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a b s t r a c t

Bearded seals (Erignathus barbatus) are widely distributed in the Arctic and sub-Arctic; the Beringia
population is found throughout the Bering, Chukchi and Beaufort Seas (BCB). Bearded seals are highly
vocal, using underwater calls to advertise their breeding condition and maintain aquatic territories.
They are also closely associated with pack ice for reproductive activities, molting, and resting. Sea ice
habitat for this species varies spatially and temporally throughout the year due to differences in under-
lying physical and oceanographic features across its range. To test the hypothesis that the vocal activity of
bearded seals is related to variations in sea ice, passive acoustic data were collected from nine locations
throughout the BCB from 2008 to 2011. Recording instruments sampled on varying duty cycles ranging
from 20% to 100% of each hour, and recorded frequencies up to 8192 Hz. Spectrograms of acoustic data
were analyzed manually to calculate the daily proportion of hours with bearded seal calls at each sam-
pling location, and these call activity proportions were correlated with daily satellite-derived estimates of
sea ice concentration. Bearded seals were vocally active nearly year-round in the Beaufort and Chukchi
Seas with peak activity occurring from mid-March to late June during the mating season. The duration
of call activity in the Bering Sea was shorter, lasting typically only five months, and peaked from
mid-March to May at the northernmost recorders. In all areas, call activity was significantly correlated
with higher sea ice concentrations (p < 0.01). These results suggest that losses in ice cover may negatively
impact bearded seals, not just by loss of habitat but also by altering the behavioral ecology of the BCB
population.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Bearded seals (Erignathus barbatus) are a pan-Arctic pinniped
species whose life history is closely coupled with the presence of
sea ice. Bearded seals are often considered to be benthic foragers
although they are capable of foraging on a wide variety of species
throughout the water column (Stirling and Archibald, 1977;
Stirling et al., 1983; Kovacs, 2002). During most of the year,
bearded seals are typically found on pack ice in shallow shelf water
areas (less than 100 m) and maintain proximity to their preferred
benthic prey sources such as mollusks and crustaceans (Stirling,
1977; Stirling et al., 1983; Kovacs, 2002). Arctic-wide, there are
two recognized subspecies of bearded seals of which the Pacific
subspecies (E. b. nauticus), occurs in the Pacific Arctic and Sea of
Okhotsk (Cameron et al., 2010). These regions are occupied by
two geographically isolated discrete population segments (DPS).
The Beringia DPS of bearded seals is found throughout the
Bering, Chukchi and Beaufort Seas (BCB) in Alaskan and Russian
waters. Large numbers of bearded seals in Alaskan waters are
thought to move north as the seasonal sea ice retreats in the spring,
and subsequently move south again in the autumn/winter as sea
ice forms (Potelov, 1969; Burns, 1981; Simpkins et al., 2003;
Frost et al., 2008). Recent satellite telemetry data have confirmed
this pattern, and showed male bearded seals in the Bering Sea
appear to exhibit strong winter site fidelity, often establishing ter-
ritories at preferred sites as sub-adults (Boveng and Cameron,
2013). Previous studies have shown that vocal bearded seals are
present year-round in the Beaufort Sea (MacIntyre et al., 2013)
and nearly year-round in the Chukchi Sea (Hannay et al., 2013).
This suggests they may not migrate with the ice edge as it
advances and retreats through the Bering Strait (Potelov, 1969;
Burns, 1981; Simpkins et al., 2003; Frost et al., 2008). Bearded seals
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rely on sea ice as a platform for critical life history activities such as
reproduction, molting, and rest between foraging trips (Burns,
1970, 1981; Nelson et al., 1984; Moore and Huntington, 2008).

The seasonal formation and retreat of sea ice in the BCB influ-
ences the ecosystem both regionally and locally; there are distinct
oceanographic processes that occur within each region that influ-
ence the formation/retreat cycle (Hunt et al., 2011; Sigler et al.,
2011; Grebmeier, 2012; Stabeno et al., 2012). Sea ice begins to
form in mid-autumn in the Beaufort Sea and remains frozen until
early summer creating a stable platform for bearded seals to haul
out upon during key life history activities (Burns, 1970, 1981;
Nelson et al., 1984). Sea ice in the Alaskan Chukchi Sea is domi-
nated by a flaw lead, which when combined with variable surface
winds leads to more open water and highly mobile sea ice along
the coast in the northern Chukchi Sea (George et al., 2004).
Finally, the Bering Sea experiences more dynamic sea ice condi-
tions than the either the Chukchi or Beaufort Seas due to the
repeated growth and melt of sea ice during winter and spring.

Upper trophic level species, such as bearded seals, are especially
vulnerable to changing sea ice conditions through the loss of habi-
tat and a shift in prey distribution (Bluhm and Gradinger, 2008;
Laidre et al., 2008; Kovacs et al., 2011; Stenson and Hammill,
2014). Access to benthic prey may become more limited with fur-
ther sea ice decline by forcing bearded seals and other benthic
feeders (i.e. walrus, Odobenus rosmarus) onto shore or into deeper
waters (Udevitz et al., 2013). This may subject bearded seals to
energetic stress as they attempt to forage in less desirable habitat.
Additionally, previously benthic-dominated regions may become
more pelagic-dominated, leading to increased competition for pre-
ferred prey species or a change in prey species (Moore and
Huntington, 2008).

The calls of bearded seals are readily identifiable and therefore
passive acoustic monitoring is a useful tool to assess their distribu-
tion. Male bearded seals produce distinctive trills that range in
frequency from 200 Hz to 6 kHz, and can last from 10 s to as long
as 3 min (Ray et al., 1969; Cleator et al., 1989). Male bearded seals
begin vocalizing as juveniles and continue to develop their vocal
repertoire throughout their lives (Davies et al., 2006). Although
males are the primary source of vocal activity, there is no conclu-
sive evidence that gender-based habitat preferences exist, espe-
cially during mating season when the distribution of male
bearded seals is influenced by female behavior (Van Parijs et al.,
2004). Therefore, in spring, acoustic detection can be considered
representative of the presence of both male and female seals
although the ratio of the sexes is unknown. Typically, bearded seal
vocal activity increases during the spring months, which coincides
with mating season, but call activity begins much earlier (Hannay
et al., 2013; MacIntyre et al., 2013), possibly due to males estab-
lishing territories and dominance hierarchies and/or induced by
seasonal changes in hormone levels (Davies et al., 2006).

This study examines year-round distributions of vocally active
bearded seals in the BCB and correlates the vocal pattern with
sea ice throughout the year to provide insight on how local, regio-
nal, and interannual variability influence bearded seal occurrence.
We test the hypothesis that sea ice concentration influences the
presence of vocal bearded seals throughout the year and through-
out their range.
2. Methods

2.1. Acoustic sampling

Passive acoustic recorders (Aural-M2, http://www.Multi-
Electronique.com) were deployed on nine sub-surface oceano-
graphic moorings (Fig. 1) in the BCB for one to three years. Three
were moored in the Beaufort Sea (A1, A2, A3), two in the
Chukchi Sea (CZA3, CZC2), and four in the Bering Sea (M2, M4,
M5, M8). Data from the Beaufort Sea moorings from 2008 to
2010 were previously analyzed in MacIntyre et al. (2013);
however, the results are included in the analysis here for
comparison. A third year of data from site A2 (2010–2011) was
added to this study. The nine instruments sampled in frequency
ranges 10–4096 Hz, or 10–8192 Hz (Table 1). All recorders were
suspended 5 m above the seafloor to minimize the risk of
damage from overhead ice keels in water depths around 40 m in
the Chukchi Sea, 70 m in the Bering Sea, and up to 180 m in the
Beaufort Sea (Table 1). Instrument packages were set to record
for an entire year and sampling rates were sufficient for recording
acoustic energy from bearded seals.

All instruments were deployed for a year, recovered in the fol-
lowing year, and then redeployed for a nearly continuous dataset
from many of the sites over the three-year study period
(Table 1). Instruments sampled on duty cycles ranging from 23%
of each hour (e.g., recorded 14 min out of every hour) to continu-
ous recordings (Table 1). Site M2 had a unique deployment/recov-
ery schedule. It was recovered in mid-October 2009 after it
recorded for only 6 months, and a replacement instrument was
deployed during the same cruise. The replacement instrument
recorded continuously rather than on a duty cycle and stopped
early on 6 March 2010 (Table 1). Instruments deployed in 2009
at M5 and M4 in the Bering Sea were set to record until June
2010, but stopped prematurely in late March/early April 2010,
while the instrument at site M8 recorded until early May 2010. A
single year (2010–2011) of data were collected at two sites in
the Chukchi Sea. Both instruments in the Chukchi Sea sampled in
the frequency range 10–8192 Hz. The two Chukchi Sea instruments
were set to different duty cycles from the Beaufort and Bering Sea
instruments. They recorded on a staggered loop 31% duty cycle,
where 95 min out of every 300 min period for each day were
recorded and each consecutive day the recording start time
advanced by one hour, allowing for all hours in a day to be
recorded every four days; this yielded an average of approximately
10 h/d sampled at both locations in the Chukchi Sea (Table 1).

Archived digital acoustic data were downloaded from each
recorder. For all years, full file-length spectrograms, characterized
by the duty cycle (e.g., Fig. 2, fast Fourier transform (FFT) 2048,
50% overlap, Hann window), of each acoustic data file from all
recorders were visually examined for the presence of bearded seal
vocalizations (Fig. 2) using the program Ishmael 1.0 (Mellinger,
2001). A total of 113,462 h of acoustic data were examined for
bearded seal calls in the BCB: 51,572 h from the Beaufort Sea
(including data from MacIntyre et al., 2013), 5630 h from the
Chukchi Sea, and 56,160 h from the Bering Sea (Table 2). Files with
calls were manually identified and the presence or absence of
bearded seal calls was noted for each acoustic data file. Bearded
seal presence was calculated as a ratio of hours per day with at
least one bearded seal call observed. Because the data collected
in the Chukchi Sea had fewer total hours per day available at both
sites than the other regions, comparisons between all sites and
regions were made based on daily proportions of hours with calls
out of the total recorded hours per day.

2.2. Sea ice data

Sea ice concentration data (AMSR-E Aqua 12.5 km resolution) of
the BCB from 2008 to 2011 were obtained from the National Snow
and Ice Data Center (NSIDC, http://nsidc.org/data/collections.html).
Daily sea ice concentrations were averaged at each location using
the zonal statistics toolbox in ArcMap 10.0 (ESRI 2011. ArcGIS
Desktop: Release 10. Redlands, CA: Environmental Systems
Research Institute) to determine the mean daily sea ice
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Fig. 1. Hydrophone locations in the BCB from 2008 to 2011. Sea ice depicted (12.5 km2 resolution) is from 25 April 2011. Open water is represented as black and 100% sea ice
concentration as white, with a gray-scale gradient represents ice concentrations of 5 graded levels from the minimum to the maximum values. Sea ice data were obtained
from the National Snow and Ice Data Center (NSIDC, http://n4eil01u.ecs.nasa.gov).

Table 1
BCB deployment details for 2008–2011.

Region Instrument ID Location Recording dates Instrument depth (m) Sample rate (Hz) Duty cycle

Beaufort Sea A1 2008 71.56N 155.59W 8/15/08–7/27/09 94 8192 9/30 min
A1 2009 71.76N 154.48W 8/1/09–8/14/10 102 16,384 14/60 min
A2 2008 71.46N 152.25W 8/15/08–8/2/09 131 8192 9/30 min
A2 2009 71.45N 152.50W 8/4/09–8/11/10 95 8192 9/30 min
A2 2010 71.42N 152.01W 9/25/10–9/12/11 180 16,384 15/60 min
A3 2008 71.13N 149.46W 8/15/08–8/1/09 46 8192 9/30 min

Chukchi Sea CZA3 2010 70.80N 163.08W 9/10/10–6/27/11 43 16,384 95/300 min
CZC2 2010 71.83N 165.90W 9/10/10–6/8/11 42 16,384 95/300 min

Bering Sea M8 2008 62.20N 174.66W 10/1/08–7/2/09 71 8192 9/30 min
M8 2009 62.20N 174.66W 9/30/09–5/6/10 74 8192 9/20 min
M8 2010 62.20N 174.66W 10/3/10–2/1/11 72 8192 12/20 min
M5 2008 59.90N 171.70W 10/1/08–5/29/09 71 8192 9/30 min
M5 2009 59.91N 171.71W 6/1/09–3/29/10 71 8192 9/20 min
M5 2010 59.91N 171.71W 10/3/10–6/9/11 70 8192 8/20 min
M4 2009 57.85N 168.87W 5/6/09–4/1/10 71.5 8192 9/20 min
M4 2010 57.85N 168.87W 10/3/10–5/19/11 72 8192 8/20 min
M2-1 2009 56.9N 164.0W 5/1/09–9/25/09 72 8192 Continuous
M2-2 2009 56.9N 164.1W 10/15/09–3/7/10 73 8192 26/30 min
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concentration within a 20-km radius around each mooring site.
While most bearded seal calls in the recordings were likely pro-
duced within 5 km of the instruments (Cleator et al., 1989, a small
percentage of calls (�15%) may be heard at distances up to 20 km
(Cleator et al., 1989); therefore a 20-km radius was chosen to
account for the maximum detectable range of all vocalizing
bearded seals. This range may change based on water depths and
ice concentration and thickness. Daily sea ice concentration data
at each mooring location were compared with the proportion of
hours per day with bearded seal calls.
2.3. Statistical analysis

To investigate whether seal vocal presence was related to
percent sea ice concentration, general estimating equation (GEE)
models were fit to the seal vocalization and sea ice concentration
data. These models were chosen because several sources of
error/bias may occur in time series data, including the temporal
autocorrelation of data collected at each site and/or error associ-
ated with different duty cycles of acoustic recording time periods
among sites. The first consideration is important because ignoring

http://n4eil01u.ecs.nasa.gov


Fig. 2. Spectrogram displaying example bearded seal calls recorded at location A1 in the Beaufort Sea on 05 April 2009. Fast Fourier transformation (FFT) 2048, 50% overlap,
Hann window.

Table 2
Recording details for each location in the BCB 2008–2011.

Region Instrument
ID

Total
recorded
hours

Number of hours
with calls

Percent hours
with calls

Beaufort
Sea

A1 2008 8328 4474 53.7
A1 2009 9096 4217 46.4
A2 2008 8472 2367 27.9
A2 2009 8952 2107 23.5
A2 2010 8376 2721 32.5
A3 2008 8448 2865 33.9

Chukchi
Sea

CZA3 2010 2910 1227 42.2
CZC2 2010 2720 800 28.4

Bering
Sea

M8 2008 6600 2733 41.4
M8 2009 5256 2651 50.4
M8 2010 2976 205 6.9
M5 2008 7296 2242 30.7
M5 2009 7248 1666 23.0
M5 2010 6000 2503 41.7
M4 2009 7944 1601 20.2
M4 2010 5496 945 17.2
M2 2009 7344 116 1.6
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temporal autocorrelation can result in overinflated measures of
precision; the second is important because hydrophones are more
likely to record seal vocalizations the longer they record in any one
hour. The variation in duty cycle length among hydrophones
needed to be controlled for as the number of seal vocalizations
detected can be influenced by the recording length. The key is to
write statistical models in terms of one or more hazard rate param-
eters, and to describe the probability of an event E as a function of
both the rate parameter(s) and the time interval modeled. Initial
model fitting using generalized additive models (e.g., Wood,
2006), produced residuals that were extremely autocorrelated
(e.g., a lag-30 autocorrelation of 0.5) and covariate effects appeared
multimodal. Therefore, the approach in this paper was to use GEEs
with an autoregressive formulation for the second moments of the
data (Zeger and Liang, 1986; Halekoh et al., 2006).

We let Ni,t denote the number of duty cycles on day t at site i, Yi,t

denote the number of such duty cycles where seal vocalizations
were detected, and pi,t denote the probability that at least one seal
vocalizes during a duty cycle, within the range of detectability at
the site. Then the model

Yi;t � BinomialðNi;t ;pi;tÞ

probabilistically described the number of successes (the number of
duty cycles for which seal vocalizations are recorded). Further
structure is provided on pi;t to permit the probability of recording
a seal vocalization to depend both on the underlying hazard rate
at which vocalizations are present (ki;t), and on the duty cycle length
(Ti;t)

pi;t ¼ 1� expð�Ti;tki;tÞ:

This formulation is a standard formulation based on the survivor
function for an exponential distribution (i.e. a constant hazard rate
within a duty cycle; Cox and Oakes, 1984).

The assumption that errors are independent and identically dis-
tributed was not met with seal vocalization records, as initial anal-
ysis with GAMs indicated considerable temporal autocorrelation in
residuals (e.g., a lag-30 autocorrelation of 0.5). This autocorrelation
is interpretable on biological grounds: individuals or groups of
seals may move into the range of an acoustic detector and be in
the vicinity for multiple days, weeks, or months before departing
again.

We thus conducted the analysis using a generalized estimating
equations (GEE; Liang and Zeger, 1986; Halekoh et al., 2006)
framework, which can accommodate both variation in duty cycle
length and temporal autocorrelation in responses. We used an
AR1 covariance structure (a common specification for temporally
autocorrelated time series) to account for autocorrelated residuals
and better represent uncertainty in estimated parameters. To
relate the rate of seal vocalizations to background sea ice concen-
tration levels, we imposed the following linear model:

logðki;tÞ ¼ Xi;tb

Here, Xi,t is a 3-element vector ½1 iceit iceit
2� (where iceit specifies

sea ice concentration at site i at time t),and b is a vector of
regression coefficients.
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The R package geepack (Halekoh et al., 2006) was used to imple-
ment the proposed model and a binomial error structure was spec-
ified with a complementary log–log link function and an offset for
duty cycle length. Separate analyses were conducted for each of
three regions (Beaufort, Bering, or Chukchi seas), using the propor-
tion of sea ice as an explanatory variable (including both linear and
quadratic effects). Wald-type test statistics were used to examine
significance of sea ice and the choice of an AR1 error structure.
Population mean predictions with 95% confidence intervals at dif-
ferent covariate values were generated from this fitted model as

p̂ ¼ 1� expð�20 expðeXb̂ÞÞ;

where eX denotes a design matrix for prediction points, and b̂ denotes
estimated regression coefficients. Here, predictions were standard-
ized to a 20-min time interval (the average duty cycle length over
the course of the study was 20.4 min) and the vector of standard
errors, SE, was computed over the design points as the square root

of the diagonal elements of eX bR eX 0. Here, R̂ denotes the estimated vari-
ance–covariance matrix of model parameters output by geepack.

3. Results

Bearded seal vocalizations were detected at all sites in the BCB
from 2008 to 2011. Statistically significant relationships were
found between call activity and sea ice concentration where the
rate of bearded seal vocal presence increased with the proportion
of sea ice concentration (p < 0.01) within all regions in the BCB
(Fig. 3). Of the total 113,462 h of acoustic data recorded from all
sites from 2008 to 2011, bearded seal vocalizations were detected
in 35,440 h (Table 2). In all three regions, the highest proportion of
call activity occurred during the spring months, coinciding with
mating season and periods of higher sea ice concentration.
Overall vocal activity was similar in the Beaufort and Chukchi
Seas, but less vocal activity was detected in the Bering Sea.

3.1. Beaufort Sea

Bearded seal vocalizations were detected in nearly all months
from 2008 to 2011 at all locations in the Beaufort Sea (Fig. 4). Of
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Fig. 3. Population-level mean predictions of the probability of detecting a seal
vocalization as a function of sea ice concentration (solid lines), together with
approximate 95% confidence intervals (dashed lines) from a generalized estimating
equations analysis. Probabilities were standardized to a 20-min interval (for
reference, the mean duty cycle length in this study was 20.4 min).
the 51,672 h of acoustic data recorded from all sites the Beaufort
Sea, vocalizations were identified in 18,751 h (Table 2). Strong sea-
sonal variability in call activity was observed at all sites and during
all years in the Beaufort Sea. At all sites, call activity began increas-
ing in January and continued through early July with nearly contin-
uous calling (i.e. calls detected in all 24 h of the day) from
mid-March through late June. During all three years of the study,
there was a slight increase in call activity in the autumn (late
September/early October) and the lowest call activity occurred
during August and November.

The overall trend was similar at each site within the Beaufort
Sea, but some site variability was observed (Fig. 4a–c). Call activity
was greatest at site A1, and the least amount of bearded seal call
activity was recorded at site A2 during both years of data collection
at that site. The percentage of total hours with bearded seal calls
was similar at all sites in the Beaufort Sea (Table 2).

Sea ice conditions showed some seasonal and interannual vari-
ability. Sea ice began forming during autumn at all locations in the
Beaufort Sea (Fig. 4), and maximum sea ice concentration (�100%)
remained at each site into late June/early July at all sites. By
mid-July the moorings were typically in open water and devoid
of sea ice through mid-October. These observed changes in
seasonal sea ice conditions were linked with call activity, where
the logarithm of the rate of bearded seal vocalizations in the
Beaufort Sea increased linearly with the proportion of sea ice con-
centration (linear effect, p = 0.006; quadratic effect, p = 0.348,
Fig. 3).

3.2. Chukchi Sea

Bearded seal vocalizations were detected in all 10 months of
recording at both sites in the Chukchi Sea (Fig. 4d and e). Of the
5630 h of acoustic data recorded from both sites, vocalizations
were identified in 2027 h (Table 2). There was, however, strong
seasonal variation in the number of hours per day with calls.
Calls began increasing during the early winter months
(December/January) and continued through June. Nearly continu-
ous calling (i.e. calls detected in all 24 h of the day) was observed
at both sites from mid-March through late June. The lowest call
activity at each site occurred in September, however a slight
increase in call activity was observed in the autumn, which was
similar to the increased activity observed at each site in the
Beaufort Sea.

Site variability in call activity was observed in the Chukchi Sea.
The number of hours per day with calls was greater at CZA3, the
inshore location, (1227 h) than CZC2, the offshore location
(800 h). Site CZA3 is the only site where bearded seals remained
highly active for several weeks after sea ice had melted in the area
surrounding the mooring site. However, since fine-scale changes in
sea ice may not have been detected in the 12.5 km resolution of the
sea ice data used, small amounts of sea ice may still have been pre-
sent. The percentage of hours with call activity at site CZA3 was
42.2%. The offshore location (CZC2) in the Chukchi Sea had lower
overall call activity than the inshore site (CZA3), where bearded
seals were detected in 28.4% of recorded hours at site CZC2
(Table 2).

Sea ice was less stable and the duration was slightly shorter in
the Chukchi Sea than in the Beaufort Sea. Sea ice began forming in
the autumn at both sites in the Chukchi Sea (Fig. 4). Maximum sea
ice concentration (>95%) lasted until early June at both sites.
During the period of complete ice cover, there were periods of
lower sea ice concentration, indicating a slightly less stable sea
ice platform than observed in the Beaufort Sea. The logarithm of
the combined rate of bearded seal vocalizations from both sites
in the Chukchi Sea increased with the proportion of sea ice concen-
tration, and the rate of seal vocal presence increased as a function



Fig. 4. Acoustic detections of bearded seal vocalizations from August 2008 to August 2011 in the BCB plotted with sea ice concentration. The histogram shows the proportion
of hours with bearded seal calls (black) recorded, on hydrophones moored in the BCB. The secondary y-axis shows mean daily satellite-derived sea ice concentration (blue
line) obtained from the National Snow and Ice Data Center (12.5 km resolution, NSIDC, http://n4eil01u.ecs.nasa.gov). Within each plot the vertical green and red lines
correspond to the recording period at each site, where green is the beginning and red is the end of a recording period. Each plot compares the presence of bearded seal calls
and changing sea ice conditions. Each subplot corresponds with the mooring location (north to south): Beaufort Sea = (a) A3; (b) A2; (c) A1; Chukchi Sea = (d) CZA3; (e) CZC2;
Bering Sea = (f) M8; (g) M5; (h) M4; (i) M2. Call activity escalated with the formation of pack ice in winter and the peak occurred in spring, coinciding with mating season and
preceding break-up of the sea ice. The breeding period for bearded seals (March–June) is highlighted in yellow for all years on each plot.
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of sea ice concentration and linear and quadratic effects were sig-
nificant (linear effect, p < 0.001; quadratic effect, p < 0.001; Fig. 3).

3.3. Bering Sea

In the Bering Sea, call activity was more variable among sites
than the other two regions, and a lack of sea ice typically corre-
sponded with a lack of bearded seal calls. Call activity decreased
from north to south (Fig. 4f–i). The peak period of vocal activity
occurred during the spring, with little vocal activity detected out-
side mating season at most of the locations (Fig. 4). Little to no call
activity was observed at any site in the Bering Sea prior to January.
Sea ice concentration increased with latitude and was correlated
with vocal activity (Fig. 4).

Variability in call activity was detected at all sites in the Bering
Sea. The percentage of the total hours with bearded seal calls
increased with latitude (i.e. M8, the northernmost site, had more
overall vocal activity than the southernmost site, M2; Table 2),
but with notable inter-annual variability by both site and year
(Table 2). The seasonal trend of call activity at sites M8 and M5
(the two northernmost sites) was similar to the trend observed
at sites in the Beaufort and Chukchi Seas, but an autumn peak
was absent at all of the Bering Sea sites. Calls began increasing in
January at M8 and M5 with nearly continuous calling (i.e. calls
detected in all 24 h of the day) observed at both sites from
mid-March through May (Fig. 4). At site M4, call activity varied
between the two years of data collection; activity began in
January in 2010 but not until March in 2011; bearded seal call
occurrence reflected this two-month delay. Overall call occurrence
was less at site M2 than all other sites with call activity detected
during a single month. Vocal activity escalated and declined more
rapidly in the Bering Sea than in the other two regions, with more
abrupt increases in call activity in the early winter rather than
gradual increases observed in the Beaufort and Chukchi Seas.
Variation in call activity by site and year in the Bering Sea were
typically correlated with increases and drops in sea ice
concentration.

Temporal sea ice coverage was lower in the Bering Sea than the
other two regions. The timing of sea ice formation and retreat was
directly related to latitude—sea ice formed at the northernmost
sites (M8 and M5) in late December/early January (Fig. 4), while
at the lower latitude sites, sea ice did not form until late
January/early February. From 2008 to 2011, sea ice had melted at
all Bering Sea sites by late May.

Sea ice was more dynamic and less stable in the Bering Sea
than the Chukchi and Beaufort Seas. Sea ice dropped to near zero
during peak calling periods at all sites during the study period.
During the spring of 2011 all three instruments that were
recording in the Bering Sea experienced multiple temporary
retreats in sea ice. Many of the periods of lower call activity typ-
ically coincided with an abrupt reduction in sea ice concentra-
tion in the area surrounding the hydrophones. The logarithm
of the rate of bearded seal vocalizations in the Bering Sea
increased with the proportion of sea ice concentration with both
significant linear and quadratic effects (linear effect, p < 0.001;
quadratic effect, p = 0.004; Fig. 3).

http://n4eil01u.ecs.nasa.gov
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4. Discussion

The statistical relationship between call activity and sea ice
concentration found in this study indicates that sea ice is the pri-
mary physical driver influencing the distribution of vocalizing
bearded seals. Broad-scale regional variability was observed in
bearded seal call activity and overall presence that aligns with pre-
viously defined biogeographical distinctions (Sigler et al., 2011).
The Beaufort Sea and the Chirikov-Chukchi Provinces (the eastern
Bering Sea shelf north of Saint Lawrence Island and the Chukchi
Sea; Sigler et al., 2011) should be optimal habitat for bearded seals,
providing shallow water access to benthic prey and more persis-
tent seasonal sea ice (Grebmeier et al., 2010; Grebmeier, 2012).

Our results align with previous studies where bearded seal calls
were recorded year-round in the Beaufort Sea and nearly
year-round in the Chukchi Sea, (MacIntyre et al., 2013; Hannay
et al., 2013) and call activity occurred only from January through
May at most Bering Sea sites (Miksis-Olds et al., 2012). Not surpris-
ingly, the lowest call activity was recorded at the Bering Sea M2
site, which is located in the southernmost extent of the bearded
seal range with the lowest annual sea ice cover. Overall, bearded
seal vocal activity was much greater for hydrophones at the north-
ernmost sites in the BCB.

Bearded seal presence was previously thought to be closely tied
with the formation and retreat of seasonal sea ice (Burns and Frost,
1979; Burns, 1981). However, more recent passive acoustic studies
have shown that some bearded seals remain in the Beaufort and
Chukchi Seas year-round (Hannay et al., 2013; MacIntyre et al.,
2013). In contrast to Hannay et al. (2013), this study found that
sea ice conditions influenced the distribution of vocalizing bearded
seals, both regionally and by site. At all sites call activity peaked
during bearded seal-breeding season. In the Beaufort Sea, call
activity was greatest at the recording site closest to Barrow
Canyon, a benthic hotspot in the Beaufort Sea (Grebmeier, 2012).
Although fewer calls occurred at A2 than A1, the three-year time
series from site A2 underscore the link between interannual vari-
ability in sea ice and the onset of calling by bearded seals.

Fine-scale oceanographic variability may affect the distribution
of prey in different areas (Logerwell et al., 2011; Eisner et al., 2013),
creating more/less desirable locations for male bearded seals to
defend as territories (Van Parijs et al., 2003, 2004). The Beaufort
Sea shelf break is heterogeneous with respect to water column
properties both in summer/fall and winter (Pickart, 2004;
Logerwell et al., 2011). This may explain some of the site differ-
ences observed at the beginning of the breeding season and
increased call activity in early winter in the Beaufort Sea. Similar
fine-scale habitat preference has been observed for planktivorous
birds and bowhead whales, where changes in physical oceano-
graphic conditions altered the prey distribution regionally, creat-
ing areas of dense prey aggregations, spawning an influx of
upper trophic level animals foraging in these prey-rich areas
(Okkonen et al., 2008; Moore et al., 2010).

At both sites in the Chukchi Sea, bearded seal call activity
declined rapidly in June, however noticeable differences were
observed between the inshore and offshore sites. The inshore site
(CZA3) had more overall call activity, a longer peak in activity dur-
ing the late winter/spring, and call activity continued after sea ice
retreat (Fig. 4d). The hydrophone at the offshore site (CZC2)
stopped recording early; therefore whether call activity continued
post-sea ice retreat at that site is unknown. Although call activity
was detected during the same months at both locations, the per-
cent hours with calls recorded was twice as high at the inshore site
(CZA3; Table 2). These findings are consistent with recent near-
shore studies of seasonal movements and migration paths of
tagged adult bearded seals that found most seals remained near
the coast, usually within 50 km of shore (Boveng and Cameron,
2013). Additionally, similar regional distribution patterns were
observed for walrus satellite tracked between 2009 and 2012,
showing that walruses (also a benthic-feeding, sea ice obligate spe-
cies) typically foraged in nearshore areas when there was a lack of
sea ice offshore over benthic hotspots such as Hanna Shoal and the
southwestern Chukchi Sea, foraging areas normally used by walrus
(Jay et al., 2012).

In this study, differences in call activity between the Chukchi
Sea inshore and offshore sites were likely a result of variability in
physical oceanography and/or sea ice. The inshore mooring
(CZA3) lies near the boundary between different water masses
where temperature and salinity vary spatially (S. Okkonen pers.
comm.) and close to where Bering Sea Water (BSW) passes through
the Chukchi Sea. The BSW transports more nutrients and results in
areas of higher productivity (Springer et al., 1989, 1996; Lee et al.,
2007; Gradinger, 2009). The offshore mooring (CZC2) was
deployed in a more oceanographically homogenous environment
with less possibility of increased productivity. Although sea ice
conditions appeared similar at both sites, the differences in call
activity at each site may also be the result of conditions not detect-
able in the 12.5 km resolution of the sea ice concentration data
used here. Another explanation for call variation may be the close
proximity of the inshore mooring (CZA3) to the flaw lead polynya
that forms in the Chukchi Sea in spring, allowing greater access for
bearded seals to open water for foraging.

Sea ice in the Bering Sea observed during this study was much
more variable than in the Chukchi and Beaufort Seas, there were
rapid changes in concentration throughout the winter/spring sea-
sons, creating less favorable conditions for bearded seals to haul
out and establish and maintain aquatic territories (e.g. Van Parijs
et al., 2003, 2004). Interestingly, however, call activity in the
Bering Sea was much more closely coupled to the presence of sea
ice here than in the Chukchi or Beaufort seas where sea ice concen-
trations were often >95%. Seasonal call activity in the Bering Sea
decreased from north to south, and no calls were detected outside
of the bearded seal breeding season. Call activity at the northern
Bering Sea sites (M8, M5) was similar to that in the Chukchi Sea,
likely due to the oceanographic similarities that exist between
the Chukchi and Bering Seas and the direct connection of the two
by the Bering Strait. Another possible explanation for the greater
call activity observed at the northern Bering Sea sites (M8, M5),
compared to the southern sites (M4, M2), is their proximity to St.
Lawrence Island and the rich foraging area to southwest of the
island (Grebmeier and Cooper, 1995; Grebmeier et al., 2010;
Grebmeier, 2012). Call activity was much lower at the southern-
most sites: at site M4, calls were only detected for 3–4 months
and at site M2 calls were only detected in February 2010, however,
recordings ceased in early March at site M2.

4.1. Interannual variability

Interannual variability was only detected in the Beaufort and
Bering Seas, where multiyear datasets were available at many of
the sites. Overall, regardless of year or location, a change in sea
ice condition led to a change in call activity. Changes in the timing
of sea ice formation between years was reflected in changes in the
timing of when bearded seals first began calling 24 h/d at sites A1
and A2 in the Beaufort Sea in 2008 and 2009 (MacIntyre et al.,
2013). In the Bering Sea, interannual differences were observed
when comparing the onset of call activity from each winter
between 2009 and 2011 at sites M5 and M4. At site M5, call activ-
ity began increasing one week later each winter from 2009 to 2011
(Fig. 4c). Further south at M4, there was a 5 week time difference in
the onset of call activity from 2010 to 2011 and bearded seal call-
ing activity decreased from roughly two months to two weeks.
Additionally, any significant drop in sea ice concentration led to
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a comparable decline in bearded seal call activity both within and
between years, which demonstrates the tight coupling between
sea ice concentration and call activity as well as the interannual
variability that occurred at a single site. The same relationship
was observed at site M5 in 2009 by Miksis-Olds et al. (2012).

Over the entire study area and duration, annual sea ice duration
decreased over time at all but one site (A2) from 2008 to 2011.
Some sites only experienced a few days of sea ice loss each year
(e.g. M5, A1), while others had a loss of a few weeks (M8). Site
M4 had the most dramatic interannual loss of sea ice duration,
with 124 days of sea ice in 2009–2010 but only 57 days of sea
ice surrounding the mooring site in 2010–2011.

It is unclear whether seals were still present and stopped vocal-
izing during the periods of temporary sea ice retreat or if the lack of
call activity indicates a distribution shift of vocalizing seals. A
reduction in overall sea ice presence has the potential to negatively
impact the temporal availability of habitat for the bearded seal
during breeding season, which may impact the duration and onset
of breeding season. The later formation and earlier retreat of sea ice
may delay the arrival of female bearded seals to male territories
leading to changes in timing of mating or a reduction in the mating
season (Van Parijs et al., 2001; Van Opzeeland et al., 2010).

4.2. Behavioral ecology

The probability of seal vocal presence is a function of a number
of different factors, including underlying seal density and seal
behavior. A focus of future work should therefore be to integrate
acoustic data with results from aerial surveys and satellite teleme-
try. These auxiliary datasets may provide information on underly-
ing seal densities, and thus might be used to help discriminate the
relative contributions of density and seal behavior to the overall
rate of seal vocal presence. This information could help answer
whether a decrease in call activity is due to a reduction in the num-
ber of seals present or simply reduced calling rates. Additionally,
examining the geographic variability of call types may uncover
subpopulations that exist within the BCB, as has been observed
for pinniped species, including bearded seals, in other regions
(Pahl et al., 1997; Van Parijs et al., 1999; Risch et al., 2007;
Charrier et al., 2013).

This study provides a contemporary baseline of year-round
bearded seal distribution in the BCB based on acoustic activity
and offers evidence of a positive correlation between bearded seal
call activity and sea ice concentration. The tight coupling between
call activity and sea ice concentration suggests that the increase in
vocal activity during periods of higher sea ice concentration was
not only due to the seasonal increase in bearded seal call produc-
tion during the breeding season, but also a result of a distribution
shift of vocalizing bearded seals associated with the sea ice. Call
variability among regions of the BCB was largely determined by
sea ice conditions; however, the physical drivers (depth, currents,
freshwater input) that influence the formation and retreat of sea
ice each year may have also had an indirect effect on bearded seal
distributions. Spatial variability in call activity within each sea may
have been more directly related to oceanographic or benthic vari-
ability (Grebmeier, 2012) rather than sea ice variability, since sea
ice conditions within each region (especially the Beaufort and
Chukchi Seas) were similar between sites.

Some bearded seals exhibit site fidelity during the winter
months (January–April; Boveng and Cameron, 2013) and maintain
aquatic territories during the spring months while others do not,
and roam over much larger areas (Van Parijs et al., 2003, 2004).
Territorial males may maintain similar aquatic territories each year
during mating season. It is possible that regional variability in sea
ice could be indirectly influencing the development of bearded seal
subpopulations in the BCB by changing the habitat characteristics
of these territories, and thereby altering the reproductive success
of both territorial and roaming males. One could imagine a sce-
nario in which less sea ice decreases the quality of territories and
therefore decreases the reproductive success of territorial males.
Under the same circumstances, roaming males might have
increased success as they have larger home ranges. Alternately,
territory holding might disappear altogether as a mating tactic.
How this would alter the acoustic behavior of bearded seals is
unknown but the positive correlation of bearded seal call activity
with sea ice concentration strengthens the argument that reduc-
tions and variability in sea ice conditions are likely to negatively
impact bearded seals (Learmonth et al., 2006; Moore and
Huntington, 2008; Kovacs et al., 2011; MacIntyre et al., 2013),
either directly through sea ice reduction or indirectly through
access to prey (Laidre et al., 2008; Moore and Huntington, 2008).

Acknowledgments

We thank the captain and crew of the USCGC Healy, John Kemp
(WHOI), and Dave Leech (UAF) for assistance with deployment and
recovery of the moorings. We also thank the captains and crews of
the F/V Alaskan Enterprise (2010) and the F/V Mystery Bay (2011)
for their assistance with mooring deployment and recovery. We
would like to extend our gratitude to Phyllis Stabeno (PMEL) for
space on 70 m isobath moorings in the Bering Sea.

Funding came from the National Ocean Partnership Program
grants WHOI A100587, and UAF 080047, the National Science
Foundation ARC-0855828, the Joint Institute for the Study of the
Atmosphere and Ocean (JISAO) under NOAA Cooperative
Agreement NA10OAR4320148 and the U.S. Department of the
Interior, Bureau of Ocean Energy Management (BOEM)
Inter-agency Agreement M07RG13317 with the U.S. Department
of Commerce, National Oceanic and Atmospheric Administration,
National Marine Fisheries Service, as part of the BOEM Alaska
Environmental Studies Program. Additionally, funding also was
provided by Bureau of Ocean Energy Management: Inter-Agency
Agreement Number M08PG20021. This is JISAO Contribution No.
2095. Funding for data collection from the Chukchi Sea was pro-
vided by Bureau of Ocean Energy Management: Inter-Agency
Agreement Number M09PG00016 and NPRW (IA# M07RG13267).
Funding for the Bering Sea Data was provided by Bureau of
Ocean Energy Management: Inter-Agency Agreement Number
M07RG13267.

We would like to express our gratitude to Catherine Berchok for
the use of her acoustic data from the Bering and Chukchi Seas from
2008 to 2011 and the Beaufort Sea from 2009 to 2010. We also
thank Steve Okkonen for his assistance for providing us with tem-
perature and salinity data to support our findings. This study is
part of the Synthesis of Arctic Research (SOAR) and was funded
in part by the U.S. Department of the Interior, Bureau of Ocean
Energy Management, Environmental Studies Program through
the Interagency Agreement No. M11PG00034 with the U.S.
Department of Commerce, National Oceanic and Atmospheric
Administration (NOAA), Office of Oceanic and Atmospheric
Research (OAR), Pacific Marine Environmental Laboratory (PMEL).
The findings and conclusions in the paper are those of the author(s)
and do not necessarily represent the views of the National Marine
Fisheries Service, NOAA. Reference to trade names does not imply
endorsement by the National Marine Fisheries Service, NOAA.
Kalyn MacIntyre was supported by a graduate research award from
the North Pacific Research Board.

References

Bluhm, B.A., Gradinger, R., 2008. Regional variability in food availability for arctic
marine mammals. Ecological Applications 18, S77–S96.

http://refhub.elsevier.com/S0079-6611(15)00105-6/h0005
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0005


K.Q. MacIntyre et al. / Progress in Oceanography 136 (2015) 241–249 249
Boveng, P.L., Cameron, M.F., 2013. Pinniped movements and foraging: seasonal
movements, habitat selection, foraging and haul-out behavior of adult bearded
seals in the Chukchi Sea. Final Report, BOEM Report 2013-01150. Bureau of
Ocean Energy Management, Alaska Outer Continental Shelf Region, Anchorage,
Alaska, USA. 91 Pp + Appendix.

Burns, J.J., 1970. Remarks on the distribution and natural history of pagophilic
pinnipeds in the Bering and Chukchi Seas. Journal of Mammalogy, 445–454.

Burns, J.J., 1981. Bearded seal Erignathus barbatus Erxleben, 1777. Handbook of
Marine Mammals 2, 145–170.

Burns, J.J., Frost, K.J., 1979. The natural history and ecology of the bearded seal,
Erignathus barbatus. Environmental Assessment of the Alaskan Continental
Shelf, Final Reports 19, 311–392.

Cameron, M.F., et al., 2010. Status Review of the Bearded Seal (Erignathus barbatus).
NOAA Technical Memorandum NMFS-AFSC-211. US Department of Commerce.
246 pp.

Charrier, I., Mathevon, N., Aubin, T., 2013. Bearded seal males perceive geographic
variation in their trills. Behavioral Ecology and Sociobiology 67, 1679–1689.

Cleator, H.J., Stirling, I., Smith, T.G., 1989. Underwater vocalizations of the bearded
seal (Erignathus barbatus). Canadian Journal of Zoology 67, 1900–1910.

Cox, D.R., Oakes, D., 1984. Analysis of Survival Data, vol. 21. CRC Press, NY.
Davies, C.E., Kovacs, K.M., Lydersen, C., Van Parijs, S.M., 2006. Development of

display behavior in young captive bearded seals. Marine Mammal Science 22
(4), 952–965.

Eisner, L., Hillgruber, N., Martinson, E., Maselko, J., 2013. Pelagic fish and
zooplankton species assemblages in relation to water mass characteristics in
the northern Bering and southeast Chukchi seas. Polar Biology 36, 87–113.

Frost, K.J., Whiting, A., Cameron, M.F., Simpkins, M.A., 2008. Habitat use, seasonal
movements and stock structure of bearded seals in Kotzebue Sound, Alaska.
Tribal Wildlife Grants Program, Fish and Wildlife Service, Tribal Wildlife Grants
Study U-4-IT. Final report from the Native Village of Kotzebue, Kotzebue, AK, for
US Fish and Wildlife Service, Anchorage, AK, pp. 1–16.

George, J.C., Huntington, H.P., Brewster, K., Eicken, H., Norton, D.W., Glenn, R., 2004.
Observations on shorefast ice dynamics in Arctic Alaska and the responses of
the Iñupiat hunting community. Arctic 57 (4), 363–374.

Gradinger, R., 2009. Sea-ice algae: major contributors to primary production and
algal biomass in the Chukchi and Beaufort Seas during May/June 2002. Deep Sea
Research Part II: Topical Studies in Oceanography 56 (17), 1201–1212.

Grebmeier, J.M., 2012. Shifting patterns of life in the Pacific Arctic and Sub-Arctic
seas. Marine Science 4, 65–78. http://dx.doi.org/10.1146/annurev-marine-
120710-100926.

Grebmeier, J.M., Cooper, L.W., 1995. Influence of the St. Lawrence Island polynya
upon the Bering Sea benthos. Journal of Geophysical Research: Oceans (1978–
2012) 100 (C3), 4439–4460.

Grebmeier, J.M., Moore, S.E., Overland, J.E., Frey, K.E., Gradinger, R., 2010. Biological
response to recent Pacific Arctic sea ice retreats. Eos, Transactions American
Geophysical Union 91 (18), 161–162.

Halekoh, U., Højsgaard, S., Yan, J., 2006. The R package geepack for generalized
estimating equations. Journal of Statistical Software 15 (2), 1–11.

Hannay, D.E., Delarue, J., Mouy, X., Martin, B.S., Leary, D., Oswald, J.N., Vallarta, J.,
2013. Marine mammal acoustic detections in the northeastern Chukchi Sea,
September 2007–July 2011. Continental Shelf Research 67, 127–146.

Hunt, G.L., Coyle, K.O., Eisner, L.B., Farley, E.V., Heintz, R.A., Mueter, F., Stabeno, P.J.,
2011. Climate impacts on eastern Bering Sea food webs: a synthesis of new data
and an assessment of the oscillating control hypothesis. ICES Journal of Marine
Science: Journal du Conseil 68 (6), 1230–1243.

Jay, C.V., Fischbach, A.S., Kochnev, A.A., 2012. Walrus areas of use in the Chukchi Sea
during sparse sea ice cover. Marine Ecology Progress Series 468, 1–13.

Kovacs, K.M., 2002. Bearded seal (Erignathus barbatus). Encyclopedia of Marine
Mammals. Academic Press, San Deigo, California, pp. 84–86.

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 (1), 181–194.

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 (sp2), S97–S125.

Learmonth, J.A., MacLeod, C.D., Santos, M.B., Pierce, G.J., Crick, H.Q.P., Robinson, R.A.,
2006. Potential effects of climate change on marine mammals. Oceanography
and Marine Biology 44, 431–464.

Lee, S.H., Whitledge, T.E., Kang, S.H., 2007. Recent carbon and nitrogen uptake rates
of phytoplankton in Bering Strait and the Chukchi Sea. Continental Shelf
Research 27 (17), 2231–2249.

Liang, K.Y., Zeger, S.L., 1986. Longitudinal data analysis using generalized linear
models. Biometrika 73, 13–22.

Logerwell, E., Rand, K., Weingartner, T.J., 2011. Oceanographic characteristics of the
habitat of benthic fish and invertebrates in the Beaufort Sea. Polar Biology 34,
1783–1796.

MacIntyre, K.Q., Stafford, K.M., Berchok, C.L., Boveng, P.L., 2013. Year-round acoustic
detection of bearded seals (Erignathus barbatus) in the Beaufort Sea relative to
changing environmental conditions, 2008–2010. Polar Biology 36 (8), 1161–
1173.
Mellinger, D.K., 2001. Ishmael 1.0 user’s guide. NOAA Technical Memorandum OAR
PMEL, 120(26), 98115–6349.

Miksis-Olds, J.L., Nystuen, J.A., Parks, S.E., 2012. What does ecosystem acoustics
reveal about marine mammals in the Bering Sea?. In: The Effects of Noise on
Aquatic Life, Springer, New York.

Moore, S.E., Huntington, H.P., 2008. Arctic marine mammals and climate change:
impacts and resilience. Ecological Applications 18 (sp2), S157–S165.

Moore, S.E., George, J.C., Sheffield, G., Bacon, J., Ashjian, C.J., 2010. Bowhead whale
distribution and feeding near Barrow, Alaska, in late summer 2005–2006.
Arctic, 195–205.

Nelson, R.R., Burns, J.J., Frost, K.J., 1984. The bearded seal (Erignathus barbatus).
Marine Mammal Species Accounts, Wildlife Technical Bulletin 7, 1–6.

Okkonen, S.R., 2008. Exchange between Elson Lagoon and the nearshore Beaufort
Sea and its role in the aggregation of zooplankton. US Department of Interior,
Minerals Management Service, Alaska Outer Continental Shelf Region.

Pahl, B.C., Terhune, J.M., Burton, H.R., 1997. Repertoire and geographic variation in
underwater vocalisations of Weddell seals (Leptonychotes weddellii,
Pinnipedia: Phocidae) at the Vestfold Hills, Antarctica. Australian Journal of
Zoology 45 (2), 171–187.

Pickart, R.S., 2004. Shelfbreak circulation in the Alaskan Beaufort Sea: mean
structure and variability. Journal of Geophysical Research 109, C04024.

Potelov, V.A., 1969. Distribution and migrations of bearded seals in the White,
Barents and Kara seas. Third All-Union Conference on Marine Mammals
Publishing House ‘‘Nauka’’ (Translated from Russian by Fish Res Board of Can,
Transl Ser No. 1510).

Ray, C., Watkins, W.A., Burns, J.J., 1969. The underwater song of Erignathus (bearded
seal). Zoologica 54, 79–83.

Risch, D., Clark, C.W., Corkeron, P.J., Elepfandt, A., Kovacs, K.M., Lydersen, C., Stirling,
I., Van Parijs, S.M., 2007. Vocalizations of male bearded seals, Erignathus
barbatus: classification and geographical variation. Animal Behavior 73, 747–
762.

Sigler, M.F., Renner, M., Danielson, S.L., Eisner, L.B., Lauth, R.R., Kuletz, K.J.,
Loggerwell, E.A., Hunt Jr., G.L., 2011. Fluxes, fins, and feathers. Oceanography
24 (3), 250–266.

Simpkins, M.A., Hiruki-Raring, L.M., Sheffield, G., Grebmeier, J.M., Bengtson, J.L.,
2003. Habitat selection by ice-associated pinnipeds near St. Lawrence Island,
Alaska in March 2001. Polar Biology 26 (9), 577–586.

Springer, A.M., McRoy, C.P., Turco, K.R., 1989. The paradox of pelagic food webs in
the northern Bering Sea—II. Zooplankton communities. Continental Shelf
Research 9 (4), 359–386.

Springer, A.M., McRoy, C.P., Flint, M.V., 1996. The Bering Sea Green Belt:
shelf-edge processes and ecosystem production. Fisheries Oceanography 5
(3–4), 205–223.

Stabeno, P.J., Kachel, N.B., Moore, S.E., Napp, J.M., Sigler, M., Yamaguchi, A., Zerbini,
A.N., 2012. Comparison of warm and cold years on the southeastern Bering Sea
shelf and some implications for the ecosystem. Deep Sea Research Part II:
Topical Studies in Oceanography 65, 31–45.

Stenson, G.B., Hammill, M.O., 2014. Can ice breeding seals adapt to habitat loss in a
time of climate change? ICES Journal of Marine Science: Journal du Conseil,
doi:http://dx.doi.org/10.1093/icesjms/fsu074.

Stirling, I., 1997. The importance of polynyas, ice edges, and leads to marine
mammals and birds. Journal of Marine Systems 10 (1), 9–21.

Stirling, I., Archibald, W.R., 1977. Aspects of predation of seals by polar bears.
Journal of the Fisheries Board of Canada 34 (8), 1126–1129.

Stirling, I., Calvert, W., Cleator, H., 1983. Underwater vocalizations as a tool for
studying the distribution and relative abundance of wintering pinnipeds in the
High Arctic. Arctic 36 (3), 262–274.

Udevitz, M.S., Taylor, R.L., Garlich-Miller, J.L., Quakenbush, L.T., Snyder, J.A., 2013.
Potential population-level effects of increased haulout-related mortality of
Pacific walrus calves. Polar Biology 36 (2), 291–298.

Van Opzeeland, I., Van Parijs, S.M., Bornemann, H., Frickenhaus, S., Kindermann, L.,
Klinck, H., Boebel, O., 2010. Acoustic ecology of Antarctic pinnipeds. Marine
Ecology Progress Series 414, 267–291.

Van Parijs, S.M., Hastie, G.D., Thompson, P.M., 1999. Geographical variation in
temporal and spatial vocalization patterns of male harbour seals in the mating
season. Animal Behaviour 58 (6), 1231–1239.

Van Parijs, S.M., Kovacs, K.M., Lydersen, C., 2001. Spatial and temporal distribution
of vocalising male bearded seals-implications for male mating strategies.
Behaviour 138 (7), 905–922.

Van Parijs, S.M., Lydersen, C., Kovacs, K.M., 2003. Vocalizations and movements
suggest alternative mating tactics in male bearded seals. Animal Behaviour 65
(2), 273–283.

Van Parijs, S.M., Lydersen, C., Kovacs, K.M., 2004. Effects of ice cover on the
behavioural patterns of aquatic-mating male bearded seals. Animal Behaviour
68 (1), 89–96.

Wood, S., 2006. Generalized Additive Models: An Introduction with R. CRC Press.
Zeger, S.L., Liang, K.Y., 1986. Longitudinal data analysis for discrete and continuous

outcomes. Biometrics, 121–130.

http://refhub.elsevier.com/S0079-6611(15)00105-6/h0015
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0015
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0020
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0020
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0025
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0025
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0025
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0035
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0035
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0040
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0040
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0045
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0050
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0050
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0050
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0055
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0055
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0055
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0065
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0065
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0065
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0070
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0070
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0070
http://dx.doi.org/10.1146/annurev-marine-120710-100926
http://dx.doi.org/10.1146/annurev-marine-120710-100926
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0080
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0080
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0080
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0085
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0085
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0085
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0090
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0090
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0095
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0095
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0095
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0100
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0100
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0100
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0100
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0105
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0105
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0110
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0110
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0115
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0115
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0120
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0120
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0120
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0125
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0125
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0125
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0130
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0130
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0130
http://refhub.elsevier.com/S0079-6611(15)00105-6/h9000
http://refhub.elsevier.com/S0079-6611(15)00105-6/h9000
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0135
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0135
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0135
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0140
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0140
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0140
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0140
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0155
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0155
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0160
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0160
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0160
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0165
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0165
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0175
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0175
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0175
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0175
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0185
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0185
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0195
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0195
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0200
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0200
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0200
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0200
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0205
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0205
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0205
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0210
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0210
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0210
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0215
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0215
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0215
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0220
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0220
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0220
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0225
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0225
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0225
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0225
http://dx.doi.org/10.1093/icesjms/fsu074
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0235
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0235
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0240
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0240
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0245
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0245
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0245
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0250
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0250
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0250
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0255
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0255
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0255
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0260
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0260
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0260
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0265
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0265
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0265
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0270
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0270
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0270
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0275
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0275
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0275
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0280
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0285
http://refhub.elsevier.com/S0079-6611(15)00105-6/h0285

	The relationship between sea ice concentration and the spatio-temporal distribution of vocalizing bearded seals (Erignathus barbatus)  in the Bering, Chukchi, and Beaufort Seas from 2008 to 2011
	1 Introduction
	2 Methods
	2.1 Acoustic sampling
	2.2 Sea ice data
	2.3 Statistical analysis

	3 Results
	3.1 Beaufort Sea
	3.2 Chukchi Sea
	3.3 Bering Sea

	4 Discussion
	4.1 Interannual variability
	4.2 Behavioral ecology

	Acknowledgments
	References


