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Abstract
Continued Arctic warming and sea-ice loss will have important implications for the 
conservation of ringed seals, a highly ice-dependent species. A better understanding 
of their spatial ecology will help characterize emerging ecological trends and inform 
management decisions. We deployed satellite transmitters on ringed seals in the 
summers of 2011, 2014, and 2016 near Utqiaġvik (formerly Barrow), Alaska, to moni-
tor their movements, diving, and haul-out behavior. We present analyses of tracking 
and dive data provided by 17 seals that were tracked until at least January of the 
following year. Seals mostly ranged north of Utqiaġvik in the Beaufort and Chukchi 
Seas during summer before moving into the southern Chukchi and Bering Seas dur-
ing winter. In all seasons, ringed seals occupied a diversity of habitats and spatial 
distributions, from near shore and localized, to far offshore and wide-ranging in drift-
ing sea ice. Continental shelf waters were occupied for >96% of tracking days, dur-
ing which repetitive diving (suggestive of foraging) primarily to the seafloor was the 
most frequent activity. From mid-summer to early fall, 12 seals made ~1-week forays 
off-shelf to the deep Arctic Basin, most reaching the retreating pack-ice, where they 
spent most of their time hauled out. Diel activity patterns suggested greater alloca-
tion of foraging efforts to midday hours. Haul-out patterns were complementary, 
occurring mostly at night until April-May when midday hours were preferred. Ringed 
seals captured in 2011—concurrent with an unusual mortality event that affected all 
ice-seal species—differed morphologically and behaviorally from seals captured in 
other years. Speculations about the physiology of molting and its role in energetics, 
habitat use, and behavior are discussed; along with possible evidence of purported 
ringed seal ecotypes.
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1  | INTRODUC TION

Arctic species face significant ecological challenges owing to rapid 
climate change. Arctic warming is occurring at twice the global rate 
(Arctic Monitoring & Assessment Programme, 2017; Overland et al., 
2016), and sea-ice loss is outpacing model predictions (Kwok, 2018; 
Maslanik, Stroeve, Fowler, & Emery, 2011; Stroeve, Holland, Meier, 
Scambos, & Serrez, 2007; Stroeve & Notz, 2018; Timmermans, 
Toole, & Krishfield, 2018). Changing sea-ice dynamics are expected 
to have substantial ecological implications (Arrigo, van Dijken, & 
Pabi, 2008; Grebmeier et al., 2006; Hoegh-Guldberg & Bruno, 2010) 
exacerbated by increased disturbances associated with expand-
ing industrial development and commercial shipping (Harsem, 
Heen, Rodrigues, & Vassdal, 2015; Huntington, 2009; Smith & 
Stephenson, 2013). Spatiotemporal variability in the rate and mag-
nitude of change in the Arctic adds additional complexity (Kovacs, 
Lydersen, Overland, & Moore, 2011). Although Arctic species can 

serve as sentinels of change (Moore, 2008), knowledge gaps persist 
in the understanding of many species’ basic biology, and addressing 
those gaps will improve efforts to identify, understand, manage, and 
adapt to the effects of rapidly changing environmental conditions.

Ringed seals (Pusa hispida; Figure 1a) are a small, highly abundant 
phocid with a circumpolar distribution (Burns, 1970; McLaren, 1958). 
They are an important component of the Arctic food web as a 
generalist predator (Crawford, Quakenbush, & Citta, 2015; Dehn 
et al., 2007; Lowry, Frost, & Burns, 1980), the primary prey of polar 
bears (Ursus maritimus; Stirling & Archibald, 1977), and a valuable 
subsistence resource for coastal Inuit people. Ringed seals are con-
sidered the most ice dependent of the four “ice associated” seal spe-
cies in the western Arctic (Smith, Stirling, & Taugbøl 1991), which 
also include: bearded seals (Erignathus barbatus), spotted seals 
(Phoca largha), and ribbon seals (Histriophoca fasciata). They are well 
adapted to wintering within shore fast and pack-ice habitats—using 
their front claws to maintain breathing holes and to excavate lairs 

F I G U R E  1   (a) Three ringed seals (Pusa hispida) hauled out on multi-year ice in the southern Beaufort Sea near Utqiaġvik, AK. Note the 
molting fur on the center seal and the black face of a “rutting” male on the right. Daily CRAWL location estimates (n = 4,083) of the 17 
ringed seals instrumented with satellite tracking tags are shown for July–September (b) and December–May (c). Colors distinguish seals 
tagged in 2011 (red, n = 5) from those tagged in 2014 and 2016 (blue, n = 2 and 10 respectively). The light gray contour at the 65 m isobath 
corresponds to the vertical line in Figure 7. The colored lines in (b) and (c) indicate the minimum and maximum extent of the sea ice in 
September and March, respectively, for each of the three tagging periods
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in snow that has drifted above these holes (Stirling, 1977). Female 
ringed seals give birth to and nurse their pups within snow lairs, 
which are important to pup survival because they provide shelter 
from the elements and concealment from predators (Smith, 1976; 
Stirling & Archibald, 1977; Smith, 1980; Smith, Stirling, & Taugbøl 
1991; Stirling & Smith, 2004). Sea ice also serves as a platform on 
which ringed seals haul out during their annual pelage molt in spring 
(Fay, 1974; Smith & Stirling, 1975)—a time when their epidermis and 
fur are shed and replaced. This close relationship with sea ice sug-
gests that ringed seals may be sensitive to changes in their habitat 
(Laidre et al., 2008). Given the ecological importance of ringed seals 
and the ongoing rapid changes to their sea-ice habitats, a character-
ization of ringed seal movements, diving, and haul-out behavior has 
practical applications for their management and can contribute to 
a better understanding of emerging ecological trends in the Arctic.

Previous studies of ringed seal movements in the Beaufort-
Chukchi-Bering (BCB) Sea region reported seasonal and demo-
graphic movement patterns (Crawford, Frost, Quakenbush, & 
Whiting, 2012, 2018; Harwood, Smith, & Auld, 2012; Harwood, 
Smith, Auld, Melling, & Yurkowski, 2015; Kelly et al., 2010), though 
broad-scale variability in these patterns appeared to be associated 
with capture location. For example, ringed seals tagged during 
September 2001 and 2002 just east of the Beaufort Sea in the 
southwestern Canadian Archipelago (Harwood et al., 2012) made 
extensive autumn movements westward that terminated primarily 
in the western Chukchi Sea north of Chukotka (Russia), whereas 
seals tagged nearby (~250 km to the east) in June and July of 1999, 
2000 and 2010 (Harwood et al., 2015) exhibited more localized 
movements and remained in the southwestern Archipelago through-
out autumn and winter. Though similar in phenology, ringed seals 
captured in Kotzebue Sound, Alaska (Crawford, Frost, et al., 2012; 
Crawford et al., 2018) moved into the southern Chukchi and Bering 
seas during winter. Given the enormity of the BCB, the limited num-
ber of tracking studies to date, and the apparent differences in spa-
tial distribution and movements associated with tagging locations, 
there remains a need to document and characterize the movements 
and behaviors of ringed seals from other locales within the BCB to 
more fully document this species’ spatial ecology.

Here, we present seasonal movements, habitat use, diving, and 
haul-out behavior of ringed seals instrumented with satellite trans-
mitters in the vicinity of Utqiaġvik (formerly Barrow), Alaska—a cap-
ture region not represented in prior tracking studies. We illustrate 
and quantify their movements and behaviors with respect to several 
geographic and demographic covariates. This work contributes to a 
growing body of literature about ringed seal spatial use, while also 
informing broader scale Arctic ecosystem monitoring efforts (Moore 
et al., 2014).

2  | METHODS

Ringed seals were captured near Utqiaġvik, AK (71.3° N, 156.8° W) 
during June–July of 2011, 2014, and 2016. All captures were made 

with nets that were set and continuously monitored near ice floes 
where seals had been observed. All nets had a lightweight lead-line 
and a highly visible float-line to ensure that entangled ringed seals 
could surface to breathe and that observers could readily determine 
when a capture occurred.

Upon capture, the seals were physically restrained during sam-
pling and instrumentation. Biometric and demographic data were 
recorded (Table 1; Appendix A), including body mass, standard 
length, axillary girth, sex, and age class (Geraci & Lownsbury, 2005). 
Age was determined by counting the alternating light and dark 
bands on the front claws. Seals with ≥5 claw bands were classi-
fied as adults (McLaren, 1958); otherwise, they were classified as 
subadults. One seal with no record of claw bands was designated 
as a subadult based on its small size and weight (Crawford, Frost, 
et al., 2012).

Satellite transmitters (hereafter “tags”) provided location and 
dive data for each seal using the Argos System (Harris et al., 1990). 
Most seals were instrumented with one primary and one secondary 
tag, and the data from each were combined into a single tracking 
time series. While secondary tags were expected to reveal haul-out 
locations for up to 2 years, only two of the secondary (SPOT) tags 
(n = 28) provided >1 year of data (Appendix A), so we limited this 
study to the first year of data collection. Because seasonal patterns 
were of primary interest, we also limited our analyses to seals with 
tags that provided data beyond December 31 of the deployment 
year (n2011 = 5, n2014 = 2, and n2016 = 10).

Of the 17 seals in this study, all but two were instrumented with 
SPLASH tags (Wildlife Computers; 7.6 × 5.6 × 3.2 cm; 125 g in air) as 
their primary tag, while the remaining two seals were instrumented 
with CTD tags (Sea Mammal Research Unit; 10.5 × 7 × 4 cm; 545 g 
in air). All primary tags were attached using 5-min epoxy and/or cy-
anoacrylate adhesive to either the fur between the shoulder blades 
or on the head depending on the size of the seal. We anticipated 
that the primary tags would remain attached to the seals until shed 
during their annual molt the following spring—a duration of about ten 
months depending on tagging date. The primary tags provided data 
on movements, diving, and haul-out behavior. The 2011 primary tags 
(SPLASH) provided summary statistics for dive duration and maxi-
mum dive depth (for dives ≥3.5 m deep) as histograms, summarizing 
6-hr time blocks. All primary tags deployed in 2016 recorded the 
start time, end time, and maximum depth (resolution = 0.5 m, ±1%) 
of each individual dive, where start and end times were detected by 
crossing a 1.0 m depth threshold, and they did not collect 6-hr his-
togram summaries. The primary tags deployed in 2014 were mixed; 
all collected 6-hr histograms and some recorded individual dives, but 
the dive end times relied on a saltwater sensor that was prone to 
incorrectly pool sequential dives when intervening surface events 
were not detected. Hence, we only analyzed dive-behavior data col-
lected from tags deployed in 2016. All seals were also instrumented 
with a secondary tag (Wildlife Computers SPOT; 2.0 × 2.0 × 8.3 cm; 
50 g in air). All secondary tags were permanently affixed to the rear 
flipper by screwing into a backing-plate through two holes punched 
in the interdigital webbing.
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Using R statistical software v3.4.2 (R Core Team, 2017), we ap-
plied a continuous-time correlated random walk model (R-package 
CRAWL v2.0.1; Johnson, London, Lea, & Durban, 2008) to estimate 
locations every 6 hr based on the tracking time series. Before ap-
plying the CRAWL model, we excluded implausible Argos locations, 
such as those that were on land or that failed to meet criteria for 
movement rates and turning angles (Appendix B). For the CRAWL 
analysis, we converted the locations to a Lambert's equal area map 
projection centered on the study area. Prior to further analysis, we 
excluded CRAWL location estimates that had standard errors >25 km 
(3.5% of all location estimates), which was commensurate with the 
spatial scale of the lowest-resolution environmental data we used 
in our modeling. CRAWL locations were augmented with habitat 
metrics describing the distance to mainland (Wessel & Smith, 1996), 
bathymetry (National Geophysical Data Center, 2006), sea-ice con-
centration (Cavalieri, Parkinson, Gloersen, & Zwally, 1996; Maslanik 
& Stroeve, 1999), and distance to the sea-ice edge. The minimum 
distance to the ice edge was measured from the midday UTC (03:00 
local time) location estimate to the nearest periphery of sea ice 
(≥15% concentration) composed of ≥10 contiguous 25 km pixels. 
Because there was a 294-day gap between the higher spatial res-
olution AMSR-E and AMSR-2 sea-ice data sets, we used the 25 km 
resolution SSM/I sea-ice data in our analyses. Sea-ice concentration 
was based on the average value within a 50 km radius circle (exclud-
ing land) centered on the midday location.

Diurnal and seasonal haul-out behaviors were quantified using 
data from the primary tags, which binned daily summaries into 24 
one-hour increments. The tag reported the fraction (%) of each hour 
that its saltwater sensor was wet or dry (sampled at 10 s intervals). 
We defined hours that were ≥80% dry as “haul-out” hours. The 80% 
threshold was robust because the distribution of hourly percent-dry 
values was strongly bimodal; with 95% of all sampled haul-out hours 
(n = 62,279) being either ≥80% dry (11.5%) or ≤25% dry (83.5%). We 
excluded the first week of post-deployment behavior data prior to 
analysis to reduce potential biases associated with capturing seals 
close to shore.

Dive-behavior analyses were based on data retrieved from the 
primary tags deployed in 2016 (n = 10) and included parameters for 
dive duration, dive depth (maximum), and surface duration. We tem-
porally paired the dive metrics with the nearest 6-hr CRAWL location 
and associated environmental attributes (e.g., ocean depth and sea 
ice). Dives were classified as bottom dives when the maximum dive 
depth was ≥75% of the mapped ocean depth. We did not attempt to 
classify bottom-dives in shallow water (<10 m) where relationships 
between dive depths and water depths become increasingly uncer-
tain due to inaccuracies in both the location and bathymetry data.

By comparing successive dive depths and intervening surface 
intervals (Appendix C), we classified behavior as: (a) resting, when 
the surface interval between successive dives exceeded 10 min; (b) 
repetitive diving, when ≥5 sequential dives attain maximum depths 
within ±15% of either of the two preceding dives —single dives >15% 
different were allowable within a repetitive-diving episode; and (c) 
mixed diving, for all remaining dives not classified as repetitive.

We partitioned movement, dive, and haul-out data into two hab-
itat types: the shallow continental shelf (<300 m, n = 3,933 tracking 
days) and the deeper Arctic Basin (>1,000 m, n = 127 days). Seal lo-
cations over the steep shelf-break (300–1,000 m, n = 23 days) were 
excluded from our dive-behavior analyses to avoid highly misrepre-
sentative relationships between dive depth and bottom depth that 
could arise from modest spatiotemporal mismatches between dive 
and location data.

Monthly dive summaries included the daily average time spent 
diving and the proportions of repetitive versus mixed diving. For 
each month, July–April, we estimated the average daily hours 
spent diving using the dive-behavior time series of individual dives 
and surface times, and the 1 × 24 hr haul-out classifications, both 
from the 2016 SPLASH-tag deployments (n = 8). For each month 
and seal, we tallied the number of observed hours hauled out as 
well as the total number of observed hours that were sampled, 
and we used the resulting ratio to extrapolate an estimate of the 
total number of hours hauled out during a respective month. The 
remaining hours (not hauled out) were then allocated to three 
behavior classes based on proportions derived from the dive-be-
havior time series. We considered the dive-behavior data to be a 
representative sample of the time seals spent diving or resting at 
the surface during the hours they were not hauled out (Appendix 
D). Surface times >10 min in duration were assigned to “resting” 
only if the respective period did not overlap with a haul-out hour. If 
it did overlap, then that surface interval was discarded since it had 
already been tallied into the haul-out hours above. Dive sequences 
(including intervening surface times) were classified as “repetitive” 
or “mixed” as described earlier. For each month and seal, we tallied 
the total amount of time spent diving (repetitive and mixed) versus 
resting and used that ratio to allocate the remaining monthly hours 
“not hauled out” as either engaged in diving or resting. Average 
daily estimates of time spent diving were calculated by dividing 
the extrapolated monthly total of hours diving by the number of 
days in the respective month. We excluded seal months if the av-
erage distance to mainland was <5 km, because ocean depths near 
shore were often less than the tag's designated 3 m threshold for 
dive detection.

To inform our interpretation of ringed seal movements, hab-
itat use, and haul-out behavior, we built five model sets tar-
geting these response variables (Appendix E): I. Movement 
Rate, II. Distance to Mainland, III. Distance to Ice-Edge, IV. Ice 
Concentration, and V. Haul-Out Time. Each response variable was 
modeled with respect to four independent factors: Sex (MALE 
vs. FEMALE), AgeClass (ADULT vs. SUBADULT), Season (OPEN-
WATER vs. ICE-COVERED), and CapYear (2011/2014.16). Season 
refers to the general timing of the open-water and ice-covered 
periods. The ICE-COVERED season, which occurs from December 
through June was characterized by the advance of sea-ice south 
into the Bering Sea where it would remain until spring when it 
would begin to retreat to the north. The OPEN-WATER season oc-
curs from July through November, and is characterized by gener-
ally ice-free waters over the continental shelf of the entire Bering 
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Sea and much of the Chukchi Sea. The factor CapYear was included 
to assess whether a disease outbreak that began in 2011 may have 
influenced ringed seal movements and/or behavior. Ultimately 
designated as an “Unusual Mortality Event” (UME) (NOAA, 2011a, 
2011b, 2012, 2014; Stimmelmayr et al., 2013), none of the 2011 
seals included in our analyses showed obvious symptoms (e.g., al-
opecia, lethargy, skin inflammation, or unusual molting patterns). 
However, several other seals captured in 2011 were symptomatic. 
In contrast, during both the 2014 and 2016 field seasons, no seals 
were observed to be symptomatic.

All models were constructed using R Statistical Software. 
Prior to modeling, we removed the first week of data from each 
seal's time series to reduce any influence of capture and handling. 
Three response variables: Movement Rate, Distance to Mainland, 
and Distance to Ice Edge (model sets I–III), were square root trans-
formed prior to analysis and were modeled using linear mixed ef-
fects models (R-package nlme v. 3.1-140, Pinheiro, Bates, DebRoy, 
& Sarkar, 2019) assuming a normal distribution and identity link 
function. To account for spatial autocorrelation, we employed a 
first-order autoregressive (AR1) structure. Because the data for Ice 
Concentration in model set IV was proportional (i.e., range = 0–1), 
we used generalized linear mixed models (R-package glmmTMB; 
Brooks et al., 2017) with a beta distribution and logit link. We 
transformed the data following Smithson and Verkuilen (2006) to 
address zeros and ones. To understand the use of sea ice when it 
was generally available, we partitioned the data for model set IV 
by Season, and developed models for the ice-covered period only. 
Haul-out Time (model set V) was also analyzed with R-package glm-
mTMB, but using a Poisson distribution and log link. In this model 
set, we were interested in understanding the factors associated 
with time spent when haul-out occurred (not whether haul-out oc-
curred), and so we filtered our data to include only those days with 
≥1 hr spent hauled out. As such, our models did not require adjust-
ments that would otherwise be needed for zero-inflation. Finally, 
all models included random effects to account for individual vari-
ability among seals.

For each model set, we followed a systematic model selec-
tion procedure. First, we generated all possible single- and multi-
variate mixed models. We assessed model performance based on 
parsimony (using Akaike's information criterion; AICC) and then 
modified the highest performing models (ΔAICC <2) by adding two-
way interaction terms. The full model set was then re-assessed and 
ranked. Models within each set having the lowest AICC were con-
sidered “best,” though other models with ΔAICC within 2.0 of the 
highest-ranking model were also deemed comparable (Burnham & 
Anderson, 2002). Visual inspections of residual plots from all sig-
nificant models revealed no obvious deviations from homoscedas-
ticity (Zuur, Ieno, Walker, Saveliev, & Smith, 2009). Finally, we used 
R-package emmeans (Lenth, 2019) to estimate marginal mean values 
from the best models (Appendix F) and to make multiple compari-
sons because this method is useful for summarizing the effects of 
factors when subjects are repeatedly measured and have unequal 
sample sizes (Lenth, 2016).

3  | RESULTS

Of the 39 ringed seals captured and tagged (Appendix A), a total 
of 17 (Table 1) met the criteria for tag longevity in order to be in-
cluded in our analyses. These 17 ringed seals included 12 adults (9 
♂, 3 ♀) and 5 subadults (2 ♂, 3 ♀). Mean body length was 102.5 cm 
(SD = 9.3) for adults and 88.2 cm (SD = 10.0) for subadults. The 
mean weight of adults was 40.7 kg (SD = 11.2) and subadults was 
26.8 kg (SD = 8.0). The mean length (x = 92 cm, SD = 0.8) and 
weight (x = 28.0 kg, SD = 4.8) of adult seals tagged in 2011 (n = 4) 
were both significantly less than the mean length (x = 107.8 cm, 
SD = 6.4) and weight (x = 47.1 kg, SD = 6.7) of adults tagged in 2014 
and 2016 (n = 8).

A total of 52,431 satellite locations were received; the median 
number of locations per seal was 2,778 (range = 2,146–6,020) and 
the median tracking duration was 239 days (range = 178–331). The 
median time interval between sequential locations was 0.52 hr 
(range = 0.01–1,157), with few long temporal gaps (99th percen-
tile = 20.3 hr). Higher-quality locations (Argos classes = 1, 2, and 3) 
comprised 7,471 (7.2%) of the seal locations. Filtering excluded 3,757 
lower-quality locations (Argos classes = 0, A, B, or Z). After applying 
the CRAWL model and excluding 596 estimated locations with SEs 
>25 km, the final data set contained 16,260 location estimates, rep-
resenting 4,083 individual seal tracking days (median = 237 tracking 
days/seal; range = 174–330). During the period when all 17 seals 
were tracked (August to December) the median cumulative distance 
traveled was 4,790 km/seal (range = 2,719–5,988) (Figure 3d).

Ringed seals occupied continental shelf waters on >96% of the 
tracking days, with some seals making off-shelf forays into the 
Arctic Basin in July to October (Figure 1b). All ringed seals occupied 
waters with sea ice during winter, but most occupied open-water 
south of the pack-ice during September–October (Figure 2). With 
one notably early southward movement into the Bering Sea in 
mid-September, all seals had moved south of Utqiaġvik by early 
November. Some seals continued to move during winter while oth-
ers occupied specific locales for extended periods. Eight seals (6 
adults, 2 subadults) moved south through the Bering Strait from 
November to mid-December, while nine others (7 adults, 2 sub-
adults) remained in the Chukchi Sea into January (Figure 3a). Of 
the four 2011 seals that wintered in the Bering Sea, three moved 
to deeper waters south of the Gulf of Anadyr (Figures 1b and 3b), 
while the fourth 2011 seal and all four of the 2016 seals that win-
tered in the Bering Sea moved south to waters near the Yukon-
Kuskokwim Delta (Figures 1b and 3b). There was high seasonal 
variability in distance to mainland during both the ice-covered 
(Jan to Jun) and open-water (Jul to Dec) seasons (Figure 3c). From 
November to January, distance to mainland was generally less and 
not as variable because many seals were near the Bering Strait 
(Figure 3c). Six of 10 seals tagged in 2016 remained in the Chukchi 
Sea for the duration of winter tracking—four along the Alaskan 
coast between Utqiaġvik and Cape Lisburne, one at the mouth of 
Kotzebue Sound, and one at Kolyuchin Inlet in northern Chukotka. 
One 2014 seal moved into the western Chukchi Sea during winter, 



     |  5601VON DUYKE Et al.

F I G U R E  2   Seasonal time series of daily 
ringed seal habitat attributes: (a) ocean 
depth; (b) mean sea-ice concentration 
(within a 50 km radius); and (c) distance to 
the edge of the pack-ice—where negative 
values represent distances from inside the 
ice pack. Ocean depth (a) is shown on a 
log scale with a horizontal line at the shelf-
break (300 m depth)
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just north of the coast of Chukotka; and one 2011 seal was near the 
Bering Strait when its tag stopped transmitting in February 2012.

Ringed seal movements, spatial use, and habitat attributes varied 
over yearly and seasonal scales, and with respect to demographic 
variables (Figure 4; Appendix F). Movement rate was best described 
by a model with an interaction between Season and CapYear (i.e., 
year of tag deployment), with the greatest rates occurring during 
the open-water season and also the 2011 ice-covered season. A 
univariate model that included CapYear best described distance to 
mainland, with seals in 2011 occupying areas significantly farther 
offshore (120.6 km vs. 46.5 km; Appendix F). The distance to the ice 
edge was best explained by a bivariate model that included Season 
and CapYear, both of which were significant. As expected, the pres-
ence of ice negatively influenced the distance from the sea-ice edge, 
with seals remaining closer to and deeper within the pack-ice during 
the ice-covered season. Meanwhile, the seals tagged in 2011 tended 
to stay closer to and deeper within the pack-ice than seals tagged in 
2014 or 2016. The concentration of sea ice occupied was best ex-
plained by a bivariate model that included AgeClass and CapYear, but 
both factors fell short of statistical significance (p = .060 and .067 
respectively). Finally, the time spent hauled out on the ice was best 
explained by a model in which Sex and Season interacted. During 
the ice-covered season, males spent less time hauled out (on days 
with ≥1 haul-out hour) than during the open-water season (p = .026). 

Though not statistically significant (p = .087), the largest difference 
in marginal mean haul-out hours was between males and females 
during the ice-covered season.

From July to mid-October, 12 of 17 tagged seals (71%) undertook 
forays into the deep Arctic Basin (Figure 5; Appendix G): including 7 
males (2 subadult) and 5 females (1 subadult). All 2011 seals (n = 5) 
ventured into the Arctic Basin, contributing 9 of the 16 observed 
forays. The median duration of the forays was 7 days (range = 2–21) 
(Figure 5). While in the presence of sea ice in the Arctic Basin, seals 
tended to haul out for extended periods of time (median dura-
tion = 11 hr, maximum duration = 34 hr, n = 42; Appendix G)—usually 
returning directly thereafter to the continental shelf. Three seals 
made a second foray off-shelf to the ice edge (Figure 5). During three 
other forays, seals failed to encounter substantive ice cover and 
haul-outs were not recorded (Appendix G). Diving behavior in the 
Arctic Basin consisted of both mixed- and repetitive dives, with the 
latter comprising 40% of the recorded dives (n = 2,119). Repetitive 
dives were occasionally punctuated by intermittent deeper dives of 
200–300 m (Figure 6); on occasion these deeper dives immediately 
preceded repetitive diving to deeper strata.

By December, all seals tended to occupy regions with high sea-
ice concentration on the continental shelf (Figure 2). By March and 
April, among seals that wintered in the Bering Sea (two adult fe-
males, one juvenile male, and three adult males), the juvenile and 

F I G U R E  3   Seasonal movements of 17 ringed seals with respect to (a) latitude, (b) longitude, (c) distance to mainland (islands excluded), 
and (d) cumulative daily tracking distance. Thin black lines are seals tagged in 2014 and 2016. Thick gray lines with black terminal dots are 
seals tagged in 2011. Distances calculated based on daily CRAWL location estimates. Seventeen seals provided data through January, and 
then, sample size declined to 12, 8, 7, 5, and 2 seals during February through June, respectively
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two adult males began making modest northward movements, 
but all remained south of the Bering Strait (Figure 3a). In April, 
the average sea-ice concentration occupied by seals began to 
decrease (Figure 2b), suggesting that they were not aggressively 
pursuing the retreating ice edge northward. While we observed 
no statistically significant differences in the distance to ice edge 
based on sex or age class (Figure 4; Appendix F), we do note that, 
over the entirety of the year, adults tended to occupy higher con-
centrations of ice than subadults (79.98% vs. 57.32% respectively; 
p = .060). Those seals tagged in 2011 also appeared to occupy 
regions deeper within the pack-ice than the seals tagged in 2014 
or 2016 (Figure 4; Appendix F), though this was not significant 
(p = .067). No other differences in sea-ice location or concentra-
tion based on sex or age class were observed.

The daily activity budget was dominated by diving (X = 16.5 hr/
day); with most of that time (X = 13.2 hr/day) spent repetitive div-
ing (Table 2). Other than in July, which showed the lowest monthly 
mean, the proportion of daily hours spent diving remained relatively 
constant. The proportion of repetitive dives was consistent from 
July to January (~80%) but decreased in February to 55%, though by 
this time the sample size had declined to two adult males. Bottom-
dives comprised 65% of all dives recorded on the continental shelf 
(n = 96,414). During 7,369 episodes of repetitive diving (consisting 
of 67,355 dives), 78% met the criteria for bottom-dives (Figure 7). 
Dive histogram data from seals tagged in 2011 also indicated that 
most dives over the continental shelf were bottom-dives (Figure 8). 
The median dive duration was 3.9 min (99th percentile = 10.7 min, 
n = 81,916). Approximately 67% of all dives recorded ranged from 
2.5 to 5.5 min (Figure 9a). The median surface duration between 
dives was 0.7 min (~42 s) (99th percentile = 4.1 min, n = 76,964). 
With increasing dive depth (up to 270 m), dive duration increased 
asymptotically while the intervening surface time increased expo-
nentially (Figure 9b). The regressions of dive and surface times in 
Figure 9b used the medians of 10-m dive-depth bins; however, it 
should be noted that the maximum dive durations in each of those 
bins were consistently 10–12 min—which may represent the physi-
ological dive-duration limit for ringed seals (Lydersen, Ryg, Hammill, 
& O'Brien, 1992).

F I G U R E  4   Marginal means [diamonds] with 95% CI for models 
of (I) movement rate, (II) distance to mainland, (III) distance to ice 
edge, (IV) concentration of ice occupied, and (V) haul-out time. 
Figures show the estimated marginal means generated from the 
best model from each of the five model sets (Table 3; Appendix 
E). The factor Season is designated as OPEN-WATER (Jul–Nov) 
and ICE-COVERED (Dec–Jun). The factor CapYear is designated 
according to year of tag deployment (2011 vs. 2014/16). The factor 
AgeClass is designated as ADULT and SUBADULT, and Sex is as 
FEMALE and MALE. Negative values in panel III—Distance to Ice 
Edge (km) refer to distances from inside the pack ice to the ice edge, 
and positive values from outside the pack ice to the ice edge. Note 
that panels I and V depict interactions, panel II depicts a univariate 
model, and panels III and IV depict bivariate models. *Year of 
Unusual Mortality Event
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Monthly diurnal frequency distributions of dive-behavior ob-
servations that were classified into each of four behavior classes 
revealed daily patterns that changed seasonally (Figure 10). For ex-
ample, there was a higher frequency of repetitive dives during mid-
day for depths >25 m only (Figure 10a,b)—becoming increasingly 
prevalent as day-length diminished from late summer into autumn 
and winter. The shape and magnitude of the mixed-dive histo-
grams (Figure 10c) somewhat resembled the resting histograms, 
but with less-well defined diel and monthly patterns. Resting be-
havior exhibited diel and monthly patterns that were somewhat 
complementary to those observed for repetitive dives >25 m deep 
(Figure 10d).

Hourly percent-dry time series data were obtained for an av-
erage of 72% (SD = 8.9%) of the tracking period. After excluding 
data from the first week of satellite tag deployment and data that 
were collected off-shelf, the median duration of uninterrupted haul-
out bouts was 3 hr (range 1–28, n = 1,025 haul-outs). Time spent 
hauled out per day was significantly longer during the open-wa-
ter than during the ice-covered season for males (6.23 vs. 5.64 hr/
day) (Figure 4; Appendix F). There was no significant difference in 
the daily time spent hauled out between seals tagged in 2011 and 
those tagged in 2014 and 2016. Terrestrial haul-out behavior was 
frequently observed among untagged ringed seals near Utqiaġvik in 
the summer of 2011—a number of which were captured and tagged 
(Appendix A). Observations of terrestrial haul-outs are extremely 
rare for ringed seals in Alaska (North Slope Borough, unpublished 
data) and no such behavior was documented in 2014 or 2016. Also, 

during 2014 and 2016 on days with a CRAWL location estimate, 86% 
of the haul-out hours occurred >10 km from the coast.

The proportion of tagged seals hauled out exhibited patterns 
that varied both diurnally and monthly (Figure 11). In July, 15%–20% 
of the seals were hauled out during any given hour of the day with 
little indication of a diel pattern. The proportion of seals hauled out 
declined from August through October, with a subtle indication of 
nocturnal preference. From November through March, the propor-
tion of seals that hauled out nocturnally increased. Haul-out be-
havior switched from nocturnal to diurnal in April and May as seals 
showed a strong midday preference; however, by April to late May 
the sample size had declined to two adult males.

4  | DISCUSSION

Ringed seals instrumented with satellite transmitters near 
Utqiaġvik, Alaska provided movement and dive-behavior data that 
both corroborated and expanded prior knowledge. The ringed 
seals in our study migrated to the southern Chukchi and Bering 
seas for winter, like those tagged by Crawford, Frost, et al. (2012) 
near Kotzebue, Alaska, and those tagged by Harwood et al. (2012) 
near the entrance of Amundsen Gulf, Canada. Data from tens of 
thousands of individual dives provided new insights into ringed 
seal foraging behavior, notably a propensity to repeatedly dive to 
depths at or near the ocean floor. Unique to this study were sev-
eral brief mid- and late-summer movements into the deep-water 

F I G U R E  5   Off-shelf forays into deeper water. In all panels, seals instrumented in 2011 are distinguished by open symbols, and those 
in 2014 and 2016 by solid symbols. Upper left—Locations (4 per day) of 12 ringed seals when occupying waters >1,000 m deep, colored by 
individual seal. Lower left—Rectangles indicate dates spent off-shelf, with the same colors as the locations shown above. Right—Distribution 
of sea-ice and haul-out behavior during forays into waters >1,000 m deep (n = 11 seals). Days when one or more haul-out hours were 
recorded are overlaid as yellow dots scaled in size by the total hours hauled out that day. Sea-ice conditions (U.S. National Ice Center, 2019) 
on the date (shown below each panel) correspond temporally with the more northerly locations and show two classes of ice concentration: 
marginal (blue, 10%–80%) and contiguous (light blue, >80%)
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Arctic Basin, where seals spent most of their time hauled out on the 
available pack-ice. Though not statistically significant, we provide 
some evidence of demographic segregation in sea-ice concentra-
tion between adult and subadult seals as observed by Crawford, 
Frost, et al. (2012). However, other factors may also have been 
involved. For example, in the winter of 2011–2012, the sea-ice 
maximum extent (in March) in the Bering Sea was the largest ever 

recorded in the satellite record (since 1979), as was the average 
sea-ice concentration (77%) (Fetterer, Knowles, Meier, Savoie, & 
Windnagel, 2017). By comparison, average sea-ice concentration 
in March in the Bering Sea was 64% in 2015 and 68% in 2017. 
Further, the seals tagged in 2011 displayed physical traits and spa-
tial distributions that were consistent with the purported exist-
ence of a pelagic ringed seal ecotype. In the sections that follow, 

F I G U R E  6   Top—Example of repeated 
diving to ~60 m depth by one seal during 
one day while occupying the deep-
water Arctic Basin. Note the occasional 
exploratory dives to 200–300 m depths. 
Center—Example of relatively deep 
repetitive dives in the Arctic Basin (by 
one seal during one day) suggesting that 
prey may be present in deeper strata, and 
supporting the notion that exploratory 
dives can have payoffs. Bottom—Records 
of repetitive-diving episodes in the Arctic 
Basin. Relatively few repetitive dive 
episodes occurred at depths >100 m (max 
~275 m; shown in Center panel)  300
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we expand upon these topics and offer speculations about how 
ringed seal movements, energy requirements, and physiological 
states may have interacted to shape the behaviors we observed.

Ringed seals tagged near Utqiaġvik almost exclusively utilized 
continental shelf habitat in the Chukchi and Bering seas (Figure 1). All 

seals traveled extensively during autumn, covering vast cumulative 
distances (see Harwood et al., 2012) on migrations that lasted until 
early winter (Figure 3d). During winter, movements were restricted 
for some seals, extensive for others, and habitats occupied were var-
ied and widely distributed (from 57°N to 70° N latitude). Some seals 
stayed close to the coast in relatively shallow water, even stopping 
and maintaining a localized winter residency (Figures 1 and 3), while 
others went far offshore into the Bering Sea and moved continu-
ously all winter in the dynamic pack-ice. Diversity in behavior and of 
habitats occupied suggests that, as a species, ringed seals can exploit 
a breadth of niches. We found some evidence of demographic hab-
itat partitioning (Figure 4; Appendix F). Adults appeared to occupy 
winter habitats with higher sea-ice concentration, suggesting that 
different reproductive and life-history states (e.g., mating adults 
vs. growing subadults) may lead to different habitat requirements 
Crawford, Frost, et al. (2012). Adult and subadult ringed seals tagged 
by Crawford, Frost, et al. (2012) near Kotzebue, Alaska, wintered in 
distinctly different regions, with subadults moving farther south into 
the Bering Sea, while adults stayed primarily in the southern Chukchi 
Sea. Though we also noted evidence suggesting demographic dif-
ferences in habitat use (Figure 4; Appendix F), our results were not 
statistically significant. Our results indicate, however, that year of 
tag deployment was important to understanding the movements of 
ringed seals (Figures 3 and 4), which may be important in light of the 
UME that began in 2011.

Most of the seals in our study (71%) made brief (~week long) 
off-shelf forays during summer that appeared to be deliberate 
and sometimes far-ranging efforts to reach the retreating sea ice 
(Figure 5, Appendix G). Broad-scale movements by ringed seals 
during the open-water season are not unprecedented, such as 
populations in Svalbard that make long distance movements to 
seasonally access productive habitats (Freitas, Kovacs, Ims, Fedak, 
& Lydersen, 2008; Hamilton, Lydersen, Ims, & Kovacs, 2015). Off-
shelf movements by Utqiaġvik seals were notable because they 

Month n

Diving (h) Repetitive (%) Sample (%)

Mean SD Mean SD Mean SD

July 8 14.7 2.0 80.0 15.5 19.2 7.2

August 7 17.1 2.0 80.2 4.0 34.1 10.8

September 7 17.3 3.3 81.1 10.0 24.8 10.8

October 7 17.4 5.1 81.8 9.3 32.2 14.6

November 6 16.4 2.3 81.3 12.9 29.0 11.5

December 6 16.5 3.0 82.5 8.8 30.7 12.3

January 5 16.2 3.9 80.1 9.3 18.4 3.5

February 2 16.3 0.5 54.6 16.4 15.8 3.1

Pooled 48 16.5 3.1 79.9 11.4 26.5 11.6

Note: Sample (%) is the fraction of the month for which we obtained dive-behavior time series data 
for any given seal month. For each month, at least a 10% sample of the dive-behavior time series 
data was required for a seal to be included in the respective monthly estimate (“n” is a seal month). 
Analysis used the 8 SPLASH tags deployed in 2016. Seal months with an average distance from the 
coast of <5 km were excluded (n = 4 seal months).

TA B L E  2   Monthly estimates of the 
mean hours per day spent diving, and 
the proportion (%) of those hours spent 
engaged in episodes of repetitive diving to 
similar depths

F I G U R E  7   Median dive depth recorded during episodes of 
repetitive diving to similar depths in relation to the average ocean 
depth at locations on the day of the diving. Analysis was restricted 
to days when seals were located in water 10–300 m deep. The 
solid red line denotes a 1:1 dive depth to ocean depth relationship, 
and the dotted red line denotes the dive-depth threshold for 
classification as bottom diving. The gray vertical line denotes the 
65 m isobath which is demarcated in Figure 1 with the light gray 
shading. Note log scales on both axes. See Figure 8 for a summary 
of dive behavior based on the dive histogram data received from 
tags deployed in 2011. Dives that implausibly exceeded ocean 
depth were likely due to errors in the estimated seal locations, 
errors, or generalizations in the coarse-resolution bathymetry data, 
or imprecision in assigning locations to dives
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apparently abandoned more productive continental shelf habi-
tat (Born, Teilmann, Acquarone, & Riget, 2004; Kingsley, Stirling, 
& Calvert, 1985; Teilmann, Born, & Acquarone, 1999) in favor of 
deep-water Arctic Basin habitat of generally lower quality (Frey et al., 
2016). Given their dive-depth constraints (Lydersen et al., 1992), 
ringed seals that forage in deep water may have limited access to 
prey or incur higher foraging costs (Hamilton et al., 2015). Upon 
reaching the sea ice in the Arctic Basin, ringed seals spent more 
time hauled out than foraging. That 25% of these seals returned for 
a second time suggests potential benefits that may result from this 
behavior. This apparent motivation to haul out may reveal physiolog-
ical constraints, such as those relating to the energetics of their molt 
(Crawford, Vagle, & Carmack, 2012; Majewski et al., 2016).

Distinct patterns in the dive data suggest that the ringed seals in 
our study frequently engaged in focused bouts of repetitive diving, 
the attributes of which are suggestive of active foraging behavior. 
Specifically, tagged seals repeatedly dove to near-constant depths, 
showed near-constant dive durations and intervening surface times 
(Appendix C), and exhibited this behavior during substantial por-
tions of the day (Table 2). Focused foraging behaviors can maximize 
energetic profitability when they result in repeated capture and 
consumption of aggregated prey—a strategy that makes energetic 
sense in patchy environments (Schoener, 1971). Repetitive diving 
also occurred more frequently during midday, when ambient light is 

brightest (Figure 10), and was spatially allocated in favor of habitats 
where prey species are known to aggregate—that is, the continental 
shelf seafloor (Benoit, Simard, Gagné, Geoffroy, & Fortier, 2010). If 
repetitive-diving bouts are indeed indicative of active foraging ef-
forts, then their prevalence in the data show that ringed seals forage 
on average >12 hr/day from August through January (Table 2).

The tendency for most repetitive-diving bouts to occur at or near 
the seafloor (Figure 7) may be related to the ecology of their prey. 
Ringed seals prey upon zooplankton (Lowry et al., 1980) and plank-
tivorous fish (Crawford et al., 2018), both of which make synchro-
nous diel vertical migrations (DVM) into deeper waters during the 
brightest hours of the day (Hays, 2003; Rabindranath et al., 2011; 
Stich & Lampert, 1981)—but, as potential prey themselves, face 
trade-offs between their own metabolic needs and predation 
risk (Pearre, 2003). Among Arctic cod (Boreogadus saida), which 
are an important forage species for ringed seals (Holst, Stirling, & 
Hobson, 2001), the larger and more energy-rich adults have greater 
metabolic stores and lower food limitation that enables them to re-
main longer at depth—decoupling them from closely following the 
DVM of zooplankton into shallower water where predation risk is 
higher (Benoit et al., 2010). Dense aggregations of adult cod that 
form in the demersal zone can physically displace smaller conspe-
cifics into shallower water (Benoit et al., 2010; David et al., 2016; 
Farley et al., 2017). Thus, Arctic cod physiology and behavior may set 

F I G U R E  8   Dive histogram data corroborating daytime bottom-diving behavior among the ringed seals tagged in 2011. SPLASH tags 
deployed on ringed seals in 2011 (n = 5) provided summarized “histogram” data containing the number of dives to ocean-depth intervals 
during four 6-hr periods (charted here in local time, UTC-10 hr). We partitioned dive data into days when seals were located where the ocean 
depths were congruent with the six most commonly visited dive-depth bins and charted the relative proportion of dives in each depth bin, 
for each 6-hr period. Numbers in parentheses are the number of dives summarized in the respective chart. Results corroborate that most 
dives attained depths near the ocean bottom (as in Figure 7) and that deeper diving was more common during the midday (10:00–16:00) 
hours (as in Figure 10)
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up an energetic trade-off in which ringed seal forage resources are 
partitioned by prey body-size (i.e., benefits to seals) and prey depth 
(i.e., cost to seals). Repetitive diving to the bottom may thus reflect 
optimal foraging (Waddington & Holden, 1979) in which larger and 
more energy-rich cod are targeted (Bowen, Tully, Boness, Bulheier, 
& Marshall, 2002). This behavior would be consistent with an en-
ergy maximization strategy (Bergman, Fryxell, Gates, & Fortin, 2001; 
Santini & Chelazzi, 1996) that invests more energy into deeper or 
longer dives to achieve a higher net energetic intake rate than 
would be possible by foraging on more accessible but less energet-
ically profitable prey. It may also partially explain the tendency for 
larger bodied seals to dive less frequently, but for longer durations 
(Crawford et al., 2018).

Repetitive diving occasionally occurred in the very deep waters 
of the Arctic Basin (Figure 6b). This behavior has been reported pre-
viously (Gjertz, Kovacs, Lydersen, & Wiig, 2000) and may be related 
to concentrations of primary productivity occurring in the upper 
water column during the late summer/early fall (Ardyna et al., 2013). 
Subsurface primary productivity is attractive to zooplankton and 
planktivorous fish (Crawford, Vagle, et al., 2012; Farley et al., 2017; 

Greenstreet et al., 2006; Majewski et al., 2016), potentially creating 
foraging patches that also attract ringed seals (Scott et al., 2010). 
Relatively shallow repetitive-diving bouts over the deep-water Arctic 
Basin were occasionally punctuated by single dives to substantially 
greater depths (Figure 6a). Perhaps exploratory in nature (Simpkins, 
Kelly, & Wartzok, 2001), these intermittent deep dives are consis-
tent with a strategy of searching alternative foraging patches to min-
imize lost foraging opportunities (Kohlmann & Risenhoover, 1998; 
Lima, 1985), which may be more profitable in habitats with lower 
prey densities, heterogeneously distributed prey, or when a foraging 
patch is nearing depletion (McNair, 1983). Our observation of ringed 
seals shifting their repetitive-diving behavior into deeper strata in 
the water column (Figure 6b) suggests that exploratory dives may 
have been profitable on occasion.

Temporal patterns of diving, resting at the surface, and haul-
ing out (Figures 10 and 11) suggest that ringed seals modify their 
daily activities in response to ambient conditions and as an adjust-
ment to the potentially high sensitivity of their prey to light (Berge 
et al., 2020). Repetitive diving to depths >25 m was more common 
during midday and became increasingly frequent at midday as day-
length diminished in winter. Repetitive dives <25 m deep did not 
show a diel or seasonal pattern. Although ambient light rapidly atten-
uates with water depth (Naik, D’Sa, Gomes, Goés, & Mouw, 2013), 
pinniped vision is well adapted to low-light levels (Levenson & 
Schusterman, 1999). That ringed seals engaged in deeper foraging 
dives more often during midday, especially during the dark winter, 
suggests that visual hunting tactics may be important to foraging 
success (Hanke, Wieskotten, Marshall, & Dehnhardt, 2013).

Resting and haul-out were more prevalent behaviors at night 
(Figures 10 and 11). We found that during onset of the ice-covered 
season, seals hauled out more often during the darkest hours of the 
day (Figure 11), consistent with previously observed patterns of 
nocturnal haul-out behavior in ringed seals (Crawford et al., 2018; 
Härkönen et al., 2008; Kelly et al., 2010). Furthermore, diurnal pat-
terns from the binned dive data reported by tags deployed in 2011 
were consistent with the aforementioned patterns that ringed seals 
dove most often to depths near the seafloor and during midday 
(Figure 8).

The relative value of habitat and the profitability of behavioral 
strategies may vary over annual cycles of ringed seal life history. For 
example, beginning in late spring, ringed seals undergo their annual 
pelage molt; an important physiological event in which several epi-
dermal layers and the fur are shed and regenerated. This process 
is facilitated by infusing the epidermis with blood—providing the 
nutrients, oxygen, and warmth needed for tissue regeneration—
but unsustainable levels of heat conduction from molting seals oc-
curs when they are immersed in frigid Arctic waters (Boily, 1995). 
The high metabolic demands of the molt (Feltz & Fay, 1966; Ryg, 
Smith, & Øritsland, 1990) potentially set up a scenario in which 
ringed seals face energetic trade-offs between foraging and haul-
ing out. While molting, ringed seals appear to modify their behavior 
to compensate for their heat loss by hauling out more—particularly 
during the warmer midday hours in May and June (Figure 11) (Kelly 

F I G U R E  9   (a) Dive duration frequency distribution across 1-min 
duration bins. (b) Logarithmic regressions fitted to median dive 
duration (solid circles) and median surface duration (open circles) 
as a function of median dive depth in 10-m depth intervals (using 
only intervals with n ≥ 10 dives). Standard error of the regression 
(S) represents the average distance (minutes) that the medians 
fall from the regression line. Analysis used the dive-behavior 
time series collected by SPLASH and CTD tags deployed in 2016 
(n = 10), for dives ≤15 min in duration (n = 81,916)
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et al., 2010; Kelly & Quakenbush, 1990)—and foraging less (Young & 
Ferguson, 2013). Behavioral strategies that lower energetic losses 
while simultaneously accelerating completion of the molt should be 
favored (Berta, Sumich, & Kovacs, 2015; McLaren, 1958), as possibly 
evidenced in our data by long movements to distant sea ice followed 
by extended haul-out time in lieu of feeding. When considering the 
long-range movements that ringed seals made to the Arctic Basin 
in the mid-late summer, it seems plausible that the pursuit of avail-
able sea ice for the purpose of hauling out represents a behavioral 
strategy that weighs the relative quality of habitat against its value 
toward meeting a seal's physiological requirements.

The inclusion of the factor CapYear, which appeared in four of 
the five “best” models from our model sets (Table 3; Appendices E 
and F), was in response to two noteworthy events that occurred in 
2011–2012. The first event was the emergence of a disease among 
ice seals that caused an abnormal molt, skin lesions, lethargy, mortal-
ity, and/or the unusual tendency to haul out on land (Herreman, pers. 
obs.). This disease was ultimately designated as an UME by NOAA. 
The second noteworthy event was the unusually early breakup of 
the sea ice in July of 2011, which was followed in March 2012 by 
the greatest sea-ice maximum and mean sea-ice concentrations re-
corded in the Bering Sea since start of the satellite record in 1979 
(Fetterer et al., 2017). It is conceivable that annual variations in 

sea-ice dynamics can drive physiologically mediated seal behavior. 
For example, given the energetic importance of hauling out during 
the molt, it is plausible that early sea-ice breakup can motivate en-
ergetically depleted seals to use terrestrial haul-outs out of neces-
sity. Whether and to what extent the UME affected the decision for 
when/where to haul out cannot be ascertained given the data avail-
able. However, despite earlier sea-ice breakup dates in both 2015 
and 2017, no terrestrial haul-out behavior was observed (A. Von 
Duyke, pers. obs.), suggesting that the UME may have affected ringed 
seal behavior. Though none of the seals tagged in 2011 displayed 
obvious symptoms of the UME at the time of capture, they were 
later determined to be both morphologically and behaviorally differ-
ent from seals tagged in 2014 and 2016. Specifically, the 2011 seals 
were smaller (Table 1) and, after release, moved at higher rates, over 
longer durations, and ventured farther offshore (Figures 3c,d and 4; 
Appendix F). Ultimately, all five of the 2011 seals in this investiga-
tion made forays beyond the shelf-break into the deep-water Arctic 
Basin where they hauled out more than they foraged. The distinctive 
morphology, behavior, and spatial distribution of the seals tagged 
in 2011 do call attention to reports of two purported ringed seal 
ecotypes: (a) a smaller pelagic “pack-ice seal” and (b) a larger coastal 
“fast-ice seal” (Fedoseev, 1975; Finley, Miller, Davis, & Koski, 1983; 
Freuchen, 1935; Gorlova, Krylovich, Savinetsky, & Khasanov, 2012; 

F I G U R E  1 0   Proportion of dive-behavior classifications that occurred in each hour of the day (local, UTC-10 hr) in each of 7 months. 
Episodes of repetitive diving during which median dive depth was (a) >25 m or (b) ≤25 m deep; (c) episodes of diving to mixed depths, and 
(d) periods of resting at the surface for >10 min while also unassociated with haul out. Sample sizes (number of dives or resting periods) are 
shown in the upper right of each panel. Data are summarized from the dive-behavior time series collected from SPLASH tags deployed in 
2016 (n = 8 ringed seals)
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McLaren, 1958). The different morphometric and behavioral charac-
teristics of the seals tagged in 2011 were consistent with the notion 
of a smaller, more offshore pack-ice ecotype. Could annual sea-ice 
variability, natural life-cycles, and energetic perturbations brought 
on by disease have worked together to bring a population of seals 
into an area they do not normally occupy, thereby making them more 
available for capture? If these two purported ringed seal ecotypes 
exist, and occupy different niches, it is plausible that one ecotype 
may experience and/or respond differently to ecological change. It 

is beyond the ability of our data to disentangle environmental vari-
ability from the possible existence and influence of ringed seal eco-
types. Nevertheless, our results are intriguing and highlight the need 
to better understand the population structure of ringed seals from 
regions that are difficult to access, as this may be important to ringed 
seal conservation and management, and to Arctic marine ecology.

Further implications of sea-ice dynamics—particularly reduc-
tions in sea-ice availability—may include energetic consequences 
due to the disruption of the relationships among access to sea ice 

F I G U R E  11   Monthly diurnal haul-out behavior shown as the mean proportion (±SE) of ringed seals hauled out during each local hour 
(UTC-10 hr) when seals were (a) over the continental shelf, and (b) during forays into the deep-water Arctic Basin. Monthly sample sizes 
(n seals) are shown in parentheses. May is split into two periods. Data obtained during deep-water forays (July–October) were pooled to 
bolster sample size
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Model set Response variable Model

I MOVEMENT RATE Season + CapYear 
+Season:CapYear

II DISTANCE TO MAINLAND CapYear

III DISTANCE TO ICE-EDGE Season + CapYear

IV ICE CONCENTRATION AgeClass + CapYear

V HAUL-OUT TIME Sex + Season +Sex:Season

Note: Underlined variables are statistically significant (α = 0.05). Full model sets generated by this 
procedure are presented in Appendix E.

TA B L E  3   Top models explaining 
variance in movement rate, distance from 
the mainland, concentration of sea ice 
occupied, distance from sea-ice edge, and 
haul-out duration as a function of sex, age 
class, season, and capture year
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for haul-out, prey access, and seal physiology. Under ideal condi-
tions, hauling out on sea ice in high-quality foraging habitat (i.e., con-
tinental shelf) could enable molting ringed seals to partially offset 
energetic costs accrued from reproduction, lactation, and molting 
(Ryg & Øritsland, 1991), particularly if they can profitably capture 
prey. However, earlier northward retreat of pack-ice (Comiso, Meier, 
& Gersten, 2017) may lead to overall reductions in habitat quality 
by shifting available sea-ice haul-outs to less productive off-shelf 
waters (i.e., Arctic Basin). Under such conditions, ringed seals in 
Alaska may have to choose to: (a) forage in more productive habitat 
while hauling out less (Hamilton, Kovacs, Ims, & Lydersen, 2018)—
potentially incurring energetic costs associated with heat loss and/
or an extended molt; (b) haul out on remnants of sea ice, even if 
located in lower-quality habitat—which may facilitate a faster molt, 
but come at the cost of fewer (i.e., lost) and/or less productive for-
aging opportunities; or (c) haul out on land (Lydersen, Vaquie-Garcia, 
Lydersen, Christensen, & Kovacs, 2017) near higher-quality foraging 
habitat—again facilitating the molt, but likely increasing predation 
risk. Several seals tagged in 2011 behaved in a manner consistent 
with the second option, though they did not venture off-shelf until 
mid-summer/early fall (Figure 5), which is well after the normal molt 
period. Though they exhibited some repetitive-diving behavior 
(i.e., foraging), most of their time was spent hauled out on the ice. 
Off-shelf forays in 2014 and 2016 were less frequent and occurred 
earlier in the summer (Figure 5). Currently, it is unknown whether a 
protracted or otherwise complicated molt (e.g., UME) could moti-
vate seals to make late-summer forays to the retreating pack-ice in 
order to haul out. A more complete understanding of phocid molting 
physiology with respect to energetics may help clarify the drivers of 
this behavior, including the relative value of habitat over the course 
of a seal's annual life-cycle. The quality of a habitat (i.e., its value to 
an animal's fitness) is a function of local environmental conditions 
and eco-physiological constraints (Charnov, 1976; Lima, 1983), the 
interactions of which can shape habitat selection via the profitability 
of different behaviors. How this occurs may not be straightforward 
and, given their dynamic environment and the many possible sce-
narios encountered by ringed seals, is likely the net sum of numer-
ous behavioral adjustments that optimize energy intake given the 
relative ratios of costs and benefits (Born et al., 2004; Ferguson & 
Higdon, 2006; Stephens & Krebs, 1986).

Based on their high abundance and wide distribution 
(Reeves, 1998), ringed seals are a very successful species, likely due 
to behavioral plasticity that has allowed them to exploit a variety 
of habitats throughout the circumpolar north. To date, ringed seals 
in the Bering and Chukchi seas have not exhibited declines in body 
condition, growth, or reproduction observed in other populations 
(Crawford et al., 2015). In the face of an accelerating trend toward 
earlier, more rapid, and/or more extensive summer sea-ice melt 
(Comiso et al., 2017), as well as recent dramatic losses of winter sea 
ice in the Bering Sea (Siddon & Zador, 2018), a more comprehensive 
understanding of the energetic consequences and behavioral trade-
offs (Laidre et al., 2008) faced by ringed seals throughout their life-cy-
cle is needed to help guide their conservation and management.

5  | CONCLUSIONS

This study adds to a growing body of knowledge about ringed seal 
movements and behaviors. Seals were captured in a region that had 
received little prior investigation and were instrumented with sat-
ellite transmitters capable of providing location, information about 
individual dives, and hourly haul-out status. Like other ringed seal 
tracking studies in the Beaufort and Chukchi seas, most of the seals 
we tagged near Utqiaġvik moved into the southern Chukchi and 
Bering seas during winter. They occupied a diversity of habitats and 
spatial distributions, from close to shore and very localized, to far 
offshore and wide-ranging in the drifting sea ice. The ringed seals we 
captured in 2011, concurrent with a UME that affected all ice-seal 
species, were physically smaller than seals captured in other years 
and maintained a more pelagic distribution, raising speculation that 
the UME could have facilitated the tagging of a “pelagic” ringed seal 
ecotype that would not have otherwise been available for capture 
nearshore. Many ringed seals, especially those tagged in 2011, made 
forays into the deep Arctic Basin with an apparent intent to reach 
the pack-ice to haul out. Focused bouts of repetitive diving occurred 
over the continental shelf for >12 hr/day, usually to depths at or near 
the ocean floor. Hauling out tended to be progressively more noc-
turnal from winter to early spring; but abruptly switched in May to a 
pronounced daytime haul-out pattern with onset of the molt.

As a “threatened” species (Endangered Species Act [ESA]) 
(National Marine Fisheries Service, 2012), recovery criteria for ringed 
seals is drawn from the best available science about their habitat use 
and behavior; as well as knowledge about the dynamics of pinniped 
populations overall (Conn et al., 2014). Given the potential for in-
creases in human/wildlife conflicts in the Arctic (Harsem et al., 2015; 
Smith & Stephenson, 2013), mitigation and recovery strategies for 
ringed seals will benefit from better information about their move-
ments and behavior. Ongoing conservation efforts for polar bears—
another ESA threatened species—will also benefit from an improved 
ecological understanding of ringed seals (Durner et al., 2009; Wilson, 
Horne, Rode, Regehr, & Durner, 2014). And, because the Arctic is a 
stochastic environment (Walsh, 2008) where rapid climate mediated 
change is already occurring (Post et al., 2013), continued research 
that fills gaps in poorly sampled regions will contribute to a more 
comprehensive understanding of the Arctic as an ecosystem, and 
therein the eco-physiological processes that are important to the 
conservation and management of ringed seals—a vulnerable spe-
cies with high ecological and cultural value (Condon, Collings, & 
Wenzel, 1995; Huntington, Quakenbush, & Nelson, 2016).

ACKNOWLEDG EMENTS
Ringed seal tagging was conducted under NMFS Research Permits 
#358-1787 and #15324 and approved by Alaska Department of 
Fish and Game (ADFG) Animal Care and Use Committee Protocols 
#2010-13R and #2016-23. Funding for SPLASH and SPOT satel-
lite tags was provided by the North Slope Borough (NSB)-Shell 
Baseline Studies Program. CTD tags were purchased by the ADFG 
- Arctic Marine Mammal Program (AMMP) with funding provided 



5612  |     VON DUYKE Et al.

by the U.S. Office of Naval Research (Award Number: N00014-
16-1-3019). Field support was provided by Mark Nelson and Anna 
Bryan of the ADFG-AMMP; and Joe Skin, Isaac Leavitt, Aaron 
Morris, Bobby Sarren, and Billy Adams of the NSB, Department 
of Wildlife Management. This article was peer-reviewed and ap-
proved by the United States Geological Survey (USGS) under 
their Fundamental Science Practices policy (http://pubs.usgs.
gov/circ/1367, accessed 31 Mar 2020). Rowenna Gryba pro-
vided many constructive comments, as did Lori Quakenbush 
(ADFG-AMMP), John Pearce (USGS), and two anonymous peer 
referees. Any use of trade, firm, or product names is for descrip-
tive purposes only and does not imply endorsement by the U.S. 
Government.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTION
Andrew L. Von Duyke: Conceptualization (lead); Data cura-
tion (equal); Formal analysis (equal); Funding acquisition (lead); 
Investigation (lead); Methodology (equal); Project administra-
tion (lead); Resources (lead); Software (equal); Supervision 
(lead); Validation (equal); Visualization (equal); Writing-original 
draft (lead); Writing-review & editing (lead). David C. Douglas: 
Conceptualization (equal); Data curation (equal); Formal analysis 
(equal); Funding acquisition (supporting); Investigation (support-
ing); Methodology (equal); Project administration (supporting); 
Resources (supporting); Software (equal); Supervision (support-
ing); Validation (equal); Visualization (equal); Writing-original 
draft (supporting); Writing-review & editing (supporting). Jason 
K. Herreman: Conceptualization (supporting); Data curation (sup-
porting); Formal analysis (supporting); Funding acquisition (equal); 
Investigation (equal); Methodology (supporting); Project admin-
istration (equal); Resources (supporting); Software (supporting); 
Supervision (equal); Validation (supporting); Visualization (support-
ing); Writing-original draft (supporting); Writing-review & editing 
(supporting). Justin A. Crawford: Conceptualization (equal); Data 
curation (equal); Formal analysis (supporting); Funding acquisition 
(supporting); Investigation (equal); Methodology (equal); Project 
administration (supporting); Resources (equal); Software (equal); 
Supervision (supporting); Validation (supporting); Visualization 
(supporting); Writing-original draft (supporting); Writing-review & 
editing (supporting). 

DATA AVAIL ABILIT Y S TATEMENT
The data set analyzed for this study is available from the Dryad 
Digital Repository https://doi.org/10.5061/dryad.zpc86 6t65 (Von 
Duyke, Douglas, Herreman, & Crawford, 2020).

ORCID
Andrew L. Von Duyke  https://orcid.org/0000-0002-7831-7388 
David C. Douglas  https://orcid.org/0000-0003-0186-1104 
Justin A. Crawford  https://orcid.org/0000-0002-6854-8756 

R E FE R E N C E S
Arctic Monitoring and Assessment Programme. (2017). Snow, Water, 

Ice and Permafrost. Summary for Policy-makers. Oslo, Norway. 
Retrieved from www.amap.no/docum ents/downl oad/2888

Ardyna, M., Babin, M., Gosselin, M., Devred, E., Bélanger, S., Matsuoka, 
A., & Tremblay, J.-É. (2013). Parameterization of vertical chlorophyll 
a in the Arctic Ocean: Impact of the subsurface chlorophyll maxi-
mum on regional, seasonal, and annual primary production esti-
mates. Biogeosciences, 10, 4383–4404. https://doi.org/10.5194/
bg-10-4383-2013

Arrigo, K. R., van Dijken, G., & Pabi, S. (2008). Impact of a shrinking Arctic 
ice cover on marine primary production. Geophysical Research Letters, 
35, L19603. https://doi.org/10.1029/2008G L035028

Benoit, D., Simard, Y., Gagné, J., Geoffroy, M., & Fortier, L. (2010). From 
polar night to midnight sun: Photoperiod, seal predation, and the diel 
vertical migrations of polar cod (Boreogadus saida) under landfast 
ice in the Arctic Ocean. Polar Biology, 33, 1505–1520. https://doi.
org/10.1007/s0030 0-010-0840-x

Berge, J., Geoffroy, M., Daase, M., Cottier, F., Priou, P., Cohen, J. H., … 
Gauthier, S. (2020). Artificial light during the polar night disrupts 
Arctic fish and zooplankton behaviour down to 200 m depth. 
Communications Biology, 3, 102. https://doi.org/10.1038/s4200 
3-020-0807-6

Bergman, C. M., Fryxell, J. M., Gates, C. C., & Fortin, D. (2001). 
Ungulate foraging strategies: Energy maximizing or time min-
imizing? Journal of Animal Ecology, 70, 289–300. https://doi.
org/10.1111/j.1365-2656.2001.00496.x

Berta, A., Sumich, J. L., & Kovacs, K. M. (2015). Chapter 7 – Integumentary 
and sensory systems. In A. Berta, J. L. Sumich, & K. M. Kovacs (Eds.), 
Marine mammals (3rd ed., p. 183). Burlington, MA: Academic Press. 
https://doi.org/10.1016/B978-0-12-39700 2-2.00007 -7

Boily, P. (1995). Theoretical heat-flux in water and habitat selection of pho-
cid seals and beluga whales during the annual molt. Journal of Theoretical 
Biology, 172, 235–244. https://doi.org/10.1006/jtbi.1995.0020

Born, E. W., Teilmann, J., Acquarone, M., & Riget, F. F. (2004). Habitat use 
of ringed seals (Phoca hispida) in the North Water Area (North Baffin 
Bay). Arctic, 57, 129–142. https://doi.org/10.14430 /arcti c490

Bowen, W. D., Tully, D., Boness, D. J., Bulheier, B. M., & Marshall, G. J. 
(2002). Prey-dependent foraging tactics and prey profitability in 
a marine mammal. Marine Ecology Progress Series, 244, 235–245. 
https://doi.org/10.3354/meps2 44235

Brooks, M. E., Kristensen, K., Benthem, K. J., Magnusson, A., Berg, C. 
W., Nielsen, A., … Bolker, B. M. (2017). glmmTMB balances speed 
and flexibility among packages for zero-inflated generalized linear 
mixed modeling. The R Journal, 9, 378–400. https://doi.org/10.32614 
/RJ-2017-066

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multi-
model inference: A practical information-theoretic approach (2nd ed.). 
New York, NY: Springer-Verlag, New York. 488 pp. https://doi.
org/10.1007/b97636

Burns, J. J. (1970). Remarks on the distribution and natural history of 
pagophilic pinnipeds in the Bering and Chukchi Seas. Journal of 
Mammalogy, 51, 445–454. https://doi.org/10.2307/1378386

Cavalieri, D. J., Parkinson, C. L., Gloersen, P., & Zwally, H. J. (1996). Sea-ice 
concentrations from Nimbus-7 SMMR and DMSP SSM/I-SSMIS passive 
microwave data, Version 1. Boulder, Colorado USA: NASA National 
Snow and Ice Data Center Distributed Active Archive Center. https://
doi.org/10.5067/8GQ8L ZQVL0VL

Charnov, E. L. (1976). Optimal foraging: The marginal value the-
orem. Theoretical Population Biology, 9, 129–136. https://doi.
org/10.1016/0040-5809(76)90040 -X

Comiso, J. C., Meier, W. N., & Gersten, R. (2017). Variability and trends 
in the Arctic Sea-ice cover: Results from different techniques. 
Journal of Geophysical Research Oceans, 122, 6883–6900. https://doi.
org/10.1002/2017J C012768

http://pubs.usgs.gov/circ/1367
http://pubs.usgs.gov/circ/1367
https://doi.org/10.5061/dryad.zpc866t65
https://orcid.org/0000-0002-7831-7388
https://orcid.org/0000-0002-7831-7388
https://orcid.org/0000-0003-0186-1104
https://orcid.org/0000-0003-0186-1104
https://orcid.org/0000-0002-6854-8756
https://orcid.org/0000-0002-6854-8756
http://www.amap.no/documents/download/2888
https://doi.org/10.5194/bg-10-4383-2013
https://doi.org/10.5194/bg-10-4383-2013
https://doi.org/10.1029/2008GL035028
https://doi.org/10.1007/s00300-010-0840-x
https://doi.org/10.1007/s00300-010-0840-x
https://doi.org/10.1038/s42003-020-0807-6
https://doi.org/10.1038/s42003-020-0807-6
https://doi.org/10.1111/j.1365-2656.2001.00496.x
https://doi.org/10.1111/j.1365-2656.2001.00496.x
https://doi.org/10.1016/B978-0-12-397002-2.00007-7
https://doi.org/10.1006/jtbi.1995.0020
https://doi.org/10.14430/arctic490
https://doi.org/10.3354/meps244235
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1007/b97636
https://doi.org/10.1007/b97636
https://doi.org/10.2307/1378386
https://doi.org/10.5067/8GQ8LZQVL0VL
https://doi.org/10.5067/8GQ8LZQVL0VL
https://doi.org/10.1016/0040-5809(76)90040-X
https://doi.org/10.1016/0040-5809(76)90040-X
https://doi.org/10.1002/2017JC012768
https://doi.org/10.1002/2017JC012768


     |  5613VON DUYKE Et al.

Condon, R. G., Collings, P., & Wenzel, G. (1995). The best part of life: 
Subsistence hunting, ethnicity, and economic adaptation among 
young adult Inuit males. Arctic, 48, 31–46. https://doi.org/10.14430 
/arcti c1222

Conn, P. B., Ver Hoef, J. M., McClintock, B. T., Moreland, E. E., London, J. 
M., Cameron, M. F., … Boveng, P. L. (2014). Estimating multispecies 
abundance using automated detection systems: Ice-associated seals 
in the Bering Sea. Methods in Ecology and Evolution, 5, 1280–1293. 
https://doi.org/10.1111/2041-210X.12127

Core Team, R. (2017). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from https://www.R-proje ct.org/

Crawford, J. A., Frost, K. J., Quakenbush, L. T., & Whiting, A. (2012). 
Different habitat use strategies by juvenile and adult ringed seals 
(Phoca hispida) in the Bering and Chukchi seas. Polar Biology, 35, 241–
255. https://doi.org/10.1007/s0030 0-011-1067-1

Crawford, J. A., Frost, K. J., Quakenbush, L. T., & Whiting, A. (2018). 
Seasonal and diel differences in dive and haul-out behavior of adult 
and subadult ringed seals (Pusa hispida) in the Bering and Chukchi seas. 
Polar Biology, 41, 65–80. https://doi.org/10.1007/s0030 0-018-2399-x

Crawford, J. A., Quakenbush, L. T., & Citta, J. J. (2015). A comparison 
of ringed and bearded seal diet, condition and productivity be-
tween historical (1975–1984) and recent (2003–2012) periods in 
the Alaskan Bering and Chukchi seas. Progress in Oceanography, 136, 
133–150. https://doi.org/10.1016/j.pocean.2015.05.011

Crawford, R. E., Vagle, S., & Carmack, E. C. (2012). Water mass and 
bathymetric characteristics of polar cod habitat along continental 
shelf and slope of the Beaufort and Chukchi Seas. Polar Biology, 35, 
179–190. https://doi.org/10.1007/s0030 0-011-1051-9

David, C., Lange, B., Krumpen, T., Schaafsma, F., van Franeker, J. A., & 
Flores, H. (2016). Under-ice distribution of polar cod Boreogadus 
saida. Polar Biology, 39, 981–994. https://doi.org/10.1007/s0030 
0-015-1774-0

Dehn, L.-A., Sheffield, G. G., Follmann, E. H., Duffy, L. K., Thomas, D. L., 
& O’Hara, T. M. (2007). Feeding ecology of phocid seals and some 
walrus in the Alaskan and Canadian Arctic as determined by stom-
ach contents and stable isotope analysis. Polar Biology, 30, 167–181. 
https://doi.org/10.1007/s0030 0-006-0171-0

Durner, G. M., Douglas, D. C., Nielson, R. M., Amstrup, S. C., McDonald, 
T. L., Stirling, I., … Derocher, A. E. (2009). Predicting 21st-century 
polar bear habitat distribution from global climate models. Ecological 
Monographs, 79, 25–58. https://doi.org/10.1890/07-2089.1

Farley, E., Cieciel, K., Vollenweider, J., Ladd, C., Duffy-Anderson, J., Eisner, 
L., Pohlen, Z. (2017) Cruise Report to the Arctic Integrated Research 
Program. North Pacific Research Board – Arctic Program. Retrieved 
from www.nprb.org/asset s/uploa ds/files /Arcti c/AIES_2017C ruise 
Report_final.pdf

Fay, F. H. (1974). The role of ice in the ecology of marine mammals of the 
Bering Sea. In D. Hood, & E. Kelley (Eds.), Oceanography of the Bering 
Sea (pp. 383–399). University of Alaska, Fairbanks, AK: Institute of 
Marine Science.

Fedoseev, G. A. (1975). Ecotypes of the ringed seal (Pusa hispida Schreber, 
1777) and their reproductive capabilities. Rapports Et Proces-verbaux 
Des Reunions, Conseil International Pour L’exploration De La Mer, 169, 
156–160.

Feltz, E. T., & Fay, F. H. (1966). Thermal requirements in vitro of epidermal 
cells from seals. Cryobiology, 3, 261–264. https://doi.org/10.1016/
S0011 -2240(66)80020 -2

Ferguson, S. H., & Higdon, J. W. (2006). How seals divide up the world: 
Environment, life history, and conservation. Oecologia, 150, 318–329. 
https://doi.org/10.1007/s0044 2-006-70204 89-x

Fetterer, F., Knowles, K., Meier, W. N., Savoie, M., & Windnagel, A. K. 
(2017). Sea-ice index, version 3, SEA-ice analysis subset. Boulder, 
Colorado USA: NSIDC: National Snow and Ice Data Center. https://
doi.org/10.7265/N5K072F8

Finley, K. J., Miller, G. W., Davis, R. A., & Koski, W. R. (1983). A distinc-
tive large breeding population of ringed seals (Phoca hispida) in-
habiting the Baffin Bay pack-ice. Arctic, 36, 162–173. https://doi.
org/10.14430 /arcti c2259

Freitas, C., Kovacs, K. M., Ims, R. A., Fedak, M. A., & Lydersen, C. 
(2008). Ringed seal post-moulting movement tactics and habitat 
selection. Oecologia, 155, 193–204. https://doi.org/10.1007/s0044 
2-007-0894-9

Freuchen, P. (1935). Mammals, part II: Field notes and biological obser-
vations. Report of the Fifth Thule Expedition, 1921–1924(2), 68–278.

Frey, K. E., Comiso, J. C., Cooper, L. W., Gradinger, R. R., Grebmeier, J. M., 
& Tremblay, J.-É. (2016). Arctic Ocean Primary Productivity. Arctic 
Report Card: Update for 2016. NOAA Arctic Program. Retrieved 
from www.arctic.noaa.gov/Repor t-Card/Repor t-Card-2016/ArtMI 
D/5022/Artic leID/284/Arcti c-Ocean -Prima ry-Produ ctivity

Geraci, J. R., & Lownsbury, V. J. (2005). Marine Mammals Ashore (2nd 
ed.). Baltimore, MD: National Aquarium in Baltimore. Retrieved from 
http://texas seagr ant.org/asset s/uploa ds/resou rces/93-601_ma-
rine_mamma ls_ashore.pdf

Gjertz, I., Kovacs, K. M., Lydersen, C., & Wiig, Ø. (2000). Movements and 
diving of adult ringed seals (Phoca hispida) in Svalbard. Polar Biology, 
23, 651–656. https://doi.org/10.1007/s0030 00000143

Gorlova, E. N., Krylovich, O. A., Savinetsky, A. B., & Khasanov, B. F. (2012). 
Ecology of the ringed seal (Pusa hispida) from the Bering Strait in the 
late Holocene. Biology Bulletin of the Russian Academy of Sciences, 39, 
464–471. https://doi.org/10.1134/S1062 35901 2050056

Grebmeier, J. M., Overland, J. E., Moore, S. E., Farley, E. V., Carmack, E. 
C., Cooper, L. W., … McNutt, S. L. (2006). A major ecosystem shift 
in the northern Bering Sea. Science, 311, 1461–1464. https://doi.
org/10.1126/scien ce.1121365

Greenstreet, S. P. R., Armstrong, E., Mosegaard, H., Jensen, H., Gibb, I. 
M., Fraser, H. M., … Sharples, J. (2006). Variation in the abundance 
of sandeels Ammodytes marinus off southeast Scotland: An evalua-
tion of area-closure fisheries management and stock abundance as-
sessment methods. ICES Journal of Marine Science, 63, 1530–1550. 
https://doi.org/10.1016/j.icesj ms.2006.05.009

Hamilton, C. D., Kovacs, K. M., Ims, R. A., & Lydersen, C. (2018). Haul-
out behaviour of Arctic ringed seals (Pusa hispida): Inter-annual pat-
terns and impacts of current environmental change. Polar Biology, 41, 
1063–1082. https://doi.org/10.1007/s0030 0-018-2260-2

Hamilton, C. D., Lydersen, C., Ims, R. A., & Kovacs, K. M. (2015). 
Predictions replaced by facts: A keystone species’ behavioural re-
sponses to declining arctic sea-ice. Biology Letters, 11, 20150803. 
https://doi.org/10.1098/rsbl.2015.0803

Hanke, W., Wieskotten, S., Marshall, C., & Dehnhardt, G. (2013). 
Hydrodynamic perception in true seals (Phocidae) and eared seals 
(Otariidae). Journal of Comparative Physiology A, 199, 421–440. 
https://doi.org/10.1007/s0035 9-012-0778-2

Harkonen, T., Jüssi, M., Jüssi, I., Verevkin, M., Dmitrieva, L., Helle, E., 
… Harding, K. C. (2008). Seasonal activity budget of adult Baltic 
ringed seals. PLoS ONE, 3, e2006. https://doi.org/10.1371/journ 
al.pone.0002006

Harris, R. B., Fancy, S. G., Douglas, D. C., Garner, G. W., Amstrup, S. 
C., McCabe, T. R., & Pank, L. F. (1990). Tracking wildlife by satellite: 
Current systems and performance. Fish and Wildlife Technical Report 
30. Washington, D.C.: U.S. Department of the Interior, Fish and 
Wildlife Service. Retrieved from https://pubs.er.usgs.gov/publi catio 
n/70185512

Harsem, Ø., Heen, K., Rodrigues, J. M. P., & Vassdal, T. (2015). Oil ex-
ploration and sea-ice projections in the Arctic. Polar Record, 51(1), 
91–106. https://doi.org/10.1017/S0032 24741 3000624

Harwood, L. A., Smith, T. G., & Auld, J. C. (2012). Fall migration of 
ringed seals (Phoca hispida) through the Beaufort and Chukchi 
Seas, 2001–02. Arctic, 65, 35–44. https://doi.org/10.14430 /arcti 
c4163

https://doi.org/10.14430/arctic1222
https://doi.org/10.14430/arctic1222
https://doi.org/10.1111/2041-210X.12127
https://www.R-project.org/
https://doi.org/10.1007/s00300-011-1067-1
https://doi.org/10.1007/s00300-018-2399-x
https://doi.org/10.1016/j.pocean.2015.05.011
https://doi.org/10.1007/s00300-011-1051-9
https://doi.org/10.1007/s00300-015-1774-0
https://doi.org/10.1007/s00300-015-1774-0
https://doi.org/10.1007/s00300-006-0171-0
https://doi.org/10.1890/07-2089.1
http://www.nprb.org/assets/uploads/files/Arctic/AIES_2017CruiseReport_final.pdf
http://www.nprb.org/assets/uploads/files/Arctic/AIES_2017CruiseReport_final.pdf
https://doi.org/10.1016/S0011-2240(66)80020-2
https://doi.org/10.1016/S0011-2240(66)80020-2
https://doi.org/10.1007/s00442-006-7020489-x
https://doi.org/10.7265/N5K072F8
https://doi.org/10.7265/N5K072F8
https://doi.org/10.14430/arctic2259
https://doi.org/10.14430/arctic2259
https://doi.org/10.1007/s00442-007-0894-9
https://doi.org/10.1007/s00442-007-0894-9
http://www.arctic.noaa.gov/Report-Card/Report-Card-2016/ArtMID/5022/ArticleID/284/Arctic-Ocean-Primary-Productivity
http://www.arctic.noaa.gov/Report-Card/Report-Card-2016/ArtMID/5022/ArticleID/284/Arctic-Ocean-Primary-Productivity
http://texasseagrant.org/assets/uploads/resources/93-601_marine_mammals_ashore.pdf
http://texasseagrant.org/assets/uploads/resources/93-601_marine_mammals_ashore.pdf
https://doi.org/10.1007/s003000000143
https://doi.org/10.1134/S1062359012050056
https://doi.org/10.1126/science.1121365
https://doi.org/10.1126/science.1121365
https://doi.org/10.1016/j.icesjms.2006.05.009
https://doi.org/10.1007/s00300-018-2260-2
https://doi.org/10.1098/rsbl.2015.0803
https://doi.org/10.1007/s00359-012-0778-2
https://doi.org/10.1371/journal.pone.0002006
https://doi.org/10.1371/journal.pone.0002006
https://pubs.er.usgs.gov/publication/70185512
https://pubs.er.usgs.gov/publication/70185512
https://doi.org/10.1017/S0032247413000624
https://doi.org/10.14430/arctic4163
https://doi.org/10.14430/arctic4163


5614  |     VON DUYKE Et al.

Harwood, L. A., Smith, T. G., Auld, J. C., Melling, H., & Yurkowski, D. J. 
(2015). Seasonal movements and diving of ringed seals, Pusa hispida, 
in the western Canadian Arctic, 199–2001 and 2010–11. Arctic, 68, 
193–209. https://doi.org/10.14430 /arcti c4479

Hays, G. C. (2003). A review of the adaptive significance and ecosystem con-
sequences of zooplankton diel vertical migrations. Hydrobiologia, 503, 
163–170. https://doi.org/10.1023/B:HYDR.00000 08476.23617.b0

Hoegh-Guldberg, O., & Bruno, J. F. (2010). The impact of climate change 
on the world’s marine ecosystems. Science, 328, 1523–1528. https://
doi.org/10.1126/scien ce.1189930

Holst, M., Stirling, I., & Hobson, K. A. (2001). Diet of ringed seals (Phoca 
hispida) on the east and west sides of the North Water Polynya, 
northern Baffin Bay. Marine Mammal Science, 17, 888–908. https://
doi.org/10.1111/j.1748-7692.2001.tb013 04.x

Huntington, H. P. (2009). A preliminary assessment of threats to arctic ma-
rine mammals and their conservation in the coming decades. Marine 
Policy, 33, 77–82. https://doi.org/10.1016/j.marpol.2008.04.003

Huntington, H. P., Quakenbush, L. T., & Nelson, M. (2016). Effects of 
changing sea-ice on marine mammals and subsistence hunters in 
northern Alaska from traditional knowledge interviews. Biology 
Letters, 12, 20160198. https://doi.org/10.1098/rsbl.2016.0198

Johnson, D. S., London, J. M., Lea, M.-A., & Durban, J. W. (2008). 
Continuous-time correlated random walk model for animal teleme-
try data. Ecology, 89, 1208–1215. https://doi.org/10.1890/07-1032.1

Kelly, B. P., Badajos, O. H., Kunnasranta, M., Moran, J. R., Martinez-
Bakker, M., Wartzok, D., & Boveng, P. (2010). Seasonal home ranges 
and fidelity to breeding sites among ringed seals. Polar Biology, 33(8), 
1095–1109. https://doi.org/10.1007/s0030 0-010-0796-x

Kelly, B. P., & Quakenbush, L. T. (1990). Spatiotemporal use of lairs by 
ringed seals (Phoca hispida). Canadian Journal of Zoology, 68, 2503–
2512. https://doi.org/10.1139/z90-350

Kingsley, M. C. S., Stirling, I., & Calvert, W. (1985). The distribution and 
abundance of seals in the Canadian high Arctic, 1980–82. Canadian 
Journal of Fisheries and Aquatic Sciences, 42, 1189–1210. https://doi.
org/10.1139/f85-147

Kohlmann, S. G., & Risenhoover, K. L. (1998). Effects of resource distribu-
tion, patch spacing, and preharvest information on foraging decisions 
of northern bobwhites. Behavioral Ecology, 9, 177–186. https://doi.
org/10.1093/behec o/9.2.177

Kovacs, K. M., Lydersen, C., Overland, J. E., & Moore, S. E. (2011). 
Impacts of changing sea-ice conditions on Arctic marine mammals. 
Marine Biodiversity, 41, 181–194. https://doi.org/10.1007/s1252 
6-010-0061-0

Kwok, R. (2018). Arctic sea-ice thickness, volume, and multiyear ice cov-
erage: Losses and coupled variability (1958–2018). Environmental 
Research Letters, 13, 105005. https://doi.org/10.1088/1748-9326/
aae3ec

Laidre, K. L., Stirling, I., Lowry, L. F., Wiig, Ø., Heide-Jørgensen, M. P., & 
Ferguson, S. H. (2008). Quantifying the sensitivity of Arctic marine 
mammals to climate-induced habitat change. Ecological Applications, 
18, S97–S125. https://doi.org/10.1890/06-0546.1

Lenth, R. V. (2016). Least-squares means: The R package lsmeans. Journal 
of Statistical Software, 69, 1–33. https://doi.org/10.18637 /jss.v069.
i01

Lenth, R. (2019). emmeans: Estimated marginal means, aka least-squares 
means. R package version 1.4.2. Retrieved from https://CRAN.R-
proje ct.org/packa ge=emmeans

Levenson, D. H., & Schusterman, R. J. (1999). Dark adapta-
tion and visual sensitivity in shallow and deep-diving pinni-
peds. Marine Mammal Science, 15(4), 1303–1313. https://doi.
org/10.1111/j.1748-7692.1999.tb008 92.x

Lima, S. L. (1983). Downy woodpecker foraging behavior: Efficient 
sampling in simple stochastic environments. Ecology, 65, 166–174. 
https://doi.org/10.2307/1939468

Lima, S. L. (1985). Sampling behavior of starlings foraging in simple 
patchy environments. Behavioral Ecology and Sociobiology, 16, 135–
142. https://doi.org/10.1007/BF002 95147

Lowry, L. F., Frost, K. J., & Burns, J. J. (1980). Variability in the diet of 
ringed seals, Phoca hispida, in Alaska. Canadian Journal of Fisheries and 
Aquatic Sciences, 37, 2254–2261. https://doi.org/10.1139/f80-270

Lydersen, C., Ryg, M. S., Hammill, M. O., & O'Brien, P. J. (1992). Oxygen 
stores and aerobic dive limit of ringed seals (Phoca hispida). Canadian 
Journal of Zoology, 70, 458–461. https://doi.org/10.1139/z92-069

Lydersen, C., Vaquie-Garcia, J., Lydersen, E., Christensen, G. N., & Kovacs, 
K. M. (2017). Novel terrestrial haul-out behaviour by ringed seals 
(Pusa hispida) in Svalbard, in association with harbour seals (Phoca 
vitulina). Polar Research, 36, 1–6. https://doi.org/10.1080/17518 
369.2017.1374124

Majewski, A. R., Walkusz, W., Lynn, B. R., Atchison, S., Eert, J., & Reist, J. 
D. (2016). Distribution and diet of demersal Arctic Cod, Boreogadus 
saida, in relation to habitat characteristics in the Canadian Beaufort 
Sea. Polar Biology, 39, 1087–1098. https://doi.org/10.1007/s0030 
0-015-1857-y

Maslanik, J., & Stroeve, J. (1999). Near-real-time DMSP SSMIS daily polar 
gridded sea-ice concentrations. Boulder, CO: NASA DAAC at the 
National Snow and Ice Data Center. Retrieved from http://nsidc.org/
data/NSIDC -0081

Maslanik, J., Stroeve, J., Fowler, C., & Emery, W. (2011). Distribution and 
trends in Arctic sea-ice age through spring 2011. Geophysical Research 
Letters, 38, L13502. https://doi.org/10.1029/2011G L047735

McLaren, I. A. (1958). The biology of the ringed seal (Phoca hispida 
Schreber) in the eastern Canadian Arctic. Bulletin of the Fisheries 
Research Board of Canada, 118, 1–97. Retrieved from www.dfo-mpo.
gc.ca/Libra ry/10159.pdf

McNair, J. N. (1983). A class of patch-use strategies. Integrative and 
Comparative Biology, 23, 303–313. https://doi.org/10.1093/icb/ 
23.2.303

Moore, S. E. (2008). Marine mammals as ecosystem senti-
nels. Journal of Mammalogy, 89, 534–540. https://doi.
org/10.1644/07-MAMM-S-312R1.1

Moore, S. E., Logerwell, E., Eisner, L., Farley, E. V., Harwood, L. A., Kuletz, 
K., … Quakenbush, L. T. (2014). Marine fishes, birds and mammals as 
sentinels of ecosystem variability and reorganization in the Pacific 
Arctic Region. In J. M. Grebmeier, & W. Maslowski (Eds.), The Pacific 
Arctic region (pp. 337–392). Dordecht, the Netherlands: Springer. 
https://doi.org/10.1007/978-94-017-8863-2_11

Naik, P., D’Sa, E. J., Gomes, H. D. R., Goés, J. I., & Mouw, C. B. (2013). Light 
absorption properties of southeastern Bering Sea waters: Analysis, 
parameterization and implications for remote sensing. Remote 
Sensing of Environment, 134, 120–134. https://doi.org/10.1016/j.
rse.2013.03.004

National Geophysical Data Center (2006). 2-Minute gridded global relief 
data (ETOPO2) v2. Boulder, CO: National Centers for Environmental 
Information (NCEI). https://doi.org/10.7289/V5J1012Q

National Marine Fisheries Service. (2012). Threatened Status for the 
Arctic, Okhotsk, and Baltic subspecies of the ringed seal and endan-
gered status for the Ladoga subspecies of the ringed seal. 77 Fed. 
Reg. 76,706 (December 28, 2012). Retrieved from https://www.gpo.
gov/fdsys /pkg/FR-2012-12-28/pdf/2012-31066.pdf

National Oceanic and Atmospheric Administration. (2011a). 2011 Arctic 
seal disease outbreak, fact sheet - updated November 10, 2011. AK, 
USA: Department of Commerce. Retrieved from https://www.fishe 
ries.noaa.gov/webda m/downl oad/69428863

National Oceanic and Atmospheric Administration. (2011b). 2011 
Arctic seal disease outbreak, update on investigation and findings - up-
dated November 22, 2011. AK, USA: Department of Commerce. 
Retrieved from https://www.fishe ries.noaa.gov/webda m/downl 
oad/69428888

https://doi.org/10.14430/arctic4479
https://doi.org/10.1023/B:HYDR.0000008476.23617.b0
https://doi.org/10.1126/science.1189930
https://doi.org/10.1126/science.1189930
https://doi.org/10.1111/j.1748-7692.2001.tb01304.x
https://doi.org/10.1111/j.1748-7692.2001.tb01304.x
https://doi.org/10.1016/j.marpol.2008.04.003
https://doi.org/10.1098/rsbl.2016.0198
https://doi.org/10.1890/07-1032.1
https://doi.org/10.1007/s00300-010-0796-x
https://doi.org/10.1139/z90-350
https://doi.org/10.1139/f85-147
https://doi.org/10.1139/f85-147
https://doi.org/10.1093/beheco/9.2.177
https://doi.org/10.1093/beheco/9.2.177
https://doi.org/10.1007/s12526-010-0061-0
https://doi.org/10.1007/s12526-010-0061-0
https://doi.org/10.1088/1748-9326/aae3ec
https://doi.org/10.1088/1748-9326/aae3ec
https://doi.org/10.1890/06-0546.1
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.18637/jss.v069.i01
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1111/j.1748-7692.1999.tb00892.x
https://doi.org/10.1111/j.1748-7692.1999.tb00892.x
https://doi.org/10.2307/1939468
https://doi.org/10.1007/BF00295147
https://doi.org/10.1139/f80-270
https://doi.org/10.1139/z92-069
https://doi.org/10.1080/17518369.2017.1374124
https://doi.org/10.1080/17518369.2017.1374124
https://doi.org/10.1007/s00300-015-1857-y
https://doi.org/10.1007/s00300-015-1857-y
http://nsidc.org/data/NSIDC-0081
http://nsidc.org/data/NSIDC-0081
https://doi.org/10.1029/2011GL047735
http://www.dfo-mpo.gc.ca/Library/10159.pdf
http://www.dfo-mpo.gc.ca/Library/10159.pdf
https://doi.org/10.1093/icb/23.2.303
https://doi.org/10.1093/icb/23.2.303
https://doi.org/10.1644/07-MAMM-S-312R1.1
https://doi.org/10.1644/07-MAMM-S-312R1.1
https://doi.org/10.1007/978-94-017-8863-2_11
https://doi.org/10.1016/j.rse.2013.03.004
https://doi.org/10.1016/j.rse.2013.03.004
https://doi.org/10.7289/V5J1012Q
https://www.gpo.gov/fdsys/pkg/FR-2012-12-28/pdf/2012-31066.pdf
https://www.gpo.gov/fdsys/pkg/FR-2012-12-28/pdf/2012-31066.pdf
https://www.fisheries.noaa.gov/webdam/download/69428863
https://www.fisheries.noaa.gov/webdam/download/69428863
https://www.fisheries.noaa.gov/webdam/download/69428888
https://www.fisheries.noaa.gov/webdam/download/69428888


     |  5615VON DUYKE Et al.

National Oceanic and Atmospheric Administration. (2012). Northern 
Pinnipeds (ice seals & walruses) Unusual Mortality Event (UME) - March 
2012 Update. AK, USA: Department of Commerce. Retrieved from 
https://www.fishe ries.noaa.gov/webda m/downl oad/69440341

National Oceanic and Atmospheric Administration. (2014). Northern 
Pinnipeds Unusual Mortality Event. Update 2014 (February). AK, USA: 
Department of Commerce. Retrieved from https://www.fishe ries.
noaa.gov/webda m/downl oad/69440316

Overland, J., Hanna, E., Hanssen-Bauer, I., Kim, S.-J., Walsh, J. E., Wang, M., 
Thoman, R. L. (2016). Surface air temperature, Arctic Report Card: Update 
for 2016. Retrieved from www.arctic.noaa.gov/Repor t-Card/Repor 
t-Card-2016/ArtMI D/5022/Artic leID/271/Surfa ce-Air-Tempe rature

Pearre, S. Jr. (2003). Eat and run? The hunger/satiation hypothesis in 
vertical migration: History, evidence and consequences. Biological 
Reviews, 78, 1–79. https://doi.org/10.1017/S1464 79310 200595X

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D.; R Core Team. (2019). 
nlme: Linear and nonlinear mixed effects models. R package version 
3.1-140, Retrieved from https://CRAN.R-proje ct.org/packa ge=nlme

Post, E., Bhatt, U. S., Bitz, C. M., Brodie, J. F., Fulton, T. L., Hebblewhite, M., 
… Walker, D. A. (2013). Ecological consequences of sea-ice decline. 
Science, 341, 519–524. https://doi.org/10.1126/scien ce.1235225

Rabindranath, A., Daase, M., Falk-Petersen, S., Wold, A., Wallace, M. I., 
Berge, J., & Brierly, A. S. (2011). Seasonal and diel vertical migration 
of zooplankton in the High Arctic during the autumnal midnight sun 
of 2008. Marine Biodiversity, 41, 365–382. https://doi.org/10.1007/
s1252 6-010-0067-7

Reeves, R. R. (1998). Distribution, abundance and biology of ringed seals 
(Phoca hispida): An overview. InM. P. Heide-Jørgensen, & C. Lydersen 
(Eds.), Ringed seals in the North Atlantic (pp. 9–43). Tromsø, Norway: 
The North Atlantic Marine Mammal Commission.

Ryg, M., & Øritsland, N. A. (1991). Estimates of energy expenditure and 
energy consumption of ringed seals (Phoca hispida) throughout the 
year. Polar Research, 10, 595–602. https://doi.org/10.3402/polar.
v10i2.6770

Ryg, M., Smith, T. G., & Øritsland, N. A. (1990). Seasonal changes in 
body mass and body composition of ringed seals (Phoca hispida) 
on Svalbard. Canadian Journal of Zoology, 68, 470–475. https://doi.
org/10.1139/z90-069

Santini, G., & Chelazzi, G. (1996). Energy maximization vs. time minimi-
zation in the foraging of the limpet Patella vulgata. Journal of Animal 
Ecology, 65, 599–605. https://doi.org/10.2307/5739

Schoener, T. W. (1971). Theory of feeding strategies. Annual Review of 
Ecology and Systematics, 2, 369–404. https://doi.org/10.1146/annur 
ev.es.02.110171.002101

Scott, B. E., Sharples, J., Ross, O. N., Wang, J., Pierce, G. J., & Camphuysen, 
C. J. (2010). Sub-surface hotspots in shallow seas: Fine-scale limited 
locations of top predator foraging habitat indicated by tidal mixing 
and sub-surface chlorophyll. Marine Ecology Progress Series, 408, 
207–226. https://doi.org/10.3354/meps0 8552

Siddon, E., & Zador, S. (2018). Ecosystem status report 2018: Eastern 
Bering Sea. Retrieved from www.afsc.noaa.gov/refm/stock s/plan_
team/2018/ecosy sEBS.pdf

Simpkins, M. A., Kelly, B. P., & Wartzok, D. (2001). Three-dimensional div-
ing behaviors of ringed seals (Phoca hispida). Marine Mammal Science, 
17, 909–925. https://doi.org/10.1111/j.1748-7692.2001.tb013 05.x

Smith, L. C., & Stephenson, S. R. (2013). New Trans-Arctic shipping 
routes navigable by midcentury. Proceedings of the National Academy 
of Sciences, 110(13), E1191–E1195. https://doi.org/10.1073/
pnas.12142 1211

Smith, T. G. (1976). Predation of ringed seal pups (Phoca hispida) by the 
arctic fox (Alopex lagopus). Canadian Journal of Zoology, 54, 1610–
1616. https://doi.org/10.1139/z76-188

Smith, T. G. (1980). Polar bear predation of ringed and bearded seals in 
the land-fast sea-ice habitat. Canadian Journal of Zoology, 58, 2201–
2209. https://doi.org/10.1139/z80-302

Smith, T. G., Hammill, M. O., & Taugbøl, G. (1991). A review of the devel-
opmental, behavioural and physiological adaptations of the ringed 
seal, Phoca hispida, to life in the Arctic winter. Arctic, 44, 124–131. 
https://doi.org/10.14430 /arcti c1528

Smith, T. G., & Stirling, I. (1975). The breeding habitat of the ringed seal 
(Phoca hispida). The birth lair and associated structures. Canadian 
Journal of Zoology, 53, 1297–1305. https://doi.org/10.1139/
z75-155

Smithson, M., & Verkuilen, J. (2006). A better lemon squeezer? 
Maximum-likelihood regression with beta-distributed depen-
dent variables. Psychological Methods, 11, 54–71. https://doi.
org/10.1037/1082-989X.11.1.54

Stephens, D. W., & Krebs, J. R. (1986). Foraging theory. Princeton, NJ: 
Princeton University Press.

Stich, H.-B., & Lampert, W. (1981). Predator evasion as an explanation 
of diurnal vertical migration by zooplankton. Nature, 293, 396–398. 
https://doi.org/10.1038/293396a0

Stimmelmayr, R., Sheffield, G., Garlich-Miller, J., Metcalf, V., Goodwin, 
J., Raverty, S., …Rowles, T. K. (2013). The Alaska northern pinniped 
Unusual Mortality Event: 2011–2012. In T. Romano (Ed.), Proceedings 
of the 44th Conference of the International Association for Aquatic 
Animal Medicine, April 21–26, 2013, Sausalito, CA.

Stirling, I. (1977). Adaptations of Weddell and ringed seals to exploit the 
polar fast ice habitat in the absence or presence of surface predators. 
In G. A. Llano (Ed.), Proceedings of the third symposium on Antarctic 
biology. Houston, TX: Gulf Publishing Company.

Stirling, I., & Archibald, W. R. (1977). Aspects of predation of seals by 
polar bears. Journal of the Fisheries Research Board of Canada, 34, 
1126–1129. https://doi.org/10.1139/f77-169

Stirling, I., & Smith, T. G. (2004). Implications of warm temperatures 
and an unusual rain event for the survival of ringed seals on the 
coast of southeastern Baffin Island. Arctic, 57, 59–67. https://doi.
org/10.14430 /arcti c483

Stroeve, J., Holland, M. M., Meier, W., Scambos, T., & Serrez, M. (2007). 
Arctic sea-ice decline: Faster than forecast. Geophysical Research 
Letters, 34, L09501. https://doi.org/10.1029/2007G L029703

Stroeve, J., & Notz, D. (2018). Changing state of Arctic sea-ice across 
all seasons. Environmental Research Letters, 13, 103001. https://doi.
org/10.1088/1748-9326/aade56

Teilmann, J., Born, E. W., & Acquarone, M. (1999). Behaviour of ringed 
seals tagged with satellite transmitters in the North Water polynya 
during fast-ice formation. Canadian Journal of Zoology, 77, 1934–
1946. https://doi.org/10.1139/z99-163

Timmermans, M.-L., Toole, J., & Krishfield, R. (2018). Warming of the 
interior Arctic Ocean linked to sea-ice losses at the basin margins. 
Scientific Advances, 4, eaat6773. https://doi.org/10.1126/sciadv.
aat6773

U.S. National Ice Center. (2019). USNIC Daily Ice Edge Products. 
Retrieved from https://www.natice.noaa.gov/Main_Produ cts.htm

Von Duyke, A. L., Douglas, D. C., Herreman, J. K., & Crawford, J. A. 
(2020). Ringed seal (Pusa hispida) seasonal movements, diving, and 
haul-out behavior in the Beaufort, Chukchi, and Bering seas (2011–
2017). Dryad Dataset, https://doi.org/10.5061/dryad.zpc86 6t65

Waddington, K. D., & Holden, L. R. (1979). Optimal foraging: On flower 
selection by bees. American Naturalist, 114, 179–196. https://doi.
org/10.1086/283467

Walsh, J. E. (2008). Climate of the Arctic marine environment. Ecological 
Applications, 18(sp2), S3–S22. https://doi.org/10.1890/06-0503.1

Wessel, P., & Smith, W. H. F. (1996). A global self-consistent, hierarchical, 
high-resolution shoreline database. Journal of Geophysical Research 
Solid Earth, 101, 8741–8743. https://doi.org/10.1029/96JB0 0104

Wilson, R. R., Horne, J. S., Rode, K. D., Regehr, E. V., & Durner, G. M. 
(2014). Identifying polar bear resource selection patterns to inform 
off-shore development in a dynamic and changing Arctic. Ecosphere, 
5, 136. https://doi.org/10.1890/ES14-00193.1

https://www.fisheries.noaa.gov/webdam/download/69440341
https://www.fisheries.noaa.gov/webdam/download/69440316
https://www.fisheries.noaa.gov/webdam/download/69440316
http://www.arctic.noaa.gov/Report-Card/Report-Card-2016/ArtMID/5022/ArticleID/271/Surface-Air-Temperature
http://www.arctic.noaa.gov/Report-Card/Report-Card-2016/ArtMID/5022/ArticleID/271/Surface-Air-Temperature
https://doi.org/10.1017/S146479310200595X
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1126/science.1235225
https://doi.org/10.1007/s12526-010-0067-7
https://doi.org/10.1007/s12526-010-0067-7
https://doi.org/10.3402/polar.v10i2.6770
https://doi.org/10.3402/polar.v10i2.6770
https://doi.org/10.1139/z90-069
https://doi.org/10.1139/z90-069
https://doi.org/10.2307/5739
https://doi.org/10.1146/annurev.es.02.110171.002101
https://doi.org/10.1146/annurev.es.02.110171.002101
https://doi.org/10.3354/meps08552
http://www.afsc.noaa.gov/refm/stocks/plan_team/2018/ecosysEBS.pdf
http://www.afsc.noaa.gov/refm/stocks/plan_team/2018/ecosysEBS.pdf
https://doi.org/10.1111/j.1748-7692.2001.tb01305.x
https://doi.org/10.1073/pnas.121421211
https://doi.org/10.1073/pnas.121421211
https://doi.org/10.1139/z76-188
https://doi.org/10.1139/z80-302
https://doi.org/10.14430/arctic1528
https://doi.org/10.1139/z75-155
https://doi.org/10.1139/z75-155
https://doi.org/10.1037/1082-989X.11.1.54
https://doi.org/10.1037/1082-989X.11.1.54
https://doi.org/10.1038/293396a0
https://doi.org/10.1139/f77-169
https://doi.org/10.14430/arctic483
https://doi.org/10.14430/arctic483
https://doi.org/10.1029/2007GL029703
https://doi.org/10.1088/1748-9326/aade56
https://doi.org/10.1088/1748-9326/aade56
https://doi.org/10.1139/z99-163
https://doi.org/10.1126/sciadv.aat6773
https://doi.org/10.1126/sciadv.aat6773
https://www.natice.noaa.gov/Main_Products.htm
https://doi.org/10.5061/dryad.zpc866t65
https://doi.org/10.1086/283467
https://doi.org/10.1086/283467
https://doi.org/10.1890/06-0503.1
https://doi.org/10.1029/96JB00104
https://doi.org/10.1890/ES14-00193.1


5616  |     VON DUYKE Et al.

Young, B. G., & Ferguson, S. H. (2013). Seasons of the ringed seal: 
Pelagic open-water hyperphagy, benthic feeding over winter and 
spring fasting during molt. Wildlife Research, 40, 52–60. https://doi.
org/10.1071/WR12168

Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). 
Mixed Effects Models and Extensions in Ecology with R. New York, NY, 
Springer-Verlag. https://doi.org/10.1007/978-0-387-87458 -6

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Von Duyke AL, Douglas DC, 
Herreman JK, Crawford JA. Ringed seal (Pusa hispida) 
seasonal movements, diving, and haul-out behavior in the 
Beaufort, Chukchi, and Bering Seas (2011–2017). Ecol Evol. 
2020;10:5595–5616. https://doi.org/10.1002/ece3.6302

https://doi.org/10.1071/WR12168
https://doi.org/10.1071/WR12168
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.1002/ece3.6302

