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ABSTRACT

Fin whalez (Baloenoptera physalus) are common summer visitors to the Pacific Arctic, migrating through the
Bering Strait and into the zouthern Chukechi Sea to feed on seazonally-abundant prey. The abundance and dis-
mibution of fin whales in the Chulkchi Sea varies from year-to-year, possibly reflecting fluctuating environmental
conditionz. We hypothesized that fin whale callz were most likely to be detected in years and at sites where
productive water masses were prezent, indicated by low temperatures and high zalinities, and where srong
narthward water and wind velocities, resulting in increased prey advection, were prevalent. Using acoustic re-
cordings from three moored hydrophonesz in the Bering Strait region from 20092015, we identified fin whale
callz during the open-water season (July-MNovember) and investigated potential environmental drivers of
interanmual variability in fin whale prezence. We examined near-surface and near-bottom temperatores (T) and
zalinities (5], wind and water wvelocities through the strait, water mass prezence as estimated vzing published T/5
boundariez, and zatellite-derived sea surface temperatures and zea-ice concentrations. Qur results show signif-
icant interannual variability in the acoustic presence of fin whalez with the greatest detectionz of calls in years
with contrasting environmental conditions (2012 and 2015). Colder temperatures, lower salinities, slower water
wvelocities, and weak southward winds prevailed in 2012 while warmer temperatures, higher salinities, faster
water velocities, and moderate sowthward winds prevailed in 2015. Most detections (96%) were recorded at the
moornng site nearest the confluence of the nutrient-rich Anadyr and Bering Shelf water masses, ~35 km north of
Bering Strait, indicating that productive water masses may influence the occurrence of fin whales. The disparity
in environmental conditions between 2012 and 2015 suggests there may be multiple combinations of environ-
mental factors or other unexamined variables that draw fin whales into the Pacific Aretie.

1. Introduction

range expansions of temperate and subarchie species into the Arctic
(Root et al., 2003; Wassmann «t al., 2011; Laidre and Heide-Jergensen,

The Arctic has undergone unprecedented environmental shifts az a
result of elimate warming (Fost t al., 2019). Prominent among these
shifte is the loss of sea-ice cover during the summer (Comizo et al., 2008;
Cavalieri and Parkinson, 201 2; Vaughan et al , 2013; Wood et al, 201 5a,
b; Walsh et al, 2017) along with earlier melting in the spring and
delayed onset of freezing in the fall (Markos =t al.| 2009; Stroeve et al |
2014; Frey et al., 2015; Stabeno et al, 2019; Baker =t al., this issuc).
Environmental shifte as a result of climate change are especially evident
in the Chukehi Sea where annual sea-ice cover has declined by ~13 days
each decade from 1979 to 2013 (Laidre =t al, 2015), extending the
open-water scapon (Grebmeler ot al |, 2010; Stroeve et al, 2014; Wood
etal, 2015b; Woodgate, 201 2). Declining sea iee is expected to result in
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2012; Woodgate =t al | 20]15). Subarctic cetaceans, such as fin whales
(Balaenoptera physaluz), are thought to be expanding their range and
residence time in the Chukehi Sea (Woodgate et al., 201 5), which could
lead to inereased competition with Arctic cetaceans (Clarke =t al | 201 3],

Fin whales are a cosmopolitan mysticete whose range extends
through most of the world's oceans (Mizroch =t al | 19284). Though their
exact migration patterns are unclear, fin whales are thought to breed in
lower latitudes during winter and migrate to high-latitude areas, such as
the Bering and Chukehi seas, in summer to fred on seasonally abundant
prey (Mizroch et al | 1984, 2009). Fin whale diets vary seasonally and
spatially across the Morth Pacific, but typically include euphausiids and
forage fich specice (Pike, 1950; Nemoto, 1959; Nemoto and Kasuya,
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1965; Mizroch et al, 1984; Flinn «t al, 2002, Witteveen and Wynne,
2016). Fin whales are generally thought to avoid sea ice, though they
have been obeerved swimming along the ice edge in the Arctic (Slepizov,
1961; Mizroch et al., 1984).

Fin whales produce low frequency signals (<100 Hz), with high in-
tensities (source levels up to 189 dB re 1 pPa at 1m) and short durations
(<1 = Watking, 1981; Watline et al | 1987; Sirovié et al, 2007). The
most commonly doecumented call is a chort (~1 &) down-sweep generally
starting around 25 Hz and ending at 15 Hz with peak energy centered
near 20 He (Watkine, 1981; Watkins et al., 1987). The fin whale “20-Hz
pulze” can occur In regular sequences, forming a stereotyped song that
lasts from <1 h to ~33 h (Watkins =t al., 1987). Such sequences are
believed to be produced by males as a mating dizplay starting in the fall
and lasting through spring (Watkins et al, 2000; Croll =t al, 2002;
Stafford et al., 2007). Fin whales aleo produce 20-Hz and higher fre-
quency pulses in short, irregular sequences that may serve as contact
calle (Watkins, 1981; McDonald =t al, 1995; Edds-Walton, 1997),
eepecially during the summer months (Sirovic et al., 20713).

Historical records dating back to the early 20th century suggest fin
whales commonly oceurred in the southwest Chukchi Sea during the
summer [ Mizroch et al | 2009). Soviet and Japanese whaling expeditions
n the 1930-1940s captured fin whales az far west as Cape Schmadt
(68°55 18.3"N 179" 27 42.7"W), and as far north az the central Chukehi
Sea (60°04'N, 171°06'W) and Wrangel leland (Tomilin, 1957; Memoto,
1959; Sleptsow, 1961; Mizroch et al., 2009, Fiz. 1). Fin whales were
observed in the Chukehi Sea as early as June (Mikulin, 1946) and stayed
in the area until October (Nikulin, 1946; Nasu, 1960; Votrogov and
Ivashin, 1980). Slepteowv (1961) deseribes fin whales as ‘one of the
mumerous baleen whales that inhabit the Chukehi Sea’ and reported
secing hundreds of fin whales in the span of six daye between the Bering
Strait and Cape Serdtse-Famen in September 1939, By the mid-20th
century, intense whaling in the Morth Pacific had taken a toll cn fin
whale populations and fin whales were rarely seen in the Chukehi Sea
Only a few sightings of fin whales were recorded between 1958 and
1981 (MNasu, 1960; Votrogov and Ivashin, 1920). More recent visual and
acoustic obeervations of fin whales chart their presence In portions of
the northeastern Chukehi Sea (Delarue =t al, 2013), southcentral
Chukehi Sea (Clarke =t al , 2015; Brower et al., 201 8), and the southern
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Chulkchi Sea north of the Bening Strait (Teujiz =t al | 2016).

We hypothesize that observed spatial vanability in fin whale pres-
ence may be connected to environmental variability in the study region
In addition to the seazonal cvele of sea ice, the Chukehi Sea 1= charae-
terized by the presence of distinet water masses defined by differences in
temperature and salinity which vary from year to year (Coachman et al |
1975). The water masses in the Chukchi Sea have varying levels of nu-
trients and chlorophyll-a (chl-a), leading to distinet phytoplankiton and
zooplankton commumities (Hoperoft et al | 2010; Eizner =t al., 2013;
Pisareva et al, 2015; Danielzon et al, 2017; Sigler et al, 2017). Large,
chain-forming diatoms are found in areas with high chl-a concentra-
tions, such as the productive Anadyr Water (AW) in the western Chukeha
Sea, whereas smaller phytoflagellates occur in low-nutrient areas, such
az the less productive Alaskan Coastal Water (ACW) in the eastern
Chukehi Sea (Springer and McRoy, 1993; Eizner «t al., 201 3; Daniclzon
et al, 2017). Consequently, large copepods and other zooplankton
groups are found in the AW while smaller copepods are ubiquitous in the
ACW zooplankton commumity (Eizner et al., 2013; Sigler et al, 20017). It
might be therefore expected that fin whales would occupy areas where
the AW, or similarly productive water masses, dominate.

The Chukchi Sea 1z a laghly advechve ecosystem that 15 heavily
influenced by the inflow of Pacific Water which enters through the
Bering Strant (Woodgate =t al | 2005a, Fig. 1) Advechon from the
northern Bering Sea provides the main source of zooplankton for the
Chukechi Sea and i1z an important factor in determining zooplankton
biomass and secondary production (Weingariner, 1997; Eitamura et al |
2017). High northward water velocities through the strait likely trans-
late to increased advection of Pacific-origin prey into the Chukehi Sea
Therefore, we hypothesize that years with high detections of fin whale
calle will have high northward (along-channel) water velocities.

The Bering Strait 1z divided into two channels by the Diomede Islands
roughly mid-strait (Fig. 1). The western channel of Bering Strait is
comparatively cold and zalty due to the prevalence of the AW, while the
eastern channel tends to be warmer amd fresher due to the presence of
the ACW (Coachman et al, 1975; Woodgate et al , 2005b, 2015). The
cold and salty Bering Shelf Water (BSW) passes through the central strait
(Coachman et al, 1975; Woodgate et al., 2005b). Vanability in wind
strength and direction can influence the posibion of these water masses

Fig. 1. Map of the study region with typical anomal
mean flow pattemnz of the three dominant water
mazses in the Bering Soait region and 20-m bathy-
metric contours (International Bathymetry Chart of
the Arctic Ocean [IBCAQ], v. 3; Jakobsson er al,
2012). Positions of the three moorings along with the
boundariez of the study area polygon uzed in the zea
ice concentration analysiz are also dizplayed. Inset
map shows estimated call detection range buffers
around each mooring (10 and 20 km). Note that the
Alazkan Cioastal Water iz only present seazonally.
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and overall transport in the strait. Strong along-channel (northward)
winds through Bering Strait may push the less productive surface ACW
against the Alaskan coast via Ekman transport, allowing the more pro-
ductive AW to shift east and replace it in the surface waters (Woodgate,
2018). Similarly, southward winds spread the ACW westwards across
the surface of the strait and draw AW to the east at depth (Woodgate
et al., 2015). Thus, wind changes could affect feeding opportunities for
fin whales at different depths across the strait. Northward winds are
linked to northward flow through the strait (Woodgate et al., 2005a),
which leads to higher advection of prey into the Chukchi Sea, in general.
Therefore, we hypothesize that fin whale occurrence may be related to
northward wind velocity through the strait.

Given that the Bering Strait is the only gateway from the Pacific
Ocean into the Chukchi Sea (Fig. 1), the region is an ideal study area for
recording the occurrence of migrating fin whales. In this paper, we
investigate whether fin whales exhibited any interannual variation in
their acoustic presence during the open-water season (July November)
from 2009 2015 and explore correlations between the acoustic presence
of fin whales and environmental variation in the Bering Strait region. We
hypothesize that high levels of fin whale calls occur in the years when
and at the mooring sites where the highly productive AW and BSW are
prevalent, when/where there are higher northward water velocities
(and thus primarily northward winds) through the strait, and in years
when sea ice forms later in the fall, allowing fin whales to remain in the
Chukchi Sea longer into the season.

2. Methods
2.1. Acoustic data

Acoustic data were collected from three AURAL-M2 hydrophones
(Autonomous Underwater Recorder for Acoustic Listening-Model 2,
Multi-Electronique, Inc.; sensitivity of 154 dB re 1 V/ Pa and 16-bit
resolution) attached to oceanographic moorings positioned within the
eastern channel of the Bering Strait (A2 in the center of the eastern
channel, and A4 in the Alaskan Coastal Current (ACC) on the east side of
the channel), and a central strait location ~35 km north of the strait in
the southern Chukchi Sea (A3; Fig. 1). Hydrophones were first installed
on the moorings in September 2009 and recorded through 2015. Each
hydrophone was positioned 4 8 m above the seafloor and sampled at
8192 Hz or 16384 Hz with various hourly duty cycles and recording start
dates (Table 1). We assume that calls recorded during the hydrophones
duty cycle are representative of fin whale acoustic activity for the entire
hour in which the calls were recorded.

We quantified fin whale calling activity as the number of hours per

Table 1
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day with fin whale calls present, hereafter referred to as ‘fin whale
hours (FWH). Note that since we were only able to detect calling
whales, we could not assume the absence of fin whales during any hour,
nor could we estimate the abundance of fin whales using call abundance
alone. The term ‘recording years refers to years that each hydrophone
actively recorded data. Analysis of the recordings was restricted to the
recording start date (typically July) until the end of November, called
here as the ‘recording period. Given the shallow depth of the study area,
it is likely that all calls from individuals within 10 20 km of the hy-
drophones were recorded (Woodgate et al., 2015). If we use the con-
servative call detection range of 10 km, the hydrophones cover a total of
892 km?, or ~3% of the study area (Fig. 1). Hydrophones at A2 and A4
cover ~64% of the eastern channel area (~900 kmz), while the width of
the A3 10-km call detection buffer covers ~10% of the across-strait
distance at its latitude north of the strait.

We identified hours with fin whale 20-Hz pulses using the spectro-
gram correlation tool implemented in Ishmael (2014 version; Mellinger
and Clark, 2000; Mellinger, 2002). Detector parameters included a
threshold of 10 to reduce the number of false detections and a smoothing
time constant of 0.3 s. Each hour identified by the detector was then
manually verified to contain fin whale calls by inspecting the spectro-
gram in Ishmael (FFT 4096, Hanning window, spectrogram equalization
enabled with a time constant of 30 s) and eliminating any false positives
from the dataset. The hours before and after a true positive FWH were
examined to capture any hours with calls that were not picked up by the
detector, adding a total of 269 FWH to our detections (~11% of the total
number of FWH for all three sites).

To investigate spatial and temporal patterns in the presence of fin
whales, we compared FWH between years and sites using a nonpara-
metric two-sample Wilcoxon rank-sum test under the null hypothesis of
equal distributions. Since all hydrophones recorded in October, we
restricted our interannual comparisons of FWH within each mooring site
and between the three sites to October only to avoid issues with unequal
recording period lengths. We also compared the date of departure of
calling fin whales from the study region by calculating the 95% quantile
of the cumulative distribution of days with fin whale calls starting on 1
October of each year, following the procedure of Hauser et al. (2017).
We used a significance threshold of 0.05 for all statistical tests and
assumed independence between daily values.

2.2. Environmental data collection

Six environmental variables were recorded in-situ by other sensors on
the same moorings, including: near-bottom temperature and salinity
(40 55 m depth) measured by Sea-Bird (SBE) SBE16 and SBE37 sensors;

Recording settings and positions of the three hydrophones. Dates are in the format ‘mm/dd/yyyy.

Mooring Year Latitude N Latitude Record Start Date Record End Date Sampling Rate (Hz) Hourly Duty Cycle
w
A2 2009 65.80 168.80 9/1/2009 1/16/2010 16384 12 min
2010 65.80 168.80 8/11/2010 12/8/2010 16384 15 min
2012 65.80 168.80 9/1/2012 5/15/2013 16384 10 min
2013 65.78 168.57 7/15/2013 7/1/2014 8192 20 min
2014 65.78 168.57 7/10/2014 7/4/2015 8192 20 min
2015 65.78 168.57 7/5/2015 7/8/2016 8192 20 min
A3 2009 66.33 168.97 9/1/2009 3/3/2010 16384 12 min
2010 66.33 168.97 8/11/2010 2/19/2011 16384 15 min
2011 66.33 168.97 10/1/2011 5/25/2012 8192 10 min
2012 66.33 168.97 9/1/2012 5/17/2013 16384 10 min
2013 66.33 168.97 7/15/2013 7/2/202014 8192 20 min
2014 66.33 168.97 7/10/2014 7/2/2015 8192 20 min
2015 66.33 168.97 7/5/2015 7/8/2016 8192 20 min
A4 2012 65.75 168.37 9/1/2012 6/24/2013 16384 10 min
2013 65.75 168.26 7/15/2013 7/2/2014 8192 20 min
2014 65.75 168.25 7/10/2014 7/2/2015 8192 20 min
2015 65.75 168.25 7/5/2015 7/8/2016 8192 20 min
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near-surface temperature and salinity (14 19 m depth) measured by the
ISCAT system developed at the University of Washington (e.g. Woodgate
et al., 2015), which includes a SBE37 temperature-salinity-pressure
sensor in an ice-resistant housing; and water velocity (cm s 1y and di-
rection ( ) measured by Teledyne s Workhorse Acoustic Doppler Current
Profilers (ADCPs). The ADCPs measured water velocity in 2-m bins from
~15 m to ~45 m depth (see Supplemental Tables S1 S3 for instrument
depths). For simplicity, we used only data from the ADCP bin closest to
~30 m depth. Note that henceforth the term ‘near-surface refers to
measurements taken by the ISCATs and ‘near-bottom refers to those
taken by the SBEs. Some ISCAT recorders were lost/stopped recording
before the 30 November cut-off date (see Woodgate et al., 2015 and
Supplemental Tables S1 S3 for data gaps along with other mooring
sensor information). Note that the ISCAT for A3 stopped recording in
August 2014, 45 days after deployment, thus near-surface temperature
and salinity data are not available for fall 2014.

In addition to the in-situ data, we examined northward wind velocity,
and satellite-derived sea surface temperatures (SST) and sea-ice con-
centrations. Wind velocity data were obtained from the National Center
for Environmental Prediction (NCEP) R1 dataset, with a spatial resolu-
tion at the Bering Strait of 2.5 . We used the National Oceanic and At-
mospheric Administration s (NOAA) Optimum Interpolation satellite
sea surface temperature (OISST) gridded product with a 0.25 resolution
(https://www.esrl.noaa.gov/psd/; Reynolds et al., 2007). Daily mean
SSTs were extracted from the cell containing each mooring s position.

For sea-ice concentrations, we sought datasets with the highest res-
olution available. We required data from different passive microwave
sea-ice satellites to cover the entire duration of the study. For years 2009
and 2010, we used Advanced Microwave Scanning Radiometer Earth
Observing System (AMSR-E) sea-ice concentration data with a resolu-
tion of 6.25 km from the Integrated Climate Date Center (ICDC, icdc.cen.
uni-hamburg.de; Kaleschke et al., 2001; Spreen et al., 2008). The
AMSR-E satellite failed in early October 2011, consequently for 2011
and 2012 we used data from the Special Scanning Microwave/Imager
(SSM/1) with a spatial resolution of 25 km (Cavalieri, 1996). High res-
olution Advanced Microwave Scanning Radiometer 2 (AMSR-2) data
with a grid resolution of 6.25 km were used for 2013 2015 (Beitsch
et al., 2014; Kaleschke and Tian-Kunze, 2016).

We derived daily mean sea-ice concentration for the area of
the Chukchi Sea as defined by the International Hydrographic Organi-
zation (IHO; http://www.marineregions.org/gazetteer.php?p details
&id 4257), and for a custom study area polygon (Fig. 1). The study
area polygon was defined by the bounds set by Cape Serdtse-Kamen,
Russian Federation, in the northwest; Nunyamo, Russian Federation,
to the southwest; York, Alaska, USA, on the Seward Peninsula to the
southeast; and Cape Espenberg, Alaska, USA, to the northwest (Fig. 1).
We determined the study area polygon by estimating where sea ice, if
present, could potentially create a migration barrier for fin whales. All
satellite-derived data were visualized in ArcMap (v. 10.1) using the WGS
1984 datum and projected in a custom polar stereographic projection
with a central meridian of 171 W.

2.2.1. Environmental data analysis

To ensure consistency when comparing the environmental data over
time, we calculated summary statistics for October data since there were
no data gaps in the in-situ temperature and salinity data in this month
(except for a gap in the near-surface data for 2014 at A3). For the ADCP
data, we elected to compare the monthly mean northward water ve-
locities for June to November to capture the summertime peak in
transport through the Bering Strait (Woodgate et al., 2005b). We
investigated correlations between days with fin whale calls present (i.e.
FWH 0) and select individual environmental variables using
non-parametric Kendall s rank correlation tests. The Kendall s rank co-
efficient, tau ( ), indicates the direction of association ( 1 1) and
the resulting p-value indicates presence of a statistically significant
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correlation under the null hypothesis of non-correlation between the
samples.

We tested for interactions between fin whale presence and along-
channel (northward) wind patterns within the Bering Strait by
comparing the daily mean northward wind velocity on days when the
number of FWH reached above a certain threshold ( 1h, 6h, 12h,
and 18 h) and days without any FWH. We calculated summary sta-
tistics for northward wind velocities in October only, including an
overall mean along-channel wind velocity as well as mean wind velocity
for days with no FWHs and days with FWHs above a threshold (see
categories above). We then compared the overall October mean along-
channel wind velocity to the mean wind velocities for days with and
without FWHs using a Wilcoxon rank sum test.

For the sea ice analysis, we calculated the melt-out and freeze-up
dates as the day of the year when the sea ice concentration within the
study area decreased/increased below/above 80%, respectively,
following Markus et al. (2009) and Stroeve et al. (2014). We defined an
area as ‘ice-free if the mean sea ice concentration was 15%, a
threshold commonly used to indicate the presence of sea ice (Serreze
et al., 2009, 2016; Stroeve et al., 2012). We calculated the melt period
length using the number of days between the initiation of melting
( 80% concentration) and when the study area was ice-free ( 15%
concentration). For the freeze-up period length, we calculated the
number of days between the first day sea ice concentration reached

15% and the first day the sea ice reached 80% concentration in the
fall. We compared the calculated fin whale departure date and sea ice
freeze-up date for each year using a two-sided Pearson correlation test
after testing for normality.

2.3. Water masses

Water mass presence for each day was estimated for the near-surface
and near-bottom using temperature and salinity (T/S) bounds suggested
by Danielson et al. (2017). These authors distinguish five water mass
categories: the Alaskan Coastal Water (ACW), Bering Chukchi Summer
Water (BCSW), Bering Chukchi Winter Water (BCWW), Melt Water
(MW), and water from the Atlantic layer in the Arctic (AtIW). Danielson
et al. (2017) combine the Anadyr Water (AW) and the Bering Shelf
Water (BSW) into one water mass, the BCSW, since the T/S properties of
these three water masses are often indistinguishable from each other.
Note that since the T/S bounds of these waters vary interannually
(Coachman et al., 1975), there are limitations to the representativeness
of the above water mass identifications.

Chi-squared tests of independence were performed for each mooring
site using pooled presence/absence of fin whale calls for each day across
all recording years along with the daily water mass designations to
determine whether there was a significant association between the
presence of fin whale calls and water mass. If a chi-squared test was
inappropriate (e.g. in the case of small sample sizes), a Fisher s exact test
was applied instead. Fisher s exact test evaluates the significance of
association, or contingency between two categorical variables, and is
insensitive to sample sizes. All analyses were performed using in the
statistical software R (v. 3.5.3; R Core Team, 2019).

3. Results
3.1. Fin whale detections

We processed a total of 52,272 audio files collected from ~July to
November 2009 2015 (Table 1). Fin whales were detected at all three
sites, with the highest frequency and abundance of fin whale hours
(FWH) at site A3 by a large margin (Fig. 2; Supplemental Figs. S1 S3).
About one third (34.4%) of the total recording days at A3 had at least 1 h
with fin whale calls, compared to only 4.6% at A2 and 1.5% at A4.
Calling fin whales were detected in all recording years at A2 and A3, but
were only detected in 2014 and 2015 at A4. October had the highest
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Table 2
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Fin whale detection data for the three moorings, including the dates of the first and last detection, and total nomber of days with fin whale calls present ("FW Dayzs'L.

The "." indicates periods when the hydrophone was not actively recording.

AZ A3 A%

Year Pirat Detection Lant Detection W First Detection Last Detection W Piret Detection Lact Detection W

Date Date Dy Diage Date Daya Date Diate Dy
2009 1 Oct 5 Now 4 23 Bep 8 Now 33
2010 14 Ocx 17 Ot 2 29 Zep 5 Now a2
2011 . . . 1 Oct 18 Now a8 . -
an1z 28 Ot 2 Now 3 1 Sep 7 Nowr 52 MNone None o
2013 22 Sep 15 Now 7 23 Jul 9 Mow an None None o
2014 17 Oct 19 Ot 3 S Aug 13 Now 7 2 Now 2 Now 1
2015 30 Sep 19 Now 14 B Aug 20 Now 71 11 Ot B Now 7

At A3, fin whale calling actvity was highest In 2012 and 2015 (52
Table 3

and 71 daye with at least one FWH, respectively), while calling activity
was the lowest in 2010 (22 dayz) followed by 2011 and 2013 (28 days).
The Wilcoxon tests comparing FWH in October between years at A3
chow sigmificant differences in the distributions fin whale detections
across years, with significant values (p < 0.01) between all consecutive
years except 2009 and 2010 (p = 0.736) and 2010 and 2011 (p = 0.463;
Table 3). Wilcoxon teste comparing FWH in 2012 and 2015 to the other
years detected significantly different distributions (p < 0.01), except for
the test between 2012 and 2014 (p = 0.614; Table 3).

Fin whale calls were less commeon at A2, though 2015 had relatively
higher call activity with 40 h with fin whale calle compared to 2-10 hin
ecach of the other six years. At A4, fin whale calls were only detected iIn
2014 (1 h) and 2015 (19 h). Insufficient sample sizes precluded any
statistical comparizons of fin whale vocal activity between years for A2
and A4

3.2. Sea-ice conditions and analyses

Sea-ice conditions within the study area were highly vanable from
vear to year. Melt-out dates ranged from as early az 27 Apnl (2011) to as
late as 20 May (2010; Table 4). The number of days between the mit-
ation of melting (< 80% concentration) and ice-free conditions in the
gtudy area (= 15% concentration) ranged from 21 days (2015) to 41 dave
(2013; Table 4). The study area was typically ice-free starting in late
May to early June, with the carliest ice-free date ocourring on 24 May
2015 and the latest on 17 June 2010. On average, freeze-up dates (803
concentration) occurred in early to mad-December, with the earliest
freeze-up on 28 November 2009 and the latest on 25 December 20100

320 - R* = 0202
o=03n

3

8

306 L]

FW Departure Day of the Year [DOY)
-

20.33 Faldi} ':'l.'i.' 1 ':'l.'l.'2 23 204 23.15-
Year
Flg. 3. Fin whale departure day of the year (DY) for each year at the A3

mnm,m&mmsmmmmm&mmf:
0.203, p= 0311

Wilcoxon rank-zrum test resultz comparing fin whale hours (FWH) recorded at
A3 in October of each year. The p-values are listed in the upper section above
the diagonal, and the gray shaded area below the diagonal are the W statistics
from the Wilcoxon rank-sum tests (bold W values indicate significant resultz).
Significant p-valies (p < 0.05) are in bold* and indicate that the distribution of
FWHsz significantly differed between the two years.

Year 009 20010 2011 2012 2013 2014 2015
2009 . 0.736 0147 O.Doz* 0.42 0.0Z6* 0000
2010 174.5 . 0463 0002* 0554 02 DA
2011 186 220 000z* 0566 0003 DU
2012 69 T7 T 0.003* 0614 DOOT*
2013 223 185 985 3995 D004 D000
2014 96 120.5 515 257.5 475 DLE*
2015 30 14 45 110 11 106

The freeze-up periods for each year were typically much shorter than the
melt pericds, with the number of days between the ice-free date and
freeze-up iImtiation ranging from five daye (2014) to 23 days (2010 and
2012; Table 4).

Fin whale departure dates for each year at A3 were compared to the
gea ice freeze-up date for the study area and the Chukehi Sea, as well as
the day of the vear when the daily mean near-surface and near-bottom
temperatures first reached <0 °C (Fiz. 4). Two-sided Pearson correla-
tion teste indicated no significant correlation between fin whale depar-
ture date and sea ice freeze-up date for the study area (t= —1.046, p =
0.344) or the Chulehi Sea (f= —0.308, p = 0.771). The latest fin whale
departure date occurred on 17 November 2011 and 2015 when the mean
sea loe concentrations were ~0.8% and 4.9% in the study area, and
21.0% and 18.2% in the Chukehi Sea, regpectively (Table 4.

3.3. Emvironmental conditions at the moorings

Environmental data at the three mooring sites exhibited strong
interannual and spatial variation. The highest temperatures and lowest
salinities on average were seen at A4 (e.g. 2013 October near-surface
mean temperature = 3.5 *C, 8D = 0.7 “C; near-surface mean salimity
= 30.3 peu, 5D = 1.3 psu). Conversely, A2 and A3 had lower tempera-
tures and higher salimties than A4 (A2: 2013 October near-surface mean
temperature = 3.3 “C, 5D = 0.7 “C, near-surface mean salinity = 31.1
peu, SD = 1 psw; A3: 2013 October near-surface mean temperature = 2.9
“C, 8D = 0.8 °C, near-surface mean salinity = 31.7 psu, SD = 0.8 psu;
Fig. 5). This spatial structure, with warm frech waters near the Alaskan
Coast, typically indicates the presence of the Alaskan Coastal Current
(see dizcussion in Woodzate et al. | 2015). There were also significant
interammual differences across all three sites. The lowest near-surface
and near-bottom temperatures oceurred in 2012 while the highest
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Table 4

Dieep-Ben Research Part I aooc (oooch sooc

Sea ice statistics caleulated for 2009-2015 for the stody area and Chulkehi Sea. Statistics for the study area include: melt initdation date ("Melt-Out Date”), melt period
(number of dayz between 50% and 15% zea ice conc.), date when the sdy area was ice-free (< 15% cone.; "lee-Free Date'), freeze-up period (number of days between
15% and 80% zea ice conc.), and mean =ea ice concentration (%) in the study area on the last date fin whale calls were recorded (*Last FW™). Statistics for the Chukehi
Sea inrlude mean sea ice concentration (%) on the last date fin whale calls were recorded (Last FWH').

Study Area Chukchi Sea
Year lele-Ont lee—Fres Melt Period (# of Presze-up Freeze-up Period (# of Mean Nov. oea ice Lot PW mean sea ice Lot PW mean zea ice
Date Date dayz) Diate daya) conc. conc. conc.
2009 14 May 5 June 23 2B Now 12 30. 2% 0.9%6 1.5%
2010 20 May 17 June 29 25 Dec 23 3.4% 1.3% 4.5%
2011 27 April 30 May 3 4 Dec 12 13.3% D.G% 21.0%:
20m2 16 May 10 June a5 11 Dec 23 21.3% 1.9% 13.5%
2013 5 May 14 Jun= 41 18 Dec 19 6.3% 3.1% 12 5%
2014 1 May 31 May 31 17 Dec 5 4% 4.1% TOT%
2015 4 May 24 May 7 10 Deec 17 20.1% 4.9% 18.2%
- .. Staly Arws Fiwoec:1p DOV Fig. 4. {.:al.cnlam_dnnwhale depam;mdays for each
W Chokit Ses Freessop DOy Wear at zite A3 (light blue, solid line) with other non-
~4 Suface Temp 0P DOY FE
) ;n;ﬁlpw-m'c:n::-r solid lines indicating the day of the year (DOY) when
= FW Drepartue DOY the daily mean near-surface (ISCAT; red, mediom-
350 4 | dashed line) and near-bottom (SBE; blue, dotted
r = line) temperatures first reached < 0 °C at the A3
_'.\ mooring site. The light gray, long-dashed line repre-
b Ll b sentz the DOY: when sea ice concentration in the
340 R i study area first reached >15% in each year, and the
g " a dark gray, dot-dashed line representz when sea ice
% i concentration in the Chukchi Sea reached > 15%. See
3 ! Yoo S ’ Fig. 1 for boundaries of study area. (For interpreta-
Pk L ¥ “a | tion of the references to color in thiz figure legend,
g ) - the reader iz referred to the Web version of this
> A i » article)
(=1 = L T » |
' A . r
* .‘\ /’ %
h s E
- _,r/
510 4 ‘.. .._-"" 1
. -~
[ . e
- --'..
HolSCAT
001 Dam
200 2010 201 02 13 014 s
fear
temperatures occwrred in 2015 (Fis. 5; Woodgate, 2018). (October x = —0.4m/s, 5D = 8.1 m/s; Table 5). Note that the negative

MNorthward water velocities were on average the highest at sites A2
and A4 during the open-water season (Fiz. 6), consistent with known
seasonality in the flow due to weaker opposing southward winds n
summer (Woodgate al, 2005b). The year 2012 had the weakest
northward water velocity throughout the open-water seazon while 201 4
had sustained high northward velocities throughout the season (Fiz. 6;
Woodgate, 201 8). Overall, northward water velocitics weakened over
the period between July and November with the slowest northward
water velocibies occurring in November, except in 2012 and 2014 when
the seazonal minimum velocities were seen in September and October
(Fiz. 6). Direction of flow at all three sites was primarily northward
during the open-water season (see Supplemental Fig. 55—811 for plots of
the water and wind wvelocity wectors along with fin whale acoustic
presence at A3 during the open-water season). For a more detailed
overview of variation in Bering Strait transport through 2015, see
Woodgate (2018).

Due to low fin whale detections at A2 and A4, we focused our wind
analyziz on site A3 and used wind data from the grid point closest to the
mooring (67.5° N, 190°W, ~140 km to the northwest of A3). On average,
along-channel winds were mainly southward during the month of
October, with the strongest mean winds occurring in 2013 (October x|
—6.2 m/s, 5D = 5.4 m/e) and the weakest mean winds mm 2012

sign indicates a southward direction.

3.4, Emvironmental analyzes

We focused our environmental analyses on the A3 mooring site due
to the relative lack of fin whale detections at A2 and A4. The Kendall's
rank correlation teste between FWH on days with fin whale ealls (i.e
FWH >0) and the enwvironmental variables produced statisheally =ig-
nificant (p < 0.05) though emall correlations for daily mean water speed,
and along-channel wind and water velocities pooled for all seven years
[2009-2015; Table 6). We ran a second test using October data only and
found similar results, as well as the addition of significant correlations
between FWH amd nearsurface temperature and SST at site A3
(Table 6).

Days with fin whale calls mostly had southward mean wind veloe-
ities while days without calls (1. FWH = 0) mostly had northward
overall mean winds (Table 5; Fiz. 7). The Wilcoxon test comparing the
overall mean along-channe]l wind velocity for October of each year
against the means for daye with and without FWHs revealed that days
without FWH and dayz with FWH =6 h and 12 h had statishically sig-
nificant differences in along-channel wind velocities in 2011 and 2014
only (Table 5). Insufficient data precluded any tests for days with FWH
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Flg. 5. Plots of the mean temperatures * C) and zalinitiez (psu) for October of each year for both the near-surface and near-bottom levels of the water column at each
moring site in the study area (A2, A3, and A4; see key for colors, symbolz, and line styles). The vertical lines represent the standard deviation of the monthly means.
(For interpretation of the references to color in this fgure legend, the reader iz referred to the Web verzion of thiz article.)
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3.5. Waber mass composition at the moorings

Water mass composition at A2 and A3 during the open water season
was dominated by the presence of the Bering Chukehi Summer Water
(BCSW) at both the near-surface (>70% of daye at both sites) and near-
bottom levels (>20% of daye at both sites) for all recording years (see
Supplemental Figs. 512-514 for plots with the water mass composition
at the three sites during the open water season). The water mass
composition at A4 was similarly dominated by BCSW at the near-bottom
(73% of days in July—Newvember) and to a lesser extent in the near-
surface (51% of daye in July—MNovember). The cold and salty Bering
Chukehi Winter Water (BCWW) appeared in both lewels in the water
column in November at all three sites, when it is assumed that fin whales
are beginning their migration south. A fresher, colder signal, that falls
within the Melt Water (MW) category as defined by Danielson et al
(2017), appeared in the near-surface at all three sites in September and
October 2012 and 2013, with the strongest signal in 2012, Howewver,
sinece the sea-lee edge iz far away from the moonng sites in September
and October, the freshening obeerved mn 201 2 and 2013 was likely due to
fresh waters from etther the Alackan Coastal Current (ACC) or the Si-
berian Coastal Current (SCC). The SCC is a cold, fresh current present
seasonally in the Chukchi Sea only in some years (Weingariner et al |
1990). Also noteworthy was a warm Alaskan Coastal Water [ACW)
signal in the near-gurface at A2 in 2013, 2014, and 2015 and at A3 in
2010 and 2015.

We conducted a side-by-side comparison of the daily water mass

designations for A2 and A3 and noted the number of days when at least
one of the water mass designations at A2 did not matech those from A3.
Out of 726 days when both moorings were recording and had data for
both mmstruments, 14 days (~2% of total days) had different water mazs
composition in the near-bottom water and 69 days (~10% of total days)
for the near-surface water. In contrast, A2 and A4 had different water
mass compositions on 203 daye (~39%) for the near-surface and 127
days (24%) for the near-bottom. The companszen between A3 and A4
vielded 311 daye (60%) with different water mass composition at the
near-surface and 136 days (26%) at the near-bottom. These results
indicate that despite close gpatial proxamity, A2 and A4 had very
different water mass composition while A2 and A3 had similar water
mass composition

3.6, Water mass analyzes

The chi-equared tests of independence between the pooled FWH and
the near-surface /near-bottom water mass designations at site A3 suggest
that the occurrence of fin whale call: during the study period was sta-
tistically dependent on the occurrence of water masses (both tests using
near-surface and near-bottom water mass designations: p < 0.001]). We
repeated the tests of independence for each recording year at A3, using
the Pisher's Exact Test to compare the daily near-surface and near-
bottom water mass designations to the total FWH for each day. The
results chow a significant relationship for 2009, 2011, 2012, and 2015
(all p = 0.02), sigmfying that fin whals presence was statistically
dependent on water mass presence for these years. We were unable to
exccute the Fisher's Exact test for 2013 (near-bottom water mass) and
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Fig. 6. Monthly mean northward water velocity (cm/z) for the June through November at each mooring zite in the Bering Strait region (A2, A3, and A4; see key for
colorz, symbols, and line styles). See Fig. 1 for mooring locations. (For interpretation of the references to color in this fgure legend, the reader is referred to the Web
werzion of this article )

Table 5

Summary of the owverall monthly mean along-channel wind velocities (m,/s) for October along with overall means for days with and without fin whale howrs (FWH) in

October. Wind velocities were measured at the data point at 67.5° N and 190F W. Values in parenthezes are the Wilcoxon rank-sum p-values for the comparison between
the overall October mean for each year (bold*: significant p = 0.05).

Year All October (m,/a) Diays without FWH (m./z) Diaye with =1 FWH (m./a) Diaye with =6 FWH (m./a) Daye with =12 FWH (m./a) Diaye with = 18 FWH (m.a)
2009 —-47F 2.5 (0.03*) —5.2(0.1%) —6.2 (0.07) — 6.6 (0.21) HA
2010 —5.1 —3.2 (0.46) —6.2 (0.58) —7.3(037) —7.9(0.25) —8.5 (NA]
2011 - | 0.6 (0.12) —4 (021} —6.1 (DLD4) —&.7 (0.02%) HA
2012 —0.4 1.3 (0.97) —0.5(0.99) —2.5(0.43) —3(0.33) —8.3 (NA)
03 —6.2 —a.8 (0.58) —6.7 (0.B8) —5.8 (0.64) —7 (0.83) HA
2014 —4.8 0.2 (0.04%) —6.2(0.35) —6.8 (0.25) —7.89(0.14) —8.2 (NA)
2015 —4.0 5.5 (0.13) —4.3 (0.66) —4.7 (0.68) —6 {0.255.3) —7.1(MHA)
Table &

Summary table of the Fendall's rank correlation test results for zite A3. Correlation tests were conducted between the number of fin whale hours (FWH) recorded on
dayz with fin whale callz (FWH = 0] and the daily means of: near-surface and near-bottom temperaturesz, along-channel wind and water velocities, water speeds, and

SET. Two zets of tests were carried out pooled data for all months for all years (2009-2015), and on October data only for all years at A3 (2009-2015).
Environmental Variable (Diaily Meana)

Poaled data - all months (r = 271)

Oct only - all years poaled (n = 156)

P T P T
Near-gurface Temperature 0674 0019 o.012 0.151
Near-gurface Salinity 0053 —0U0B7 0.851 —0u011
Near-bottom Temperature 0.82 001 0129 0.084
Near-bottom Salinity o9 —0u044 0.507 0.037
Water Spead < [LDD1* —L167 < [LDO1* —0.28
55T 0.202 —0u054 0044 0111
Along-channel wates velocity < 0.001* —0.15 < 0.001* —0.207
Along-channel wind velocity < 0.001* —0.194 < 0.001* —0.281

2014 (both near-surface and near-bottom) due to the fact that only one contingency tables.

water mass (BCSW) was present at both levels in the water column,
resulting in zeros in both the expected and observed columnes of the test’s

We were unable to perform a chi-equared test for independence for
A2 and A4 due to the presence of small expected values (B < 5) in the
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Flg. 7. Daily mean northward wind welocity for days with fin whale calls at zite A3 ('FW Dayz’", black squares) and days without fin whale callz (‘No FW Dayz", white
triangles) in October. Mote that negative valoes signify zouthward wind velocities. The number of FW Dayz and Mo FW Dayz is included for reference.

contingency tables generated by the test. At A4, fin whale calls were only
heard on days when the BCSW was present at both levels of the water
column. Calling fin whales were only heard at A2 on daye when the
BCSW was present in the near-bottom waters. We applied a Fisher's
Exact Test to the A2 near-surface water mass designations and found
that fin whale callz and water mass oceurrence in the near-surface wa-

ters were statistically independent of each other (p = 0.48).
4. Discussion

The resulte of this study chow a pattern of mterannual and spatial
variation in the presence of acoustically-active fin whales in the Bering
Strait region. Across all three sites, the year 2015 had the most fin whale
detections followed by 2012, though these years had contrasting tem-
peratures and esalinibies, sea-ice conditions, water velocity and wind
patterns. Site A3, where the Anadyr Water (AW and Bering Shelf Water
(BSW) were most prevalent, had the most hours with fin whale calls,
supporting our hypothesizs that water masses may affect the oceurrence
of fin whales. We found small but significant correlations between FWH
and northward wind and water velocities, near-surface temperatures
and 55T at site A3. However, our p-values for the correlation tests were
potentially too low and likely overestimated the real significance of the
tests given that days with fin whale calls were likely not independent of
each other. In addition, the statistically significant correlations between
FWH and environmental wariables were small (<0.25). Thus, we

conclude that it 1= not poesible to prove a strong relationship between
individual environmental parameters and FWH with our data. More data
and greater spatial coverage are necessary to prove any significant as-
sociation between daye with fin whale ealls and environmental factors in
the Bering Strait region.

Most fin whale calls were heard in October, potentially due to fact
that fin whale 20-Hz pulses primanly serve a reproductive purpose
(Watkine et al_, 2000; Croll et al_, 2002; Stafford et al | 2007}, and thus,
tend to be heard closer to the winter mating season (Stafford =t al |
2007). Consequently, fin whale vocalizations may not be a reliable
indieation of when fin whales first pass northwards through the Bering
Strait. Additionally, the dates of departure from the Bering Strait region
presented here only apply to vocal fin whales since we could not detect
non-vocal whales, which could have remained in the area beyond these
dates. Due to this inherent bias, the departure dates presented in this
study only provide an approximation for when fin whales leave the re-
gion. The departure dates from the A3 mooring eite did not exhabit a
significant trend (Fig. 3), therefore it iz not possible to determine
whether fin whales are extending their residence time in the Chulkeha
Sea from our data. Perhape thizs iz not surprising given that we only have
seven years of data, and interannual variabality is substantial. In general,
the fin whale departure dates at A3 occurred in early November, ranging
from 31 October (2010) to 17 November (2011 and 2015). What
signaled the fin whales to leave the Chukchi Sea 1= not clear. Sea-ice
concentrations in the study area around the last detection dates were

10
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well below ‘ice-free levels ( 15%; Table 4), indicating that the Bering
Strait was still navigable and free of sea ice. It is possible, though, that
fin whales respond to cooling water temperatures since all departure
dates occurred before near-surface and near-bottom water temperatures
at A3 reached below 0 C (Fig. 4).

The overwhelming majority of fin whale calls were detected at site
A3, where calling fin whales were heard every year. There are multiple
possible explanations for the spatial variability observed in fin whale
detections. First, site A3 is situated at the confluence of two productive
water masses, the AW and BSW, which likely provide better feeding
opportunities for fin whales. The dominant water mass detected at A3
was the Bering Chukchi Summer Water (BCSW), which is composed of
the AW and BSW, and thus has high nutrient levels and larger
zooplankton (Eisner et al., 2013; Ershova et al., 2015; Danielson et al.,
2017). Though fin whale calls were also detected on days when other
fresher water masses were present at A3, including days in 2015 when
Alaskan Coastal Water (ACW) was present in the near-surface (Fig. S13).
Fin whale calls were also detected on days in September 2012 when a
fresh, cold signal appeared in the near-surface waters at A3, possibly
indicating the presence of the Siberian Coastal Current (SCC).

The SCC occasionally flows into the Bering Strait during periods with
strong or persistent southward winds (Weingartner et al., 1999).
Ershova et al. (2015) detected the presence of the SCC in the central
Chukchi Sea in September 2012, therefore it is possible that the reach of
the SCC extended to the A3 site that month. Fig. S8 shows that winds
measured in September 2012 were predominantly southward, which has
been shown to cause the ACW to deviate away from the Alaskan coast
and towards the western Chukchi Sea (Woodgate et al., 2015; Pisareva,
2018; Morris, 2019). Often the presence of the cold and fresh SCC cre-
ates a front (Weingartner et al., 1999), which could isolate and cluster
prey. In 1992 1993, Moore et al. (1995) observed bowhead whales
(Balaena mysticetus) feeding in close association with salinity and ther-
mal fronts along the Chukotka coast. Moreover, Thysanoessa inermis, a
common fin whale prey (Nemoto, 1959; Witteveen and Wynne, 2016),
was found to be the dominant zooplankton species collected from a
dense prey patch near a front, lending support to the potential impor-
tance of the SCC in creating favorable feeding conditions for fin whales
at A3.

In addition to its proximity to productive water masses, A3 may be
situated close to oceanographic features created by currents, such as
island wake eddies, that are known to create favorable foraging op-
portunities for baleen whales (Johnston et al., 2005a; Chenoweth et al.,
2011). Eddies create upwelling zones which promote phytoplankton
blooms (Hasegawa et al., 2009) and have been shown to be important
feeding habitat for auklets and other planktivores in the Bering and
Chukchi seas (Piatt and Springer, 2003). In the Bay of Fundy, Canada,
island wake eddy systems were found to be important feeding grounds
for fin whales as well as minke whales (B. acutorostrata) and harbor
porpoises (Phocoena phocoena; Johnston et al., 2005a,b). Currents
moving past the Diomede Islands generate island wake eddies
(Coachman et al., 1975; Woodgate et al., 2015) that are then carried
northwards towards A3, according to satellite SST data (Woodgate, pers.
comm.). The island wake eddies may create opportune feeding condi-
tions for fin whales at A3.

In contrast, site A2 had fin whale detections in all recording years but
in lower abundance, while fin whale calls were largely absent from site
A4. Given its position in the less-productive ACC, A4 may present lower
quality feeding areas for fin whales than the other two sites. Though A2
had similar water mass composition as A3, water velocities were higher
at A2, potentially transporting prey out of the area. Therefore, fin whales
may be less inclined to stay at in the region around A2 due to fewer
feeding opportunities. Also, the position of site A3 north and towards the
middle of the Bering Strait gives it an advantage over A2 in capturing the
calls of fin whales migrating through the western strait. Whereas A2 and
A4 can only record the calls of fin whales passing through the east
channel of the strait, A3 can potentially record calling whales migrating
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through both channels.

While the spatial variability in fin whale detections may be
explained, the exact environmental mechanisms for the observed tem-
poral variability are less clear. Both 2012 and 2015 stand out as years
with the highest number of fin whale detections at A3, yet the two years
had very different environmental conditions. The year 2012 had the
coldest October mean temperatures (near-bottom October mean at A3
1.0 Q), late sea ice breakup (16 May), anomalously low flow (Wood-
gate, 2018), and weak mean northward wind velocities in the fall. On
the other hand, 2015 had a very warm annual mean temperature
(near-bottom October mean at A3 3.6 C), earlier sea ice breakup (4
May), high flow (Woodgate, 2018), and variable northward wind ve-
locities. Our results suggest that at A3, the occurrence of fin whale calls
is more strongly related to southward winds than northward winds, but
this relation does not hold for all years (Table 5). Thus, we cannot
attribute interannual variation in the acoustic presence of fin whales to
any one environmental predictor. Instead, we believe that a combina-
tion of conditions not only in the Chukchi Sea, but also in the Bering Sea,
contributes to the abundance of fin whales in the study area. We hy-
pothesize a series of ‘push and ‘pull factors below that may have
influenced the observed interannual variation in the presence of
acoustically-active fin whales.

Pull factors imply that conditions in the Chukchi Sea were favorable
for zooplankton and other fin whale prey in 2012 and 2015, thus
drawing more fin whales into the area to feed. The abundance of hours
with fin whale calls at A3 in 2012 may point to the fact that the year was
particularly cold, and thus, productive. Colder temperatures are more
favorable for the secondary production of Calanus copepods (Kimmel
et al., 2018), a prominent constituent of the Chukchi Sea zooplankton.
Cold years in the Bering and Chukchi seas have been also found to have
higher zooplankton biomass and abundance (Ohashi et al., 2013;
Ershova et al., 2015; Pinchuk and Eisner, 2017), and thus stronger
recruitment for walleye pollock (Gadus chalcogrammus) and Pacific cod
(G. macrocephalus; Stabeno et al., 2012), which are zooplankton pred-
ators like fin whales. Friday et al. (2013) observed twice as many fin
whales along the eastern Bering Sea shelf in 2008 and 2010 when
temperatures were cold than they did in 2002, a warm year. In their
August September 2012 sampling of the Chukchi Sea, Danielson et al.
(2017) observed an abnormally high biomass of large copepods as well
as a predominance of the BCSW in the bottom water at multiple sam-
pling stations. During the same sampling period, Pinchuk and Eisner
(2017) report a high abundance of Calanus glacialis and widespread
distribution of Pacific-origin zooplankton in 2012, adding evidence to
our hypothesis that 2012 was a favorable year for fin whale prey.

Conversely, 2015 was a warm year with high salinities. High salin-
ities are usually indicative of high AW content and thus are typically
associated with high nutrient levels (Danielson et al., 2017). Conse-
quently, 2015 may have had higher zooplankton abundance due to a
nutrient-rich environment. Pinchuk and Eisner (2017) found a strong
correlation between the biomass of Pacific-origin zooplankton and high
salinities associated with the BCSW, which was the dominant water
mass at A3 in 2015 (Supplementary Figs. S12 S14). It is also possible
that the earlier sea-ice retreat and warmer water temperatures observed
in 2015 created better conditions for Pacific-origin copepods and eu-
phausiids. Matsuno et al. (2011) found that Pacific copepod species (e.g.
Eucalanus bungii) expanded into the Chukchi Sea in 2007, a year with
relatively early sea-ice retreat and abnormally high sea surface tem-
peratures, similar to 2015. A notable pull factor for 2015 could also have
been the strong water velocities measured in the Bering Strait. Strong
velocities likely led to higher transport of both nutrients and
zooplankton from the Bering Sea into the Chukchi Sea, creating better
feeding opportunities for summer migrant fin whales.

In contrast to pull factors, potential push factors consist of poorer
conditions in other reaches of the fin whale range, thereby sending fin
whales into the Chukchi Sea in search of better conditions. Such areas
include the Bering Sea and Gulf of Alaska, where fin whales are known
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to occur in the summer months (Moore et al., 1998, 2000; Stafford et al.,
2007). Both 2014 and 2015 were significantly warmer years in com-
parison to historical records for the Bering Sea (Duffy-Anderson et al.,
2017). Warm years in the Bering Sea result in poor recruitment in
walleye pollock due to the prevalence of small, lipid-poor copepods
(Kimmel et al., 2018). In 2015, an anomalously warm water mass,
nicknamed the Blob, pervaded the North Pacific, leading to declines in
krill and to northward distribution shifts of multiple marine species
(Cavole et al., 2016). Concurrent with the appearance of the Blob were
reports of a mass mortality event of common murres (Uria aalge) in the
Gulf of Alaska (Piatt et al., 2018). Additionally, 12 fin whales stranded
on Kodiak Island, AK, between May and June 2015 (Savage, 2017).
Though the causes of death for the whales were not determined,
ecological conditions rather than anthropogenic factors (e.g. ship
strikes) are thought to be the culprit (Savage, 2017). Warmer temper-
atures observed in 2015 may have affected prey availability in other fin
whale summer feeding grounds, pushing fin whales into the Chukchi Sea
in search of better feeding opportunities.

Another possible explanation for the increased observation of fin
whale calls in 2015 is that the North Pacific population of fin whales is
increasing (Zerbini et al., 2006), and thus may be reclaiming portions of
its previous range (Clarke et al., 2013; Brower et al., 2018). An increased
number of fin whales observed during annual surveys conducted by the
Aerial Surveys of Arctic Marine Mammals Project (ASAMM) from
2008 2016 in comparison to 1982 1991 supports this theory (Brower
et al., 2018). Brower et al. (2018) report seeing the most fin whales in
the south-central Chukchi Sea in 2014 (44% of observations) and in
2015 (27%). However, it is difficult to evaluate habitat reclamation of
fin whales using their calls alone given that only males are thought to
produce the 20-Hz pulse and we could only detect vocal fin whales.

Limitations of the present study include limited spatial coverage of
the study area with hydrophones located in only the east channel and
north of the Bering Strait. Since there are no recent surveys on the
western side of the Bering Strait or Chukchi Sea, our knowledge of fin
whale habitat use in this region is limited. Given that the productive AW
is typically found mainly in the west channel of the Bering Strait, it is
possible that most fin whales may traverse through the strait on the
western side. However, without adequate observation platforms
covering both sides of the strait, the exact migration path of fin whales in
the region remains unknown.

The results of this study corroborate patterns of interannual variation
in fin whale presence observed by previous studies. Like the present
study, Delarue et al., 2013 noted low fin whale detections in the
northeast Chukchi Sea in 2009 and 2010, attributing diminished vocal
activity to poorer feeding conditions. In contrast, more fin whales were
heard in 2007, a particularly warm year in the Chukchi Sea with early
ice retreat and low sea-ice extent, as well as high transport through the
Bering Strait (Woodgate et al., 2010; Delarue et al., 2013). The condi-
tions in 2007 described by Delarue et al. (2013) are very similar to those
we observed in 2015, when fin whale calls were the most abundant.

Our results present a preliminary examination of how environmental
variations in the Bering Strait and southern Chukchi Sea may lead to
interannual variability in the acoustic presence of fin whales. Though we
were unable to identify a single environmental driver that explained the
variation, differences in temperature, salinity, wind and water velocities
likely played a role. There are potentially numerous combinations of
environmental variables that create preferential feeding opportunities
for fin whales. Delarue et al. (2013) hypothesize that perhaps the
combination of environmental variables observed in 2007 (warm SSTs,
low sea-ice concentrations, and high transport) created favorable con-
ditions for fin whale prey. However, the abundance of calling fin whales
in 2012, a period with colder water temperatures, low transport, and
high spring sea-ice concentrations, suggests that alternative environ-
mental drivers are also favorable for fin whale feeding.

Conditions in the Bering Sea may also be an important factor in
determining fin whale occurrence in the Chukchi Sea. Comparing fin
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whale detections in the southern Chukchi Sea with those in the Bering
Sea could help indicate whether fin whale presence in one region results
in higher fin whale presence in the other. Also, examining environ-
mental conditions in the Bering Sea for 2009 2015 could shed light on
the patterns of fin whale occupation found in the present study.
Continued monitoring of fin whale presence in the southern Chukchi
and Bering seas in relation to oceanographic features is necessary for
composing a more complete picture of how fin whale presence in the
Pacific Arctic is changing in response to environmental shifts over time.
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