #330), and B.M. was supported by
FRAM – High North Research Centre for Climate and the
Environment.

LITERATURE CITED

Angelier F, Clement-Chastel C, Gabrielsen GW, Chastel O
(2007a) Corticosterone and time-activity budget:  an
experiment with black-legged kittiwakes. Horm Behav
52: 482−491

Angelier F, Shaffer SA, Weimerskirch H, Trouve C, Chastel
O (2007b) Corticosterone and foraging behavior in a
pelagic seabird. Physiol Biochem Zool 80: 283−292

Angelier F, Clement-Chastel C, Welcker J, Gabrielsen GW,
Chastel O (2009) How does corticosterone affect parental
behaviour and reproductive success? A study of prolactin

in black-legged kittiwakes. Funct Ecol 23: 784−793
Bogdanova MI, Daunt F, Newell M, Phillips RA, Harris MP,

Wanless S (2011) Seasonal interactions in the black-
legged kittiwake, Rissa tridactyla:  links between breed-
ing performance and winter distribution. Proc R Soc
Lond B Biol Sci 278: 2412−2418

Bonier F, Martin PR, Moore IT, Wingfield JC (2009) Do base-
line glucocorticoids predict fitness? Trends Ecol Evol 24: 
634−642

Buck CL, O’Reilly KM, Kildaw SD (2007) Interannual vari-
ability of black-legged kittiwake productivity is reflected
in baseline plasma corticosterone. Gen Comp Endocrinol
150: 430−436

Burnham KP, Anderson DR (2002) Model selection and
 multimodel inference:  a practical information-theoretic
approach. Springer, New York, NY

Catry P, Dias MP, Phillips RA, Granadeiro J (2013) Carry-
over effects from breeding modulate the annual cycle of
a long-distance migrant:  an experimental demonstration.
Ecology 94: 1230−1235

Conklin JR, Battley PF (2012) Carry-over effects and com-
pensation:  late arrival on non-breeding grounds affects
wing moult but not plumage or schedules of departing
bar-tailed godwits Limosa lapponica baueri. J Avian Biol
43: 252−263

Danchin E, Boulinier T, Massot M (1998) Conspecific repro-
ductive success and breeding habitat selection:  implica-
tions for the study of coloniality. Ecology 79: 2415−2428

DesRochers DW, Reed JM, Awerman J, Kluge JA and others
(2009) Exogenous and endogenous corticosterone alter
feather quality. Comp Biochem Physiol A 152: 46−52

Drent RH, Daan S (1980) The prudent parent:  energetic
adjustments in avian breeding. Ardea 68: 225−252

Fox AD, King R, Owen M (2013) Wing moult and mass
change in free-living mallard Anas platyrhynchos. J Avian
Biol 44:1−8

Frederiksen M, Moe B, Daunt F, Phillips RA and others
(2012) Multicolony tracking reveals the winter distribu-
tion of a pelagic seabird on an ocean basin scale. Divers
Distrib 18: 530−542

Golet GH, Irons DB (1999) Raising young reduces body con-
dition and fat stores in black-legged kittiwakes. Oecolo-
gia 120: 530−538

Golet GH, Irons DB, Estes JA (1998) Survival costs of chick
rearing in black-legged kittiwakes. J Anim Ecol 67: 
827−841

González-Solís J, Smyrli M, Militão T, Gremillet D, Tveraa T,
Phillips RA, Boulinier T (2011) Combining stable isotope
analyses and geolocation to reveal kittiwake migration.
Mar Ecol Prog Ser 435: 251−261

Goutte A, Angelier F, Chastel CC, Trouve C and others
(2010a) Stress and the timing of breeding:  glucocorti-
coid-luteinizing hormones relationships in an arctic sea-
bird. Gen Comp Endocrinol 169: 108−116

Goutte A, Angelier F, Welcker J, Moe B and others (2010b)
Long-term survival effect of corticosterone manipulation
in black-legged kittiwakes. Gen Comp Endocrinol 167: 
246−251

Harrison XA, Blount JD, Inger R, Norris DR, Bearhop S
(2011) Carry-over effects as drivers of fitness differences
in animals. J Anim Ecol 80: 4−18

Kitaysky AS, Piatt JF, Wingfield JC, Romano M (1999a) The
adrenocortical stress-response of black-legged kittiwake
chicks in relation to dietary restrictions. J Comp Physiol
B 169: 303−310

132

http://dx.doi.org/10.1007/s003600050225
http://dx.doi.org/10.1111/j.1365-2656.2010.01740.x
http://dx.doi.org/10.1016/j.ygcen.2010.03.018
http://dx.doi.org/10.1016/j.ygcen.2010.07.016
http://dx.doi.org/10.3354/meps09233
http://dx.doi.org/10.1046/j.1365-2656.1998.00233.x
http://dx.doi.org/10.1007/s004420050887
http://dx.doi.org/10.1111/j.1472-4642.2011.00864.x
http://dx.doi.org/10.1111/j.1600-048X.2012.05785.x
http://dx.doi.org/10.1016/j.cbpa.2008.08.034
http://dx.doi.org/10.1890/0012-9658(1998)079[2415%3ACRSABH]2.0.CO%3B2
http://dx.doi.org/10.1111/j.1600-048X.2012.05606.x
http://dx.doi.org/10.1890/12-2177.1
http://dx.doi.org/10.1016/j.ygcen.2006.10.011
http://dx.doi.org/10.1016/j.tree.2009.04.013
http://dx.doi.org/10.1098/rspb.2010.2601
http://dx.doi.org/10.1111/j.1365-2435.2009.01545.x
http://dx.doi.org/10.1086/512585
http://dx.doi.org/10.1016/j.yhbeh.2007.07.003


Schultner et al.: Corticosterone carry-over affects migration

Kitaysky AS, Wingfield JC, Piatt JF (1999b) Dynamics of
food availability, body condition and physiological stress
response in breeding black-legged kittiwakes. Funct
Ecol 13: 577−584

Kitaysky AS, Wingfield JC, Piatt JF (2001) Corticosterone
facilitates begging and affects resource allocation in the
black-legged kittiwake. Behav Ecol 12: 619−625

Kitaysky AS, Piatt JF, Wingfield JC (2007) Stress hormones
link food availability and population processes in sea-
birds. Mar Ecol Prog Ser 352: 245−258

Kitaysky AS, Piatt JF, Hatch SA, Kitaiskaia EV, Benowitz-
Fredericks ZM, Shultz MT, Wingfield JC (2010) Food
availability and population processes:  severity of nutri-
tional stress during reproduction predicts survival of
long-lived seabirds. Funct Ecol 24: 625−637

Klaassen M, Hoye BJ, Nolet BA, Buttemer WA (2012) Eco-
physiology of avian migration in the face of current
global hazards. Philos Trans R Soc Lond B Biol Sci 367: 
1719−1732

Landys MM, Wingfield JC, Ramenofsky M (2004) Plasma
corticosterone increases during migratory restlessness in
the captive white-crowned sparrow Zonotrichia leuco -
phrys gambelli. Horm Behav 46: 574−581

Landys-Ciannelli MM, Ramenofsky M, Piersma T, Jukema
J, Wingfield JC, Grp CR (2002) Baseline and stress-
induced plasma corticosterone during long-distance mi -
gration in the bar-tailed godwit, Limosa lapponica. Physiol
Biochem Zool 75: 101−110

Legagneux P, Fast PLF, Gauthier G, Bety J (2012) Manipu-
lating individual state during migration provides evi-
dence for carry-over effects modulated by environmental
conditions. Proc R Soc Lond B Biol Sci 279: 876−883

Mark MM, Rubenstein DR (2013) Physiological costs and
carry-over effects of avian interspecific brood parasitism
influence reproductive tradeoffs. Horm Behav 63: 717−722

Marra PP, Hobson KA, Holmes RT (1998) Linking winter and
summer events in a migratory bird by using  stable-
carbon isotopes. Science 282: 1884−1886

Mazerolle MJ (2013) AICcmodavg:  model selection and
multimodel inference based on (Q)AIC(c). R package
version 1.31. http://cran.r-project.org/web/packages/
AICcmodavg/ AICcmodavg.pdf

Moe B, Langseth I, Fyhn M, Gabrielsen GW, Bech C (2002)
Changes in body condition in breeding kittiwakes Rissa
tridactyla. J Avian Biol 33: 225−234

Moe B, Stempniewicz L, Jakubas D, Angelier F and others
(2009) Climate change and phenological responses of
two seabird species breeding in the high-Arctic. Mar
Ecol Prog Ser 393: 235−246

Norris DR (2005) Carry-over effects and habitat quality in
migratory populations. Oikos 109: 178−186

Olsen KM, Larsson H (2004) Gulls of Europe, Asia and North
America. Christopher Helm, London

Phillips RA, Silk JRD, Croxall JP, Afanasyev V, Briggs DR
(2004) Accuracy of geolocation estimates for flying sea-
birds. Mar Ecol Prog Ser 266: 265−272

Piersma T, Reneerkens J, Ramenofsky M (2000) Baseline
corticosterone peaks in shorebirds with maximal energy
stores for migration:  A general preparatory mechanism
for rapid behavioral and metabolic transitions? Gen
Comp Endocrinol 120: 118−126

Pinheiro J, Bates D (2000) Mixed-effects models in S and
S-PLUS. Springer, New York, NY

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Development
Core Team (2013) nlme:  linear and nonlinear mixed
effects models. R package version 3.1-111. http://cran.r-
project.org/web/packages/nlme/citation.html

Plot V, Criscuolo F, Zahn S, Georges JY (2012) Telomeres,
age and reproduction in a long-lived reptile. PLoS ONE
7: e40855

Ponchon A, Grémillet D, Doligez B, Chambert T, Tveraa T,
González-Solís J, Boulinier T (2013) Tracking prospect-
ing movements involved in breeding habitat selection: 
insights, pitfalls and perspectives. Methods Ecol Evol 4: 
143−150

Portugal SJ, Green JA, Butler PJ (2007) Annual changes in
body mass and resting metabolism in captive barnacle
geese (Branta leucopsis):  the importance of wing moult.
J Exp Biol 210: 1391−1397

R Core Team (2012) R:  a language and environment for
 statistical computing. v.2.15.2. R Foundation for Statis -
tical Computing, Vienna

Reneerkens J, Morrison RIG, Ramenofsky M, Piersma T,
Wingfield JC (2002) Baseline and stress-induced levels
of corticosterone during different life cycle substages in a
shorebird on the high arctic breeding grounds. Physiol
Biochem Zool 75: 200−208

Romero LM (2002) Seasonal changes in plasma glucocorti-
coid concentrations in free-living vertebrates. Gen Comp
Endocrinol 128: 1−24

Romero LM (2004) Physiological stress in ecology:  les-
sons from biomedical research. Trends Ecol Evol 19: 
249−255

Romero LM, Strochlic D, Wingfield JC (2005) Corticosterone
inhibits feather growth:  potential mechanism explaining
seasonal down regulation of corticosterone during molt.
Comp Biochem Physiol A 142: 65−73

Sapolsky RM, Romero LM, Munck AU (2000) How do gluco-
corticoids influence stress responses? Integrating per-
missive, suppressive, stimulatory, and preparative actions.
Endocr Rev 21: 55−89

Schultner J, Kitaysky AS, Gabrielsen GW, Hatch SA, Bech
C (2013a) Differential reproductive responses to stress
reveal the role of life history strategies within a species.
Proc R Soc Lond B Biol Sci 280: 20132090

Schultner J, Kitaysky AS, Welcker J, Hatch SA (2013b) Fat
or lean:  adjustment of endogenous energy stores to pre-
dictable and unpredictable changes in allostatic load.
Funct Ecol 27: 45−55

Sorensen MC, Hipfner JM, Kyser TK, Norris DR (2009)
Carry-over effects in a Pacific seabird:  stable isotope evi-
dence that pre-breeding diet quality influences repro-
ductive success. J Anim Ecol 78: 460−467

Stearns SC (1989) Trade-offs in life-history evolution. Funct
Ecol 3: 259−268

Wingfield JC (1994) Modulation of the adrenocortical re -
sponse to stress in birds. In:  Davey KG, Peter RE, Tobe SS
(eds) Perspectives in comparative endocrinology. National
Research Council of Canada, Ottawa

Wingfield JC, Maney DL, Breuner CW, Jacobs JD, Lynn S,
Ramenofsky M, Richardson RD (1998) Ecological bases
of hormone-behavior interactions:  the ‘emergency life
history stage’. Am Zool 38: 191−206

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM
(2009) Mixed effects models and extensions in ecology
with R. Springer, New York, NY

133

Submitted: May 15, 2013; Accepted: October 14, 2013 Proofs received from author(s): November 18, 2013

http://dx.doi.org/10.2307/2389364
http://dx.doi.org/10.1111/j.1365-2656.2008.01492.x
http://dx.doi.org/10.1111/j.1365-2435.2012.02058.x
http://dx.doi.org/10.1098/rspb.2013.2090
http://dx.doi.org/10.1210/er.21.1.55
http://dx.doi.org/10.1016/j.cbpa.2005.07.014
http://dx.doi.org/10.1016/j.tree.2004.03.008
http://dx.doi.org/10.1016/S0016-6480(02)00064-3
http://dx.doi.org/10.1086/340853
http://dx.doi.org/10.1242/jeb.004598
http://dx.doi.org/10.1111/j.2041-210x.2012.00259.x
http://dx.doi.org/10.1371/journal.pone.0040855
http://dx.doi.org/10.1006/gcen.2000.7543
http://dx.doi.org/10.3354/meps266265
http://dx.doi.org/10.1111/j.0030-1299.2005.13671.x
http://dx.doi.org/10.3354/meps08222
http://dx.doi.org/10.1034/j.1600-048X.2002.330304.x
http://dx.doi.org/10.1126/science.282.5395.1884
http://dx.doi.org/10.1016/j.yhbeh.2013.03.008
http://dx.doi.org/10.1098/rspb.2011.1351
http://dx.doi.org/10.1086/338285
http://dx.doi.org/10.1016/j.yhbeh.2004.06.006
http://dx.doi.org/10.1098/rstb.2012.0008
http://dx.doi.org/10.1111/j.1365-2435.2009.01679.x
http://dx.doi.org/10.3354/meps07074
http://dx.doi.org/10.1093/beheco/12.5.619
http://dx.doi.org/10.1046/j.1365-2435.1999.00352.x

	cite43: 
	cite28: 
	cite5: 
	cite56: 
	cite69: 
	cite14: 
	cite71: 
	cite68: 
	cite13: 
	cite41: 
	cite26: 
	cite54: 
	cite39: 
	cite53: 
	cite66: 
	cite11: 
	cite24: 
	cite37: 
	cite51: 
	cite64: 
	cite49: 
	cite22: 
	cite35: 
	cite4: 
	cite48: 
	cite21: 
	cite2: 
	cite19: 
	cite47: 
	cite62: 
	cite20: 
	cite33: 
	cite18: 
	cite46: 
	cite32: 
	cite17: 
	cite45: 
	cite60: 
	cite58: 
	cite31: 
	cite9: 
	cite29: 
	cite72: 
	cite7: 
	cite30: 
	cite15: 


