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INTRODUCTION

Specialization in habitat use, diet, or behavior
can make animals vulnerable to rapid environmental
changes (Colles et al. 2009, Clavel et al. 2011). If spe-

cialists are long-lived animals, they may be particu-
larly vulnerable to anthropogenically driven climate
change, as individuals are now experiencing signifi-
cant environmental changes over the course of their
lifetime (Henson et al. 2017). Specialization can occur
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ABSTRACT: Specialization can make animals vulnerable to rapid environmental changes. For long-
lived seabirds, foraging specialization may make individuals especially sensitive, as climatic changes
are currently occurring over the course of one lifetime. The Bering Sea is a dynamic subarctic and
arctic ecosystem where windblown sea ice mediates annual productivity and subsequent pathways
to upper trophic levels. Red-legged kittiwakes Rissa brevirostris are endemic surface foraging sea-
birds specializing on myctophid fishes during reproduction. Their degree of specialization outside
the breeding season is less understood. We examined their non-breeding ecology (migration, distri-
bution, isotopic niche) during 4 winters with varying sea ice extent. Although we found annual vari-
ation in core distributions, diets (as reflected in feather stable isotope signatures), and outbound mi-
gratory timing, the winter range of red-legged kittiwakes was restricted to the western regions of
the Bering Sea and North Pacific. Contrary to expectations, sea ice did not limit distributions in the
Bering Sea in 3 yr: e.g. sea ice associations (<100 km) were infrequent (8.7% mo−1). Yet, their win-
tering range often overlapped with areas of seasonal ice cover, suggesting range-wide use of sea ice
ecosystems. Stress levels measured by corticosterone in feathers were generally low. However,
birds that concentrated in the Bering Sea in February had higher stress levels and fed at a lower
trophic level than those in the western Aleutians and western subarctic. As conditions change, this
persistence in wintering locations, while incurring differential stress levels, may contribute to rapid
population fluctuations as has been observed in the recent past.
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at individual, population, and species levels. The
degree of specialization can be considered on a con-
tinuum (Bolnick et al. 2003). For instance, foraging
strategies and habitat are often linked, and this may
result in seasonal or annual variation in diet (e.g.
Hückstädt et al. 2012). Yet, within a season, indi -
viduals may continually specialize on the same prey
(Elliott et al. 2009). Conceivably, narrow dietary pref-
erences for certain prey could limit foraging in the
midst of what appear to be ample resources. Special-
ization can occur in tandem with flexibility in other
behaviors, such as the ability to adjust breeding or
migratory phenology. Understanding how indi viduals
of specialized populations alter or maintain migra-
tory behavior in the face of differing annual condi-
tions may help to further our understanding of how
they might fare under future climatic conditions.

Foraging or migratory specialists are presumed to
be employing a predictably beneficial strategy, yet
changing conditions could alter the cost of strate-
gies over both the short and long term. In seabirds,
including red-legged kittiwakes Rissa brevirostris,
the stress hormone corticosterone can be used as
a proxy to measure relative exposure to nutritional
stress (Kitaysky et al. 2001, 2007) and provides a
mechanistic link between food shortages and repro-
ductive timing, success, and survival (Goutte et al.
2011, Nelson et al. 2015). Furthermore, corticoster-
one is incorporated into feathers, providing an inte-
grated measure of the nutritional stress experienced
during feather growth (Bortolotti et al. 2008, Will et
al. 2014). Therefore, feathers can be collected during
the breeding season and provide insight into the
nutritional history of a bird’s preceding migration
that can be related to concurrent tracking data. The
combination of spatial and physiological information
allows for a representation of the ‘stress landscape’
experienced by individuals during the molting period.

The Bering Sea is a dynamic marine ecosystem
 situated at the boundary of the subarctic and arctic
biomes, and in recent years anthropogenic climate
change has driven changes in environmental condi-
tions and dependent ecosystem components (Greb-
meier et al. 2006, Litzow et al. 2014, Springer & van
Vliet 2014). The eastern Bering Sea is dominated
by a shallow shelf that in some years is covered by
windblown sea ice (Brown et al. 2011). Running the
south−north length of the Bering Sea, the shelf break
is often termed the ‘Green Belt’ for its high productiv-
ity (Springer et al. 1996). Likewise, the narrow shelf
in the western Bering Sea is associated with high
productivity (Brown et al. 2011, Belkin 2016). In con-
trast, the northern arctic portion of the Bering Sea is

supported by benthic-based food webs (Grebmeier
et al. 2006). Framed by these shelf ecosystems, the
Bering Sea basin is dominated by an anticyclonic cur-
rent and eddies that concentrate prey for seabirds
and seals (Nordstrom et al. 2013, Paredes et al. 2014).
In the eastern Bering Sea, the duration, timing, and
extent of sea ice over the shelf interact to influence
primary productivity, and distributions of upper
trophic organisms such as fish and seabirds (Wyllie-
Echeverria & Wooster 1998, Renner et al. 2016). The
relationship between sea ice and species that prima-
rily use the waters of the Bering Sea basin is less
understood. The contemporary Bering Sea, particu-
larly the eastern shelf region, oscillates between
years dominated by warmer water temperatures and
less sea ice, contrasted by years of colder tempera-
tures (Overland et al. 2012). In simple terms, these
oscillations provide a natural experiment for how
long-lived upper trophic level organisms may react
to fundamental changes in prey type and availability
that occur with annual changes in sea ice extent.

Red-legged kittiwakes are surface-foraging sea-
birds endemic to the Bering Sea, nesting at only a
few colonies along the Aleutian Islands, in the Com-
mander Islands, and in the Pribilof Islands, where
>70% of the entire population nests on the tall cliffs
of St. George Island (~235 000 pairs; Byrd et al. 2008a,
Goyert et al. 2017). Red-legged kittiwake popula-
tions at St. George Island experienced a significant
decline in the 1980s leading to an IUCN  ‘Vulnerable’
designation (BirdLife International 2017). In summer,
red-legged kittiwakes are more specialized in diet
and habitat use than their congener, the black-
legged kittiwake R. tridactyla, foraging almost exclu-
sively (by volume) on myctophid fishes and squid
that are found at the surface at night in waters over
the slope and basin (Sinclair et al. 2008, Kokubun et
al. 2015). Both kittiwakes breeding on St. George
Island have similar overall productivity (fledglings
nest−1), but red-legged kittiwakes typically have
higher fledgling success (chicks fledged per number
of eggs laid) than black-legged kittiwakes (Byrd et
al. 2008b, Springer & van Vliet 2014), providing evi-
dence that they are employing a foraging strategy
that is usually profitable.

Although foraging specialization of red-legged kit-
tiwakes in the breeding season is well documented,
little is known about their specialization during non-
breeding. In comparison to black-legged kittiwakes,
red-legged kittiwakes have a narrower dietary niche
(quantified by stable isotope values of feathers) and
occupy a substantially smaller wintering range, both
as a group and individually (Orben et al. 2015a).
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However, these earlier results were based on a single
winter of tracking, and distributions could shift an -
nually (Orben et al. 2015b). Red-legged kittiwake
tracking data and at-sea observations indicate the
use of shelf habitats in both the northern and eastern
Bering Sea, where their summer prey are not typi-
cally found (Tanimata et al. 2005), which suggests
seasonal dietary flexibility. Additionally, the use of
the northern Bering Sea during the autumn suggests
the potential for sea ice-associated foraging, although
due to the coarseness of geolocation tracking data,
the exact degree of fine-scale spatial overlap is un -
known (e.g. roosting, foraging in leads, avoidance;
Orben et al. 2015a). Regardless, tracking individual
movements across multiple years with differing sea
ice conditions could help disentangle the degree to
which red-legged kittiwakes are consistently associ-
ated with sea ice at broad spatial scales. Multiple
years of tracking data will also further our under-
standing of the extent that red-legged kittiwakes
are restricted in range during the winter, potentially
a form of spatial or habitat specialization, and the
degree to which migration timing is consistent.
Feather stable isotopes can provide evidence for
dietary specialization, in terms of similarity between
individuals, during the period of feather growth
(Thompson & Furness 1995). For red-legged kitti-
wakes, the period just before the birds return to the
colony region could be expected to correspond to a
period of food shortages when winter food resources
are depleted and prior to the onset of spring produc-
tivity. This is also when birds undergo costs of grow-
ing feathers during their prenuptial molt and may
need to regain/maintain body condition in prepara-
tion for breeding. Thus, this is a key time period dur-
ing which to assess nutritional stress experienced
during migration.

We tracked red-legged kittiwakes with geolocation
data loggers during 4 winter migrations with variable

sea ice conditions to better understand the degree
to which these birds can be considered population-
level migratory specialists during this timeframe.
Given their consistency in foraging behavior during
breeding, we predicted that specialization during the
remainder of the year would also be apparent. The
aims of our study were as follows: (1) to quantify be -
tween individual and among-year variation in win-
tering distributions, stable isotope inferred niches,
and migratory timing; (2) to evaluate whether red-
legged kittiwakes are consistently associated with
sea ice at a broad scale; and (3) to test if differences
in habitat use and migratory behavior correspond to
winter stress levels, and if there is spatial structure in
these values. These results provide the first look at
changes in wintering behavior over a relatively long
period (albeit still a short-term time period for this
long-lived seabird).

MATERIALS AND METHODS

To study red-legged kittiwake wintering ecology,
geolocation loggers that record light and wet/dry
data were deployed on 96 red-legged kittiwakes in
2010 (Mk9, Mk19, British Antarctic Survey), 2013
and 2014 (Mk3, Biotrack), and 2015 (C-65, Migrate
Technology) at St. George Island (56° 36’ N, 169° 33’ W)
in the Pribilof Islands, Alaska, USA (Table 1). In suc-
cessive years, 72% of birds were recaptured, and
59 complete wintering trips were obtained (Table 1).
Loggers were attached to plastic leg bands using
zip-ties and weighed 1−2.5 g. Although we cannot
discount tagging effects, all loggers represented
0.2−0.8% of the birds’ body weight (n = 107; 375 ±
29 [SD] g, min. = 305 g, max. = 470 g), a percentage
below that at which minor negative effects have been
re corded for smaller-bodied seabirds (Quillfeldt et al.
2012). Birds were caught at their nest sites using
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Tag type Tag mass Deployed Recaptured Complete % Re- % Tag failure % Overall 
(g) (D) (R) tracks (C) captured (R/D) (R −C)/R success (C/D)

2010−2011 Mk9/Mk19 2.5 23 16 15 69.6 6.3 65.2
2013−2014 Mk3 2.5 19 16 12 84.2 25 63.1
2014−2015 Mk3 2.5 20 14 9 70.0 35.7 45
2015−2016 C-65 1 34 23 23 67.6 0 67.6

Total 99 69 59 71.9 14.5 59.6

Table 1. Sample sizes of red-legged kittiwakes deployed and retrieved with geolocation loggers from St. George Island, Alaska, USA.
In total, 59 complete wintering trips were recorded (1 September to 15 April). In all years, additional birds were seen but not recap-
tured. Higher recapture rates in 2013−2014 and 2014−2015 are due to 3 and 2 yr of recapture effort, respectively. Only 1 yr of recapture 

effort occurred for the 2010−2011 birds
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noose poles, foot snares, or a handheld CO2 powered
net gun (2011 recaptures only; Super Talon Animal
Catcher; Advanced Weapons Technology). Head
feathers (side of head), grown during the pre-nuptial
molt from February to March (Gabrielson & Lincoln
1959), were collected at recapture.

Geolocation processing

To estimate locations, we first identified the timing
of twilight associated with sunrise and sunset, and
then twilight estimations were automatically selected
(github.com/slisovski/twGeos). We used a light thresh -
old of 0.5 for all tracks, but adjusted the sun angle
selection window for each tag type to reduce the
north−south spread of points (Mk19: −3 to 0; Mk9: −5
to 0, Mk3: −6 to 0; C-65: −7 to −1). Tracks were esti-
mated using an iterative forward step selection pro-
cess by computing the weighted probability for a
cloud of possible locations (number of particles at
each time step = 10 000) and selecting a potential
location (Merkel et al. 2016). To calculate a median
geographic track, this process was iterated along the
track for 200 iterations (Merkel et al. 2016). A land
mask (0.25° × 0.25°, NOAA OI SST V2 High Resolu-
tion Dataset) prevented the selection of points on
land; however, this did not prohibit tracks from cross-
ing land, particularly the Kamchatka (n = 14) and
Alaska Peninsulas (n = 3), which are narrow enough
for a kittiwake to cross in one 12 h period. Estimated
travel speed of each individual was included for dry
(in flight) (max = 22.22 m s−1, mean ± SD = 10.6 ±
5.3 m s−1; Paredes et al. 2012, Elliott et al. 2014) and
wet (on water) (max = 1.7 m s−1, SD = 0.25 m s−1, opti-
mal = 0.5 m s−1; Conners et al. 2015) activity bins.
Double tagging with GPS data loggers indicates that
a median error in locations associated with this
method (calculated at similar latitudes) is 185 km for
the solstice and 145 km for equinox periods (Merkel
et al. 2016). Two individuals were tracked for 2 com-
plete consecutive winters; however, as black-legged
kittiwakes show some site fidelity in their winter
migrations (Orben et al. 2015b), and this appears to
be the case for red-legged kittiwakes as well, only
the first track recorded was used to characterize
migratory behavior.

Distributions and migratory behavior

Utilization distributions (UDs) were calculated
annually and for each bird from October through

March (Calenge 2006), using a grid size of 50 km and
a bivariate normal kernel. We estimated the scale
of first peak in variance of first-passage time (FPT,
176 km) to determine a smoothing factor (h = 88 km;
Lascelles et al. 2016). Tracks were projected using
a Lambert azimuthal equal-area projection. Areas
were calculated for the 95% and 50% UDs to com-
pare range and core areas of use, respectively. Be -
cause the number of individuals tracked can influ-
ence area of UDs, we iteratively calculated area
(1000 iterations) at increasing sample sizes for each
year (Hindell et al. 2003). To provide metrics of simi-
larity and space use sharing, we calculated Bhat-
tacharyya’s affinity (BA) as a metric of overall similar-
ity between UDs, where 0 indicates no overlap and 1
indicates complete overlap for the 100% UD, and
0.50 indicates complete overlap for the 50% UD
(Fieberg & Kochanny 2005).

To identify annual differences in the presence,
duration, and timing of rapid long-distance migratory
movements, we fitted non-linear models to the daily
net-squared displacement (NSD) of each track
(squared great-circle distance between each point
and the breeding colony). Each track was fitted to a
resident (logarithmic model), nomadic (linear model),
disperser (single sigmoidal model), and 2 migratory
models (double sigmoid), following Eq. (1):

(1)

where the distance between summer and winter
ranges (δ) was either held constant (migratory, ζ = 1)
or allowed to vary (mixed migratory) (Bunnefeld et
al. 2011, Spitz et al. 2017). The fit of each model type
was assessed using Akaike’s information criterion
(AIC; Bunnefeld et al. 2011). In Eq. (1), t is time along
the track, θ is the midpoint of migratory movements,
ϕ quantifies the duration of the outbound migratory
movement (ϕ2 indicates the inbound leg) and ρ is the
length of time spent on the winter range. We allowed
flexible starting points along the first 60 d of each
movement trajectory by first fitting models sequen-
tially and minimizing AIC to find the best fit starting
point (Spitz et al. 2017). We chose 60 d, as this en -
compasses the autumn equinox period and the time
frame prior to migration. We found this ap proach par-
ticularly helpful due to inherent error in geolocations
and kittiwake behavior, as some individuals made
short excursions or moved slowly away from the
colony before making the rapid long-distance move-
ments characterized with this method. The in clusion
of the mixed migratory model allowed for different

NSD
1 exp

t
*

1 exp
2* 2* t2

2
( ) ( )= δ

+ θ −
ϕ

+ δ ζ

+ θ + ϕ + ϕ + ρ −
ϕ
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end points, corresponding to wider ranging, yet
colony centric, distributions in the spring  pre-laying
period. Additionally, we tested for annual differences
in the cumulative distance traveled and the maxi-
mum distance from the colony attained by each bird.

Bathymetry and sea ice

Bathymetry was extracted from ETOPO1 (Amante
& Eakins 2009) as the average depth within a 0.5 ×
0.5° grid cell and then each point was categorized into
bathometric habitats as follows: oceanic (>3000 m),
slope (>1000−3000 m), shelf break (>200−1000 m),
and continental shelf (≤200 m). Annual seasonal
trends in bathymetric habitat use were assessed using
 generalized additive mixed models (GAMMs) with
 individual as a random effect and a quasi-Poisson log
link function (Wood & Scheipl 2014). Smoothers were
included for each year, and then years were sequen-
tially combined to identify the model with the lowest
AIC. Models were assessed through residual plots
and checked for overdispersion.

Sea ice concentrations were extracted from daily
remote-sensed sea ice data from passive microwave
sensors for each location from a 50 × 50 km grid cell
(Cavalieri et al. 1996). The minimum great circle dis-
tance to the sea ice edge (MASIE-NH, 4 km resolu-
tion; National Ice Center & National Snow and Ice
Data Center 2010) was extracted as a second metric
of sea ice association. These 2 datasets were com-
bined to identify locations where kittiwakes were
associated with sea ice.

Laboratory analyses

Stable isotopes

Due to enrichment with each trophic transfer, sta-
ble isotope ratios of nitrogen provide an estimation of
trophic level, while stable isotope ratios of carbon
reflect geographic gradients in carbon sources (Hob-
son et al. 1994). Therefore, quantification of isotope
space provides an integrated assessment of niche
width along the axes of diet and habitat during the
time feathers are grown. To quantify winter niche
space, we sampled head feathers from prenuptial
plumage. Feathers were washed in a 2:1 chloroform:
methanol solution, cut into small pieces, and weighed
to the nearest mg in tin capsules. Samples from 2011
were analyzed using a Carbo-Erba elemental ana-
lyzer interfaced with a Finnigan Delta Plus XP mass

spectrometer (Light Stable Isotope Lab, UCSC).
Feathers from 2014−2016 were analyzed at the Uni-
versity of Alaska Fairbanks Stable Isotope Facility
using continuous-flow isotope ratio mass spectrome-
try (CF-IRMS) using a Delta+XP isotope ratio mass
spectrometer (Thermo Electron) interfaced with an
EA Costech ECS 4010. UCSC internal standards
(pugel) were run at the University of Alaska Fair-
banks Stable Isotope Facility and found to be com -
parable (Will et al. 2018, this Theme Section).

Stable isotope ratios are reported in delta notation
as parts per thousand (‰) deviation from the inter -
national standards δ13CPeeDee Belemnite and δ15Nair, as
follows: δX = [(Rsample/Rstandard) − 1] × 1000, where X is
13C or 15N and R is the corresponding ratio 13C/12C
or 15N/14N. To compare core isotopic area occupied
each year, we calculated standard ellipse areas (SEAs)
within a Bayesian framework that is robust to small
sample sizes and convex hulls to represent the total
niche area occupied (Jackson et al. 2011).

Corticosterone

We measured corticosterone concentrations in head
feathers (hereafter fCORT) to test for differences in
stress levels accrued by birds during the prenuptial
molt. In most cases, we analyzed 3 head feathers
obtained from each bird (n = 58); for 3 birds, only 2
head feathers were available, and a single head
feather was available for 2 individuals. Each feather
length was measured (to the nearest 0.5 mm, 25.5 ±
3.5 [SD] mm), and all feathers in a sample were
weighed collectively (to the nearest 0.1 mg, total
sample mass: mean = 3.4 ± 1.4 mg) to account for
weight and size variability in feathers (Lattin et al.
2011, Will et al. 2014). Feather samples were cleaned
in a 1 min wash in isopropanol (HPLC-grade, Sigma-
Aldrich) (Will et al. 2018) and extracted in 5 ml of
HPLC-grade methanol (Fisher Scientific), which in -
volved sonication for 60 min at 50°C followed by
overnight incubation in a 50°C water bath (Bortolotti
et al. 2008) and filtering via solid phase extraction
with commercially available C18 columns. To con-
trol for loss of hormone during extraction, we added
2000 cpm of H3-labeled corticosterone (NET399
Perkin Elmer), and adjusted final fCORT titers for
% recovery of each individual sample (mean ± SD,
93.6 ± 4.67%). Feather extracts were air-dried, re-
constituted in phosphate-buffered sa line with gela-
tin, and analyzed using radio immuno assay with a
Sigma-Aldrich antibody (C 8784). All samples were
analyzed in 2 assays, with intra- and inter-assay CV
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less than 2%. For statistical analyses, fCORT titers
were standardized by feather length (pg mm−1). We
also found a significant relationship between fCORT
titers and sample mass (F1,59 = 11.73, p = 0.001);
therefore, in all statistical analyses we used fCORT
concentrations (pg mm−1) de-trended for sample
mass (Will et al. 2014).

Statistical analyses

To assess the influence of migratory behavior on
fCORT, we used linear models with fCORT as the
response and departure or return date from the
colony as predictors. To test for spatial structure in
birds relative to fCORT concentration in head feath-
ers, we scored all individual samples based on a
deviation of fCORT concentrations relative to aver-
age fCORT (1.64 pg mm−1). We excluded birds with
intermediate levels of fCORT (within 3% of the
mean, 16% of birds) from the subsequent analysis
grouping birds by low and high fCORT. We then
calculated the BA between the 50% UD for high
fCORT and low fCORT birds across the migration
period (1 November to 1 March), for an interval of

25 d (approximately the amount of time it takes a
feather to grow at 1−2 mm d−1, A.S. Kitaysky un -
published) to determine potential temporal windows
of spatial separation. Next, we randomized the
group identity of these individuals across potential
windows of spatial separation, for intervals of 14−
30 d to identify BA significantly different than ran-
dom (Breed et al. 2006).

All analyses and data processing were done in R
(3.3.1, R Core Development Team 2016), significance
was considered to be p < 0.05, and Bonferroni
adjusted p-values were used in pairwise compar-
isons. Means are given ± SD to emphasize variation
within groups.

RESULTS

Distributions

From October through March, red-legged kitti-
wakes used areas in the northern Bering Sea, west-
ern Bering Sea, Kuril Islands, and western subarctic
gyre with core areas on the shelf in the northwestern
Bering Sea and near the Kamchatka Strait in the
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Fig. 1. Annual at-sea utilization distributions (UDs) of red-legged kittiwakes from October through March. St. George Island is
indicated by a triangle, and place names are as follows: Alaska (AK), Russia (RU), Japan (JP), Sea of Okhotsk (SO), Kamchatka 

Peninsula (KP), Cape Navarin (CN), and Bering Sea (BS). Smoothing factor h = 88 km
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vicinity of the Commander Islands (Fig. 1). Across all
years, 39% of birds visited the northern Bering Sea
shelf near Cape Navarin, Russia, and this did not dif-
fer significantly among years (multiple comparison
chi-squared test, p > 0.05). In the 3 latter winters,
birds visited the Sea of Okhotsk (47%), and the per-
centage of birds visiting this region was the greatest
in 2013−2014 (67%). The randomized cumulative
area curve of individuals tracked in all years appears
to reach an asymptote even with the relatively small
number of individuals tracked each year (Fig. 2). This
indicates that our sample sizes are large enough to
capture common high-use areas. The area of individ-

ual core and range UDs did not differ among years
(Table 2).

Among years, BA indicated little overlap in core
areas (0.240 ± 0.044) and relatively similar ranges
(0.755 ± 0.035). Among individuals in the same year,
the BA between the 95% UDs was significantly
higher in 2010−2011 (0.412 ± 0.16, post hoc p = 0.003)
than all other years (pooled: 0.360 ± 0.009), indicating
medium similarity of individual ranges; however,
there was more homogeneity in ranges among birds
in 2010− 2011 (Table 2). The BA of individual core
areas did not differ among years and indicates low
similarity (Table 2).
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Fig. 2. Cumulative area of the 50% and 95% utilization distributions (UDs) for increasing sample sizes of red-legged kittiwakes. The 
shaded area is the standard deviation for each sample size from 1000 iterations

2010−2011 2013−2014 2014−2015 2015−2016 F p

Area of individual 50% (km2) 456000 ± 131087 383750 ± 127540 393056 ± 60799 420326 ± 107013 1.113 0.296
Area of individual 95% (km2) 2036167 ± 355951 2090833 ± 394736 2018611 ± 490550 1976522 ± 562618 0.148 0.702
BA among individual 50% UD 0.090 ± 0.008 0.050 ± 0.009 0.081 ± 0.013 0.076 ± 0.005 2.758 0.096
BA among individual 95% UD 0.412 ± 0.016 0.321 ± 0.02 0.378 ± 0.027 0.368 ± 0.011 4.143 0.042
Outbound migration timing (d) Nov 29 ± 37 Nov 10 ± 30 Nov 24 ± 18 Nov 7 ± 28 8.053 0.006
Arrival on wintering grounds Jan 20 ± 21 Dec 31 ± 33 Jan 6 ± 26 Jan 9 ± 35 1.265 0.265
Departure from wintering grounds Feb 17 ± 18 Feb 3 ± 25 Feb 14 ± 17 Feb 18 ± 16 1.637 0.206
Return to colony region Mar 5 ± 16 Mar 1 ± 27 Mar 7 ± 36 Mar 15 ± 16 1.637 0.206
Duration (d) on wintering grounds (ρ) 30.9 ± 32 38 ± 35.8 42 ± 29.7 43.7 ± 31.6 1.573 0.215
Outbound migration duration (ϕ) 11.8 ± 6.4 11.5 ± 5.4 9.8 ± 7.4 14.5 ± 7.7 0.807 0.373
Return migration duration (ϕ) 3.6 ± 3.7 5.8 ± 5.3 4.7 ± 6.5 5.6 ± 4.7 1.384 0.244
Maximum distance from colony (km) 2337 ± 486 2858 ± 624 2688 ± 416 2451 ± 517 0.567 0.455
Day at maximum location Feb 5 ± 16 Jan 15 ± 32 Jan 22 ± 27 Jan 23 ± 32 2.017 0.161
Cumulative distance traveled (km) 27287 ± 3413 26558 ± 1771 25210 ± 1637 26630 ± 2680 1.074 0.304
δ15N (‰) 16.00 ± 0.48 (17) 15.45 ± 0.54 (7) 15.23 ± 0.42 (9) 15.53 ± 0.40 (23) 13.69 <0.001
δ13C (‰) −18.30 ± 0.18 (17) −18.29 ± 0.27 (7) −18.50 ± 0.22(9) −18.55 ± 0.20 (23) 14.86 <0.001
fCORT (pg mm−1) 1.61 ± 0.263 (17) 1.731 ± 0.190 (7) 1.686 ± 0.414 (9) 1.665 ± 0.402 (28) 0.107 0.745

Table 2. Yearly comparison of distribution, migration, and physiological parameters from red-legged kittiwakes deployed and retrieved
with geolocation loggers from St. George Island, Alaska, USA. Stable isotope values and corticosterone concentrations (fCORT) are from
head feathers grown in late winter (February to March), and sample sizes for these measurements are given in parentheses. Yearly
 samples sizes from geolocation-derived parameters are n2010-11 = 15, n2013-14 = 12, n2014-15 = 9, n2015-16 = 23. BA: Bhattacharyya’s affinity, 

UD: utilization distribution. Means are given ± SD; significant values (p < 0.05) are shown in bold
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Migration movements

All red-legged kittiwake tracks fit to a migratory
model based on net-squared displacement from the
colony (migratory n = 9, mixed migratory n = 50). The
initiation of the outbound migration (10% of migra-
tory movement) occurred in October through De -
cember, and was significantly different among years
(Table 2), as outbound migration occurred later in
2015−2016 than in 2010−2011 (post hoc p = 0.026).
The timing of arrival on the wintering grounds was
not significantly different among years, nor was
departure from the wintering grounds, the duration
of time spent in the wintering areas, time when birds
returned to the colony, or the duration of each migra-
tory leg (Table 2). However, the outbound migration
was significantly longer than the inbound migration

(paired t-test, p < 0.001). In general, these migratory
patterns resulted in relatively constrained autumn
(September to November) and spring (March to May)
distributions in the eastern Bering Sea, with a short
wintering period in the western Bering Sea and sub-
arctic (Fig. 3). Overall, the maximum distance from
the colony was not significantly different among years,
nor was the time when birds arrived there, or the
cumulative distance traveled from October through
March (Table 2).

Habitat use

Red-legged kittiwakes predominantly used oceanic
habitats (51 ± 14%), although the use of these habitats
was typically highest from January to March (Fig. 4).
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Fig. 3. Seasonal movements of wintering red-legged kitti-
wakes with (A) Mean monthly maximum distance from St.
George Island, Alaska, USA, and (B) 50% utilization distri-
bution (UD) for autumn (September, October, and Novem-
ber), winter (December, January, and February), and spring
(March, April, and May), with 2010−2011 in purple, 2013−
2014 in blue, 2014−2015 in green, and 2015−2016 in yellow.
In A, the boxes denote the 0.25 and 0.75 quartiles, the me-
dian is the line in each box, and the whiskers are 1.5× the in-
terquartile range. St. George Island is indicated by a triangle



Annually, the seasonal use of oceanic habitats was rel-
atively similar between the later 3 years, while the in-
clusion of a separate smoother for 2010− 2011 improved
AIC scores (Table S1 in the Supplement at www.int-
res.com/articles/suppl/ m593 p231_ supp. pdf). Seasonally,
the overall pattern of shelf use was similar (Fig. 4), and
the lowest AIC score re sulted from a 2-group model
with 2010−2011 and 2013− 2014 combined. Shelf use
was highest in 2010− 2011 (2010− 2011: 36 ± 8%) and
lowest in 2015−2016 (16 ± 8%). The annual percentage
of time birds spent using the shelf break was minimal
and did not differ by year (ANOVA: 5.2 ± 3.0%, F1,57 =
0.002, p = 0.968); the lowest AIC score resulted from the
model with all years combined. Seasonal use of the
slope had a unique pattern in 2013−2014, and AIC val-
ues were reduced with 1 smoother for 2013−2014, and
a second smoother for the other years, but overall use of
the slope did not differ by year (ANOVA: 17.9 ± 6.4%,
F1,57 = 1.16, p = 0.286, Fig. 4).

From November to May, red-legged kittiwakes
spent on average 8.7% of each month overlapping
with, or within 100 km, of the sea ice, and 2010−2011
had significantly more sea ice interactions than the
other 3 years (LMM: F3,59 = 7.04, p < 0.001). There
was no significant difference in sea ice interactions
between the other 3 years (LMM: F2,44 = 0.44, p =
0.6467, Fig. 5). Both the cumulative maximum extent
of sea ice and the location of kittiwake−ice inter -
actions shifted annually, occurring across the Bering
Sea shelf, along the coast of Kamchatka, the Kuril
Islands, and in the Sea of Okhotsk (Fig. 5).

Period of pre-nuptial molt

The δ15N values from red-legged kittiwake feath-
ers ranged from a minimum of 14.37‰ to a maximum
of 17.05‰, and within this range there were differ-
ences among years, with δ15N significantly higher
in 2011 than in all other years (post hoc p = 0.006,
Fig. 5), likely indicating a higher trophic level diet
during this year. δ13C values (min. = −19.01, max. =
−17.97) were significantly different between all year
combinations except 2011 and 2014 (p = 0.903) and
2015 and 2016 (p = 0.691; Table 2). As determined by
maximum likelihood estimates of the SEA, the size of
the 2-dimensional isotopic niche space did not sig -
nificantly differ among the 4 winters (Fig. 6).

Concentrations of corticosterone in feathers were
not significantly different among study years (Table 2).
Likewise, within-year variance was not different
among years (p > 0.05). We did not find a significant
linear relationship between migratory parameters

and fCORT (p > 0.05). Average fCORT was 1.64 pg
mm−1; 14 birds comprised the high fCORT group
(18.9 ± 10.5% above the mean), 22 birds were in the
low fCORT group (−13.1 ± 6.5% below the mean),
while 7 birds had average concentrations of fCORT
(within 3% of the mean) and were excluded from
subsequent analysis looking at spatial separation.
Across the migratory period, the only timeframe with
spatial separation between birds with high and low
fCORT occurred in February, corresponding to the
estimated period of feather growth (Gabrielson &
Lincoln 1959). Birds with high and low fCORT values
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Fig. 4. Monthly percentage of time spent in bathymetric
habitats of the North Pacific by wintering red-legged kitti-
wakes. The shaded area is the standard error for each month

http://www.int-res.com/articles/suppl/m593p231_supp.pdf
http://www.int-res.com/articles/suppl/m593p231_supp.pdf
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had significantly spatially separated 50% UD, deter-
mined via BA, from early February to early March
(Fig. 7). Reinforcing this spatial separation, carbon
stable isotope values were also significantly different
between birds of high and low fCORT (δ13C, High
fCORT = −18.35 ± 0.25‰, Low fCORT = −18.45 ±
0.19‰, F1,34 = 18.09, p < 0.001). Moreover, birds with
higher fCORT were foraging at a significantly lower
tropic level than their counterparts with lower fCORT
(δ15N, High fCORT = 15.49 ± 0.43‰, Low fCORT =
15.84 ± 0.53‰, F1,34 = 10.87, p = 0.002).

DISCUSSION

Across 4 yr, red-legged kittiwakes consistently
returned to the same general regions of the Bering
Sea and western North Pacific during their winter
migrations. Within this region, core areas changed
annually, and individuals varied in where and when
they moved between bathymetric habitats, especially
in the autumn. Since long-distance migratory move-
ments were initiated roughly 2 mo after the breeding
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Fig. 5. Association of red-legged kittiwakes with sea ice. Twice daily locations of red-legged kittiwakes within 100 km of the
sea ice edge (and within the sea ice) overlaid on the cumulative maximum sea ice extent for each year (in lavender). Locations
are colored by month. Inset into each map is the percentage of time each month birds were associated with sea ice. Error bars 

indicate ± SD. St. George Island is indicated by a small black triangle
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season ended, the timing likely relates to local envi-
ronmental conditions rather than life-history drivers.
Kittiwakes used multiple oceanographic habitats, but
the majority of their time was spent in deep pelagic
waters, followed by time spent foraging over shallow
shelf waters of the eastern Bering Sea. Annually,
the relatively cooler year of 2010−2011 was unique,
as birds stayed on the southeastern Bering Sea
shelf longer, had higher δ15N, and slightly higher
homogeneity among individual wintering areas.
Birds were more likely to visit the Sea of Okhotsk
in 2013−2014, whereas distributions were the most
pelagic in 2015−2016. Associated with these differ-
ences in migration behavior, we found no significant
annual difference in feather corticosterone. None-
theless, we found a significant spatial separation
between birds with relatively high and low fCORT
across all years, indicating specific regions where
and when individual red-legged kittiwakes con -
sistently experienced lower prey availability (as re -
flected in elevated fCORT). Our evidence of a ‘stress
landscape’ suggests that regions in the Bering Sea
basin consistently had lower prey availability, at least
in February, suggesting why it may be beneficial for
red-legged kittiwakes to migrate out of the Bering
Sea.

Red-legged kittiwakes wintered in the western
Bering Sea and western subarctic regions. Yet, birds
could have headed east, as 1 bird did in November
of 2015, taking a short trip to the Gulf of Alaska.

This is not unprecedented, as a flock of juvenile
red-legged  kittiwakes was observed once in south-
east Alaska (Siegel-Causey & Meehan 1981), sug-
gesting that the tendency to head west may be
learned, or may be a phenomenon of our study
years. Preference for western regions of the North
Pacific is also exhibited by the widely ranging win-
tering black-legged kittiwakes that breed on the
Pribilof Islands (Orben et al. 2015b), and has been
observed during at-sea surveys of marine mammals
and birds (Shuntov 1974, Springer et al. 1999). The
western subarctic regions have higher primary pro-
ductivity, along with a higher diversity of mesopela-
gic fishes than the  eastern subarctic (Beamish et al.
1999, Springer et al. 1999). The most abundant myc-
tophid species in the North Pacific, Stenobrachius
leucopsarus, is thought to spawn sometime from
December through March (Smoker & Pearcy 1970).
This is also the species recorded in summer diets
of red-legged kittiwakes (Sinclair et al. 2008). If
spawning behaviors make myctophids vulnerable to
predation, this would provide consistent winter for-
aging opportunities for kittiwakes. Myctophids are
thought to be vulnerable to being trapped at the
surface by currents (Flynn & Williams 2012). The
western subarctic has more eddies than the eastern
portion (Bograd et al. 1997), and wintering red-
legged kittiwakes appear to be con centrated in areas
of strong currents: Cape Navarin, Kamchatka Strait,
and along the Kuril Islands.
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Fig. 7. Spatial separation between red-legged kittiwakes with above and below average corticosterone concentrations in head
feathers grown at the end of the wintering period (fCORT). (A) Significant p-values for intervals beginning on 30 January to 18
February, with intervals from 14−35 d. The red dot corresponds to the day and interval shown in panel B. (B) Representative
kernel density plot (50% utilization distribution, UD) from the significant time period, with birds with high fCORT levels in red
and low fCORT levels in turquoise (Bhattacharyya’s affinity [BA] = 0.0873, p = 0.03). Inset: BA between the 2 groups for the
50% UD from 1 October to 18 February for a sliding interval of 25 d. The representative interval is highlighted with a red dot
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Ocean fronts and eddies concentrate prey for mar-
ine predators, and are especially important for sur-
face-feeding seabirds (Bost et al. 2009, Scales et al.
2014). For instance, instead of foraging over slope
regions, chick-rearing black-legged kittiwakes for-
age in more distant deep waters, targeting eddies
(Paredes et al. 2014). Starting in the northern Bering
Sea, red-legged kittiwakes consistently occupied the
region to the southwest of Cape Navarin where
along-shelf currents and the western Bering Sea
 Current converge to flow up over the shelf (Stabeno
et al. 1999). Further investigation is needed to under-
stand what mechanisms make this region profitable
for kittiwakes and other marine predators in the
autumn. The regions between Cape Navarin and the
Karaginsky Gulf were not often frequented by win-
tering kittiwakes, while the associated basin areas
appear to be associated with higher levels of stress
incurred by birds in late February. In the western
Bering Sea, fronts are often closer to each other than
in the east due to the narrow continental shelf (Belkin
2016), perhaps limiting foraging opportunities. In -
stead, core areas associated with lower stress levels
were located over the deep waters of Kamchatka
Pass and Near Straight, where surface currents move
out of the Bering Sea at up to 100 cm s−1, some of the
fastest current speeds in the Bering Sea (Stabeno et
al. 1999, 2005). This region was a consistent hotspot,
and due to its proximity to colonies in the western
Aleutians and Commander Islands, there is the po -
tential for high overlap between birds from multiple
colonies. Red-legged kittiwakes did not appear to
frequent the other Aleutian passes, even though 3
of their 4 breeding colonies are within or proximate
to this island chain. The passes through the Kuril
Islands were not consistently used by wintering red-
legged kittiwakes, nor was the southern Sea of
Okhotsk where the East Sakhalin Current moves
towards the Kuril Island chain (Andreev & Shev -
chenko 2008). This selective use of areas might be
due to kittiwake reliance on both ample prey re -
sources and the need for physical processes, such as
currents, to then make prey available at the surface.

Red-legged kittiwakes encountered sea ice across
their range and throughout the non-breeding period.
Due to the spatial resolution of our geolocation data,
we cannot shed light on the direct nature of how, or
if, red-legged kittiwakes use the marginal ice zone.
Certainly, compared to a pagophilic species like
Mandt’s black guillemot Cepphus grylle mandtii,
their use of sea ice is minimal (Divoky et al. 2016).
Considering the seemingly low level of spatial asso-
ciation with sea ice, it is somewhat surprising that

red-legged kittiwake reproductive timing and pro-
ductivity, and wintering condition (fCORT, isotopic
niche) appeared to be related to sea ice dynamics
(Byrd et al. 2008b, Zador et al. 2013, Will et al. 2018).
However, there is a spatial association between red-
legged kittiwakes and regions of seasonal sea ice,
predominantly in the late autumn and winter, that
could perhaps help to explain possible links between
sea ice, and breeding parameters and foraging ecol-
ogy of red-legged kittiwakes. For instance, the higher
association of red-legged kittiwakes with sea ice in
2010−2011 may be an artifact of higher abundances
of prey species on the shelf, such as amphipods, due to
consecutive cold years of higher ice abundance and
the associated shift in trophic dynamics (Pinchuk et
al. 2013). In all years, red-legged kittiwakes returned
to the eastern Bering Sea in March, emphasizing the
importance of prey resources in this region for kitti-
wake pre-laying condition (e.g. Shultz et al. 2009,
Renner et al. 2014), and potentially dampening the
influence of migration quality on subsequent repro-
ductive success.

We found no significant differences in fCORT levels
among our study years, although in some cases our
annual sample sizes were fairly small. In context, the
birds we tracked had some of the lowest fCORT
values seen in the last century (Will et al. 2018). Al-
though we found annual and individual variability, at
the broad scale we found distributions, migrations,
and stable isotopes to be relatively consistent among
winters. This could explain why fCORT values were
similar as well. Yet, we found significant spatial sepa-
ration in birds with high and low fCORT across all
years. Surprisingly, birds continued using the deep
oceanic waters of the Bering Sea basin despite experi-
encing apparent food limitation here and consuming
a lower trophic level diet. This may be indicative of in-
dividual allostatic loads (e.g. Schultner et al. 2013 and
references therein), consistency in wintering move-
ments, and/or that availability of prey in deep water
ocean areas might be high under certain environmen-
tal conditions, but our relatively short time series of
observations failed to detect such variability. This is
also a period of the annual cycle when red-legged kit-
tiwakes spend the majority of their time sitting on the
water (Orben et al. 2015a), and this sedentary ten-
dency might accentuate the ob served stress land-
scape. A persistent use of the same wintering ground
regardless of local feeding conditions might make
red-legged kittiwakes vulnerable to climate-associ-
ated changes in those areas.

Are red-legged kittiwakes employing a specialist
strategy during the winter? Compared to black-
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legged kittiwakes, they do appear to be more spe-
cialized during the winter, as red-legged kittiwakes
consistently occupied a smaller, somewhat restricted
wintering area and isotopic niche space (Orben et al.
2015a,b). However, there is still much more to under-
stand about the exact nature of their wintering forag-
ing ecology, individual consistency, and seasonal
shifts in diets. Red-legged kittiwakes should cer-
tainly not be considered extreme migratory special-
ists, as they showed the capacity to annually adjust
timing of outbound migrations, and high diversity
between individual core use areas within their
 wintering range. Yet, across our 4 study years, they
employed a relatively consistent wintering strategy,
along with an apparent willingness to incur higher
stress levels in specific regions. If red-legged kitti-
wakes are targeting spawning myctophids or squids
across their wintering range, this would provide fur-
ther evidence of foraging specialization, that in most
years is likely highly profitable. There is some evi-
dence that through the 1990s, the abundances of
myctophids in the subarctic North Pacific increased
(Beamish et al. 1999), potentially corresponding to
upward population trends in red-legged kittiwakes
and the stability of the ecosystem’s apparent carrying
capacity for this marine predator (Goyert et al. 2017).

IMPLICATIONS

Our 4 years of tracking highlight the persistence in
wintering areas and behaviors in a surface foraging
seabird species that is capable of traversing the en -
tire North Pacific, like its congener the black-legged
kittiwake (Orben et al. 2015b). Therefore, potential
threats and risks to this population should be consid-
ered within the context of this putatively specialized
spatial behavior, especially given that climate change
is expected to continue to have large-scale impacts
on marine ecosystems over the next decades (Henson
et al. 2017). Though not considered at risk for direct
or indirect fishery interactions, the winter range of
red-legged kittiwakes does overlap in space and
time with fisheries in the western Bering Sea and
Kuril regions, and further investigation is warranted,
as cumulative impacts can act in synergy (Maxwell et
al. 2013). Our evidence for a consistent ‘stress land-
scape’ pattern could compound these impacts. We
were able to track birds during 4 winters, but it is
important to note that red-legged kittiwakes can live
upwards of 25 yr (The North American Bird Banding
Laboratory, Patuxent Wildlife Research Center), so
for an individual bird, 4 yr represents only ~17% of

its adult life. As the next step, and given that other
seabirds show both individual fidelity and flexibility
in migratory behavior, it would be informative to
track individual birds during multiple winters to un -
derstand the degree of flexibility individuals may
have. This is particularly pertinent, as a chick hatched
in 2017 could live until 2040+, facing life in a rapidly
changing ecosystem altered by multiple  climate-
driven stressors (Henson et al. 2017). In light of past
declines in red-legged kittiwake populations, we can
expect similar population volatility as marine com-
munities restructure in the arctic and subarctic North
Pacific, as this seabird has a consistent reliance on
both ecosystems.
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