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Abstract

Subarctic baleen whales, including humpback (Megaptera novaeangliae), fin (Balaenoptera physalus), and gray whales
(Eschrichtius robustus), migrate through the Bering Strait every summer to feed in the Chukchi Sea. When and where the
whales are found in the region likely reflects environmental conditions. Using recordings collected between 2009 and 2018
from a hydrophone ~ 35 km north of the strait, we identified whale calls during the open-water season (May—December),
examined migration timing, and investigated potential drivers of whale presence. The acoustic presence of fin and hump-
back whales varied across the years, while gray whales were consistently detected each year. We compared detection rates
for October and November since these months had recordings each year. We observed the highest proportion of recordings
with humpback whale calls for October—November in 2009, 2017, and 2018 (66—-80% of recordings); the highest proportion
of recordings with fin whale calls in 2015, 2017, and 2018 (75-79% of recordings); and the highest proportion of record-
ings with gray whale calls in 2013 and 2015 (46 and 51% of recordings, respectively). Fin and humpback whales departed
the Bering Strait~3 and 2 days later per year over the study period (p < 0.04). Both fin and humpback whales delayed their
southward migration in years with warmer water temperatures (Pearson r>0.73, p <0.02). Generalized additive models
of location, shape, and scale identified day of the year, water temperatures, and the lagged presence of a thermal front the
previous month as drivers of acoustic presence for all three species during the open-water season.
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Introduction

Understanding the connection between species occurrence
and environmental factors is crucial for predicting the effects
of habitat shifts on recovering populations of marine mam-
mals. Climate change in combination with other anthropo-
genic stressors—such as fishing gear entanglements, ship
collisions, and increased ocean noise—may impact the
recovery of baleen whale populations from commercial
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whaling that took place throughout the twentieth century
(Clapham 2016; Tulloch et al. 2019; Nelms et al. 2021).
Moreover, changes in ocean conditions related to climate
change and masking of calls from conspecifics (individuals
from the same species) by ocean noise may obscure the cues
whales use to facilitate their migrations (Clark et al. 2009;
Torres 2017). Identifying the drivers of baleen whale migra-
tion and distribution, therefore, is essential for understanding
how baleen whales will respond to habitat shifts associated
with climate change (Hazen et al. 2013; Abrahms et al. 2019;
Meynecke et al. 2021). The present study seeks to character-
ize the occurrence of subarctic baleen whales in the Bering
Strait and Chukchi Sea, including identifying migration tim-
ing and the factors that influence whale presence during the
open-water season.

The Chukchi Sea is a shallow continental shelf sea that
owes its productivity to the influx of nutrient-rich Pacific
waters that are advected northward by currents through the
Bering Strait (Grebmeier et al. 2006; Fig. 1). The combina-
tion of abundant daylight during the polar summer along
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Fig.1 Map of the study area, the mooring site (A3), and the Bering
Strait region. The white circle around A3 indicates the extent of the
assumed detection range of the hydrophone (radius of 30 km from the
mooring). The 30-km region was then used to calculate the sea-sur-
face temperature (SST) gradient. The magnitude of the SST gradient
was used as a proxy for thermal front strength. The four wind data
points from the National Oceanic and Atmospheric Administration’s

with a steady supply of advected nutrients make the Chukchi
Sea one of the world’s most productive marine ecosystems
(Grebmeier et al. 2006; Zerbini et al. 2016). In addition to
nutrients, Pacific water masses also transport zooplankton,
including large copepods (Eisner et al. 2013; Ershova et al.
2015; Pinchuk and Eisner 2017; Spear et al. 2020) and
euphausiids (Berline et al. 2008), as well as juvenile forage
fish species (Levine et al. 2021) into the Chukchi Sea. Three
dominant water masses flow through the Bering Strait and
into the Chukchi Sea. The cold, salty, and productive Anadyr
Water flows on the western side of the Bering Strait, the
warmer and less salty Bering Sea Water flows through the
center of the strait, while the still warmer and fresher Alas-
kan Coastal Current flows along the eastern side against the
Alaskan coast in summer to early winter (Coachman et al.
1975; Grebmeier et al. 1989; Weingartner et al. 2005; Wood-
gate et al. 2005). Fronts form where these water masses
meet (Coachman et al. 1975; Bluhm et al. 2007; Danielson
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(NOAA) National Center for Atmospheric Prediction (NCEP) North
American Regional Reanalysis (NARR) dataset used to calculate
mean wind speeds are included (stars). The inset map shows the study
area along with the boundaries of the Chukchi Sea as defined by the
International Hydrographic Organization (gray shading; http://www.
marineregions.org/gazetteer.php?p=details&id=4257)

et al. 2017), trapping zooplankton and small fish. Addition-
ally, eddies form in the wake of the Diomede Islands north
of the strait (Woodgate et al. 2015), vertically mixing the
water column and creating isolated water zones, fronts, and
upwelling. The replenishment of nutrients to the surface by
mixing promotes phytoplankton blooms (Hasegawa et al.
2009), which in turn create feeding opportunities for upper
trophic levels, including baleen whales.

Subarctic baleen whales—specifically humpback (Meg-
aptera novaeangliae), fin (Balaenoptera physalus), and
gray whales (Eschrichtius robustus)—migrate into the
Chukchi Sea during the late spring and summer months
to take advantage of the seasonal abundance of prey
(Brower et al. 2017, 2018; Stafford et al. 2023). Previous
studies have found interannual variation in the presence of
fin and humpback whales in the Chukchi Sea during the
open-water season. More fin whale calls were recorded
in the northeast Chukchi Sea in 2007 than in 2009 and
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2010 by Delarue et al. (2013) while a study by Woodgate
et al. (2015) observed higher detection rates of fin whales
in the southern Chukchi Sea in 2009 and 2012 than in
2010 and 2011. Similarly, more humpback whale calls
were recorded in the southern Chukchi Sea in 2009 and
2012 than in 2010 and 2011 (Woodgate et al. 2015). Both
studies attribute the increased presence of the two spe-
cies to warmer conditions, earlier sea-ice retreat coupled
with low sea-ice extent, higher transport through the Ber-
ing Strait, and shifts in the distribution of the productive
Anadyr Water mass (Delarue et al. 2013; Woodgate et al.
2015). While the presence of fin and humpback whales
in the Chukchi Sea varies from year to year, gray whales
are reliably observed in the region each summer (Clarke
et al. 1989, 2016; Moore et al. 2000, 2022; Clarke and
Moore 2002; Brower et al. 2017). Declining sea ice may
benefit gray whales in the short term since earlier ice melt
in the spring allows them to enter their foraging grounds
earlier and delays in ice formation in the fall allows them
to graze for longer (Perryman et al. 2002; Stewart et al.
2023). However, few observations have been collected on
the timing of the gray whale southward migration out of
the Chukchi Sea, so it is unclear if gray whales are extend-
ing their residence time in the Pacific Arctic.

Any variation in the presence of the three whale spe-
cies is likely dependent on prey availability, which in turn,
is dependent on environmental conditions in the Chukchi
Sea. Environmental variability in the Chukchi Sea is
driven by the presence and distribution of the major water
masses, as well as changes in the Bering Strait through-
flow, which in turn is dependent on local and far-field wind
stress and ocean pressure gradients (Aagaard et al. 1985;
Woodgate et al. 2012; Danielson et al. 2014; Peralta-Ferriz
and Woodgate 2017, 2023; Woodgate 2018; Nguyen et al.
2020). Previous studies examining environmental influ-
ences on the presence of baleen whales found that pri-
mary production rates, and in turn, prey abundance, along
with sea surface temperatures, bathymetry, and sea surface
height influenced the acoustic presence of baleen whales
(§ir0vic’ and Hildebrand 2011; Shabangu et al. 2017;
Ryan et al. 2019; Szesciorka et al. 2020). In the northern
Chukchi Sea, Ashjian et al. (2010) found that interannual
variability in the distribution of bowhead whales (Balaena
mysticetus) corresponded to both short-term (i.e., changes
in wind speed and direction) and long-term environmental
variability (i.e., sea ice and water mass distribution). What
cues subarctic baleen whales use for finding their prey in
the Pacific Arctic, however, remain unclear.

Using passive acoustic data along with in situ and sat-
ellite-derived environmental variables collected over nine
years in the Bering Strait region (2009—2018), we exam-
ined whether fin, humpback, and gray whales shifted their
migration timing in response to environmental conditions,

and explored potential environmental influences on the
presence of these species during the open-water season
(May through early December).

Methods
Acoustic data collection

Passive acoustic data were collected using an AURAL-
M2 hydrophone (Autonomous Underwater Recorder for
Acoustic Listening-Model 2, Multi-Electronique, Inc.)
attached to a mooring (A3) positioned ~35 km north
of the Bering Strait (Fig. 1; Woodgate et al. 2015). The
hydrophone was first installed on the mooring in Septem-
ber 2009 and was serviced annually, yielding a recording
time series from September 2009 through December 2018.
Data gaps indicate periods when the hydrophone’s batter-
ies were depleted, or when the hydrophone was serviced.
The hydrophone failed to record in 2016, resulting in a
loss of data for fall 2016 through spring 2017. The hydro-
phone was set to record the first 10—20 min of every hour
at a sampling rate of 8 kHz or 16 kHz depending on the
year (16-bit resolution) and a gain of 16 dB (2009—2016)
or 22 dB (2017 and 2018). The hydrophone was posi-
tioned 4-8 m above the seafloor (depth at the A3 mooring
site ~56 m). See Table 1 for recording start/end dates, and
the duty cycles for each year.

Spectrograms of the acoustic data were visualized in
the software Ishmael (2014 version; Mellinger 2002),
and recordings with whale calls were identified by visu-
ally inspecting the spectrograms. For each calendar year,
we scanned recordings from May, when sea ice typically
retreats in the study area (Stroeve et al. 2014; Serreze et al.
2016; Grebmeier et al. 2018), through to freeze-up when
sea ice concentration in the Chukchi Sea first rose above
80% (typically late November to mid-December; see next
section for sea ice methods). If a call from any of the three
study species was captured by a recording, we counted
that species as present for that hour. Note that we could
not assume the physical absence of whales since we were
only able to detect calling individuals (i.e., we can only
assume ‘acoustic absence’).

Environmental data collection

We quantified sea ice melt and formation dates in the
Chukchi Sea to compare with the migration timing of
whales in and out of the region. We defined the Chukchi
Sea using boundaries defined by the International Hydro-
graphic Organization (http://www.marineregions.org/
gazetteer.php?p=details&id=4257; Fig. 1). Daily sea ice
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Table 1 Hydrophone deployment data, positions, and recording settings (duty cycle refers to the recording time per hour)

Deployment year Latitude N Latitude Record start date Record end date Sampling rate (kHz) Hourly duty cycle
w
2009 66.33° 168.97° 2009-09-01 2010-03-03 16 12 min
2010 66.33° 168.97° 2010-08-11 2011-02-19 16 15 min
2011 66.33° 168.97° 2011-10-01 2012-05-25 8 10 min
2012 66.33° 168.97° 2012-09-01 2013-05-17 16 10 min
2013 66.33° 168.97° 2013-07-15 2014-07-02 8 20 min
2014 66.33° 168.97° 2014-07-10 2015-07-02 8 20 min
2015 66.33° 168.97° 2015-07-05 2016-07-08 8 20 min
2017 66.33° 168.95° 2017-08-17 2018-07-25 8 20 min
2018 66.33° 168.95° 2018-08-12 2019-09-07 8 20 min

Dates are in the format “YYYY-MM-DD.” The ‘Record Start/End’ dates indicate when the hydrophone started and stopped recording, however
we only analyzed recordings for the open-water season (May through freeze-up in November/December of each year) when the three whale spe-

cies are present in the region

concentrations were obtained from the Special Scanning
Microwave/Imager (SSM/I) dataset (25 km resolution;
Cavalieri 1996). We defined the initiation of sea ice melt-
out as the day when the average sea ice concentration in
the Chukchi Sea dropped below 80% for the last time that
calendar year, while freeze-up onset was defined as the
day when the average ice concentration first rose above
80%. We defined an area as ‘ice-free’ if the average sea
ice concentration was < 15%, a threshold commonly used
to indicate the initiation of the open-water period (Serreze
et al. 2009; Stroeve et al. 2012).

Environmental predictors were selected based on their
hypothesized potential to influence the presence of baleen
whales. In-situ environmental predictors were recorded by
other sensors on the mooring and included near-bottom tem-
perature and salinity (40—55 m depth) measured by Sea-Bird
Electronics (SBE) sensors (model #16), and water velocity
(cm s~!) measured by Teledyne Workhorse Acoustic Dop-
pler Current Profilers (ADCP; Woodgate 2018). We ana-
lyzed ADCP water velocities from the bin closest to~30 m
depth to measure mid-water column velocities while avoid-
ing contamination by waves and other surface activity. Note
that at this mooring site, the water velocity is dominantly
barotropic (Woodgate et al. 2015; Woodgate 2018). Boxplots
and Cleveland dot plots (Cleveland 1993) were generated for
each environmental covariate to identify outliers and viola-
tions of homogeneity. We removed any outliers before we
calculated daily averages.

In addition to the in-situ mooring data, we also examined
wind speed and direction, as well as satellite-derived sea-
surface temperatures (SST). Daily mean wind speed (m s7h
and direction were calculated from the National Centers for
Environmental Prediction (NCEP) North American Regional
Reanalysis 2 (NARR 2) 6-hourly wind data product (grid
size of ~32 km; Mesinger et al. 2006). We calculated daily
mean wind speed by taking the average of the northward
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(v) and eastward components (u) for the four NCEP-NARR
2 grid points nearest to the mooring site (Fig. 1). We then
averaged the vectors across the four grid points, and used the
mean vectors (u and V) to calculate mean wind speed for a
given day (i) using the following equation:

wind speed; = (ﬁlz + \712>

Daily mean SST were calculated for the grid point closest
to the mooring site using the National Oceanic and Atmos-
pheric Administration (NOAA) Optimum Interpolation Sea
Surface Temperature (OISST) gridded dataset (0.25° resolu-
tion; Reynolds et al. 2007). All satellite-derived data were
visualized in ArcMap (v. 10.8; ESRI 2019).

Migration timing

We estimated the arrival of whales into the study region by
calculating the 5% quantile of the cumulative distribution of
days with whale calls after May 1 of each year, and departure
dates were estimated using the 95% quantile of the cumula-
tive distribution of days with whale calls after October 1 of
each year, similar to Hauser et al. (2017). We restricted the
range for calculating the departure dates with a set start date
since the recording start dates differed amongst the years
and we did not want this difference to affect the calculation
of the departure dates. October 1 was chosen as the starting
point of the range for calculating departure dates since it was
the latest recording start date (Table 1). We only had record-
ings in the spring for four years (2014—2016, and 2018),
whereas we had nine years of fall recordings (2009—2015,
2017—2018). Therefore, we focused our statistical analyses
on the fall departure dates.

We tested the departure dates for annual trends using lin-
ear regressions, for correlations to freeze-up in the Chukchi
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Sea using Pearson correlation tests, and for correlations and
linear relationships to seasonal environmental conditions.
We used a significance level of 0.05 for determining the sig-
nificance of all statistical tests. We defined the four seasons
using the solstices and equinoxes as the boundaries: winter
was defined as 21 December of previous year through 20
March, spring was defined as 21 March through 20 June,
summer was defined as 21 June through 20 September, and
fall was defined as 21 September through 20 December. Sea-
sonal means were calculated for near-bottom temperatures
and salinities (‘SBE Temp’ and ‘SBE Salt’), SST, water
speeds, and wind speeds. Due to correlations between mul-
tiple seasonal means (Online Resource Table S1), we built
separate linear models for each species and predictor with
departure dates (n=9) as the response variable. For exam-
ple, we tested for a linear relationship between departure
dates for fin whales and a predictor (e.g., the spring mean
of near-bottom temperatures for the corresponding year), by
fitting the following equation to the data, using least squares
to obtain the constants f, and f;:

Fin Whale Departure Dates
= fy + p,(Spring Mean SBE Temp)

Modeling the relationship between whale presence
and environmental covariates

We conducted an exploratory modeling analysis to deter-
mine potential temporal and environmental covariates asso-
ciated with the probability of observing whale calls (p) dur-
ing the open-water season. Our analyses included examining
the influence of time of year, quantified as day of the year
(DOY), and environmental conditions at the mooring site on
the acoustic presence of each whale species.

Conditions measured at or near the mooring site included
daily means for: temperature and salinity near the bottom
(‘SBE Temp’ and ‘SBE Salt’), SST, water speed (cm s_l),
wind speed (m s™"), and wind direction (included as a cat-
egorical variable). Sea ice extent for the Chukchi Sea was
considered for the models, however preliminary correlation
tests found that sea ice extent was highly correlated with
both SST and near-bottom temperatures. Since all three
whale species are typically in the study region when it is
ice-free, we omitted sea ice extent as an explanatory vari-
able, and retained SST and near-bottom water temperatures.
Ocean-basin scale indices such as the Arctic Oscillation
Index, Pacific Decadal Oscillation Index, and the North
Pacific Gyre Oscillation Index were also considered for
the models, however preliminary tests with these covari-
ates resulted in large models that were likely overfitting the
data. Moreover, factors relevant to the indices, such as SST,

were already included in the models. Therefore, ocean-scale
indices were excluded from our models.

Fronts form important feeding habitats for baleen
whales (Bluhm et al. 2007; Bost et al. 2009; Scales et al.
2014; Bassoi et al. 2020), and can be identified using hor-
izontal gradients in water temperature, salinity, chloro-
phyll concentration, and sea surface height (Bluhm et al.
2007). We used high-resolution SST data from the Group
for High Resolution Sea Surface Temperature (GHRSST)
Level 4 sea surface temperature analysis product (0.054°
resolution) to calculate the maximum gradient in SST in
any direction within 30 km of the mooring site, taking the
magnitude of this maximum as a proxy of the strength of
any thermal fronts within this region (see Fig. 1). A 30 km
radius was chosen since fin whale calls were previously
detected at two hydrophones spaced 28 km apart in the
northeast Chukchi Sea (Delarue et al. 2013). Fin whales
produce the lowest frequency calls of the three species
at~20 Hz (Watkins 1981; Watkins et al. 1987) and lower
frequency calls travel farther underwater than higher fre-
quency calls. Therefore the 30 km radius likely captures
the maximum detection ranges for all three species in the
shallow Chukchi Sea. In addition to the daily value for
the 30 km SST gradient, we also included a one-month
lagged version of the SST gradient in our model (i.e., the
SST gradient one month prior to the day when calls were
recorded) to test for a delay between the presence of a
front and the presence of a calling whale(s).

For the response variable, the acoustic data were con-
verted into counts of hourly recordings with calls present
(“Detected”) along with the number of recordings that did
not have calls present (“Not Detected”) for each day. Thus,
our response variable consisted of a Bernoulli outcome for
each day where the ‘successes’ were the number of hourly
recordings when whale calls were detected, and the ‘fail-
ures’ were the number of hourly recordings when whale calls
were not detected. The ratio of successes to the total number
of available Bernoulli trials per day (24 hourly recordings
per day) represents the probability of a calling whale being
present on any given day. Given that the probability of a
calling whale being present during a given hour was likely
influenced by the presence/absence of a calling whale the
previous hour, our model choice was driven by the need
to account for the fact that the Bernoulli outcomes in our
response variable were not independent of each other. Also,
our data had more hourly recordings with zero calls than
expected, therefore our data were zero-inflated. The beta-
binomial distribution does not assume independent Ber-
noulli outcomes and is a good choice when zero-inflation
is a concern (Hisakado et al. 2006; Martin et al. 2011). We
did not know a priori the functional form of the relation-
ship between whale presence and the predictors; therefore
we also required a non-parametric model fitting algorithm
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that could accommodate a beta-binomial distribution.
Generalized additive models for location, shape, and scale
(GAMLSS) are robust to more complex distributions, such
as beta-binomial, and allow for nonparametric predictors
(Monnahan et al. 2014).

We generated our beta-binomial GAMLSS models using
the gamlss package (Rigby and Stasinopoulos 2005) in R (R
Core Team 2021), and ran separate models for each species
with all years combined (2009-2018, excluding 2016 due
to recorder failure). Following Monnahan et al. (2014), we
fit the same predictors for both the probability of observ-
ing whale calls on a given day (p) and the over-dispersion
parameter (o). We used cubic splines (cs) for the environ-
mental variables, and penalized b-spline smoothers (pb) for
DOY:

logit(p) = pb(DOY) + cs(SBE Temp) + cs(SBE Salt)
+ cs(SST) + cs(Water Speed) + cs(Wind Speed)
+ factor(Wind Direction) + ¢s(SST Gradient)
+ cs(Lagged SST Gradient)

log(5) = pb(DOY) + cs(SBE Temp) + cs(SBE Salt)
+ ¢s(SST) + cs(Water Speed) + cs(Wind Speed)
+ factor(Wind Direction) + cs(SST Gradient)
+ cs(Lagged SST Gradient)

Note that all variables except for wind direction were
continuous; wind direction was included as a categorical
variable (noted in the equations above as a “factor”), and
thus, does not have a smoother. The type of smoother used as
well as model selection were based on the Akaike informa-
tion criterion score (AIC) with a correction for small sam-
ple sizes (AICc; Akaike 1973). To avoid multicollinearity
among the model parameters, we tested pairs of variables
using Pearson’s correlation tests and eliminated any predic-
tor variables with a correlation factor >10.7l—signifying a
moderately strong correlation (explains more than half the
variance between the two variables)—and p <0.05, follow-
ing Sirovi¢ and Hildebrand (2011). Predictors were selected
using the stepGAIC function (Rigby and Stasinopoulos
2005) applied to the full model in R, which performed back-
wards stepwise selection using Generalized AIC (GAIC) as
the model selection criterion. Next, we applied the drop1
function from the stats package in R to the final model for
each species to check for any spurious covariates. The drop1
function systematically removes one variable at a time and
compares the AIC score of the reduced model to that of the
full model. Any variables that did not significantly decrease
the likelihood relative to the full model (p>0.05) were
removed. Finally, we assessed the relative importance of
each predictor variable in the final model using an incremen-
tal R? test where the incremental R? for a predictor variable
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equals the increase in the value of the model’s R* when the
predictor is the last variable added to the model (Cohen et al.
2003). For the incremental R? tests, we calculated the Cox
and Snell R? (Cox and Snell 1989) for each model using the
Rsq function from the gamlss package.

When fitting a smoothed nonparametric term, the effect
of the predictor variable on the response variable cannot
be interpreted using the coefficients. Instead, the influ-
ence of a predictor variable must be interpreted using the
whole smoothing function (Stasinopoulos et al. 2017). We
used the term.plot function in gamlss to plot the additive
smoothing fits to evaluate the influence of each predictor
on the probability of acoustic occurrence (p). The relative
direction of the curve for a predictor represents the effect
of the variable on p. The y-axis is unitless and we used
different scales for the y-axis to aid in the legibility of each
explanatory variable’s effect. Increasing trends represent
a positive effect of the explanatory variable on p, while
declining trends signify a negative effect.

Results
Acoustic detections

We scanned a total of 33,371 audio files recorded at the
A3 mooring site from 1 May to freeze-up in November and
December 2009—2018 (see Table 2 for freeze-up dates).
Humpback whales were the most commonly detected
species across the nine years of our study (2009—2018)
with 20% of all recordings containing humpback whale
calls. Fin whales were detected in 12% of all recordings,

Table2 Melt-out (sea ice concentration<80%) and freeze-up (sea
ice concentration > 80%) initiation dates along with the start and end
dates and length of the open-water period for the Chukchi Sea (see
boundaries of Chukchi Sea in Fig. 1)

Year Melt-out  Open- Open- Freeze-up Open-water
initiation ~ water start water end initiation  period
date date date date length

(days)

2009 21 May 3 Jul 14 Nov 28 Nov 134

2010 20 May 16 Jul 7 Nov 13 Dec 114

2011 18 May 25 Jun 16 Nov 2 Dec 144

2012 3Jun 22 Jul 29 Oct 25 Nov 99

2013 6Jun 10 Jul 12 Nov 17 Dec 125

2014 11 May 2 Jul 1 Dec 15 Dec 152

2015 13 May 22 Jun 17 Nov 7 Dec 148

2016 17 May 6 Jul 21 Nov 28 Dec 138

2017 2 May 23 Jun 22 Nov 2 Jan 152

2018 23 Apr 27 Jun 25 Nov 14 Dec 151
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and gray whales were detected in 7% of all recordings.
Detection of humpback and fin whale calls peaked in Octo-
ber whereas gray whale calls were detected throughout

, Humpback
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the open-water season at low levels with a peak in June—
August (Fig. 2).

We calculated the proportion of recordings with whale
calls for October through November for each year to
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during the open-water season for humpback whales (top plot), fin
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compare acoustic occurrence across the year
November were chosen since all years had

these two months (Fig. 2). The years 2009, 2017, and 2018
had the highest proportion of recordings with humpback
vocalizations with 66%, 75%, and 80% of the total record-
ings for October—November containing humpback whale
calls, respectively (Fig. 3). For fin whales, 2015, 2017, and

2018 had the highest proportion of recordings

vocalizations, with 77%, 75%, and 79% of the total record-
ings for October—November containing fin whale calls,
respectively. We observed the highest proportion of record-

ings with gray whale calls for October—Nov
(51%) followed by 2013 (46%; Fig. 3).

s. October and
recordings for

Migration timing

Gray whales had the earliest arrival dates of the three spe-
cies, with arrival dates ranging from 7 May to 12 June for the
years that had spring data available (2014—2016 and 2018;
Fig. 4a). Humpback whale calls were typically detected
starting in early June with arrival dates ranging from 8 June
to 25 July. Fin whales were first detected in late summer
with arrival dates ranging from 17 August to 13 September.

All three species typically began to depart the Bering
Strait region in late October according to our analysis of
the fall recordings (2009—2018, excluding 2016). Hump-
back whales were usually the first to leave the study area,
with departure dates starting in late October (mean depar-
ture date =8 November; Fig. 4b). Fin whales typically

with fin whale
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left the region in early to mid-November (mean depar-
ture date = 12 November), and gray whales were the last
to leave with departure dates ranging from mid to late
November (mean departure date =23 November; Fig. 4b).
Fin whales departed the Bering Strait 3 days later over
the study period (standard error= + 1 day, R*=0.59,
p=0.009; Fig. 4b) while humpback whales departed
2 days later (standard error = + 1 day, R%*=0.40, p=0.04;
Fig. 4b), and the trend for gray whales was non-significant.
Also, there were no significant correlations between the

departure dates for the three species and freeze-up dates
for the Chukchi Sea (all Pearson »<0.45, p>0.23). We
found significant positive relationships between depar-
ture dates for fin whales and seasonal mean near-bottom
temperatures for all four seasons (all Pearson > 0.8, all
p <0.02; Fig. 5). Humpback whale departure dates were
significantly correlated with seasonal mean near-bottom
temperatures for winter, spring, and fall (all Pearson
r>0.73). We also found significant positive correlations
between departure dates for fin and humpback whales
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Fig.5 Results from the Pearson correlation tests (#) and linear regres-
sion between departure days for fin whales (top plot) and humpback
whales (bottom plot) and seasonal mean sea-surface temperatures
(SST; NOAA Optimum Interpolation Sea Surface Temperature
[OISST] dataset; °C), and near-bottom temperatures (SBE-16 temper-

ature data; °C). Seasons were defined as follows: winter=21 Decem-
ber—20 March, spring=21 March—20 June, summer=21 June—20
September, and fall=21 September—20 December. See Online
Resource Table S2 for the linear equations. The asterisk indicates a
significant p-value
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Fig.6 Results of the Pearson correlation test (r) and linear regres-
sion between fin whale departure days and winter mean water speeds
(ADCP data; cm s™!). Winter was defined by the period 21 Decem-
ber—20 March. The asterisk indicates a significant p-value

and seasonal mean SST for all four seasons (all Pearson
r>0.77, all p<0.02; Fig. 5), except between fin whale
departure dates and summer SST (p =0.15). Departure
dates for fin whales were positively correlated to higher
water speeds in the previous winter (r=0.83, p=0.006;
Fig. 6). Gray whale departure dates had a positive sig-
nificant relationship to summer and fall mean SST (all
Pearson r>0.72, p <0.3; Fig. 7).

Modeling results

Six models were within 10 AICc units of the best model
for each species (Online Resource Table S3). Among these
models, day of the year (DOY), daily mean near-bottom tem-
peratures (‘SBE Temp’), SST, water speed, and the lagged
SST gradient (‘Lagged SST Gradient,” lagged by one month)
were included in all three species models (Table 3).

The probability (p) of observing fin whale calls increased
with DOY, peaking between early September (DOY 250)
and mid-November (~DOY 325; Fig. 8). The probability
of calling fin whales being present increased with increas-
ing near-bottom temperatures with a peak between 4 and
5 °C, and calling fin whales were more likely to be present
on days with SST ranging from 1 to 4 °C. Water speed was
the most important predictor for the fin whale model with a
15% decrease in R? when the variable was removed from the
model (Table 4). The probability of a calling fin whale being
present decreased with faster water speeds (>30 cm s™1).
The relationship between the probability of calling fin
whales being present and SST Gradient was negative, with
the probability decreasing as the SST Gradient increased. In
contrast, more recordings with fin whale calls occurred when
the SST Gradient was within 2—4 °C the previous month.

Like with fin whales, the probability of observing hump-
back whale calls increased with day of the year (DOY),
particularly between early September (DOY 250) and early
November (~DOY 305; Fig. 9). DOY was the most impor-
tant predictor for the humpback model, with a 12% decrease
in the R? value according to the incremental R? test (Table 4).
There was a bimodal relationship between near-bottom tem-
perature and humpback calls, with a peak between 0 and
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Fig.7 Results of the Pearson correlation test (r) and linear regres-
sion between gray whale departure days and summer (left plot) and
fall (right plot) mean sea-surface temperatures (SST). Summer was
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defined as the period between 21 June and 20 September and fall was
defined as 21 September—20 December. The asterisk indicates a sig-
nificant p-value
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Table 3 List of variables included in the best model for each species
(i.e., the model with lowest AICc score)

Variable Fin whales Humpback Gray whales
whales

pb(DOY) v v v
cs(SBE Temp) v v v
¢s(SBE Salt) v v
¢s(SST) v v v
cs(Water Speed) v v v
cs(Wind Speed) v v
¢s(SST Gradient) v v

cs(Lagged SST Gradi- v v v

ent)

A check mark (V') indicates that the variable was included in the
model. Smoothers are: cs=cubic spline, pb=penalized b-spline
smoothers. Variables in bold text were included in all three species’
models

2 °C and another between 4 and 5 °C. Calling humpback
whales were more likely to be present on days with warmer
SST (>2 °C). The probability of calling humpback whales
being present decreased with increasing near-bottom salinity
with a slight peak between 32 and 32.5 psu. Similar to fin

whales, humpback whale calls were less likely to be detected
on days with high winds and water speeds. The plot for SST
Gradient shows a mostly negative relationship between the
probability of calling humpbacks being present and the daily
maximum SST gradient, similar to fin whales. However, the
probability of a calling humpback being present increased
with lagged SST gradients between 2 and 4 °C, with greater
uncertainty towards higher gradients.

There were two best gray whale models according to
AICc (with equal R?), therefore we chose the model with
fewer predictors (Online Resource Table S3). The prob-
ability of a calling gray whale being present had a negative
relationship with DOY whereas it had a positive relation-
ship with increasing near-bottom temperatures (Fig. 10).
The relationship with SST was bimodal with a slight peak
in probability at~1 °C and another around 7 °C. The
probability of calling gray whales being present slightly
decreased with increasing near-bottom salinities with
higher probabilities around 31—32 psu (Fig. 10). Lagged
SST Gradient was included in the gray whale model with
a higher probability of calling gray whales being present
when the lagged SST gradient was low (0—1 °C). Call-
ing gray whales were more likely to be detected on days
with slower water and wind speeds (Fig. 10), though water
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Fig.8 Plots of the additive smoothing fits for the best fin whale
model with the smoothed functions for the daily probability of a
calling fin whale being present in relation to day of the year (DOY),
and environmental conditions. Daily means were used for the envi-
ronmental covariates, including near-bottom temperature, sea surface
temperatures (SST), and water speed. The ‘SST Gradient’ represents

SSTGradient (°C)

3 4 5 0 1 2 3 4 5
Lagged SSTGradient (°C)

the maximum difference in daily mean SST between grid cells within
a 30-km radius around the mooring site, which was then lagged by
one month (‘Lagged SST Gradient’). The lines indicate the effect
of the covariate on the probability and the gray areas represent the
standard errors for the effect of the smoothed term
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Table 4 Results of the incremental R test on the final models for each species

Fin whale final model R*>=0.51

Variable R? AR? % change
Water Speed 0.44 —0.08 15

DOY 0.44 -0.07 13

SBE Temp 0.49 —-0.03 6

Lagged SST Gradient 0.5 —-0.02 4
Humpback whale final model R?=0.60

Variable R? AR? % change
DOY 0.53 -0.07 12

Water Speed 0.57 -0.03 5

SBE Temp 0.58 —0.02 3

SST 0.58 —0.02 3

Wind Speed 0.58 —0.02 3

SBE Salt 0.59 —0.01 2

SST Gradient 0.59 —0.01 2

Lagged SST Gradient lagged 0.59 —0.01 2

Gray whale final model R*>=0.45

Variable R? AR? % change
Water speed 0.15 -03 67

DOY 0.44 —-0.01 2

SBE Temp 0.44 —0.01 2

SBE Salt 0.44 —-0.01 2

SST 0.44 —-0.01 2

Wind Speed 0.44 —0.01 2

Lagged SST Gradient 0.44 —-0.01 2

The R? value listed for each predictor variable is the R value for the full model with that variable removed. The AR? indicates the change in R
from that of the full model, and the percent (%) change indicates how much the full-model’s R? value changed with that variable removed. The
R? values were calculated using the Cox-Snell equation (Cox and Snell 1989)

speed was the far more important variable with a 67%
decrease in R? compared to a 2% decrease for wind speed
(Table 4).

Discussion
Acoustic presence

We found that the presence of fin and humpback whales
varied from year to year in the Bering Strait, similar to previ-
ous visual and acoustic studies (Sleptsov 1961; Clarke et al.
2013; Delarue et al. 2013; Woodgate et al. 2015; Melnikov
2019). Both fin and humpback whales had a pronounced
peak in their calls around late September to October which
likely corresponds with increased vocal activity amongst
males in association with the approaching breeding season
(Winn and Winn 1978; Tyack 1981; Watkins et al. 2000;
Darling and Bérubé 2001; Stafford et al. 2007). Additionally,
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feeding fin and humpback whales are commonly observed
in the southern Chukchi Sea during the late summer to early
fall months (August to October; Clarke et al. 2013; Brower
et al. 2018; Melnikov 2019). High zooplankton biomass
in the southern Chukchi Sea in late summer to early fall
(August to November; Tsujii et al. 2016) could also explain
the peaks in acoustic presence for both species during this
period (Fig. 2).

In comparison to fin and humpback whales, the acous-
tic presence of gray whales was relatively consistent across
the years, except for 2010 when gray whale calls were only
detected in 7% of recordings for October—November (com-
pared to 26—51% in other years). The year 2010 had the
second shortest open-water season (114 days) due to a long
melt-out period (Table 2), which could explain why gray
whale detections were relatively low. Also of note, Moore
et al. (2022) report that 2010 had the lowest number of
gray whale sightings in the south and northeast Chukchi
Sea during the 2009—2019 Aerial Surveys of Arctic Marine
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Fig.9 Plots of the additive smoothing fits for the best humpback
whale model with the smoothed functions for the daily probability
of a calling humpback whale being present in relation to day of the
year (DOY) and environmental conditions. Daily means were used
for the environmental covariates, including near-bottom tempera-
ture and salinity, sea-surface temperatures (SST), water speed, and

Mammals (ASAMM) project. Unlike fin and humpback
whales, the pattern in the acoustic occurrence of gray whales
during the open-water season was more pulsed. In years with
both spring and fall recordings (2013—2015, 2018), there
is a clear spring peak in recordings with gray whale calls
(~June—July) and a clear fall peak (~November; Online
Resource Fig. S1). This pattern likely reflects the migration
of gray whales in and out of the study area given that the
most common gray whale call we saw, the ‘M3’ call, has
been associated with migration (Crane and Lashkari 1996;
Guazzo et al. 2017).

Migration timing

Gray whales were the first of the three species to arrive in
the study area (calls detected starting in early May), which
aligns well with observations by Urban et al. (2021) of
tagged gray whales arriving in the Chirikov Basin in May, as

Lagged SSTGradient (°C)

wind speed. The ‘SST Gradient’ represents the maximum difference
in daily mean SST between grid cells within a 30-km radius around
the mooring site, which was then lagged by one month (‘Lagged SST
Gradient’). The lines indicate the effect of the covariate on the prob-
ability and the gray areas represent the standard errors for the effect
of the smoothed term

well as historical eyewitness accounts of gray whales enter-
ing the Bering Strait as early as late April (Sleptsov 1961).
Humpback whales were the second species detected at our
mooring site with the earliest humpback whale vocaliza-
tions recorded at the start of June. Fin whales were the last
to arrive at the Bering Strait with the earliest fin whale calls
detected in July. While observations of fin and humpback
whales north of the Bering Strait in the spring months are
lacking, land-based surveys conducted along the Chukotka
Peninsula have observed humpback whales in the Gulf of
Anadyr as early as the end of April (Melnikov 2019). By
June, small pods of humpback whales can be seen along
the east coast of the Chukotka Peninsula, including the Ber-
ing Strait area (Melnikov 2019). Soviet whalers regularly
observed fin whales in the Chukchi Sea starting in mid-June
in the mid-twentieth century (Nikulin 1946). More contem-
porary observations indicate that fin whales are typically in
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Fig. 10 Plots of the additive smoothing fits for the best gray whale
model with the smoothed functions for the daily probability of a call-
ing gray whale being present in relation to day of the year (DOY),
and environmental conditions. Daily means were used for the envi-
ronmental covariates including near-bottom temperature and salin-
ity, sea-surface temperatures (SST), water speed, and wind speed.

the Chukchi Sea region by July (Clarke et al. 2013; Delarue
et al. 2013).

Historical observations for the Chukchi Sea indicate
that all three species typically departed the Chukchi Sea in
October with gray whales sometimes leaving in November
(Nikulin 1946; Berzin 1984; Sleptsov 1961) although the
accuracy of these historical observations was restricted by
sea ice, weather, and reduced daylight. In the present study,
fin whale departure dates for 2009—2017 ranged from the
end of October to mid-November, however in 2018, fin
whale calls were detected well into early December (depar-
ture date =3 December 2018). Humpback whales similarly
were last detected in the study region in late October and
early November, with the latest departure date on 28 Novem-
ber 2018. Gray whales were typically the last to leave the
study area with departure dates ranging from mid-Novem-
ber to early December (latest departure date =4 December
2018). The departure dates for gray whales calculated here
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The ‘Lagged SST Gradient’ represents the maximum difference in
daily mean SST between grid cells within a 30-km radius around the
mooring site lagged by one month. The lines indicate the effect of the
covariate on the probability and the gray areas represent the standard
errors for the effect of the smoothed term

are 1—2 months later than those observed by Moore et al.
(2022) using acoustic data recorded at a point ~ 78 km south-
west of Point Hope in the Chukchi Sea (~179 km north of
our mooring site). The difference in departure dates could
be due to the gradual movement of gray whales southward
during their fall migration. Additionally, fewer gray whale
calls were recorded at the Point Hope location in 2018 than
in 2012—2017 (Moore et al. 2022), whereas 2018 was a
good year for gray whale detections at the A3 mooring site
(Online Resource Fig. S1). Possible explanations for this
discrepancy include the limited spatial coverage of hydro-
phones in the Chukchi Sea and/or imperfect detection asso-
ciated with acoustic data (Moore et al. 2022). Whales must
vocalize to be detected using passive acoustics, and it is pos-
sible that calling gray whales could have been out of range of
either hydrophone during the fall migration period.

Fin whales left the study region an average of 3 days
later each year and humpback whales departed an average



Polar Biology

of 2 days later. Gray whales departed the study region
around the same time each year, except for 2018 which had
a departure date in early December (4 December 2018).
We did not find a significant correlation between the
departure dates and sea ice freeze-up dates (when sea-ice
concentration > 80%). Instead, the departure of fin, hump-
back, and gray whales from the study region appears to
be influenced by water temperature. Note that fin whale
departure dates were also significantly correlated with
mean water speeds from the previous winter. Examination
of the plots of departure dates as a function of water tem-
perature (Figs. 5 and 7) show that the significant correla-
tions are likely driven by 2017 and 2018 which had abnor-
mally high water temperatures throughout the year and
high water speeds in winter (See the Online Resources for
a discussion of the environmental conditions observed at
the A3 site). Strong northward water speeds coupled with
warmer temperatures in summer and fall 2017 delayed
sea ice formation in the Chukchi Sea (Wang et al. 2021),
allowing whales to stay for longer in the region that fall.
Similarly, strong water speeds along with warmer tempera-
tures during the winter of 2017—2018 likely prevented sea
ice from forming as far south as in previous years, reduc-
ing total sea-ice extent for the region, and allowing whales
to remain in the Chukchi Sea for longer in fall 2018.

Tsujii et al. (2016) found that the departure of fin whales
from the southern Chukchi Sea corresponded to a decrease
in water temperatures and salinities, implying that changes
in temperature may trigger the southward migration of fin
whales. It is possible, then, that the lack of such a cold-
water signal in 2017 and 2018 in the Chukchi Sea resulted
in later departure dates for fin whales. However, whether
the connection between fin whale departure dates and tem-
perature is determined by thermal tolerances, decreased
feeding opportunities in the fall, or other environmental
conditions associated with temperature is unclear. Given
that fin whales were regularly observed swimming close
to sea ice in the Pacific Arctic in the past (Sleptsov 1961),
it is likely that other changes in the environment related to
warmer temperatures affected the whales’ migration tim-
ing rather than any physiological limitations.

Instead, warmer temperatures could extend the ice-
free period in areas where subarctic whales feed in the
fall. Both the Bering and Chukchi shelves have experi-
enced rapid warming over the past decade, which in turn,
has affected ice patterns in the region. Danielson et al.
(2020) found that the warming rate for the Chukchi Sea
tripled from 0.14 +0.07 °C decade™' to 0.43 +0.35 °C
decade™! from 1990 to 2018. Warmer ocean temperatures
impact the formation of sea ice in winter and the reten-
tion of sea ice in spring (Serreze et al. 2019; Kodaira
et al. 2020), leading to unprecedented low winter and
spring ice cover in the Pacific Arctic (Danielson et al.

2020). The Bering Strait inflow has also warmed over
1990—2018 (0.05+0.02 °C year™!) with longer dura-
tions of the warm-water period (from 5.5 months in the
1990s to > 7 months in 2017) on account of earlier warm-
ing (1.3 +£0.7 days year™!; Woodgate 2018; Woodgate and
Peralta-Ferriz 2021). Warmer seasonal temperatures are
extending the ice-free period in the Chukchi Sea, poten-
tially allowing whales to delay their southward migration.

Alternatively, and perhaps concurrently, warmer condi-
tions throughout the Pacific could mean reduced quality
and quantity of prey for fin and humpback whales (Arim-
itsu et al. 2021). The occurrence of an unusual mortality
event (UME) for fin whales in 2015 following a heatwave in
the North Pacific (2014—2016) suggests that warmer condi-
tions are leading to poorer feeding conditions elsewhere in
their range, leading to starvation (Savage 2017). Humpback
whales in the Hawaii Distinct Population Segment exhibited
declines in reproductive rates between 2013 and 2018, possi-
bly in connection to the North Pacific heatwave (Cartwright
et al. 2019). Therefore, both species may be staying longer
in the Chukchi Sea to acquire greater fat reserves before
migrating south.

Environmental influence on whale presence

The importance of day of the year (DOY) in the fin and
humpback models suggests that time of the year is highly
influential in determining the probability of a calling whale
being present for both species. Peaks in fall detections coin-
cide with increased vocalization rates amongst male fin
and humpback whales (Stafford et al. 2007; Kowarski et al.
2019), as well as the timing of the fall outmigration (Slept-
sov 1961; Melnikov et al. 2019). In contrast, DOY had low
importance in the gray whale model, suggesting that time of
the year has little effect on the probability of a calling gray
whale being present during the open-water season. Gray
whales have low vocalization rates (0.74 calls hr‘l; Cum-
mings et al. 1968), which likely contributed to low rates of
detection throughout the open-water season.

Near-bottom temperature was included in all three spe-
cies’ models, while near-bottom salinity was only included
in the humpback and gray whale models. The range of near-
bottom water temperatures and salinities identified by mod-
els as contributing to higher probability of calling whales
align with typical temperatures and salinities observed at
A3 during the open water season (Woodgate 2018; Online
Resource Fig. S4). Similarly, the range of SST that had
the highest probabilities of a calling fin whale being pre-
sent match the range of fall mean SST at the mooring site
(Woodgate 2018; Online Resource Fig. S4a). Therefore, it
is unclear if the models identified preferred temperature and
salinity ranges for whales, or simply reflect seasonal condi-
tions at the mooring site. The effect of SST on the acoustic
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occurrence of humpback and gray whales exhibited diver-
gent patterns, likely due to the difference in detection densi-
ties for the two species. Unlike fin whales who were mostly
detected in fall, humpback whales were detected through-
out the summer when SST are higher on average (Online
Resource Fig. S4a). Therefore, the probability of calling
humpback whales being present increased with increasing
SST. The effect of SST on gray whale acoustic occurrence
had a somewhat bimodal shape (Fig. 10). The first peak
associated with colder SST could reflect the increase in gray
whale detections in spring when colder temperatures pre-
vail (Woodgate 2018; Online Resource Fig. S4a), while the
second peak was likely driven by warmer SST in summer.
Additionally, 2017 and 2018 had high SST throughout the
open-water period (Online Resource Fig. S4a) and higher
abundances of recordings with whale calls (Fig. 3), likely
driving the relationship between water temperature and the
presence of calling whales.

Along with day of the year, water speed was among the
most important variables with calling whales more likely to
be present at the mooring site when water speeds were low
to moderate (<20 cm s™!). The most likely explanation is
that instrument strumming noise caused by water flowing
past the mooring could have obscured calls in the spectro-
grams (Online Resource Fig. S2), leading to lower detection
rates when water speeds were high. Though we scanned the
spectrograms to identify calls rather than using an automated
detector, missed detections are a factor when recording in
the Bering Strait due to the presence of strong northward
currents throughout the open-water season (Woodgate et al.
2005; Woodgate 2018). Also, singing fin and humpback
whales are known to swim more slowly than non-singing
whales (Frankel et al. 1995; McDonald et al. 1995; Soule
and Wilcock 2013; Varga et al. 2018; Clark et al. 2019;
Guazzo et al. 2021), therefore whales may choose to cease
vocalizing when water speeds are strong to conserve energy.

Whale acoustic presence was also impacted by wind
speeds according to the humpback and gray models, with
low to moderate wind speeds (<10 m s~") more favorable
for detection of calls. Wind and water speeds in the Ber-
ing Strait are highly correlated, with faster flow speeds
caused by stronger wind speeds, although the relation-
ship is asymmetric due to the background northward flow
at zero wind (Woodgate et al. 2005). It is no surprise then
that slower wind speeds increased the probability of detec-
tion. Also, most days during the study period had wind
speeds < 10 m s™!, indicating that low wind speeds are more
common in the strait during the open-water season.

The presence of calling fin and humpback whales had
a negative relationship with the presence and strength of a
front near the A3 mooring site (indicated by the SST gra-
dient) on the day that the whale calls were detected. This
result was likely driven by the lack of strong fronts during
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the fall season when most fin and humpback whale calls
were detected (Online Resource Figs. S8—S9). The pres-
ence and strength of a thermal front in the previous month
(‘Lagged SST Gradient’) was included in all three species’
models, though the relationship between the gradient and
the probability of a calling whale being present varied for
the three species. A stronger gradient the previous month
resulted in a higher probability of calling fin and humpback
whales being present. Though its intensity and presence
changes over the season, a front reliably forms off the coast
of Point Hope, Alaska, (~ 179 km north of A3) at the bound-
ary of the Alaskan Coastal Current, and fin, humpback, and
gray whales are often seen feeding there (Bluhm et al. 2007;
Clarke et al. 2013, 2016; Brower et al. 2018; Moore et al.
2022). The location and intensity of fronts created by water
masses in the Chukchi Sea are likely important habitat fea-
tures that drive patterns in subarctic baleen whale occur-
rence, and should be explored in future research.

Conclusions

Our goal for this study was to better understand the connec-
tion between the presence of subarctic whales and environ-
mental factors in the Pacific Arctic. Though the occurrence
and abundance of the three species seems to vary year to
year, as estimated by their vocal activity, all three species
regularly travel through the Bering Strait and thus, are an
important part of the Chukchi Sea ecosystem during the
open-water period. More research is needed to see if the
trends of later departure dates continue for fin and humpback
whales as the Pacific Arctic continues to change.

Our study was conducted over a period of intense warm-
ing for the Arctic; the ten warmest years on record for the
entire Arctic all occurred after 2011 (Ballinger et al. 2022).
From 2014 to 2018, the Pacific Arctic experienced increas-
ingly warmer temperatures with increased heat flux into the
Bering and Chukchi seas (Danielson et al. 2020) which coin-
cided with a strong El Nifio event and heatwave in the North
Pacific in 2015—2016 (Joh and Di Lorenzo 2017). Despite
warmer conditions, portions of the northern Bering Sea still
had spring sea ice prior to 2018 (Stabeno and Bell 2019),
allowing for the formation of both an ice-edge bloom and an
open-water bloom in the Bering Strait (Kikuchi et al. 2020).
However, that all changed with the winter of 2017—2018
which had the lowest sea-ice extent on record in the northern
Bering Sea (Stabeno and Bell 2019). Reduced ice cover in
winter 2018 led to a contraction in the areal extent of the
ice-edge bloom and delayed the open-water bloom (Duffy-
Anderson et al. 2019; Kikuchi et al. 2020), which likely had
cascading impacts on the food web. The loss of springtime
ice in 2018 followed by another ice-free spring in 2019
added further evidence that a hypothesized regime change
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is underway in the Pacific Arctic (Huntington et al. 2020;
Ballinger and Overland 2022). Whether the changes in sea
ice and warmer temperatures will lead to better conditions
for subarctic baleen whales in this region, however, remains
to be seen (Moore and Huntington 2008; Moore 2016). Our
results suggest that subarctic baleen whales are already mod-
ifying their behavior in response to changes in the Pacific
Arctic and are delaying their fall migrations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00300-024-03314-0.
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