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ABSTRACT 

 

The ecology, sonic environment, and acoustic occurrence of subarctic baleen whales in the 

Bering Strait over a decade of change 

 

Erica Danielle Escajeda 

 

Chair of the Supervisory Committee: 

Kristin L. Laidre 

School of Aquatic and Fishery Sciences and Applied Physics Laboratory 

 

The southern Chukchi Sea is a productive, shallow continental shelf ecosystem that is 

undergoing rapid change due to climate warming. Annual sea ice cover has declined 

significantly, potentially allowing for more temperate species to move further north into the 

Arctic and stay for longer periods. Monitoring the presence and occupation patterns of top 

predators, such as baleen whales, is important for detecting shifts in species assemblages and 

distributions in response to climate change. This dissertation examines the acoustic occurrence of 

three subarctic baleen whales in the Chukchi Sea—fin whales (Balaenoptera physalus), 

humpback whales (Megaptera novaeangliae), and gray whales (Eschrichtius robustus)—and 

seeks to uncover patterns in their presence, the environmental drivers that draw them into the 

Arctic, and how ships affect the acoustic habitat of the region during the open-water season.  

In Chapter 2, I use acoustic recordings from three moored hydrophones in the Bering 

Strait region from 2009–2015 to identify fin whale calls during the open-water season (July–



 

 

November) and investigate the potential influence of local environmental conditions on fin whale 

presence. The results show significant interannual variability in the acoustic presence of fin 

whales with the greatest detections of calls in years with contrasting environmental conditions 

(2012 and 2015). Colder temperatures, lower salinities, slower water velocities, and weak 

southward winds prevailed in 2012 while warmer temperatures, higher salinities, faster water 

velocities, and moderate southward winds prevailed in 2015. Most detections (96%) were 

recorded at the mooring site, Site A3, 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. 

In Chapter 3, I expanded my efforts to include humpback and gray whales and added two 

years of acoustic and environment data, 2017 and 2018, to the dataset from Chapter 2. Using 

recordings and in situ environmental data from Site A3 collected from 2009 to 2018, I identified 

fin, humpback, and gray whale calls during the open-water season (May–December), and 

examined the timing of migration as well as investigated potential environmental drivers of 

whale presence. The acoustic presence of humpback and fin whales varied across the years with 

the highest occurrence of humpback calls in 2009, 2017, and 2018 and the highest occurrence of 

fin whale calls in 2015, 2017, and 2018. The years 2013 and 2015 had the highest proportion of 

recordings with gray whale calls. Fin whales had significantly later departure dates during the 

study period (~ 3 days yr-1, p = 0.02), likely on account of warmer temperatures in the Chukchi 

Sea in the later years of the study (2017 and 2018). Individual models for the three species 

identified day of the year, sea-surface temperatures, near-bottom temperatures, and the presence 

of a thermal front the previous month as drivers of fin, humpback, and gray whale presence. 



 

 

In Chapter 4, I characterized ship activity in the Bering Strait during the open-water 

season (July‒November) for 2013‒2015 and quantified the impact of ship noise on third-octave 

frequency bands used by baleen whales (25‒1000 Hz). Peak ship activity occurred in July‒

September with the greatest overlap in ship noise and whale vocalizations observed in October. 

Ships elevated sound levels by ~ 4 dB on average for all third-octave frequency bands combined, 

and sound levels exceeding 100 dB re 1 µPa for the 250-Hz third-octave frequency band were 

recorded from two large vessels over 11 km away from the hydrophones. The results show that 

ship noise has the potential to impact baleen whales in the Bering Strait and serve as a baseline 

for measuring future impacts of ship activity in the region. 

Overall, the results presented within this dissertation provide a snapshot of the presence 

of subarctic baleen whales in the Bering Strait during a time of change in the Pacific Arctic. It is 

clear from this work that fin whales, humpback whales, and gray whales are important 

components of the summertime marine ecosystem of the Chukchi Sea. Continued study of their 

presence in the region will be important for tracking further changes in the region. Additionally, 

the results presented here serve as a baseline for measuring future changes to the marine 

soundscape as shipping and other anthropogenic activities continue to increase in the Pacific 

Arctic.
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Fig. 3.10. Results from the Pearson correlation test (r) and linear regression between fin whale 

departure days and winter mean water speeds (ADCP data; cm s-1). Winter was defined by the 

period 21 December‒20 March. 

Fig. 3.11. 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 temporal 

(day of the year, DOY), and environmental conditions. Daily means were used for the 

environmental covariates, including near-bottom temperature, sea surface temperatures (SST), 

and water speed. The ‘SST Gradient’ represents the maximum difference in daily mean SSTs 

between grid cells within a 30-km buffer around site A3, 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. 

Fig. 3.12. 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 temporal (day of the year, DOY), and environmental conditions. Daily means were 

used for the environmental covariates, including near-bottom temperature and salinity, sea-

surface temperatures (SST), water speed, and wind speed. The ‘SST Gradient’ represents the 

maximum difference in daily mean SSTs between grid cells within a 30-km buffer around site 

A3, 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. 

Fig. 3.13. Plots of the additive smoothing fits for the best gray whale model with the smoothed 

functions for the daily probability of a calling gray whale being present in relation to temporal 

(day of the year, DOY), and environmental conditions. Daily means were used for the 

environmental covariates including near-bottom temperature and salinity, sea-surface 

temperatures (SST), water speed, and wind speed. The ‘Lagged SST Gradient’ represents the 

maximum difference in daily mean SSTs between grid cells within a 30-km buffer around site 

A3 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. 

Fig. S3.1. Map of the Distributed Biological Observatory (DBO) sampling regions (figure from 

Grebmeier et al. 2019).  
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Fig. S3.2. Chart of the sampling periods for all three prey datasets: BASIS forage fish dataset 

(top, green squares), EcoFOCI Calanus spp. dataset (middle, blue squares), and the benthic 

amphipod dataset (bottom, yellow squares). The start dates of the hydrophone recordings are 

represented by the bold squares and the gray shading represents the recording periods.  

Fig. S3.3. Vector plots of daily mean water speed (cm s-1) at the A3 mooring site. 

Fig. S3.4. Seasonal means for water speed (cm s-1) measured at the A3 mooring site. Note that 

2016 was omitted since we do not have acoustic data for that year. The seasons were defined as 

follows: Winter (‘W’) = 21 Dec‒20 Mar; Spring = 21 Mar‒20 Jun; Summer (‘Su’) = 21 Jun‒20 

Sep; Fall = 21 Sep‒20 Dec. Water speeds throughout the seasons were highly variable with 

standard deviations ranging from 13 cm s-1 to 27 cm s-1. A linear regression of the seasonal 

means with year shows a significant increasing trend over the study period (p = 0.02).  

Fig. S3.5. Vector plots of daily mean wind speed (cm s-1) at the A3 mooring site. The gray 

dashed line at 10 m s-1 indicates strong wind speeds. 

Fig. S3.6. Plot of the daily maximum sea-surface temperature (SST) gradient (°C) within a 30-

km radius of the A3 mooring site for the open-water season (1 May through freeze-up; see Table 

3.2). The SST gradient is a proxy for the presence of a thermal front—the higher the gradient, the 

stronger the front. The plot is overlaid with a bar plot of the hours per day with fin whale calls 

with bold lines indicating the start and end of the recording period. 

Fig. S3.7. Plot of the daily maximum sea-surface temperature (SST) gradient (°C) within a 30-

km radius of the A3 mooring site for the open-water season (1 May through freeze-up; see Table 

3.2). The SST gradient is a proxy for the presence of a thermal front—the higher the gradient, the 

stronger the front. The plot is overlaid with a bar plot of the hours per day with humpback whale 

calls with bold lines indicating the start and end of the recording period. 

Fig. S3.8. Plot of the daily maximum sea-surface temperature (SST) gradient (°C) within a 30-

km radius of the A3 mooring site for the open-water season (1 May through freeze-up; see Table 

3.2). The SST gradient is a proxy for the presence of a thermal front—the higher the gradient, the 

stronger the front. The plot is overlaid with a bar plot of the hours per day with gray whale calls 

with bold lines indicating the start and end of the recording period. 

Fig. S3.9. Proportion of recordings with gray whale calls by month. Only the years with both 

spring and fall recordings are shown. In some years, particularly 2013 and 2014, a peak in gray 

whale calls is evident in the spring and fall, possibly reflecting the spring and fall migration of 

gray whales into and from the study region. 

Fig. 4.1. Map of the study area with the three mooring locations—Sites A2 and A4 in the eastern 

channel of the strait, and Site A3 north of the strait. The nearest NCEP-NARR wind data point is 

located southwest of the strait (65°N, 170°W; Mesinger et al., 2006). The two white circles 
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represent 100-km buffers around Sites A2 and A3, respectively, and were used for identifying 

ships within the Bering Strait region. Depth data were taken from the International Bathymetric 

Chart of the Arctic Ocean version 3.0 (500-m resolution; Jakobsson et al., 2012). The top left 

inset shows the tracklines for all vessels that transited the Bering Strait between June‒November 

2013. 

Fig. 4.2. Summary of our approach for selecting the ship transmissions from the AIS data for 

characterizing ship activity in the Bering Strait and for the received level (RL) vs. range to 

receiver analysis. SOG = speed over ground in knots; MMSI = Maritime Mobile Service Identity 

number. 

Fig. 4.3. Summary of our approach to dividing the ambient and ship acoustic files into wind and 

water speed categories for the ship vs. ambient sound level analysis. 

Fig. 4.4. Total counts of unique vessels that transited within 100 km of the Bering Strait region 

(n = 412 vessels), defined as merged 100-km buffers around Sites A2 and A3 (see Fig. 4.1). Note 

that the totals are likely underestimates since not all vessels are required to carry AIS 

transponders 

Fig. 4.5. Median sound pressure levels (SPL) measured across third-octave frequency bands (Hz) 

for recordings with ship noise (circles) plotted against ambient SPLs (triangles) for (A) days with 

low water speeds (≤40 cm/s), and (B) days with high water speeds (>40 cm/s) visualized by 

whether the recording occurred on a day with high wind speeds (>10 knots; solid lines and 

points), or low wind speeds (≤10 knots; dotted lines and hollow points). Total sample sizes for 

the ship recordings are as follows: low water/high wind = 34 recordings; low water/low wind = 

26 recordings; high water/high wind = 55 recordings; and high water/low wind = 40 recordings. 

Ambient sample sizes are as follows: low water/high wind = 4,377 recordings; low water/low 

wind = 1,189 recordings; high water/high wind = 4,788 recordings; and high water/low wind = 

1,706 recordings. Note that the x-axis is log-scaled. 

Fig. 4.6. Received levels (RL) for the 250-Hz third-octave frequency band (TOL) vs. slant range 

to the recorder (km) for the loudest vessels from the select dataset of unique ship events (n = 8; 

color points) plotted against the RLs for all select ship events (total n = 73; gray points). A ‘ship 

event’ is a ship recording matched with the AIS tracks of a single vessel that was traveling at 

speeds > 5 knots and passed within 10 km of the mooring (see Section 4.3.5). Vessel type is 

listed for each of the loudest vessels along with its length and mean speed over ground (SOG) in 

knots (kts). Each point represents the RL measured over each minute of the ship event recording 

and corresponds to an AIS transmission. 
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CHAPTER 1. Introduction 

1.1  A Time of Change 

Climate change is rapidly transforming Earth’s ecosystems, especially marine systems where the 

rate of change is outpacing that of terrestrial systems (Poloczanska et al. 2013). Prominent 

among the biological responses to climate change are shifts in distribution and phenology—the 

timing of important life history events (Parmesan 2006). For baleen whales, whose ranges and 

distributions are often closely related to water temperature (MacLeod 2009), warmer 

temperatures associated with climate change could lead to range expansions and contractions, as 

well as shifts in the timing of their migrations (Ramp et al. 2015; Szesciorka et al. 2020; Ingman 

et al. 2021; Citta et al. 2023). Tracking changes in the distributions of baleen whales is 

complicated by the fact that many populations are still recovering from intensive whaling that 

took place in the early to late 20th century (Zerbini et al. 2016). The movement of a species into a 

region where they were not recently observed could be a reaction to better conditions brought on 

by climate change, or the species reclaiming portions of their historical range, or both. 

Identifying environmental conditions that are favorable for whales and how these conditions are 

changing is an important step in understanding how baleen whales may respond to climate 

change.  

 Despite decades of research, fundamental questions regarding whale behavior and 

ecology remain: why do whales migrate (Horton et al. 2022), how do they navigate (Bingman 

and Cheng 2005), and how do they find their patchily-distributed prey (Torres 2017)? While 

researchers are working to uncover the biology and ecology of baleen whales, climate change is 

quickly reshaping the oceans, obscuring the line between novel and basal patterns. Nowhere else 

is this transformation more evident than in the Arctic where temperatures are warming twice as 
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fast as the rest of the planet (Druckenmiller et al. 2022). Warmer temperatures are causing ice to 

retreat earlier in the spring and form later in the fall (Markus et al. 2009; Frey et al. 2015), 

leading to longer ice-free periods during the summer (Comiso et al. 2008; Cavalieri and 

Parkinson 2012; Vaughan et al. 2013). The steady decline of sea ice has cascading impacts on the 

Arctic marine food web, especially in shallow continental seas such as the Bering and Chukchi 

seas (Fig. 1.1) where primary production is tightly coupled to sea ice (Hunt et al. 2002; Arrigo et 

al. 2014; Kikuchi et al. 2020; Stabeno et al. 2020). While the impacts of sea-ice decline on Arctic 

marine cetaceans such as bowhead whales (Balaena mysticetus) are well documented in the 

Pacific Arctic (Laidre et al. 2015), how declining ice and associated environmental factors affect 

subarctic whales that summer in the region is unclear. 

 

Fig. 1.1. Map of the Pacific Arctic. Bathymetry data were taken from the Alaska Region Digital 

Elevation Model v. 2 (ARDEM; http://research.cfos.uaf.edu/bathy/). 
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Climate change may benefit subarctic baleen whales, at least in the short term, by 

permitting expansion into new habitats (Kovacs et al. 2011; Moore, 2016), increasing primary 

production (Arrigo and van Dijken 2015), and allowing whales to stay longer in feeding areas 

(Perryman et al. 2002). However, declining sea ice is also opening the Arctic to increased ship 

activity (Eguíluz et al. 2016), which may impact the acoustic habitat for these species. There has 

been increased interest in recent years in studying the ambient soundscape of the Arctic with the 

aim of documenting baseline sound levels and measuring the contribution of anthropogenic noise 

to the soundscape (Merchant et al. 2014; Ahonen et al. 2017; Halliday et al. 2017; Insley et al. 

2017). The Bering Strait presents an ideal location to study the effect of ship noise on ambient 

sound levels given that the region is a natural bottleneck for ships transiting into the Arctic from 

the Bering Sea.  

 This dissertation examines the acoustic occurrence of three subarctic baleen whales in the 

Chukchi Sea—fin whales (Balaenoptera physalus), humpback whales (Megaptera 

novaeangliae), and gray whales (Eschrichtius robustus)—and seeks to uncover patterns in their 

presence in the region, the environmental drivers that draw them into the Pacific Arctic, and how 

ships affect their acoustic habitat during the open-water season. Putting these research questions 

in context requires an exploration into the factors that shape whale behavior and habitat 

selection, including how whales find their food, what conditions are favorable for baleen whales, 

how the region is changing in the Anthropocene, and what methods are most effective for 

studying whales in this region. 

 1.2  How do whales find their food? 

Determining what attracts subarctic whales to the Pacific Arctic first requires an understanding 

of how whales find their prey. Baleen whales migrate between lower latitude breeding areas and 
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higher latitude feeding areas each year, taking advantage of the seasonal bounty of prey initiated 

by spring phytoplankton blooms (Rice and Wolman 1971; Mizroch et al. 2009; Calambokidis et 

al. 2001). As they travel along their migration routes, baleen whales employ a series of sensory 

modalities at various scales for tracking down their patchily-distributed prey (Kenney et al. 2001; 

Torres 2017). 

Their memory of previously successful feeding grounds likely determines a whale’s first-

order decisions on where to migrate (Kenney et al. 2001). The first foraging ground a whale 

visits is with its mother; consequently, maternally-directed fidelity to feeding grounds is 

commonly found in some whale populations (Baker et al. 1990; Clapham and Seipt 1991; 

Barendse et al. 2013). How the whales navigate to those familiar feeding grounds, though, is 

unclear. At large scales (> 100 km), it is thought that baleen whales employ magnetoreception 

(detection of the Earth’s magnetic fields; Kirschvink et al. 1986), gravitaxis (sensing the Earth’s 

gravity field; Horton et al. 2017), and/or perception of temperature and salinity gradients found 

in currents and fronts to orient themselves in the direction of favorable feeding areas (Torres 

2017). Once the whales draw closer, at scales of 10‒100 km, individuals may then cue into 

acoustic signals from conspecifics to zero-in on areas where other whales are feeding (Torres 

2017). Warming sea temperatures, declining sea ice, and fluctuating salinity along with increased 

anthropogenic noise may interfere with the detection of vital cues that whales use to navigate and 

find their prey. Identifying those cues is critical to understanding the resiliency of whales to 

climate change. 

Given their large size and energy requirements, whales must find dense, reliable patches 

of food (Piatt and Methven 1992; Goldbogen et al. 2011). The location and size of whales’ 

feeding ranges are therefore linked to the distribution and predictability of their prey (Stevick et 
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al. 2006; Filatova et al. 2022). Gray whales are benthic foragers, specializing in tube-dwelling 

infaunal amphipods such as Ampelisca macrocephala (Lilljeborg 1852; Highsmith and Coyle 

1991). Benthic invertebrate communities change on longer timescales than pelagic prey 

(Grebmeier 2012) and have a more predictable distribution, which results in high fidelity of gray 

whales to their feeding grounds (Heide-Jørgensen et al. 2012; Filatova et al. 2022). Eastern North 

Pacific gray whales undertake one of the longest known migrations of any mammal (Mate et al. 

2015), swimming thousands of miles from the warm calving lagoons of Baja California, Mexico, 

to the cold feeding grounds of the Bering and Chukchi seas (Fig. 1.2; Rice and Wolman 1971). 

The fact that gray whales migrate great distances to reach the Pacific Arctic is a testament to the 

quality and density of prey found in the Bering and Chukchi seas—two of the most productive 

marine ecosystems in the world (Grebmeier et al. 2006; Zerbini et al. 2016). 

 

Fig. 1.2. Approximate migration route of eastern North Pacific gray whales (orange line). 
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What draws fin and humpback whales in the Pacific Arctic, however, is less clear. Both 

fin and humpback whales are generalist pelagic predators, feeding primarily on krill and forage 

fish species (Nemoto 1959). Nemoto (1959) analyzed the stomach contents of fin whales caught 

in the northern Bering Sea (north of 58 °N) in the 1950s and found that the main prey species 

were capelin (Mallotus villosus), juvenile Alaska pollock (Gadus chalcogrammus), and Pacific 

herring (Clupea pallasii), while saffron cod (Eleginus gracilis) and Arctic krill (Thysanoessa 

raschii) were also common. The stomachs of humpback whales harvested in the North Pacific 

had very similar contents as fin whales, including krill (Euphausia pacifica, T. inermis, T. 

longipes, T. spinifera), and forage fish species such as capelin, juvenile Alaska pollock, sand 

lance (Ammodytes spp.), and Atka mackerel (Pleurogrammus monopterygius) (Nemoto 1959). 

Since fin and humpback whales pursue pelagic prey, it is likely that both species cue into the 

presence of currents, temperature gradients, and other oceanographic features that determine the 

distribution and presence of their prey. What features, then, make for good feeding opportunities 

for these whales in the Chukchi Sea? 

1.3  What conditions are favorable for subarctic baleen whales in the Pacific Arctic? 

The northern Bering and Chukchi seas are productive, shallow continental shelf seas (Grebmeier 

et al. 2006) that are influenced by seasonal ice cover (Stabeno et al. 2012; Hermann et al. 2016) 

and the inflow of Pacific water which enters through the narrow Bering Strait (Fig. 1.3; 

Woodgate et al. 2005). The southern Chukchi Sea is an advective system whose productivity is 

shaped by the seasonal presence of distinct water masses, or currents. These water masses deliver 

nutrients, phytoplankton, and zooplankton to the Chukchi Sea and are defined by their 

temperature and salinity properties (Coachman et al. 1975). The water masses also have varying 

levels of nutrients, which determine the community composition of the phytoplankton and 



7 

 

zooplankton found within them (Hopcroft et al. 2010; Eisner et al. 2013; Pisareva et al. 2015; 

Danielson et al. 2017; Pinchuk and Eisner, 2017; Sigler et al. 2017). Three water masses 

dominate in the north Bering Sea and southern Chukchi Sea: the Anadyr Water which is cold, 

saline, and nutrient-rich, and flows on the western side of the region; the Alaskan Coastal Water 

which is warm, fresh, and nutrient-poor, and flows on the eastern side of the region; and the 

Bering Shelf Water which is cold and less salty than the Anadyr Water, and flows through the 

central north Bering Sea (Fig. 1.3; Coachman et al. 1975). Spatial and temporal variability in the 

distribution of zooplankton is determined by the distribution of the various water masses 

(Danielson et al. 2017) as well as rates of transport through the Bering Strait (Spear et al. 2019), 

which in turn, affects the distribution of forage fishes (Eisner et al. 2013; De Robertis et al. 2017; 

Sigler et al. 2017).  

 

Fig. 1.3. Map of the typical annual mean flow patterns of the three dominant water masses in the 

Bering Strait region. 

Pelagic fish species such as Arctic cod (Boreogadus saida), Pacific herring, capelin, and 

sand lance feed on pelagic zooplankton such as Calanus spp. copepods and euphausiids, linking 

Bering 

Strait 
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their distributions to that of their zooplankton prey. Additionally, many of these species are 

sensitive to specific ranges of water temperatures (Andrews et al. 2016; De Robertis et al. 2017). 

Arctic cod and capelin are typically found in colder temperatures, while herring are found in 

warmer waters (Andrews et al. 2016; De Robertis et al. 2017). Both the population dynamics and 

dispersal of pelagic fish are coupled to variation in environmental conditions (De Robertis et al. 

2017). Fin and humpback whales likely maximize feeding success by targeting areas that are 

important to their prey, such as spawning locations, and/or oceanographic features that accrue 

prey. 

An important mesoscale oceanographic feature that aggregates prey are fronts (Scales et 

al. 2014). Fronts in the Bering Sea form important feeding habitats for seabirds and marine 

mammals alike (Schneider et al. 1987; Springer et al. 1996), however less research has been 

conducted on the importance of fronts as feeding habitat in the north Bering (Russel et al. 1993) 

and Chukchi seas (Moore et al. 1995; Highsmith et al. 2006; Bluhm et al. 2007). Average flow in 

the southeast Bering Sea is northward, creating a network of fronts that stretches from the Bering 

Sea, through the Anadyr Strait west of St. Lawrence Island, continuing through the Bering Strait 

and into the Chukchi Sea (Fig. 1.4; Belkin and Cornillon 2003). A front created by the 

confluence of warm and cold-water masses regularly forms north of the Bering Strait in summer, 

attracting feeding fin, humpback, and gray whales (Bluhm et al. 2007; Clarke et al. 2013; Clarke 

et al. 2016; Brower et al. 2018; Moore et al. 2022). The location and intensity of fronts created 

by the water masses of the Chukchi Sea are likely important factors that drive patterns in 

subarctic baleen whale occurrence. 
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Fig. 1.4. Map of the Pacific Arctic with key locations labeled. Bathymetry data were taken from 

the Alaska Region Digital Elevation Model v. 2 (ARDEM; http://research.cfos.uaf.edu/bathy/). 

The spatial distribution of benthic communities is similarly shaped by the presence of 

water masses as well as sediment properties (Grebmeier et al. 1989; Feder et al. 2005, 2007; 

Denishenko et al. 2015). Nutrient deposition is controlled by currents, which in turn are affected 

by bathymetry (Pisareva et al. 2015) and the position of the ice edge (Denishenko 2002). Water 

speed also affects sediment grain size; areas with fast water speeds have coarser, more gravel-

like sediments, while areas with slower water speeds have softer, more muddy sediments. 

Sediment grain size impacts biodiversity in benthic communities and determines species 

dominance (Grebmeier et al. 2006). Infaunal amphipods, such as Ampelisca macrocephala, 

require soft sediments (Highsmith et al. 2006), therefore areas with slower water speeds and 

softer sediments are likely important feeding areas for gray whales in the Chukchi Sea. 

Gray whales are known to feed on a wide variety of benthic invertebrates (reviewed in 

Nerini 1984) in addition to ampeliscid amphipods. Although their primary form of feeding is 
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through suction of benthic sediments, gray whales have also been observed skim-feeding at the 

surface for pelagic zooplankton (Moore et al. 2022). Gray whales likely rely on fronts to 

aggregate such pelagic prey (Bluhm et al. 2007). Once they discover a good prey patch, gray 

whales exhibit high fidelity to a region, traveling less than a kilometer in a day (Heide-Jørgensen 

et al. 2012). Foraging hotspots for gray whales in the Pacific Arctic (Fig. 1.4) include the 

northeastern Chukchi Sea (Clarke et al. 1989; Brower et al. 2017), the northern coast of 

Chukotka (Berzin 1984; Heide-Jørgensen et al. 2012), the mouth of Barrow Canyon (Kuletz et 

al. 2015), the Chirikov Basin north of St. Lawrence Island (Moore et al. 2003), and the Hope 

Valley in the central and southern Chukchi Sea (Berzin 1984; Moore et al. 2000; Clarke and 

Moore 2002; Moore et al. 2003; Bluhm et al. 2007). These hotspots have remained relatively 

consistent over the past decades, except for the Chirikov Basin.  

In the 1980s and early 1990s, gray whales were commonly observed feeding in the 

Chirikov Basin (Moore et al. 2003). By the late 1990s, however, the Chirikov Basin could no 

longer support the entire gray whale population, resulting in an unusual mortality event (UME) 

in 1999–2000 (Moore et al. 2003). Possible causes for the collapse include diminished amphipod 

abundance due to overgrazing gray whales (Highsmith and Coyle 1991, 1994), changes in 

nutrient deposition (Coyle et al. 2007), and the prevalence of coarser sediment in the basin due to 

faster current speeds, leading to a reduction in the abundance of tube-building ampeliscid 

amphipods (Moore et al. 2003). The gray whale UME of 1999–2000 alerted researchers to the 

presence of changing conditions in the Pacific Arctic as well as the sensitivity of gray whales to 

changes in their benthic prey, making gray whales an important sentinel species (Moore 2008). 

1.4  How is the Pacific Arctic changing? 
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Increased sightings of fin and humpback whales in the Chukchi Sea in recent years (Brower et al. 

2018) suggest that these two species are reclaiming portions of their previous range as their 

populations recover to pre-whaling levels (Zerbini et al. 2006; Clarke et al. 2013). Alternatively, 

and perhaps concurrently, recent environmental shifts could have led to more favorable 

conditions in the Chukchi Sea for the two species (Clarke et al. 2013). If the latter is true, it is 

important to understand the nature of these environmental shifts and how they could in turn 

impact Arctic marine mammals. More subarctic cetaceans in the area along with longer ice-free 

seasons could lead to temporal and spatial range overlap with Arctic marine mammals, 

potentially resulting in increased competition for resources (Laidre and Heide-Jørgensen 2012; 

Clarke et al. 2013). Additionally, when considering direct anthropogenic impacts on marine 

mammals in the Alaskan Arctic such as shipping, subarctic cetaceans as a group are often 

overlooked. 

Environmental changes such as increased water speeds through the Strait (Woodgate et 

al. 2012), warmer annual temperatures (Danielson et al. 2020), increased primary production 

(Arrigo and van Dijken 2015), and declines in sea ice cover during the spring and fall (Serreze et 

al. 2016) are transforming the Pacific Arctic. Coincident with these environmental shifts is a 

dramatic increase in the number of ships passing through the Bering Strait (Huntington et al. 

2015). Increased global shipping has contributed to a ~ 10 dB increase in sound levels in lower 

frequency bands used by fin whales (< 80 Hz; Andrew et al. 2002; McDonald et al. 2006). In 

addition, ship noise masks important biological signals (Clark et al. 2009; Pine et al. 2018), 

increases stress hormone levels (Rolland et al. 2012), provokes avoidance behavior (Nowacek et 

al. 2007; Southall et al. 2007), and promotes vocal behavior changes in baleen whales (Parks et 

al. 2011; Dunlop et al. 2014). Consequently, understanding how elevated ship noise affects the 
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available acoustic habitat for marine mammals is a research priority (Richardson et al. 1995; 

Nowacek et al. 2007; Moore et al. 2012; McKenna et al. 2017). 

1.5  How do we study whales in the Bering Strait? 

Though visual surveys have been conducted in the Chukchi Sea for decades (Clarke et al. 2019), 

our understanding of the occurrence of fin and humpback whales in the region is still rather 

limited. Visual surveys are constrained by weather, availability of observation platforms (ships or 

planes), observer availability, and visibility, among other factors. Additionally, whales only 

surface for short periods of time, making observing and identifying whales challenging. Passive 

acoustic monitoring (PAM), on the other hand, has finer scale temporal resolution (minutes to 

hours), can be deployed and left undisturbed for long stretches of time, and is able to capture the 

presence of species during inclement weather, when the seas are ice-covered, and during the 

night (Mellinger et al. 2007).  

 Light quickly attenuates in water whereas sound can travel over great distances. 

Therefore, marine mammals rely primarily on hearing to navigate their world. Baleen whales use 

sound to orient themselves in their habitat (George et al. 1989), find mates (Darling and Bérubé 

2001; Croll et al. 2002), avoid predators (Cummings and Thompson 1971), and keep in contact 

with each other (Payne and Webb 1971). Each species produces unique vocalizations, allowing 

researchers to identify species using differences in frequency, duration, and amplitude patterning 

in the vocalizations. The ability to identify baleen whales using their calls and songs enables 

researchers to study behavior, occurrence over time, and abundance (Mellinger et al. 2007). The 

main limitation to PAM, however, is that an individual must be calling to be detected. Also, in 

some species, such as fin and humpback whales, only males produce songs in addition to other 

vocalizations (Payne and McVay 197; Darling and Bérubé 2001; Croll et al. 2002). 
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Consequently, passive acoustic studies are often biased towards the detection of only a portion of 

the population, and we cannot assume absence of a species based on acoustic data alone. 

 The use of passive acoustic surveys in the Bering and Chukchi seas has greatly improved 

our knowledge of the occurrence of visually cryptic and rare species such as North Pacific right 

whales (Eubalaena japonica; Wright et al. 2019), as well as more common but dispersed species, 

such as fin and humpback whales. Recent passive acoustic surveys in the Pacific Arctic reveal an 

interannual pattern in the presence of both fin and humpback whales. Delarue et al. (2013) noted 

low fin whale detections in the northeast Chukchi Sea in 2009 and 2010, while more fin whales 

were heard in 2007. Woodgate et al. (2015) observed fin whale calls in the southern Chukchi Sea 

throughout 2009 with a peak in detections in 2012. Woodgate et al. (2015) also recorded more 

humpback whale calls in 2009 and 2012 than in 2010 and 2011. Environmental variability likely 

explains the observed patterns of interannual variability of the two species (Delarue et al. 2013), 

however the connection between the presence of these species and environmental conditions has 

yet to be explored. Investigating possible explanations for previously observed interannual 

variability in the presence of fin and humpback whales, as well as identifying any similar 

patterns for gray whales, formed the main motivation for this dissertation.  

1.6  Dissertation Overview 

The primary goal of this dissertation is to document and investigate patterns in the acoustic 

presence of subarctic baleen whales in the Bering Strait, including identifying migration timing 

and environmental factors that influence their presence in the region. This work began with the 

mystery of why calling fin whales are abundant in some years and not in others during the open-

water season in the Chukchi Sea. Chapter 2 seeks to uncover the answer to this mystery, 

comparing environmental conditions in years with high abundance of calling whales to those of 
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years with low abundance. Chapter 3 expands on this effort to include humpback and gray 

whales in addition to examining the migration timing of all three species in relation to 

environmental conditions, and exploring potential drivers of whale presence. Finally, Chapter 4 

examines the impact of ship noise on ambient sound levels for the open-water season with a 

focus on the Bering Strait region.  

In Chapter 2, published in Deep Sea Research Part II (Escajeda et al. 2020), my 

coauthors and I use acoustic recordings from three moored hydrophones in the Bering Strait 

region from 2009–2015 to identify fin whale calls during the open-water season (July–

November) and investigate the potential influence of local environmental conditions on the 

interannual variability in fin whale presence. We examined near-surface and near-bottom 

temperatures (T) and salinities (S), wind and water velocities through the strait, water mass 

presence as estimated using published T/S boundaries, and satellite-derived sea surface 

temperatures and sea-ice concentrations. Our results show significant interannual variability in 

the acoustic presence of fin whales with the greatest detections of calls in years with contrasting 

environmental conditions (2012 and 2015). Colder temperatures, lower salinities, slower water 

velocities, and weak southward winds prevailed in 2012 while warmer temperatures, higher 

salinities, faster water velocities, and moderate southward winds prevailed in 2015. Most 

detections (96%) were recorded at the mooring site nearest the confluence of the nutrient-rich 

Anadyr and Bering Shelf water masses, Site A3, 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 environmental factors or other unexamined variables 

working in combination that draw fin whales into the Pacific Arctic. The lack of a distinct 

connection between fin whales and environmental conditions motivated me to examine other 
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factors beyond the Bering Strait region that could impact fin whale presence. Exploring the 

connection between subarctic whale presence and environmental conditions in the Pacific Arctic 

and beyond formed the foundation of Chapter 3. 

 In Chapter 3 (manuscript in preparation), I added two years of acoustic and environment 

data (2017 and 2018) to the acoustic dataset from Chapter 2, expanding the study period to 

2009‒2018. Focusing on data from Site A3, I identified fin, humpback, and gray whale calls 

during the open-water season (May–December), examined migration timing, and tested for 

potential environmental drivers of whale presence. The acoustic presence of fin and humpback 

whales varied across the years, with most recordings with calls observed in the late fall months 

(October through November). We observed the highest proportion of recordings with humpback 

whale calls for the peak months of October–November in 2009, 2017, and 2012 (66–80% of 

recordings had humpback whale calls), and the highest proportion of recordings with fin whale 

calls for October–November in 2015, 2017, and 2018 (75–79% of recordings). We observed the 

highest proportion of recordings with gray whale calls for October–November in 2013 and 2015 

(46 and 51% of recordings, respectively). Fin whales departed the Bering Strait ~ 3 days later per 

year over the duration of the study (p = 0.02). Significant positive correlations between fall water 

temperatures (all Pearson r ≥ 0.71, p < 0.03) and departure dates for fin and humpback whales 

suggest that warmer water temperatures may allow both species to delay their southward 

migrations. Individual models for each species identified day of the year, water temperatures, 

and the presence of a thermal front in the previous month as factors that influence the acoustic 

presence of all three species during the open-water season. 

In Chapter 4, published in Marine Pollution Bulletin (Escajeda et al. 2023), my coauthors 

and I characterized ship activity in the Bering Strait during the open-water season (July‒



16 

 

November) for 2013‒2015 and quantified the impact of ship noise on third-octave sound levels 

(TOLs) for frequency bands used by baleen whales (25‒1000 Hz). Peak ship activity occurred in 

July‒September with the greatest overlap in ship noise and whale vocalizations observed in 

October. Ships elevated sound levels by ~ 4 dB on average for all TOL bands combined, and 

250-Hz TOLs exceeding 100 dB re 1 µPa were recorded from two large vessels over 11 km away 

from the hydrophones. Our results show that ship noise has the potential to impact baleen whales 

in the Bering Strait and serve as a baseline for measuring future changes in ship activity in the 

region. 

Overall, the results presented within this dissertation provide a snapshot of the presence 

of subarctic baleen whales in the Bering Strait during a time of change in the Pacific Arctic. It is 

clear from this work that fin, humpback, and gray whales are important components of the 

summer marine ecosystem of the Chukchi Sea. Continued study of their presence in the region 

will be important for tracking changes in the Chukchi Sea. Additionally, the results presented in 

this dissertation serve as a baseline for measuring future changes to the marine soundscape of the 

Bering Strait as shipping and other anthropogenic activities continue to transform the Arctic. 
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CHAPTER 2. Variability in fin whale (Balaenoptera physalus) occurrence in the 

Bering Strait and southern Chukchi Sea in relation to environmental factors 
 

[Escajeda E, Stafford KM, Woodgate RA, Laidre KL (2020) Variability in fin whale 

(Balaenoptera physalus) occurrence in the Bering Strait and southern Chukchi Sea in relation to 

environmental factors. Deep Sea Research Part II: Topical Studies in Oceanography 177:104782. 

https://doi.org/10.1016/j.dsr2.2020.104782] 

 

2.1  Abstract 

Fin whales (Balaenoptera physalus) are common summer visitors to the Pacific Arctic, 

migrating through the Bering Strait and into the southern Chukchi Sea to feed on seasonally-

abundant prey. The abundance and distribution of fin whales in the Chukchi Sea varies from 

year-to-year, possibly reflecting fluctuating environmental conditions. We hypothesized that fin 

whale calls were most likely to be detected in years and at sites where productive water masses 

were present, indicated by low temperatures and high salinities, and where strong northward 

water and wind velocities, resulting in increased prey advection, were prevalent. Using acoustic 

recordings from three moored hydrophones in the Bering Strait region from 2009–2015, we 

identified fin whale calls during the open-water season (July–November) and investigated 

potential environmental drivers of interannual variability in fin whale presence. We examined 

near-surface and near-bottom temperatures (T) and salinities (S), wind and water velocities 

through the strait, water mass presence as estimated using published T/S boundaries, and 

satellite-derived sea surface temperatures and sea-ice concentrations. Our results show 

significant interannual variability in the acoustic presence of fin whales with the greatest 

detections of calls in years with contrasting environmental conditions (2012 and 2015). Colder 

temperatures, lower salinities, slower water velocities, and weak southward winds prevailed in 

2012 while warmer temperatures, higher salinities, faster water velocities, and moderate 

southward winds prevailed in 2015. Most detections (96%) were recorded at the mooring site 

https://doi.org/10.1016/j.dsr2.2020.104782
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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 environmental factors or other unexamined variables that draw fin 

whales into the Pacific Arctic. 

2.2  Introduction 

The Arctic has undergone unprecedented environmental shifts as a result of climate warming 

(Post et al., 2019). Prominent among these shifts is the loss of sea-ice cover during the summer 

(Comiso et al., 2008; Cavalieri and Parkinson, 2012; Vaughan et al., 2013; Wood et al., 2015a,b; 

Walsh et al., 2017) along with earlier melting in the spring and delayed onset of freezing in the 

fall (Markus et al., 2009; Stroeve et al., 2014; Frey et al., 2015; Stabeno et al., 2019; Baker et al., 

this issue). Environmental shifts as a result of climate change are especially evident in the 

Chukchi Sea where annual sea-ice cover has declined by ~13 days each decade from 1979 to 

2013 (Laidre et al., 2015), extending the open-water season (Grebmeier et al., 2010; Stroeve et 

al., 2014; Wood et al., 2015b; Woodgate, 2018). Declining sea ice is expected to result in range 

expansions of temperate and subarctic species into the Arctic (Root et al., 2003; Wassmann et 

al., 2011; Laidre and Heide-Jørgensen, 2012; Woodgate et al., 2015). Subarctic cetaceans, such 

as fin whales (Balaenoptera physalus), are thought to be expanding their range and residence 

time in the Chukchi Sea (Woodgate et al., 2015), which could lead to increased competition with 

Arctic cetaceans (Clarke et al., 2013). 

Fin whales are a cosmopolitan mysticete whose range extends through most of the 

world’s oceans (Mizroch et al., 1984). Though their exact migration patterns are unclear, fin 

whales are thought to breed in lower latitudes during winter and migrate to high-latitude areas, 
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such as the Bering and Chukchi seas, in summer to feed on seasonally abundant prey (Mizroch et 

al., 1984, 2009). Fin whale diets vary seasonally and spatially across the North Pacific, but 

typically include euphausiids and forage fish species (Pike, 1950; Nemoto, 1959; Nemoto and 

Kasuya, 1965; Mizroch et al., 1984; Flinn et al., 2002; Witteveen and Wynne, 2016). Fin whales 

are generally thought to avoid sea ice, though they have been observed swimming along the ice 

edge in the Arctic (Sleptsov, 1961; Mizroch et al., 1984).  

Fin whales produce low frequency signals (< 100 Hz), with high intensities (source levels 

up to 189 dB re 1 μPa at 1m) and short durations (≤ 1 s; Watkins, 1981; Watkins et al., 1987; 

Širović et al., 2007). The most commonly documented call is a short (~1 s) down-sweep 

generally starting around 25 Hz and ending at 15 Hz with peak energy centered near 20 Hz 

(Watkins, 1981; Watkins et al., 1987). The fin whale “20-Hz pulse” can occur in regular 

sequences, forming a stereotyped song that lasts from < 1 h to ~33 h (Watkins et al., 1987). Such 

sequences are believed to be produced by males as a mating display starting in the fall and 

lasting through spring (Watkins et al., 2000; Croll et al., 2002; Stafford et al., 2007). Fin whales 

also produce 20-Hz and higher frequency pulses in short, irregular sequences that may serve as 

contact calls (Watkins, 1981; McDonald et al., 1995; Edds-Walton, 1997), especially during the 

summer months (Širović et al., 2013).  

Historical records dating back to the early 20th century suggest fin whales commonly 

occurred in the southwest Chukchi Sea during the summer (Mizroch et al., 2009). Soviet and 

Japanese whaling expeditions in the 1930–1940s captured fin whales as far west as Cape 

Schmidt (68°55'18.3"N 179°27'42.7"W), and as far north as the central Chukchi Sea (69°04′N, 

171°06′W) and Wrangel Island (Tomilin, 1957; Nemoto, 1959; Sleptsov, 1961; Mizroch et al., 

2009; Fig. 2.1). Fin whales were observed in the Chukchi Sea as early as June (Nikulin, 1946) 
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and stayed in the area until October (Nikulin, 1946; Nasu, 1960; Votrogov and Ivashin, 1980). 

Sleptsov (1961) describes fin whales as ‘one of the numerous baleen whales that inhabit the 

Chukchi Sea’ and reported seeing hundreds of fin whales in the span of six days between the 

Bering Strait and Cape Serdtse-Kamen in September 1939. By the mid-20th century, intense 

whaling in the North Pacific had taken a toll on fin whale populations and fin whales were rarely 

seen in the Chukchi Sea. Only a few sightings of fin whales were recorded between 1958 and 

1981 (Nasu, 1960; Votrogov and Ivashin, 1980). More recent visual and acoustic observations of 

fin whales chart their presence in portions of the northeastern Chukchi Sea (Delarue et al., 2013), 

southcentral Chukchi Sea (Clarke et al., 2015; Brower et al., 2018), and the southern Chukchi 

Sea north of the Bering Strait (Tsujii et al., 2016). 

We hypothesize that observed spatial variability in fin whale presence may be connected 

to environmental variability in the study region. In addition to the seasonal cycle of sea ice, the 

Chukchi Sea is characterized by the presence of distinct 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 nutrients and chlorophyll-a (chl-a), leading to 

distinct phytoplankton and zooplankton communities (Hopcroft et al., 2010; Eisner et al., 2013; 

Pisareva et al., 2015; Danielson et al., 2017; Sigler et al., 2017). Large, chain-forming diatoms 

are found in areas with high chl-a concentrations, such as the productive Anadyr Water (AW) in 

the western Chukchi Sea, whereas smaller phytoflagellates occur in low-nutrient areas, such as 

the less productive Alaskan Coastal Water (ACW) in the eastern Chukchi Sea (Springer and 

McRoy, 1993; Eisner et al., 2013; Danielson et al., 2017). Consequently, large copepods and 

other zooplankton groups are found in the AW while smaller copepods are ubiquitous in the 

ACW zooplankton community (Eisner et al., 2013; Sigler et al., 2017). It might be therefore 
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expected that fin whales would occupy areas where the AW, or similarly productive water 

masses, dominate. 

The Chukchi Sea is a highly advective ecosystem that is heavily influenced by the inflow 

of Pacific Water which enters through the Bering Strait (Woodgate et al., 2005a; Fig. 2.1). 

Advection from the northern Bering Sea provides the main source of zooplankton for the 

Chukchi Sea and is an important factor in determining zooplankton biomass and secondary 

production (Weingartner, 1997; Kitamura et al., 2017). High northward water velocities through 

the strait likely translate to increased advection of Pacific-origin prey into the Chukchi Sea. 

Therefore, we hypothesize that years with high detections of fin whale calls will have high 

northward (along-channel) water velocities.  

The Bering Strait is divided into two channels by the Diomede Islands roughly mid-strait 

(Fig. 2.1). The western channel of Bering Strait is comparatively cold and salty due to the 

prevalence of the AW, while the eastern channel tends to be warmer and 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). Variability in wind strength and direction can influence the position of these water 

masses 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 productive 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 
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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. 2.1), 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.  

2.3  Methods 

2.3.1  Acoustic Data  

Acoustic data were collected from three AURAL-M2 hydrophones (Autonomous Underwater 

Recorder for Acoustic Listening-Model 2, Multi-Électronique, Inc.; sensitivity of −154 dB re 1 

V/µPa 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. 2.1). 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 2.1). We assume that calls recorded during the hydrophones’ duty 
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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 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 hydrophones were recorded (Woodgate et al., 2015). If we 

use the conservative call detection range of 10 km, the hydrophones cover a total of 892 km2, or 

~3% of the study area (Fig. 2.1). Hydrophones at A2 and A4 cover ~64% of the eastern channel 

area (~900 km2), 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 spectrogram 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 spectrogram 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). 
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To investigate spatial and temporal patterns in the presence of fin whales, we compared 

FWH between years and sites using a nonparametric 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. 

2.3.2  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; 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-1) and direction (°) 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 
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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 concentrations. Wind velocity data were 

obtained from the National Center for Environmental Prediction (NCEP) R1 dataset, with a 

spatial resolution at the Bering Strait of 2.5°. We used the National Oceanic and Atmospheric 

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 resolution 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 resolution 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/I) with a spatial 

resolution of 25 km (Cavalieri 1996). High resolution 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 Organization (IHO; 

http://www.marineregions.org/gazetteer.php?p=details&id=4257), and for a custom study area 

polygon (Fig. 2.1). The study area polygon was defined by the bounds set by Cape Serdtse-

https://www.esrl.noaa.gov/psd/
http://www.marineregions.org/gazetteer.php?p=details&id=4257
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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. 2.1). 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. 

2.3.3  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 velocities 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 coefficient, tau (τ), indicates the direction of association (‒1 < τ < 1) 

and the resulting p-value indicates presence of a statistically significant 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 (≥1 h, ≥6 h, ≥12 h, and ≥18 h) 

and days without any FWH. We calculated summary statistics 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). 
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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. 

2.3.4  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 (AtlW). 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 two 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. 
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 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 the statistical software R (v. 

3.5.3; R Core Team, 2019). 

2.4  Results 

2.4.1  Fin Whale Detections  

We processed a total of 52,272 audio files collected from ~July to November 2009−2015 (Table 

2.1). 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. 2.2; 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 

occurrence of FWH across all sites (68.4%), and given the hydrophones all had data from 

October, we restricted our statistical tests to this month. Wilcoxon rank-sum tests revealed 

statistically significant differences in the distribution of FWH in October at the three mooring 

sites (A2 and A3: W = 5259.5, p < 0.001, n = 186 days; A2 and A4: W = 8423, p = 0.006, n = 

124 days; A3 and A4: W = 1709, p < 0.001, n = 124 days). The earliest detection of fin whale 

calls across all sites and years occurred on 23 July 2013 at A3, and the latest fin whale detection 

occurred on 20 November 2015 at A3 (Table 2.2). Annual fin whale departure dates using the 
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95% quantile were only calculated for A3 given the lack of data at A2 and A4 (see Supplemental 

Fig. S2.4 for the cumulative distribution of days with fin whale calls at A3). Fin whale departure 

dates at A3 did not show any statistically significant trend (R2 = 0.20, p = 0.311; Fig. 2.3).  

At A3, fin whale calling activity was highest in 2012 and 2015 (52 and 71 days with at 

least one FWH, respectively), while calling activity was the lowest in 2010 (22 days) followed 

by 2011 and 2013 (28 days). The Wilcoxon tests comparing FWH in October between years at 

A3 show significant 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 2.3). Wilcoxon tests 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 2.3).  

Fin whale calls were less common at A2, though 2015 had relatively higher call activity 

with 40 h with fin whale calls compared to 2–10 h in each of the other six years. At A4, fin 

whale calls were only detected in 2014 (1 h) and 2015 (19 h). Insufficient sample sizes precluded 

any statistical comparisons of fin whale vocal activity between years for A2 and A4. 

2.4.2  Sea-ice Conditions and Analyses 

 Sea-ice conditions within the study area were highly variable from year to year. Melt-out 

dates ranged from as early as 27 April (2011) to as late as 20 May (2010; Table 2.4). The number 

of days between the initiation of melting (< 80% concentration) and ice-free conditions in the 

study area (< 15% concentration) ranged from 21 days (2015) to 41 days (2013; Table 2.4). The 

study area was typically ice-free starting in late May to early June, with the earliest ice-free date 

occurring on 24 May 2015 and the latest on 17 June 2010. On average, freeze-up dates (≥ 80% 

concentration) occurred in early to mid-December, with the earliest freeze-up on 28 November 
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2009 and the latest on 25 December 2010. The freeze-up periods for each year were typically 

much shorter than the melt periods, with the number of days between the ice-free date and 

freeze-up initiation ranging from five days (2014) to 23 days (2010 and 2012; Table 2.4).  

Fin whale departure dates for each year at A3 were compared to the sea ice freeze-up date 

for the study area and the Chukchi Sea, as well as the day of the year when the daily mean near-

surface and near-bottom temperatures first reached ≤ 0°C (Fig. 2.4). Two-sided Pearson 

correlation tests indicated no significant correlation between fin whale departure date and sea ice 

freeze-up date for the study area (t = ‒1.046, p = 0.344) or the Chukchi Sea (t = ‒0.308, p = 

0.771). The latest fin whale departure date occurred on 17 November 2011 and 2015 when the 

mean sea ice concentrations were ~0.8% and 4.9% in the study area, and 21.0% and 18.2% in the 

Chukchi Sea, respectively (Table 2.4).  

2.4.3  Environmental 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, SD = 0.7 °C; near-surface mean salinity = 30.3 

psu, SD = 1.3 psu). Conversely, A2 and A3 had lower temperatures and higher salinities than A4 

(A2: 2013 October near-surface mean temperature = 3.3 °C, SD = 0.7 °C, near-surface mean 

salinity = 31.1 psu, SD = 1 psu; A3: 2013 October near-surface mean temperature = 2.9 °C, SD = 

0.8 °C, near-surface mean salinity = 31.7 psu, SD = 0.8 psu; Fig. 2.5). This spatial structure, with 

warm fresh waters near the Alaskan Coast, typically indicates the presence of the Alaskan 

Coastal Current (see discussion in Woodgate et al., 2015). There were also significant 

interannual differences across all three sites. The lowest near-surface and near-bottom 
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temperatures occurred in 2012 while the highest temperatures occurred in 2015 (Fig. 2.5; 

Woodgate, 2018).  

 Northward water velocities were on average the highest at sites A2 and A4 during the 

open-water season (Fig. 2.6), consistent with known seasonality in the flow due to weaker 

opposing southward winds in summer (Woodgate et al., 2005b). The year 2012 had the weakest 

northward water velocity throughout the open-water season while 2014 had sustained high 

northward velocities throughout the season (Fig. 2.6; Woodgate, 2018). Overall, northward water 

velocities weakened over the period between July and November with the slowest northward 

water velocities occurring in November, except in 2012 and 2014 when the seasonal minimum 

velocities were seen in September and October (Fig. 2.6). Direction of flow at all three sites was 

primarily northward during the open-water season (see Supplemental Figs. S5−S11 for plots of 

the water and wind velocity vectors 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 analysis 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 x̅ = ‒6.2 m/s, SD = 5.4 m/s) 

and the weakest mean winds in 2012 (October x̅ = ‒0.4 m/s, SD = 8.1 m/s; Table 2.5). Note that 

the negative sign indicates a southward direction.  

2.4.4  Environmental Analyses  

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 tests between FWH on days with 
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fin whale calls (i.e., FWH > 0) and the environmental variables produced statistically significant 

(p < 0.05) though small correlations for daily mean water speed, and along-channel wind and 

water velocities pooled for all seven years (2009‒2015; Table 2.6). We ran a second test using 

October data only and found similar results, as well as the addition of significant correlations 

between FWH and near-surface temperature and SST at site A3 (Table 2.6).  

Days with fin whale calls mostly had southward mean wind velocities while days without 

calls (i.e., FWH = 0) mostly had northward overall mean winds (Table 2.5; Fig. 2.7). The 

Wilcoxon test comparing the overall mean along-channel wind velocity for October of each year 

against the means for days with and without FWHs revealed that days without FWH and days 

with FWH ≥ 6 and 12 hr had statistically significant differences in along-channel wind velocities 

in 2011 and 2014 only (Table 2.5). Insufficient data precluded any tests for days with FWH ≥ 18 

hrs. 

2.4.5  Water 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 Chukchi Summer Water (BCSW) at both the near-surface (>70% of days 

at both sites) and near-bottom levels (>90% of days at both sites) for all recording years (see 

Supplemental Figs. S12‒S14 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−November) and to a lesser extent in the near-surface (51% 

of days in July−November). The cold and salty Bering Chukchi Winter Water (BCWW) 

appeared in both levels 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 
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all three sites in September and October 2012 and 2013, with the strongest signal in 2012. 

However, since the sea-ice edge is far away from the mooring sites in September and October, 

the freshening observed in 2012 and 2013 was likely due to fresh waters from either the Alaskan 

Coastal Current (ACC) or the Siberian Coastal Current (SCC). The SCC is a cold, fresh current 

present seasonally in the Chukchi Sea only in some years (Weingartner et al., 1999). Also 

noteworthy was a warm Alaskan Coastal Water (ACW) signal in the near-surface 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 

match those from A3. Out of 726 days when both moorings were recording and had data for both 

instruments, 14 days (~2% of total days) had different water mass 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 days (~39%) for the near-surface and 127 days 

(24%) for the near-bottom. The comparison between A3 and A4 yielded 311 days (60%) with 

different water mass composition at the near-surface and 136 days (26%) at the near-bottom. 

These results indicate that despite close spatial proximity, A2 and A4 had very different water 

mass composition while A2 and A3 had similar water mass composition.  

2.4.6  Water Mass Analyses 

The chi-squared 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 calls during 

the study period was statistically 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 Fisher’s Exact Test to compare the daily 
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near-surface and near-bottom water mass designations to the total FWH for each day. The results 

show a significant relationship for 2009, 2011, 2012, and 2015 (all p < 0.02), signifying that fin 

whale presence was statistically dependent on water mass presence for these years. We were 

unable to execute the Fisher’s Exact test for 2013 (near-bottom water mass) and 2014 (both near-

surface and near-bottom) due to the fact that only one water mass (BCSW) was present at both 

levels in the water column, resulting in zeros in both the expected and observed columns of the 

test’s contingency tables. 

We were unable to perform a chi-squared test for independence for A2 and A4 due to the 

presence of small expected values (Ei,j < 5) in the 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 days 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 calls and water mass occurrence in the near-surface waters 

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

2.5  Discussion 

The results of this study show a pattern of interannual 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 

temperatures and salinities, 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 hypothesis that water masses may affect the occurrence of 

fin whales. We found small but significant correlations between FWH and northward wind and 

water velocities, near-surface temperatures and SST at site A3. However, our p-values for the 
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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 variables were small (< 

0.25). Thus, we conclude that it is not possible 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 association between days with fin whale calls 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 serve primarily a reproductive purpose (Watkins et al., 2000; Croll et al., 2002; Stafford et 

al., 2007) and thus, tend to be heard closer to the winter mating season (Stafford et al., 2007). 

Consequently, fin whale vocalizations may not be a reliable indication 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 region. The departure dates from the A3 mooring site did not exhibit a significant trend (Fig. 

2.3), therefore it is not possible to determine whether fin whales are extending their residence 

time in the Chukchi Sea from our data. Perhaps this is not surprising given that we only have 

seven years of data, and interannual variability 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 is not clear. Sea-ice 

concentrations in the study area around the last detection dates were well below ‘ice-free’ levels 

(< 15%; Table 2.4), indicating that the Bering Strait was still navigable and free of sea ice. It is 
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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. 

2.4). 

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. S2.13). 

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. S2.8 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 creates a 

front (Weingartner et al., 1999), which could isolate and cluster prey. In 1992‒1993, Moore et al. 
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(1995) observed bowhead whales (Balaena mysticetus) feeding in close association with salinity 

and thermal 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 importance 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 opportunities 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 conditions 

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 in 

the region around A2 due to fewer feeding opportunities. Also, the position of site A3 north and 
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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. While 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 through both channels. 

While the spatial variability in fin whale detections may be explained, the exact 

environmental mechanisms for the observed temporal 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 °C), late sea ice breakup (16 May), 

anomalously low flow (Woodgate, 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 velocities. 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 2.5). Thus, we cannot attribute interannual variation in the acoustic presence of fin 

whales to any one environmental predictor. Instead, we believe that a combination 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 hypothesize 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 
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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 predators 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 sampling 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 salinities are usually 

indicative of high AW content and thus are typically associated with high nutrient levels 

(Danielson et al., 2017). Consequently, 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 euphausiids. Matsuno et al. (2011) found that Pacific 

copepod species (e.g. Eucalanus bungii) expanded into the Chukchi Sea in 2007, a year with 
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relatively early sea-ice retreat and abnormally high sea surface temperatures, 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 to occur in the summer months (Moore et al., 1998, 2000; Stafford et al., 2007). Both 

2014 and 2015 were significantly warmer years in comparison 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 temperatures 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. 
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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 
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conditions 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 conditions 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 environmental 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 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 environmental 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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2.8  Tables 

Table 2.1. Recording settings and positions of the three hydrophones. Dates are in the format 

‘mm/dd/yyyy.’ 

Mooring Year 
Latitude 

N 

Latitude  

W 

Record Start 

Date 

Record End 

Date 

Sampling 

Rate 

(Hz) 

Hourly 

Duty 

Cycle 

A2 

2009 65.80° 168.80° 09/01/2009 01/16/2010 16384  12 min 

2010 65.80° 168.80° 08/11/2010 12/08/2010 16384  15 min 

2012 65.80° 168.80° 09/01/2012 05/15/2013 16384  10 min 

2013 65.78° 168.57° 07/15/2013 07/01/2014 8192  20 min 

2014 65.78° 168.57° 07/10/2014 07/04/2015 8192  20 min 

2015 65.78° 168.57° 07/05/2015 07/08/2016 8192  20 min 

A3 

2009 66.33° 168.97° 09/01/2009 03/03/2010 16384  12 min 

2010 66.33° 168.97° 08/11/2010 02/19/2011 16384  15 min 

2011 66.33° 168.97° 10/01/2011 05/25/2012 8192  10 min 

2012 66.33° 168.97° 09/01/2012 05/17/2013 16384  10 min 

2013 66.33° 168.97° 07/15/2013 07/02/2014 8192  20 min 

2014 66.33° 168.97° 07/10/2014 07/02/2015 8192  20 min 

2015 66.33° 168.97° 07/05/2015 07/08/2016 8192  20 min 

A4 

2012 65.75° 168.37° 09/01/2012 06/24/2013 16384  10 min 

2013 65.75° 168.26° 07/15/2013 07/02/2014 8192  20 min 

2014 65.75° 168.25° 07/10/2014 07/02/2015 8192  20 min 

2015 65.75° 168.25° 07/05/2015 07/08/2016 8192  20 min 
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Table 2.2. Fin whale detection data for the three moorings, including the dates of the first and 

last detection, and total number of days with fin whale calls present (‘FW Days’). The ‘.’ 

indicates periods when the hydrophone was not actively recording. 

 A2  A3  A4 

Year 

First 

Detection 

Date 

Last 

Detection 

Date 

FW 

Days 

 First 

Detection 

Date 

Last 

Detection 

Date 

FW 

Days 

 First 

Detection 

Date 

Last 

Detection 

Date 

FW 

Days 

2009 1 Oct 5 Nov 4  23 Sep 8 Nov 33  . . . 

2010 14 Oct 17 Oct 2  29 Sep 5 Nov 22  . . . 

2011 . . .  1 Oct 18 Nov 28  . . . 

2012 28 Oct 2 Nov 3  1 Sep 7 Nov 52  None None 0 

2013 22 Sep 15 Nov 7  23 Jul 9 Nov 28  None None 0 

2014 17 Oct 19 Oct 3  9 Aug 13 Nov 37  2 Nov 2 Nov 1 

2015 30 Sep 19 Nov 14  8 Aug 20 Nov 71  11 Oct 8 Nov 7 
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Table 2.3. Wilcoxon rank-sum test results 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 results). Significant p-values (p < 0.05) are in bold* and indicate 

that the distribution of FWHs significantly differed between the two years. 

 Year 2009 2010 2011 2012 2013 2014 2015 

2009 . 0.736 0.147 0.002* 0.42 0.026* 0.000* 

2010 174.5 . 0.463 0.002* 0.554 0.062 0.000* 

2011 186 220 . 0.002* 0.566 0.003* 0.000* 

2012 69 77 76 . 0.003* 0.614 0.007* 

2013 223 185 98.5 399.5 . 0.004* 0.000* 

2014 96 120.5 57.5 257.5 47.5 . 0.006* 

2015 30 14 14.5 110 21 106 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

65 

 

Table 2.4. Sea ice statistics calculated for 2009–2015 for the study area and Chukchi Sea. 

Statistics for the study area include: melt initiation date (‘Melt-Out Date’), melt period (number 

of days between 80% and 15% sea ice conc.), date when the study area was ice-free (<15% 

conc.; ‘Ice-Free Date’), Freeze-up Period (number of days between 15% and 80% sea ice conc.), 

and mean sea ice concentration (%) in the study area on the last date fin whale calls were 

recorded (‘Last FW’). Statistics for the Chukchi Sea include mean sea ice concentration (%) on 

the last date fin whale calls were recorded (‘Last FW’). 

 Study Area  Chukchi Sea 

Year  

Melt-

Out 

Date 

Ice-Free 

Date 

Melt 

Period 

(# of days) 

Freeze-

up 

Date 

Freeze-up 

Period 

 (# of 

days) 

Mean 

Nov. sea 

ice conc.  

Last FW 

x̅ sea ice 

conc. 

 

Last FW x̅ 

sea ice conc. 

2009 14 May 5 June 23 28 Nov 12 30.2% 0.9%  1.5% 

2010 20 May 17 June 29 25 Dec 23 3.4% 1.3% 
 

4.5% 

2011 27 April 30 May 34 4 Dec 12 13.3% 0.8%  21.0% 

2012 16 May 10 June 25 11 Dec 23 21.3% 1.9%  18.8% 

2013 5 May 14 June 41 18 Dec 19 6.3% 3.1%  12.8% 

2014 1 May 31 May 31 17 Dec 5 5.4% 4.1%  7.07% 

2015 4 May 24 May 21 10 Dec 17 20.1% 4.9%  18.2% 
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Table 2.5. Summary of the overall monthly mean along-channel wind velocities (m/s) for 

October along with overall means for days with and without fin whale hours (FWH) in October. 

Wind velocities were measured at the data point at 67.5°N and 190°W. Values in parentheses 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/s) 

Days without 

FWH 

(m/s) 

Days with ≥ 

1 FWH 

(m/s) 

Days with 

≥6 FWH 

(m/s) 

Days with 

≥12 FWH 

(m/s) 

Days with ≥ 18 

FWH 

(m/s) 

2009 -2.7  2.5 (0.03*) -5.2 (0.19) -6.2 (0.07) -6.6 (0.21) NA 

2010 -5.1 -3.2 (0.46) -6.2 (0.58) -7.3 (0.37) -7.9 (0.25) -9.5 (NA) 

2011 -2.1 0.6 (0.12) -4 (0.21) -6.1 (0.04*) -8.7 (0.02*) NA 

2012 -0.4 1.3 (0.97) -0.5 (0.99) -2.5 (0.45) -3 (0.33) -5.8 (NA) 

2013 -6.2 -5.8 (0.88) -6.7 (0.88) -5.8 (0.84) -7 (0.82) NA 

2014 -4.8 0.2 (0.04*) -6.2 (0.35) -6.8 (0.25) -7.9 (0.14) -9.2 (NA) 

2015 -4.0  5.5 (0.18) -4.3 (0.86) -4.7 (0.68) -6 (0.255.3) -7.1 (NA) 
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Table 2.6. Summary table of the Kendall’s rank correlation test results for site A3. Correlation 

tests were conducted between the number of fin whale hours (FWH) recorded on days with fin 

whale calls (FWH > 0) and the daily means of: near-surface and near-bottom temperatures, 

along-channel wind and water velocities, water speeds, and SST. Two sets 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 

(Daily Means) 

Pooled data - all months 

(n = 271) 

Oct only - all years pooled 

(n = 156) 

p τ p τ 

Near-surface Temperature 0.674 0.019 0.012* 0.151 

Near-surface Salinity 0.053 -0.087 0.851 -0.011 

Near-bottom Temperature 0.82 0.01 0.129 0.084 

Near-bottom Salinity 0.29 -0.044 0.507 0.037 

Water Speed < 0.001* -0.167 < 0.001* -0.28 

SST 0.202 -0.054 0.044* 0.111 

Along-channel water velocity < 0.001* -0.15 < 0.001* -0.207 

Along-channel wind velocity < 0.001* -0.194 < 0.001* -0.231 
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2.9  Figures 

 

Fig. 2.1. Map of the study region with typical annual mean flow patterns of the three dominant 

water masses in the Bering Strait region and 20-m bathymetric contours (International 

Bathymetry Chart of the Arctic Ocean [IBCAO], v. 3; Jakobsson et al., 2012). Positions of the 

three moorings along with the boundaries of the study area polygon used in the sea ice 

concentration analysis are also displayed. Inset map shows estimated call detection range buffers 

around each mooring (10 and 20 km). Note that the Alaskan Coastal Water is only present 

seasonally. 
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Fig. 2.2. Histograms of monthly sum of hours with fin whale calls (‘FWH’) recorded at the 

three mooring sites (A2, A3, and A4) within the Bering Strait region from 2009‒2015. The 

gray-shaded boxes indicate periods when the hydrophones were not recording. 
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Fig. 2.3. Fin whale departure day of the year (DOY) for each year at the A3 mooring site, north 

of the Bering Strait, along with the line of best fit (R2 = 0.203, p = 0.311).  
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Fig. 2.4. Calculated fin whale departure days for each year at site A3 (light blue, solid line) with 

other non-solid lines indicating the day of the year (DOY) when the daily mean near-surface 

(ISCAT; red, medium-dashed line) and near-bottom (SBE; blue, dotted line) temperatures first 

reached ≤ 0 °C at the A3 mooring site. The light gray, long-dashed line represents the DOYs 

when sea ice concentration in the study area first reached ≥ 80% in each year, and the dark gray, 

dot-dashed line represents when sea ice concentration in the Chukchi Sea reached ≥ 80%. See 

Fig. 2.1 for boundaries of study area. 
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Fig. 2.5. Plots of the mean temperatures (°C) and salinities (psu) for October of each year for 

both the near-surface and near-bottom levels of the water column at each mooring site in the 

study area (A2, A3, and A4; see key for colors, symbols, and line styles). The vertical lines 

represent the standard deviation of the monthly means. 
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Fig. 2.6. Monthly mean northward water velocity (cm/s) for June through November at each 

mooring site in the Bering Strait region (A2, A3, and A4; see key for colors, symbols, and line 

styles). See Fig. 2.1 for mooring locations. 
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Fig. 2.7. Daily mean northward wind velocity for days with fin whale calls at site A3 (‘FW 

Days’, black squares) and days without fin whale calls (‘No FW Days’, white triangles) in 

October. Note that negative values signify southward wind velocities. The number of FW Days 

and No FW Days is included for reference. 
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2.10  Supplementary Tables and Figures 

Table S2.1. Mooring instrument details for A2. Dates are given in the format ‘mm/dd/yyyy.’ 

Year Instrument 

Record 

Frequency 

(min) 

Instrument 

Depth (m) 

Water 

Depth (m) 

Record 

Start Date 

Record 

End Date 

Data 

Gap 

(# days) 

2009 

ISCAT 5 18 52 08/27/2009 08/02/2010 NA 

300kHz-ADCP 30 43 52 08/27/2009 08/01/2010 NA 

SBE16 60 47 52 08/27/2009 08/02/2010 NA 
 ISCAT 5 19 53 08/04/2010 07/13/2011 2 

2010 300kHz-ADCP 30 44 53 08/04/2010 07/13/2011 3 
 SBE16 60 48 53 08/04/2010 07/13/2011 2 

2012 

ISCAT 5 19 53 07/14/2012 07/4/2013 367 

300kHz-ADCP 30 44 53 07/14/2012 07/4/2013 367 

SBE16 60 48 53 07/14/2012 07/4/2013 367 

2013 

ISCAT 30 15 54 07/06/2013 03/29/2014 2 

300kHz-ADCP 30 44 54 07/06/2013 07/01/2014 2 

SBE16 60 49 54 07/06/2013 07/01/2014 2 

2014 

ISCAT 5 16 53 07/03/2014 07/05/2015 96 

300kHz-ADCP 30 44 53 07/03/2014 07/04/2015 2 

SBE16 60 49 53 07/03/2014 07/05/2015 2 

2015 

ISCAT 30 14 54 07/05/2015 03/08/2016 0 

300kHz-ADCP 30 44 54 07/05/2015 07/08/2016 1 

SBE16 60 49 54 07/05/2015 07/08/2016 0 
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Table S2.2. Mooring instrument details for A3. Dates are given in the format ‘mm/dd/yyyy.’ 

Year Instrument 

Record 

Frequency 

(min) 

Instrument 

Depth (m) 

Water 

Depth (m) 

Record 

Start Date 

Record 

End Date 

Data Gap 

(# days) 

2009 

ISCAT 5 16 56 08/26/2009 08/03/2010 NA 

300kHz-ADCP 30 46 56 08/26/2009 08/02/2010 NA 

SBE37 Microcat 15 46 56 08/26/2009 08/03/2010 NA 

2010 

ISCAT 5 17 58 08/03/2010 07/14/2011 0 

600kHz-ADCP 30 44 58 08/03/2010 07/14/2011 1 

SBE37 Microcat 15 44 58 08/03/2010 07/14/2011 0 

2011 

ISCAT 30 15 57 07/14/2011 02/08/2012 0 

300kHz-ADCP 30 44 57 07/14/2011 07/13/2012 0 

SBE37 Microcat 15 44 57 07/14/2011 07/13/2012 0 

2012 

ISCAT 30 15 57 07/14/2012 03/04/2013 157 

600kHz-ADCP 30 44 57 07/14/2012 07/05/2013 1 

SBE37 Microcat 30 44 57 07/14/2012 07/05/2013 1 

2013 

ISCAT 5 16 56 07/05/2013 07/02/2014 123 

300kHz-ADCP 30 43 56 07/05/2013 07/02/2014 0 

SBE16 60 44 56 07/05/2013 07/02/2014 0 

2014 

ISCAT 30 15 56 07/02/2014 08/16/2014 0 

300kHz-ADCP 30 43 56 07/02/2014 07/03/2015 0 

SBE16 60 43 56 07/02/2014 07/03/2015 0 

2015 

ISCAT 30 15 56 07/03/2015 01/03/2016 321 

300kHz-ADCP 30 42 56 07/03/2015 07/08/2016 0 

SBE16 60 43 56 07/03/2015 07/08/2016 0 
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Table S2.3. Mooring instrument details for A4. Dates are given in the format ‘mm/dd/yyyy.’ 

Year Instrument 

Record 

Frequency 

(min) 

Instrument 

Depth (m) 

Water 

Depth (m) 

Record 

Start Date 

Record End 

Date 

Data Gap 

(# days) 

2012 

ISCAT 5 18 54 07/13/2012 07/04/2013 NA 

300kHz-ADCP 30 42 54 07/13/2012 07/04/2013 NA 

SBE16 60 45 54 07/13/2012 07/04/2013 NA 

2013 

ISCAT 30 16 47 07/06/2013 05/13/2014 2 

300kHz-ADCP 30 37 47 07/06/2013 07/01/2014 2 

SBE16 30 40 47 07/06/2013 07/01/2014 2 

2014 

ISCAT 30 15 47 07/03/2014 02/09/2015 51 

300kHz-ADCP 30 37 47 07/03/2014 07/03/2015 2 

SBE16 30 40 47 07/03/2014 07/03/2015 2 

2015 

ISCAT 30 14 47 07/04/2015 03/11/2016 145 

300kHz-ADCP 30 36 47 07/04/2015 07/08/2016 1 

SBE16 60 41 47 07/04/2015 07/08/2016 1 
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Fig. S2.1. The total number of fin whale hours is summed for each recording day at site A2 and 

plotted for each year. Gray-shaded areas indicate when the hydrophone was not recording. 
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Fig. S2.2. The total number of fin whale hours is summed for each recording day at site A3 and 

plotted for each year. Gray-shaded areas indicate when the hydrophone was not recording. 
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Fig. S2.3. The total number of fin whale hours is summed for each recording day at site A4 

and plotted for each year. Gray-shaded areas indicate when the hydrophone was not 

recording. 
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Fig. S2.4. Cumulative distribution of days of the year (DOY) with fin whale (FW) calls at A3. 

The gray dotted line marks the 95% quantile of the cumulative distribution.  
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Fig. S2.5. Plot of northward wind (middle plot) and water (lower plot) velocities along with fin 

whale presence at site A3 for 2009. 
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Fig. S2.6. Plot of northward wind (middle plot) and water (lower plot) velocities along with fin 

whale presence at site A3 for 2010. 
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Fig. S2.7. Plot of northward wind (middle plot) and water (lower plot) velocities along with fin 

whale presence at site A3 for 2011. 
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Fig. S2.8. Plot of northward wind (middle plot) and water (lower plot) velocities along with fin 

whale presence at site A3 for 2012. 
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Fig. S2.9. Plot of northward wind (middle plot) and water (lower plot) velocities along with fin 

whale presence at site A3 for 2013. 
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Fig. S2.10. Plot of northward wind (middle plot) and water (lower plot) velocities along with fin 

whale presence at site A3 for 2014. 
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Fig. S2.11. Plot of northward wind (middle plot) and water (lower plot) velocities along with fin 

whale presence at site A3 for 2015. 
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Fig. S13 

Fig. S2.12. Water mass composition at the A2 mooring site. The bounds for each water mass 

were calculated using daily mean temperatures and salinities from both the near-surface 

(triangles) and the near-bottom sensor. The icons are then shaded to convey the presence (black) 

or absence (white) of fin whale calls for that day. Note that 2011 was omitted since the 

hydrophone did not record data that year.  
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Fig. S14 

Fig. S2.13. Water mass composition at the A3 mooring site, ~35 km north of Bering Strait. The 

bounds for each water mass were calculated using daily mean temperatures and salinities from 

both the near-surface (triangles) and the near-bottom sensor (circles). The icons are then shaded 

to convey the presence (black) or absence (white) of fin whale calls for that day.  



 

91 

 

 

 

 

 

 

 

 

 

 

Fig. S2.14. Water mass composition at the A2 mooring site. The bounds for each water mass 

were calculated using daily mean temperatures and salinities from both the near-surface 

(triangles) and the near-bottom sensor. The icons are then shaded to convey the presence (black) 

or absence (white) of fin whale calls for that day. Note that years 2009‒2011 were omitted since 

the hydrophone did not record data that year.  
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CHAPTER 3. The acoustic presence and migration timing of subarctic baleen 

whales in the Bering Strait in relation to environmental factors  

 

3.1 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 rich marine ecosystem of the Chukchi Sea. When and where the whales 

are found in the region likely reflects fluctuating environmental conditions. Using recordings 

collected between 2009–2018 from a moored hydrophone ~ 35 km north of the strait, we 

identified whale calls during the open-water season (May–December), examined the timing of 

migration, and investigated potential drivers of whale presence. The acoustic presence of fin and 

humpback whales varied across the years, with a peak in recordings with calls for all three 

species in October through November. We observed the highest proportion of recordings with 

humpback whale calls for the peak months of October–November in 2009, 2017, and 2018 (66–

80% of recordings), and the highest proportion of recordings with fin whale calls for October–

November in 2015, 2017, and 2018 (75–79% of recordings). We observed the highest proportion 

of recordings with gray whale calls for October–November in 2013 and 2015 (46 and 51% of 

recordings, respectively). Fin whales departed the Bering Strait ~ 3 days later per year over the 

duration of the study (p = 0.02). Both fin and humpback whales delayed their southward 

migration in years with warmer water temperatures in fall (Pearson r ≥ 0.71, p < 0.03). Our 

models identified day of the year, water temperatures, and the lagged presence of a thermal front 

the previous month as drivers of the acoustic presence of all three species during the open-water 

season.  
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3.2  Introduction 

Understanding the connection between species occurrence and environmental factors is crucial 

for predicting the effects of habitat shifts on recovering populations of marine mammals. Climate 

change in combination with other anthropogenic stressors—such as fishing gear entanglements, 

ship collisions, and increased ocean noise—may impact the recovery of baleen whale 

populations from commercial whaling that took place throughout the 20th 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 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 migration and distribution, therefore, is necessary to understand 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 characterize the occurrence of 

subarctic baleen whales in the Bering Strait and Chukchi Sea, including identifying migration 

timing 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. 3.1). The combination of abundant daylight during the polar summer 

along with a steady supply of advected nutrients make the Chukchi Sea one of the Arctic’s most 

productive marine ecosystems (Grebmeier et al. 2006; Codispoti et al. 2013). High primary 

production rates outpace the grazing rates of pelagic zooplankton, thus much of the primary 

producer biomass is transported to the seafloor which supports rich benthic invertebrate 

communities (Grebmeier et al. 2006). In addition to nutrients, Pacific water masses also transport 

zooplankton, including large copepods (Eisner et al. 2013; Ershova et al. 2015; Pinchuk and 
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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 north Bering Sea, through the Bering Strait, and into the Chukchi Sea. The cold, 

salty, and productive Anadyr Water flows on the western side of the north Bering Sea, the 

warmer and less salty Bering Sea Water flows through the center of the region, while the warm 

and fresher Alaskan 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; 

Woodgate et al. 2005). Fronts form where these water masses meet (Coachman et al. 1975; 

Bluhm et al. 2007; Danielson et al. 2017), trapping zooplankton and small fish. Additionally, 

eddies form north of the strait in the wake of the Diomede Islands (Woodgate et al. 2015), 

vertically mixing the water column. The replenishment of nutrients to the surface by mixing 

promotes phytoplankton blooms (Hasegawa et al. 2009), which in turn creates feeding 

opportunities for upper trophic levels, including baleen whales.  

Subarctic baleen whales—humpback (Megaptera 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. Fin and 

humpback whales are generalist pelagic predators, feeding primarily on euphausiids, including 

Euphausia pacifica, Thysanoessa inermis, T. longipes, and T. spinifera in the North Pacific as 

well as T. raschii in the Bering Sea (Nemoto 1959; Szabo 2015). Both fin and humpback whales 

are also known to prey on forage fish species such as capelin (Mallotus villosus), Pacific herring 

(Clupea pallasii), Pacific sand lance (Ammodytes hexapterus), and juvenile walleye pollock 

(Gadus chalcogrammus) (Nemoto 1959; Krieger and Wing 1986; Szabo 2014; Reidy et al. 

2023). Fin and humpback whales prey switch depending on availability (Payne et al. 1990), 
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giving them greater flexibility in their diet. Additionally, both species exhibit niche partitioning 

in some regions of the North Pacific with fin whales consuming more euphausiids, while 

humpback whales consume more forage fish (Witteveen and Wynne 2016). In contrast, gray 

whales are primarily benthic grazers, specializing in tube-dwelling amphipods such as Ampelisca 

macrocephala (Highsmith and Coyle 1991) though they have been known to take a wide variety 

of prey throughout their range, including mysids and pelagic euphausiids (Nerini 1984; Moore et 

al. 2022). The relative occurrence of two pelagic predators (fin and humpback whales) and a 

benthic grazer (gray whales) can be used as an indicator of a shift from a benthic- to a pelagic-

dominated ecosystem in the Chukchi Sea (Grebmeier 2012).  

Previous studies have detected 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 2009‒2010 by Delarue et al. (2013) while a study by 

Woodgate et al. (2015) indicated 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 increases in the presence of the two species to warmer conditions, earlier 

sea-ice retreat coupled with low sea-ice extent, higher transport through the Bering 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; Moore et 

al. 2000; Clarke and Moore 2002; Clarke et al. 2016; Brower et al. 2017; Moore et al. 2022). 

Declining sea ice may benefit gray whales in the short term since earlier ice melt in the spring 

allows them to forage earlier in the spring and delays in ice formation allows them to graze for 
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longer in the fall (Perryman et al. 2002). However, few observations have been collected on the 

timing of the southward migration of gray whales from the Chukchi Sea, so it is unclear if gray 

whales are extending their residence time in the Pacific Arctic.  

Any variation in the presence of the three whale species is likely dependent on prey 

availability and 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 throughflow, 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; Woodgate 2018; Nguyen et al., 2020). Also, changes 

in sea-ice cover and melt timing along with storms affect the structure of the water column, and 

thus, the timing of phytoplankton blooms (Hunt et al. 2011; Sigler et al. 2014). Previous studies 

examining environmental influences on the presence of baleen whales found that primary 

production rates, and in turn, prey abundance along with sea surface temperatures, bathymetry, 

and sea surface height influenced the acoustic presence of baleen whales (Širović 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 food in the Pacific Arctic, however, remain unclear.  

Using acoustic data along with in situ and satellite-derived environmental variables 

collected over a decade in the Bering Strait region (2009‒2018), we examined 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 
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during the open-water season (May through early December). We also examined the correlation 

between the abundance of recordings with whale calls and the seasonal abundance of prey 

sampled in the northern Bering Sea and the Chukchi Sea during the summer and fall months. 

3.3  Methods 

3.3.1  Acoustic Data Collection 

Acoustic data were collected using an AURAL-M2 hydrophone (Autonomous Underwater 

Recorder for Acoustic Listening-Model 2, Multi-Électronique, Inc.) attached to an 

oceanographic mooring (Site A3) positioned ~ 35 km north of the strait in the southern Chukchi 

Sea (Fig. 3.1; Woodgate et al. 2015). The hydrophone was first installed on the mooring in 

September 2009, and serviced annually, yielding a recording time series from September 2009 

through December 2018. Data gaps indicate periods when the hydrophone ran out of batteries, or 

when the hydrophone was serviced (no data available for fall 2016 through spring 2017 due to 

instrument failure). The hydrophone was set to record the first 10‒20 minutes of every hour at a 

sampling rate of 8192 Hz or 16384 Hz depending on the year (16-bit resolution) with a gain of 

16 dB (2009‒2016) or 22 dB (2017‒2018). The hydrophone was positioned 4–8 m above the 

seafloor (depth at the A3 mooring site ~ 56 m). See Table 3.1 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) using a fast Fourier transform size of 4096 samples, Hanning window, and 

spectrogram equalization enabled with a time constant of 30 s. Recordings with whale calls were 

identified by visually 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 
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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 in a 

recording, we counted that species as present for that hour. Note that we could not assume the 

absence of whales since we were only able to detect calling individuals using acoustic data.  

3.3.2  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 Hydrographic Organization (IHO, 

http://www.marineregions.org/gazetteer.php?p=details&id=4257; Fig. 3.1). Daily sea ice 

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 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 ice concentration reached above 80%. We 

defined an area as ‘ice-free’ if the mean 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 temperature and salinity (40‒55 m depth) measured by 

Sea-Bird Electronics (SBE) sensors (model #16), and water velocity (cm s-1) measured by 

Teledyne Workhorse Acoustic Doppler Current Profilers (ADCP; Woodgate 2018). We analyzed 

ADCP water velocities from the bin closest to ~ 30 m depth to avoid contamination by surface 

activity. Boxplots and Cleveland dot plots (Cleveland 1993) were generated for each 

http://www.marineregions.org/gazetteer.php?p=details&id=4257
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environmental covariate to identify outliers and violations 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 s-1) and 

direction were calculated from the National Centers for Environmental Prediction (NCEP) North 

American Regional Reanalysis 2 (NARR) 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 (v) and eastward components (u) for the four NCEP-NARR 2 grid points nearest to 

the mooring site (Fig. 3.1). We then averaged the vectors across the four grid points, and used 

the mean vectors (�̅� and �̅�) to calculate mean wind speed for a given day (i) using the following 

equation: 

𝑑𝑎𝑖𝑙𝑦 𝑚𝑒𝑎𝑛 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑𝑖 = √(�̅�𝑖
2 + �̅�𝑖

2) 

Daily mean SST were calculated for the grid point closest to the mooring site using the National 

Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation Sea Surface 

Temperature (OISST) gridded dataset (0.25° resolution; Reynolds et al. 2007).  

3.3.3  Migration Timing 

We estimated the arrival and departure of whales into the study region by calculating the 5% 

(arrival) and 95% quantiles (departure) of the cumulative distribution of days with whale calls 

present, similar to Hauser et al. (2017). We only had recordings 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 linear regressions, for correlations to freeze-up in the Chukchi Sea 

using Pearson correlation tests, and for correlations and linear relationships to seasonal 
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environmental conditions. We defined the four seasons using the solstices and equinoxes as the 

boundaries: winter = 21 December of previous year through 20 March, spring = 21 March 

through 20 June, summer = 21 June through 20 September, and fall = 21 September through 20 

December. Seasonal means were calculated for near-bottom temperatures and salinities (‘SBE 

Temp’ and ‘SBE Salt’), SST, water speeds, and wind speeds. Due to correlations between 

multiple seasonal means (Table S3.1), we built separate linear models for each predictor with 

departure dates (n = 9) as the response variable. As an example, we tested for a linear 

relationship between departure dates for fin whales (FW) and the spring mean of near-bottom 

temperatures for the corresponding year (i): 

𝐹𝑊 𝐷𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒 𝐷𝑎𝑡𝑒𝑠𝑖 =  𝛽0 + 𝛽𝑖(𝑆𝑝𝑟𝑖𝑛𝑔 𝑆𝐵𝐸 𝑇𝑒𝑚𝑝)𝑖 + 𝜖𝑖 

3.3.4  Prey Data Collection and Analyses 

Available prey datasets for our study period and area included forage fish density (kg per km2) 

collected using surface rope trawls by the NOAA Bering Arctic Subarctic Integrated Survey 

(BASIS; 2009‒2018); zooplankton abundance (number per m³) from the NOAA Ecosystems and 

Fisheries Oceanography Coordinated Investigations (EcoFOCI) joint research program (Years: 

2012‒2015, 2017‒2018); and benthic zooplankton abundance (number per m2) collected using 

four van Veen grabs per station during the Distributed Biological Observatory surveys (DBO; 

https://www.pmel.noaa.gov/dbo/; Years: 2012‒2017) led by Grebmeier and Cooper (2019a, 

2019b), hereafter referred to as ‘benthic data’ (Table S3.2). Data collection for all prey datasets 

was restricted to the area east of the international date line. 

 The EcoFOCI data were collected in the southeastern and eastern Chukchi Sea in August 

through October 2012–2018 (Fig. 3.3A; Table S3.2). We only used data from samples collected 

using oblique bongo tows with a 153-μm net mesh size to standardize the sampling method 

https://www.pmel.noaa.gov/dbo/
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across years (tows were deployed ~ 10 m from the seafloor; see Eisner et al. 2018 for complete 

sampling methods). We then reduced the zooplankton to previously identified fin and humpback 

prey species (Nemoto 1959; Witteveen and Wynne 2016). True euphausiid abundance is likely 

underestimated in the EcoFOCI dataset due to small net size along with net avoidance behavior 

exhibited by adults (Pinchuk and Eisner 2017; Eisner et al. 2018). Therefore, we examined the 

influence of Calanus spp. copepod abundance on the presence of fin and humpback since both 

species are known to prey on copepods in the North Pacific and Gulf of Alaska (Nemoto 1957; 

Nemoto and Kasuya 1965; Witteveen and Wynne 2016). The EcoFOCI dataset combined 

Calanus marshallae and C. glacialis copepods into one category, and we further combined the 

later life stages (C3–C6) together to form one Calanus copepod abundance value per day. 

 The BASIS data were collected at multiple sampling locations within the northern Bering 

Sea, defined here as the area north and east of St. Lawrence Island to the Bering Strait (Fig. 

3.2A). BASIS data were mostly collected in September with some sampling dates in August and 

October 2009‒2018 (Table S3.2). See Moss et al. (2009) for a complete description of the 

sampling methods for the BASIS dataset. As with the zooplankton dataset, the BASIS dataset 

was reduced to previously identified fin and humpback prey species, including: sand lance, 

capelin, juvenile pollock (age-0 and age-1), and Pacific herring (Nemoto 1959).  

 The benthic data were collected along multiple DBO transect lines in the Bering and 

Chukchi seas in July (2012–2015) and late August to early September (2017; Fig. 3.2B). The 

benthic dataset was reduced to amphipod species and genera previously identified as gray whale 

prey using the descriptions of gray whale diet by Nerini (1984), and Yablokov and 

Bogoslovskaya (1984) as guides.  
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 The number of sampling stations for each dataset varied from year to year; to standardize 

effort, we calculated the average density over all stations within select zones for each year. We 

grouped sampling stations into zones (Fig. 3.2B) based on the hydrography of the region as well 

as the DBO sampling regions (Grebmeier et al. 2019; see Fig. S3.1 for DBO sampling regions). 

Species averages were then calculated across all sampling stations within a zone to generate one 

abundance value per zone, per year for each dataset. Not all sampling zones had the same years 

of data available. For the EcoFOCI dataset, the Beaufort zone only had Calanus spp. data for 

2014‒2018 and the S Chukchi zone did not have Calanus data for 2015. The benthic dataset did 

not have amphipod data for 2012 for the Beaufort and Barrow zones. 

3.3.5  Correlation Between Whale Presence and Prey Data  

The three prey datasets were not collected at the same location and time as the acoustic data, 

leading to a potential spatial and temporal mismatch between the prey and acoustic datasets (see 

Fig. S3.2 for a chart of the sampling periods). The EcoFOCI and the benthic datasets were 

sampled in the Chukchi Sea during the late summer months (August through early October) 

when subarctic whales have been observed feeding in the region (Brower et al. 2018). However, 

we hypothesized that high copepod and amphipod abundance in the Chukchi Sea would attract 

more whales to the area to feed, leading to a high abundance of whale calls in the Bering Strait 

during the fall outmigration period (October through November). In contrast, the BASIS data 

were sampled south of the Bering Strait in September when we expect most whales to be north 

of the strait. We therefore hypothesized that high forage fish abundance would result in whales 

milling around the hydrophone during their southward migration to feed on fish that were 

advected through the Bering Strait. Given the different sampling periods, we used the 

outmigration period (October through November) as our analysis window for the EcoFOCI 
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copepod and benthic amphipod data, and September as our analysis window for the BASIS fish 

data. 

 We used a proxy for whale abundance and Pearson correlation tests to examine the 

influence of forage fish and zooplankton abundance on the acoustic occurrence of fin and 

humpback whales, and the influence of benthic amphipod abundance on gray whales. To create 

the whale abundance proxy, we reduced the acoustic dataset to the same years as the prey 

datasets (BASIS: 2009‒2018, excluding 2016; EcoFOCI: 2012‒2015, 2017‒2018; Benthic: 

2012‒2015, 2017). We then calculated the whale abundance proxy (𝑊𝑖) as the proportion of 

recordings with whale calls during October through November for a given year (i) for the 

EcoFOCI and benthic datasets, resulting in one abundance value per species per year, e.g.: 

𝑊𝑖 =  
(𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠 𝑤𝑖𝑡ℎ 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑤ℎ𝑎𝑙𝑒 𝑐𝑎𝑙𝑙 𝑓𝑜𝑟 𝑂𝑐𝑡 − 𝑁𝑜𝑣)𝑖

(𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠 𝑓𝑜𝑟 𝑂𝑐𝑡 − 𝑁𝑜𝑣)𝑖
 

For the BASIS dataset, we calculated the proxy using September data only (2011 was excluded 

since it did not have recordings in September). We then conducted Pearson correlation tests 

between the whale abundance proxy for each species and the seasonal mean prey abundance for 

each dataset. All analyses were performed using R (v. 4.1.0; R Core Team, 2021). 

3.3.6  Modeling the Relationship Between Whale Presence and Environmental Covariates 

We conducted an exploratory modeling analysis to determine potential temporal and 

environmental covariates associated with the probability of observing whale calls (p) during the 

open-water season. Our analyses included examining the influence of time of year (day of the 

year, DOY), and environmental conditions at the mooring site on the acoustic presence of each 

whale species. For the response variable, the acoustic data were converted into counts of 

recordings with calls present (“Detected”) along with the number of recordings that did not have 

calls present (“Not Detected”) for each day.  



 

104 

 

 Conditions at the mooring site included daily means for: temperature and salinity near the 

bottom (‘SBE Temp’ and ‘SBE Salt’), SST, water speed (cm s-1), wind speed (m s-1), and wind 

direction (as a categorical 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 species are typically in the study 

region when it is ice-free, we omitted sea ice extent as an explanatory variable, and retained SST 

and near-bottom water temperatures. Ocean-basin scale indices such as the Arctic Oscillation, 

Pacific Decadal Oscillation, and the North Pacific Gyre Oscillation were also considered for the 

models, however preliminary tests with these covariates resulted in large models that were likely 

overfitting the data. Moreover, factors relevant to the indices such as sea-surface temperature 

were already included in the models. Therefore, ocean-scale indices were not included in 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 horizontal gradients in 

water temperature, salinity, chlorophyll 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°, ~ 6-km 

resolution) to calculate the maximum gradient in SST in any direction within a 30-km area 

around the mooring site. The magnitude of the maximum SST gradient represents the presence 

and strength of any thermal fronts within 30-km of the mooring site (see Fig. 3.1 for buffer). The 

30-km radius was chosen since this is the midpoint of the detection range estimated for fin whale 

calls in the northeast Chukchi Sea (14‒74 km; 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 
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lower frequency calls travel farther underwater than higher frequency 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 lag 

of the SST gradient in our model to test for a lag between the presence of a front and whale 

presence. 

 Given that the probability of a calling whale being present on a given hour or day was 

likely influenced by whether a calling whale was present the previous hour/day, our model 

choice was driven by the need to account for overdispersion in our response variable. 

Overdispersion occurs when the variance of a response variable is greater than assumed by the 

model, and is caused when Bernoulli outcomes are not independent. Unlike the binomial 

distribution, the beta-binomial distribution does not assume independent Bernoulli outcomes and 

is a good choice when zero-inflation is a concern, i.e., in our case, when there are more recording 

hours with zero calls than expected (Hisakado et al. 2006; Martin et al. 2011). We did not know 

a priori the functional form of the relationship between whale presence and the predictors, 

therefore we also required a non-parametric model fitting algorithm 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.  

 We generated our beta-binomial GAMLSS models using the gamlss package in R (Rigby 

and Stasinopoulos 2005), 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 the probability of observing whale calls on a given day (p) and the over-
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dispersion parameter (σ). We used cubic splines (cs) for the environmental variables, and 

penalized b-spline smoothers (pb) for DOY: 

logit(�̂�) = pb(DOY) + cs(SBE Temp) + cs(SBE Salt) + cs(SST) + cs(Water Speed)

+ cs(Wind Speed) + factor(Wind Direction) + cs(SST Gradient)

+ cs(SST Gradient Lagged)  

log(�̂�) = pb(DOY) + cs(SBE Temp) + cs(SBE Salt) + cs(SST) + cs(Water Speed)

+ cs(Wind Speed) + factor(Wind Direction) + cs(SST Gradient)

+ cs(SST Gradient Lagged) 

Note that all variables except for wind direction were continuous; wind direction was included as 

a categorical variable. The type of smoother used as well as model selection were based on the 

Akaike information criterion score (AIC) with a correction for small sample sizes (AICc; Akaike 

1973). To avoid multicollinearity among the model parameters, we tested pairs of variables using 

Pearson’s correlation tests and eliminated any predictor variables with a correlation factor > 0.7, 

following Širović and Hildebrand (2011). Predictors were selected using the stepGAIC function 

(Rigby and Stasinopoulos 2005) applied to the full model in R, which performed backwards 

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 incremental R2, where the incremental R2 for a predictor variable equals the increase 

in R2 when the predictor is last predictor added the model (Cohen et al. 2003). For the 
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incremental R2 tests, we calculated the Cox and Snell R2 (Cox and Snell 1989) for each model 

using the Rsq function from the gamlss package. 

When fitting a smoothed nonparametric term, you cannot interpret the effect of the 

predictor variable on the response variable using the coefficients. Instead, the influence of a 

predictor variable must be interpreted using the whole smoothing function (Stasinopoulos et al. 

2017). We used the term.plot function from 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 an explanatory variable 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 legibility of each 

explanatory variable’s effect. Increasing values represent a positive effect of the explanatory 

variable on p, while declining values signify a negative effect.  

3.4  Results 

3.4.1  Acoustic Detections 

We scanned a total of 33,371 audio files recorded at Site A3 from 1 May to freeze-up in 

November and December (see Table 3.2 for freeze-up dates). Humpback whales were the most 

common species across the ten years with 20% of all recordings (2009‒2018) containing 

humpback whale calls. Fin whales were detected in 12% of all recordings, and gray whales in 

7% of all recordings. Humpback and fin whale calls peaked in October whereas gray whale calls 

were heard throughout the open-water season at low levels with a peak in June‒August (Fig. 

3.4).  

We calculated the proportion of recordings with whale calls for October through 

November for each year to compare acoustic occurrence across the years. October and 

November were chosen since all years had recordings for these two months, and both months 
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capture peak whale vocalization activity (Fig. 3.4). The years 2009, 2017, and 2018 had the 

highest proportion of recordings with humpback vocalizations with 66%, 75%, and 80% of the 

total recordings for October‒November containing humpback whale calls, respectively (Fig. 

3.5). For fin whales, 2015, 2017, and 2018 had the highest proportion of recordings with fin 

whale vocalizations, with 77%, 75%, and 79% of the total recordings for October‒November 

containing fin whale calls, respectively. We observed the highest proportion of recordings with 

gray whale calls for October‒November in 2015 (51%) followed by 2013 (46%; Fig. 3.5). 

3.4.2  Environmental Conditions 

Sea ice conditions in the Chukchi Sea varied from year to year, with melt-out initiation (< 80% 

ice concentration) as early as 23 April 2018 and as late as 6 June 2013 (Table 3.2; Fig. 3.6). The 

Chukchi Sea was typically ice-free by late June to early July, except for 2012 when the open-

water period did not start until 22 July. Freeze-up (≥ 80% ice concentration) typically occurred in 

late November to mid-late December, with the earliest freeze-up on 28 November 2009 and the 

latest on 2 January 2018 (for winter 2017‒2018; Table 3.2; Fig. 3.6). The open-water period 

ranged from as short as 99 days in 2012 to as long as 152 days in 2014 and 2017 (Table 3.2). 

Environmental conditions at the mooring site were similarly variable, with some 

interesting patterns emerging in some years (Fig. 3.7A). Both 2017 and 2018 had abnormally 

warm winter temperatures in comparison to the other years (~ 0.3 °C warmer than the winter 

median surface and near-bottom temperatures for all nine years combined). Warmer 

temperatures persisted into spring for both years, with SST > 0 °C and near-bottom temperatures 

≥ ‒0.5 °C. Summer temperatures varied across the years with mean near-bottom temperatures 

hovering between 1 and 4 °C while mean SST ranged from 4 to 7 °C (Fig. 3.7A). Water 
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temperatures at both depths began cooling in fall, except for 2018 when both near-bottom and 

surface temperatures remained above 3 °C throughout the fall season. 

Patterns in near-bottom salinities were relatively consistent across seasons, except for 

winter (Fig. 3.7B). The year 2017 had abnormally fresh near-bottom salinities throughout the 

winter (0.7 psu lower than the winter median near-bottom salinity for the study period). The 

years 2015 and 2018 also had relatively low salinities during the winter, indicating a freshening 

of the near-bottom waters in winter, also noted by Woodgate and Peralta-Ferriz (2021). In 

spring, near-bottom salinities increased to values > 32 psu, with 2012 as an abnormal year with a 

seasonal mean salinity of 33 psu. Salinities stabilized in summer, with seasonal means hovering 

around 32.5 psu for all years (Fig. 3.7B). Fall near-bottom salinities were more variable, with 

fresher salinities observed in 2012, 2013, and 2018 (31.8‒31.9 psu). 

Transport through the Bering Strait at the mooring site was northwestward throughout the 

year for all study years, with some occasional flow reversals observed in fall and winter (Fig. 

S3.3). As observed by Woodgate and Peralta-Ferriz (2021), water speeds at the mooring site 

gradually increased over the study period (0.15 cm s-1 per year; p = 0.02). Water speeds 

throughout the seasons were highly variable with standard deviations ranging from 13 cm s-1 to 

27 cm s-1. Before 2017 and 2018, the fastest seasonal water speeds were observed in spring and 

summer, except for 2012 which had slower water speeds (Fig. S3.4). In 2017, water speeds were 

highest in fall which carried over into winter of 2018, which could explain the late ice freeze-up 

for winter 2017‒2018 (Table 3.2).  

Winds in the Bering Strait region during the study period exhibited a general pattern of 

strong southward winds during the winter, switching to weaker southward winds in the spring 

and early summer (Fig. S3.5). Winds were mostly southward in the fall with speeds increasing as 
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winter approaches. Wind speeds rarely exceeded 10 m s-1 during the year with annual mean wind 

speeds ranging between 6‒7 m s-1 (SD = 3.1‒3.5 m s-1).  

Surface thermal fronts, indicated by higher SST gradients, within 30-km of the mooring 

were evident starting in June, though the strongest fronts (higher SST gradients) were observed 

in August (Figs. S3.6‒S3.8). The year 2014 had the highest SST gradient (~ 5 °C) which 

occurred in late August, followed by 2013 which had a ~ 4 °C SST gradient in late August. 

3.4.3  Migration Timing 

Gray whales had the earliest arrival dates of the three species, with arrival dates ranging from 7 

May to 12 June for the years that had spring data available (2014‒2016 and 2018; Fig. 3.8A). 

Humpback whale calls were typically seen starting in early June with arrival dates ranging from 

8 June to 25 July. Fin whales were first heard later in the summer with arrival dates ranging from 

17 August to 13 September.  

 According to the fall detection data (2009‒2018, excluding 2016), all three species 

typically began to depart the Bering Strait region in late October. Humpback whales were 

typically the first to leave the study area, with departure dates starting in late October (mean 

departure 4 November; Fig. 3.8B). Fin whales typically left the region in early to mid-November 

(mean departure 10 November), and gray whales were typically the last to leave with departure 

dates from mid to late November (mean departure 18 November; Fig. 3.8B). Over time, fin 

whales departed the Bering Strait 3 days later over the study period (± 1 day standard error, R2 = 

0.57, p = 0.02; Fig. 3.8B), but trends for the other two species were not significant, nor were 

there significant correlations between the departure dates for the three species and freeze-up 

dates for the Chukchi Sea (all Pearson r ≤ 0.38, p ≥ 0.31). We did, however, find significant 

positive relationships between departure dates for fin and humpback whales and seasonal mean 
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near-bottom temperatures for all four seasons (all Pearson r ≥ 0.71, all p < 0.02; Fig. 3.9). We 

also found significant positive correlations between departure dates for fin and humpback whales 

and seasonal mean SSTs for all four seasons (all Pearson r ≥ 0.74, all p < 0.02; Fig. 3.9), except 

between fin whale departure dates and summer SSTs (p = 0.15). Departure dates for fin whales 

were also positively correlated to higher water speeds in the previous winter (r = 0.83, p = 0.006; 

Fig. 3.10). The were no significant relationships between gray whale departure dates and 

seasonal mean environmental conditions at the mooring site. 

3.4.4  Correlation Between Whale Presence and Prey Data  

The Pearson correlation tests between the fin and humpback whale abundance proxies and forage 

fish abundance (for September) did not produce any significant results. We also did not find any 

significant correlations between the abundance proxies for fin and humpback whales for the 

outmigration period (October‒November) and mean Calanus spp. abundance for any of the 

sampling zones (all zones: Pearson |r| ≤ 0.58, p ≥ 0.31; see Fig. 3.3A for the sampling zones). 

We observed the highest Calanus mean abundance for all EcoFOCI sampling zones in 2012 

(Fig. 3.3B), which also had high abundance of recordings with fin and humpback whales during 

the outmigration period (October‒November; Fig. 3.5). However, two other years with high 

abundance of fin and humpback whale calls, 2017 and 2018, only had moderate to low Calanus 

copepod densities (Fig. 3.3B). The correlation tests between the gray whale abundance proxy for 

the outmigration period and seasonal mean amphipod density only produced significant results 

for the Barrow transect (2013‒2015, 2017; Pearson r = 0.96, p = 0.04; see Fig. 3.2B for the 

sampling zones). Correlations between gray whale abundance and amphipod density were 

insignificant for the other four sampling zones.  

3.4.5  Modeling Results 
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Six models were within 10 AICc units of the best model for each species (Table S3.4) Among 

these models, day of the year (DOY), daily mean near-bottom temperatures (‘SBETemp’), SST, 

water speed, and the lagged SST gradient (‘SST Gradient Lagged,’ lagged by one month) were 

included in all three species models (Table 3.3).  

The probability of observing fin whale calls increased with DOY, peaking between early 

September (DOY 250) and mid-November (~ DOY 325; Fig. 3.11). The probability of calling 

fin whales being present increased with increasing near-bottom temperatures, with a peak 

between 4‒5 °C, and calling fin whales were more likely to be heard on days with sea-surface 

temperatures ranging from 1–4 °C. Removing near-bottom temperature from the fin whale model 

resulted in a 6% decrease in R2
 , making it the third most important predictor in the model. The 

code produced an error when SST and SST Gradient variables were removed from the model, 

therefore we were unable to calculate the change in R2 for these predictors. Water speed was the 

most important predictor for the fin whale model with a ‒15% change in R2
 when the variable 

was removed from the model (Table 3.4). The probability of a calling fin whale being present 

decreased with faster water speeds (> 30 cm s-1), which likely was due to higher water speeds 

causing strumming noise which obscures whale calls in the spectrograms. The relationship 

between probability of calling fin whales being present and SST Gradient was negative, with 

probability decreasing as the SST gradient increased. This could be due to the lack of strong 

fronts during the fall when most calling fin whales were detected (Fig. S3.6). In contrast, more 

recordings with fin whale calls occurred when the SST gradient was within 2‒4 °C the previous 

month, indicating that the presence of a thermal front earlier in the season may attract calling fin 

whales.  
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Like with fin whales, the probability of observing humpback whale calls increased with 

DOY, particularly between early September (DOY 250) and early November (~ DOY 305; Fig. 

3.12). Day of the year was the most important predictor for the humpback model, with a ‒12% 

change in the R2 value according to the incremental R2 test (Table 3.4). There was a bimodal 

relationship between near-bottom temperature and humpback calls, with a peak between 0–2 °C 

and another between 4–5 °C. Calling humpback whales were more likely to be present on days 

with warmer SST (> 2 °C). Removing temperature for the humpback model resulted in a ‒3% 

change in R2 (Table 3.4). The probability of calling humpback whales being present decreased 

with increasing near-bottom salinity with a slight peak between 32 and 32.5 psu, though removal 

of near-bottom salinity only resulted in a 2% decrease in R2. Similar to fin whales, humpback 

whales were less likely to be heard on days with high winds and water speeds, likely because 

high wind and water speeds inhibit detection of humpback calls. Both SST Gradient and Lagged 

SST Gradient were included in the final humpback model, though both predictors were less 

important for the fit of the model according to the incremental R2 test (‒2% change). 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 2‒4 °C, with greater uncertainty towards higher gradients. 

There were two final gray whale models according to AICc (with equal R2), therefore we 

chose the more parsimonious model (Table S3.4). The probability of a calling gray whale being 

present had a negative relationship with DOY, and DOY had a low impact on R2 with a ‒2% 

change (Table 3.4). The probability of observing calling gray whales increased with increasing 

near-bottom temperatures (Fig. 3.13), while the relationship with SST was bimodal with a slight 
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peak in probability at ~ 1 °C and another around 7 °C. Removal of either temperature variables 

had a weak impact on R2 with a 2% decrease. The probability of calling gray whales being 

present slightly decreased with increasing near-bottom salinities with higher probabilities around 

31‒32 psu (Fig. 3.12). Similar to the temperature variables, removing near-bottom salinity only 

resulted in a ‒2% change in R2. Lagged SST gradient was included in the gray whale model with 

higher probability of calling gray whales being present when the lagged SST gradient was low 

(0‒1 °C). Calling gray whales were more likely to be heard on days with slower water and wind 

speeds (Fig. 3.12), though water speed was far more important with a ‒67% change in R2 in 

comparison to a ‒2% change for wind speed. 

3.5  Discussion 

3.5.1  Acoustic Presence 

Similar to previous studies (Sleptsov 1961; Clarke et al. 2013; Delarue et al. 2013; Woodgate et 

al. 2015; Melnikov 2019), we found that the acoustic presence of fin and humpback whales 

varied from year to year in the Bering Strait. Both fin and humpback whales had a pronounced 

peak in their calls around late September to October which likely corresponds with increased 

vocal activity among 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, 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 fin and humpback whales during this period (Fig. 3.4). 



 

115 

 

In comparison to fin and humpback whales, the acoustic presence of gray whales was 

relatively consistent across the years, except for 2010 when gray whale calls were only heard in 

7% of recordings for October‒November (compared 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 3.2), 

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 Mammals (ASAMM). 

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). 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, is 

associated with migration (Crane and Lashkari 1996; Guazzo et al. 2017). 

3.5.2  Migration Timing 

Gray whales were the first of the three species to arrive in the study area (calls heard starting in 

early May), which aligns well with observations by Urbán et al. (2021) of tagged gray whales 

arriving in the Chirikov Basin in May, as well as historical eyewitness accounts of gray whales 

entering the Bering Strait as early as the end of April (Sleptsov 1961). Humpback whales were 

the second species detected at our mooring site with the earliest humpback whale vocalizations 

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 
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of April (Melnikov 2019). By June, small pods of humpback whales can be seen along the east 

coast of the Chukotka Peninsula, including the Bering Strait area (Melnikov 2019). Soviet 

whalers regularly observed fin whales in the Chukchi Sea starting in mid-June in the mid-20th 

century (Nikulin 1946). More contemporary observations indicate that fin whales are typically in 

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 were 

restricted by sea ice, weather, and reduced daylight. In the present study, fin whale departure 

dates for 2009‒2017 ranged from 31 October to 17 November, however in 2018, fin whale calls 

were heard well into early December (departure date = 3 December). Humpback whales 

similarly were last heard in the study region in late October and early November, with the latest 

departure date on 24 November 2018. Gray whales were typically the last to leave the study area 

with departure dates ranging from 12 November to 24 November. The departure dates for gray 

whales we calculated are 1‒2 months later than those observed by Moore et al. (2022) using 

acoustic data recorded at a point ~ 78 km southwest 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 for 2018 in comparison to 2012‒2017 (Moore et 

al. 2022), whereas 2018 was a good year for gray whale detections at our mooring site, A3 (Fig. 

S3.9). Possible explanations for this discrepancy include the limited spatial coverage of 

hydrophones in the Chukchi Sea and imperfect detection associated with acoustic data (Moore et 

al. 2022). Whales must vocalize to be detected using passive acoustics, and it is possible that 
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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, while humpback 

whales left the study region 2 days later each year, however the trend was not significant. Gray 

whales departed the study region around the same time each year and did not have any 

significant correlations to any environmental variables. Our results support the hypothesis set 

forth by Guazzo et al. (2019) that gray whale migration may be driven by instinct and their 

biological clocks rather than the environment.  

We did not find a significant correlation between the departure dates and freeze-up dates 

(when sea-ice concentration > 80%). Instead, the departure of fin and humpback whales from the 

study region was influenced by water temperature. Note that fin whale departure dates were also 

significantly correlated with mean water speeds from the previous winter, however this 

relationship is likely driven by 2017 and 2018 which had abnormally high water speeds in 

winter. 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 temperatures 

during the winter of 2017‒18 likely prevented sea ice from forming as far south as in previous 

years, reducing 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 
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for fin whales. However, whether the connection between fin whale departure dates and 

temperature 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 among 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 timing, 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 experienced 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-1 to 

0.43 ± 0.35 °C decade-1 from 1990 to 2018. Warmer ocean temperatures impact the formation of 

sea ice in winter and ice retention 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-1) with longer 

durations of the warm-water period (from 5.5 months in the 1990s to > 7 months in 2017) on 

account of earlier warming (1.3 ± 0.7 days year-1; Woodgate 2018; Woodgate and Peralta-Ferriz 

2021). Warmer seasonal temperatures are extending the ice-free period in the Chukchi Sea, 

potentially allowing fin and humpback whales to delay their southward migration. 

 Alternatively, and perhaps concurrently, warmer conditions throughout the Pacific could 

mean reduced quality and quantity of prey for subarctic baleen whales (Arimitsu 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 conditions are leading to poorer 

feeding conditions elsewhere in their range, leading to starvation (Savage 2017). Humpback 
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whales in the Hawaii Distinct Population Segment have exhibited declines in reproductive rates 

between 2013 and 2018, possibly in connection to the North Pacific heatwave (Cartwright et al. 

2019). Therefore, both species may be staying longer in the Chukchi Sea to acquire more fat 

reserves before migrating south.  

3.5.3  Whale Presence and Prey Density 

Our analysis of the relationship between the acoustic presence of fin, humpback, and gray whales 

and prey density was constrained by the fact that the acoustic recordings were not collected 

where the whales are commonly observed feeding in the Chukchi Sea (e.g., southwest of Point 

Hope, or in the northeastern Chukchi Sea; Clarke et al. 2013; Brower et al. 2018). Moreover, the 

prey data were not collected at the same time and place as the acoustic recordings. Consequently, 

we compared whale recording densities in the Bering Strait to prey abundance elsewhere in the 

Bering and Chukchi seas, finding no relationships.  

Correlation tests between fin and humpback whale proxies for September and mean 

forage fish abundance (mostly collected in September) were not significant. Without visual 

observations of fin and humpback whales feeding in areas with known aggregations of forage 

fish, it is difficult to determine which forage fish species either species targets in the Chukchi 

Sea.  

We did not find a significant correlation between mean Calanus abundance (collected 

August‒September) and the abundance proxies for humpback and fin whales (calculated for 

October‒November), consequently whether copepods are a target prey for fin and humpback 

whales remains unclear. Although there is evidence that fin whales eat copepods in the North 

Pacific (Nemoto 1957; Nemoto and Kasuya 1965; Flinn et al. 2002; Witteveen and Wynne 

2016), they may primarily target concentrations of euphausiids in the Chukchi Sea given their 
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preference for euphausiids elsewhere in their range (Mizroch et al. 1984; Laidre et al. 2010). 

Also, euphausiids are an important fall food source for bowhead whales feeding near Utqiaġvik, 

Alaska (Lowry et al. 2004), therefore it is likely that fin and humpback whales similarly prey on 

euphausiids in the Chukchi Sea. In their study of large baleen whales in West Greenland, Laidre 

et al. (2010) found that the relationship between the presence of whales and euphausiid 

abundance was significant only when both datasets were collected simultaneously. Laidre et al. 

(2010) concluded that perhaps the quickly changing environment of the West Greenland 

continental shelf diminished the relevancy of time lags in prey abundance. The Bering Strait is 

equally dynamic, especially given strong flow during the summer and fall months. Without 

accurate data on euphausiid distribution and abundance in addition to concurrent observations of 

whales, whether fin and humpback whales are feeding on euphausiids in the Chukchi Sea 

remains to be seen. 

 We found a significant correlation with our gray whale abundance proxy (calculated for 

October‒November) and benthic amphipod densities (collected in July, and August‒September) 

in the Barrow zone only. The region around the Barrow transect is known to be a foraging 

hotspot for gray whales (Moore and Ljungblad 1984; Kuletz et al. 2015; Clarke et al. 2016; 

Brower et al. 2017; Moore et al. 2022). Despite being a historical foraging hotspot (Highsmith et 

al. 2007), amphipod abundance in the DBO 2 transect in Chirikov Basin did not have a 

significant correlation to gray whale occurrence. Recent declines in amphipod abundance in the 

Chirikov Basin suggest that this feeding area is in decline (Moore et al. 2022). Additionally, gray 

whale abundance at Site A3 was not correlated to amphipod densities in the southern Chukchi 

area, even though feeding gray whales are regularly seen in this region (Clarke et al. 2016; 
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Moore et al. 2022). Again, without concurrent prey collection along with observations of whale 

presence, it is difficult to draw any conclusions from this analysis. 

3.5.4  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. The peaks in fin and humpback detections in October and November are likely 

connected to increases in vocalization rates by male fin and humpback whales (Stafford et al. 

2007; Kowarski et al. 2019). Visual observations of fin and humpback whales in the Bering 

Strait region also indicate that both species depart the area in fall (Sleptsov 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 hearing a gray whale call. Also, gray whales have low 

vocalization rates (0.74 calls hr-1
; Cummings et al. 1968), which likely contributed to low 

detection throughout the open-water season. 

Near-bottom temperature was included in all three species’ models, while near-bottom 

salinity was only included in the humpback and gray whale models. The range of near-bottom 

water temperatures (~ 1‒ 4 °C) and salinities (31‒32 psu) identified by models as contributing to 

higher probability of calling whales align with typical temperatures and salinities observed at A3 

(Woodgate 2018; Fig. 3.7). Similarly, the range of SST that had the highest probabilities of a 

calling fin whale being present match the range of fall mean SST at Site A3 (Woodgate 2018; 

Fig. 3.7A). Therefore, it is unclear if the models identified preferred temperature and salinity 

ranges for whales, or simply reflect seasonal conditions at the mooring site. The effect of SST for 

humpback and gray whale acoustic occurrence exhibited different patterns, likely due to the 

difference in detection densities for the two species. Unlike fin whales, who were mostly 
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detected in fall, humpback whales were heard throughout the summer when SST are higher on 

average (Fig. 3.7A). 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, with an increase in probability of gray whale occurrence at SSTs 

around 1 °C and a lower secondary peak around 7 °C (Fig. 3.7A). The first peak associated with 

colder SSTs could reflect the increase in gray whale detections in spring when colder 

temperatures prevail (Woodgate 2018; Fig. 3.A), while the second peak was likely driven by 

warmer SSTs in summer. Additionally, 2017 and 2018 had high SST throughout the open-water 

period and higher abundances of recordings with whale calls (Fig. 3.5), 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-1). The most likely explanation is that instrument strumming caused by 

water flowing past the mooring could have obscured calls in the spectrograms, 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, maintaining speeds of 1.1 m s-1 to 3.9 m s-

1 in the case of fin whales (McDonald et al. 1995; Soule and Wilcock 2013; Varga et al. 2018; 

Clark et al. 2019; Guazzo et al. 2021) and 0.4‒0.5 m s-1 for humpback whales (Frankel et al. 

1995). Whales may therefore choose to cease vocalizing when water speeds are strong to 

conserve energy.  
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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-1) more favorable for detection of 

calls. Wind and water speeds in the Bering Strait are often correlated, with faster flow speeds 

linked to stronger wind speeds (Woodgate et al. 2005). It is no surprise then that slower wind 

speeds were indicated by the models as increasing the probability of detection. Also, most days 

during the study period had wind speeds ≤ 10 m s-1, therefore low wind speeds are more common 

during the open-water season in the strait.  

The presence and strength of a thermal front near the A3 mooring site in the previous 

month (‘SST Gradient Lagged’) was included in all three models, though the relationship 

between the gradient and detection probability varied for the three species. Though its intensity 

and presence changes over the season, a front reliably forms off the coast of Point Hope, Alaska, 

where fin, humpback, and gray whales are often seen feeding (Bluhm et al. 2007; Clarke et al. 

2013; Clarke et al. 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 factors that drive patterns 

in subarctic baleen whale occurrence, and should be explored in future research. 

3.4.5  Conclusions 

Our goal for this study was to better understand the connection between the presence of subarctic 

whales and environmental factors in the Pacific Arctic. We found that the years with the highest 

detections of subarctic whales were also the warmest and had the highest water speeds, 

supporting the hypotheses put forth by Delarue et al (2013) and Woodgate et al. (2015) that 

increases in transport through the Bering Strait along with warmer temperatures would lead to 

increases in the occurrence of subarctic whales in the region. Though we observed interannual 

variation in the occurrence and abundance of the three species, as estimated by their vocal 
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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.  

Our study was conducted over a decade of intense warming 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 increasingly warmer temperatures with 

increased heat flux into the Bering and Chukchi seas (Danielson et al. 2020) which coincided 

with a strong El Niño 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 to a hypothesized regime change 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 modifying their behavior in response to changes in the Pacific Arctic, 

including shifting the timing of their fall migrations, and suggest that we can expect more 

changes to come. 
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3.8  Tables  

Table 3.1. Hydrophone deployment data, positions, and recording settings (duty cycle refers to 

the recording time per hour). 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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Deployment 

Year 

Latitude 

N 

Latitude  

W 

Record 

Start Date 

Record  

End Date 

Sampling 

Rate (Hz) 

Hourly Duty 

Cycle 

2009 66.33° 168.97° 2009-09-01 2010-03-03 16384  12 min 

2010 66.33° 168.97° 2010-08-11 2011-02-19 16384  15 min 

2011 66.33° 168.97° 2011-10-01 2012-05-25 8192  10 min 

2012 66.33° 168.97° 2012-09-01 2013-05-17 16384  10 min 

2013 66.33° 168.97° 2013-07-15 2014-07-02 8192  20 min 

2014 66.33° 168.97° 2014-07-10 2015-07-02 8192  20 min 

2015 66.33° 168.97° 2015-07-05 2016-07-08 8192  20 min 

2017 66.33° 168.95° 2017-08-17 2018-07-25 8192  20 min 

2018 66.33° 168.95° 2018-08-12 2019-09-07 8192  20 min 
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Table 3.2. Melt-out (sea-ice concentration < 80%) and freeze-up (sea-ice conc. ≥ 80%) initiation 

dates along with the start/end dates and length of the open-water period for the Chukchi Sea 

(boundaries in Fig. 3.1).  

 

Year 
Melt-out 

Initiation Date 

Open-water 

Start Date 

Open-water 

End Date 

Freeze-up 

Initiation Date 

Open-water Period 

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 3 Jun 22 Jul 29 Oct 25 Nov 99 

2013 6 Jun 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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Table 3.3. List of variables included in the best model for each species (model with lowest AICc 

score). A check mark (✓) 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. 

 

Variable Fin Whales Humpback Whales Gray Whales 

pb(DOY) ✓ ✓ ✓ 

cs(SBE Temp) ✓ ✓ ✓ 

cs(SBE Salt)  ✓ ✓ 

cs(SST) ✓ ✓ ✓ 

cs(Water Speed) ✓ ✓ ✓ 

cs(Wind Speed)  ✓ ✓ 

cs(SST Gradient) ✓ ✓  

cs(SST Gradient Lagged) ✓ ✓ ✓ 
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Table 3.4. Results of the incremental R2 test on the final models for each species. The R2 value 

listed for each predictor variable is the R2 for the full model with that variable removed. The ΔR2 

indicates the change in R2 from that of the full model, and the percent (%) change indicates how 

much the full-model R2 changed with that variable removed. The R2 values were calculated using 

the Cox-Snell equation (Cox and Snell 1989). 

Fin Whale Final Model R² = 0.51  Humpback Whale Final Model R² = 0.60 

Variable R² ΔR² 
% 

change  
Variable R² ΔR² 

% 

change 

Water speed 0.44 -0.08 15  DOY 0.53 -0.07 12 

DOY 0.44 -0.07 13  Water Speed 0.57 -0.03 5 

SBE Temp 0.49 -0.03 6  SBE Temp 0.58 -0.02 3 

SST Gradient Lagged 0.5 -0.02 4  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 

         SST Gradient Lagged 0.59 -0.01 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gray Whale Final Model R² = 0.45 

Variable R² ΔR² 
% 

change 

Water Speed 0.15 -0.3 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 

SST Gradient Lagged 0.44 -0.01 2 
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3.9  Figures 

 

Fig. 3.1. Map of study area and the Bering Strait region. The white circle around A3 indicates 

the extent of the 30-km buffer which we used to calculate the sea-surface temperature gradient 

for indicating the presence of a thermal front near A3. The four wind data points from NOAA's 

National Center for Atmospheric Prediction (NCEP) North American Regional Reanalysis 

(NARR) dataset are included (stars). The inset map shows the study area (orange box) along with 

the boundaries for the Chukchi Sea as defined by the International Hydrographic Organization 

(IHO, http://www.marineregions.org/gazetteer.php?p=details&id=4257). 

 

 

 

 

 

 

 

http://www.marineregions.org/gazetteer.php?p=details&id=4257
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Fig. 3.2. Sampling stations for (A) the Bering Arctic Subarctic Integrated Survey (BASIS), and 

(B) the benthic invertebrate dataset (Grebmeier and Cooper 2019a, 2019b).  

 

 

 

B) A) 
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Fig. 3.3. (A) Sampling stations for the NOAA EcoFOCI zooplankton dataset. (B) Annual mean 

density (number per m3) of Calanus spp. copepods in the four sampling zones.  

 

 

 

 

 

 

 

 

A) B) 
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Fig. 3.4. Proportion of hourly recordings with whale calls by month during the open-water 

season for humpback whales, fin whales, and gray whales at the A3 mooring site. Vertical lines 

separate each year while the gray shaded areas indicate periods with no recordings. 
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Fig. 3.5. Proportion of October‒November recordings with whale calls by year for each species.  
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Fig. 3.6. Graphical representation of Chukchi Sea ice melt-out (< 80% concentration) in the 

spring, and freeze-up (≥ 80% concentration) in the fall for the study period (2009‒2018) (light 

blue). The dark blue area represents the open-water period (sea-ice concentration ≤ 15%). 
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Fig. 3.7. Plots of (A) seasonal mean near-bottom (‘SBE Temp’) and sea-surface (SST) 

temperatures, and (B) near-bottom salinities (‘SBE Salt’). 
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Fig. 3.8. (A) Arrival and (B) departure days of the year for fin whales (FW; circles), humpback whales 

(HB; squares), and gray whales (GW; triangles). Arrival dates shown for the years that had recordings 

available in spring (2014‒2016, 2018). Linear regressions are shown as dotted. The days of the year when 

sea ice concentrations reached < 80% in the Chukchi Sea (‘CS Ice Melt’) and ≥ 80% concentration (‘CS 

Ice Freeze’) are included with the arrival and departure dates for illustrative purposes (dashes). 

B) 

A) 
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Fig. 3.9. Results from the Pearson correlation tests (r) and linear regression between departure 

days for fin whales (top) and humpback whales (bottom) and seasonal mean sea-surface 

temperatures (SST; from the NOAA Optimum Interpolation Sea Surface Temperature [OISST] 

dataset; °C), and near-bottom temperatures (from SBE-16 instrument; °C). Seasons were defined 

as follows: winter = 21 Dec‒20 Mar, spring = 21 Mar‒20 Jun, summer = 21 Jun‒20 Sep, and fall 

= 21 Sep‒20 Dec. See Table S3.3 for the linear equations. 

Fin whales 

Humpback whales 



 

150 

 

 

Fig. 3.10. Results from the Pearson correlation test (r) and linear regression between fin whale 

departure days and winter mean water speeds (ADCP data; cm s-1). Winter was defined by the 

period 21 December‒20 March.  

 

 

 

 

 

 

 

 

 

 

 

y = 1.3x + 272  
R  

2 = 0.69  p = 0.006* 
r = 0.83 
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Fig. 3.11. 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 temporal 

(day of the year, DOY), and environmental conditions. Daily means were used for the 

environmental covariates, including near-bottom temperature, sea surface temperatures (SST), 

and water speed. The ‘SST Gradient’ represents the maximum difference in daily mean SSTs 

between grid cells within a 30-km buffer around site A3, 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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Fig. 3.12. 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 temporal (day of the year, DOY), and environmental conditions. Daily means were 

used for the environmental covariates, including near-bottom temperature and salinity, sea-

surface temperatures (SST), water speed, and wind speed. The ‘SST Gradient’ represents the 

maximum difference in daily mean SSTs between grid cells within a 30-km buffer around site 

A3, 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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Fig. 3.13. Plots of the additive smoothing fits for the best gray whale model with the smoothed 

functions for the daily probability of a calling gray whale being present in relation to temporal 

(day of the year, DOY), and environmental conditions. Daily means were used for the 

environmental covariates including near-bottom temperature and salinity, sea-surface 

temperatures (SST), water speed, and wind speed. The ‘Lagged SST Gradient’ represents the 

maximum difference in daily mean SSTs between grid cells within a 30-km buffer around site 

A3 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. 
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3.10  Supplementary Tables and Figures 

Table S3.1. Results of the Pearson correlation tests between seasonal means for near-bottom temperature and salinities (‘SBE Temp’ 

and ‘SBE Salt’), sea-surface temperatures (SST), water speeds, and wind speeds. Pink shading denotes correlations with an absolute 

value > 0.7. 

 

 

 

 

 

SST 

Winter

SBE Temp 

Winter

SBE Salt 

Winter

Water 

Winter

Wind 

Winter

SST 

Spring

SBE Temp 

Spring

SBE Salt 

Spring

Water 

Spring

Wind 

Spring

SST 

Summer

SBE Temp 

Summer

SBE Salt 

Summer

Water 

Summer

Wind 

Summer

SST 

Fall

SBE Temp 

Fall

SBE Salt 

Fall

Water 

Fall

Wind 

Fall

SST Winter 1 0.93 -0.58 0.61 -0.62 0.9 0.86 -0.38 0.4 0.55 0.62 0.62 0.69 -0.37 -0.56 0.74 0.74 -0.14 0.57 -0.15

SBE Temp Winter 0.93 1 -0.66 0.71 -0.48 0.9 0.82 -0.58 0.57 0.48 0.67 0.7 0.74 -0.19 -0.5 0.85 0.87 -0.14 0.58 -0.01

SBE Salt Winter -0.58 -0.66 1 -0.48 0.55 -0.62 -0.77 0.68 -0.38 -0.26 -0.17 -0.65 -0.66 -0.03 0.51 -0.48 -0.57 -0.21 -0.31 0.41

Water Winter 0.61 0.71 -0.48 1 -0.25 0.77 0.75 -0.8 0.83 0.17 0.53 0.89 0.33 0.43 -0.32 0.8 0.84 0.32 0.31 0.28

Wind Winter -0.62 -0.48 0.55 -0.25 1 -0.49 -0.71 0.05 -0.31 -0.44 0.1 -0.48 -0.82 0.4 0.56 -0.12 -0.15 -0.28 -0.09 0.24

SST Spring 0.9 0.9 -0.62 0.77 -0.49 1 0.8 -0.6 0.54 0.19 0.6 0.67 0.58 -0.11 -0.55 0.79 0.78 -0.05 0.48 -0.04

SBE Temp Spring 0.86 0.82 -0.77 0.75 -0.71 0.8 1 -0.58 0.58 0.56 0.41 0.86 0.66 -0.03 -0.59 0.67 0.72 0.29 0.43 -0.19

SBE Salt Spring -0.38 -0.58 0.68 -0.8 0.05 -0.6 -0.58 1 -0.74 0.05 -0.45 -0.75 -0.21 -0.63 0.46 -0.74 -0.76 -0.42 -0.36 -0.1

Water Spring 0.4 0.57 -0.38 0.83 -0.31 0.54 0.58 -0.74 1 0.13 0.4 0.81 0.41 0.52 -0.48 0.68 0.67 0.54 0.2 0.53

Wind Spring 0.55 0.48 -0.26 0.17 -0.44 0.19 0.56 0.05 0.13 1 0.41 0.44 0.48 -0.34 -0.16 0.38 0.43 -0.07 0.19 -0.02

SST Summer 0.62 0.67 -0.17 0.53 0.1 0.6 0.41 -0.45 0.4 0.41 1 0.47 0.12 0.08 -0.27 0.9 0.82 -0.23 0.38 0.36

SBE Temp Summer 0.62 0.7 -0.65 0.89 -0.48 0.67 0.86 -0.75 0.81 0.44 0.47 1 0.51 0.38 -0.39 0.74 0.81 0.45 0.14 0.24

SBE Salt Summer 0.69 0.74 -0.66 0.33 -0.82 0.58 0.66 -0.21 0.41 0.48 0.12 0.51 1 -0.44 -0.42 0.36 0.43 -0.07 0.19 -0.08

Water Summer -0.37 -0.19 -0.03 0.43 0.4 -0.11 -0.03 -0.63 0.52 -0.34 0.08 0.38 -0.44 1 0.01 0.21 0.21 0.65 -0.19 0.43

Wind Summer -0.56 -0.5 0.51 -0.32 0.56 -0.55 -0.59 0.46 -0.48 -0.16 -0.27 -0.39 -0.42 0.01 1 -0.44 -0.32 -0.47 -0.59 0.21

SST Fall 0.74 0.85 -0.48 0.8 -0.12 0.79 0.67 -0.74 0.68 0.38 0.9 0.74 0.36 0.21 -0.44 1 0.97 0 0.48 0.29

SBE Temp Fall 0.74 0.87 -0.57 0.84 -0.15 0.78 0.72 -0.76 0.67 0.43 0.82 0.81 0.43 0.21 -0.32 0.97 1 -0.02 0.42 0.24

SBE Salt Fall -0.14 -0.14 -0.21 0.32 -0.28 -0.05 0.29 -0.42 0.54 -0.07 -0.23 0.45 -0.07 0.65 -0.47 0 -0.02 1 -0.05 0.09

Water Fall 0.57 0.58 -0.31 0.31 -0.09 0.48 0.43 -0.36 0.2 0.19 0.38 0.14 0.19 -0.19 -0.59 0.48 0.42 -0.05 1 -0.41

Wind Fall -0.15 -0.01 0.41 0.28 0.24 -0.04 -0.19 -0.1 0.53 -0.02 0.36 0.24 -0.08 0.43 0.21 0.29 0.24 0.09 -0.41 1
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Table S3.2. Summary of sampling dates and units for the prey datasets: National Oceanic and 

Atmospheric Administration (NOAA) Bering Arctic Subarctic Integrated Survey (BASIS); 

NOAA Ecosystems and Fisheries Oceanography Coordinated Investigations joint research 

program (EcoFOCI); and benthic zooplankton density collected during Distributed Biological 

Observatory surveys (DBO; https://www.pmel.noaa.gov/dbo/; Grebmeier and Cooper 2019a, 

2019b). See Figs. 2 and 3 for sampling locations. *The National Oceanic and Atmospheric 

Administration (NOAA) EcoFOCI dataset was compiled by Dr. David Kimmel (NOAA – 

National Marine Fisheries Service). 

Name Years and Dates Sampling Units Method 

NOAA BASIS 

(N. Bering) 

2009: 8–13 Sep 

2010: 21–23 Sep, 27 Sep–1 Oct 

2011: 6, 8–11, 13–17 Sep 

2012: 10–16, 18–19 Sep 

2013: 7 Aug; 10–15, 17–19 Sep 

2014: 4–7, 9–11 Sep 

2015: 8–10, 12–16 Sep 

2016: 8–12 Sep 

2017: 5–9 Sep 

2018: 8–17 Sep 

Fish total weight 

(kg) per km2  
Surface rope trawl 

Benthic 2012: 14–16 Jul 

2013: 13–23 Jul 

2014: 14–23 Jul 

2015: 14–21 Jul 

2017: 29–31 Aug; 1–5, 7–10, 12–13 Sep 

Amphipod density 

(#/m2) 
van Veen grab 

NOAA EcoFOCI 

Cruises* 

2012: 17–27 Aug 

2013: 12 Aug–17 Sep 

2014: 4 Sep–12 Oct 

2015: 6 Aug–25 Sep 

2017: 27 Aug–6 Oct 

2018: 8 Aug–18 Sep 

Estimated number 

of individuals per 

m3 

Bongo net with 153-

μm mesh size 
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Table S3.3. Results of the linear regression for the departure dates (y) for each species vs. 

seasonal means of environmental variables (x). Only the variables with a significant, linear 

relationship to the departure dates (p < 0.05) are listed below, including seasonal means for sea-

surface temperatures (SST, °C), near bottom temperatures (measured with SBE-16 instrument, 

°C), and water speeds (measured by ADCP instrument, cm s-1). Seasons were defined as follows: 

winter = 21 Dec‒20 Mar, spring = 21 Mar‒20 Jun, summer = 21 Jun‒20 Sep, and fall = 21 Sep‒

20 Dec. Winter here indicates the previous winter to the arrival of the whales to the Bering Strait.  

Fin Whales 

Variable (x) R² p Equation 

Bottom Temp Winter 0.69 0.006 y = 70.9x + 435.1 

Bottom Temp Spring 0.63 0.01 y = 17.4x + 332.7 

Bottom Temp Summer 0.73 0.003 y = 8.6x + 293.2 

Bottom Temp Fall 0.69 0.005 y = 8.6x + 301.6 

SST Winter 0.58 0.02 y = 45.7x + 389.8 

SST Spring 0.59 0.02 y = 16.9x + 318.6 

SST Fall 0.54 0.02 y = 9.8x + 297.9 

Water Speed Winter 0.69 0.006 y = 1.3x + 272.3 

Humpback Whales 

Variable (x) R² p Equation 

Bottom Temp Winter 0.78 0.002 y = 61x + 413.1 

Bottom Temp Spring 0.61 0.01 y = 13.8x + 323.7 

Bottom Temp Summer 0.53 0.03 y = 5.8x + 295.1 

Bottom Temp Fall 0.61 0.01 y = 6.6x + 299.4 

SST Winter 0.83 0.001 y = 44.1x + 381.8 

SST Spring 0.73 0.003 y = 15.2x + 312.9 

SST Summer 0.52 0.03 y = 7.2x + 270.7 

SST Fall 0.66 0.008 y = 8.7x + 294.4 
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Table S3.4. Best models for each species according to Akaike information criterion with a correction for small sample sizes (AICc) 

along with their R2 values (Cox-Snell). Other models that had ΔAICc < 10 are also listed. Note that the two models for gray whale had 

the same AICc score and R2 value, thus we chose the model with fewer variables. The smoothing terms are specified next to the 

variable names: cs = cubic spline, pb = penalized b-spline smoothers. DOY = day of the year; SBE Temp = daily mean near-bottom 

temperatures; SBE Salt = daily mean near-bottom salinities; Water Speed = daily mean water speeds; Wind Speed = daily mean wind 

speeds; SST Grad = SST gradient (represents presence of a thermal front); SST Grad Lagged = SST Gradient lagged by one month. 

AICc Fin Whale Model ΔAICc R² 

3320 pb(DOY) + cs(SBE Temp) + cs(SST) + cs(Water Speed) + cs(SSTGrad) + cs(SST Grad Lagged) 0 0.51 

3324 pb(DOY) + cs(SBE Temp) + cs(SST) + cs(Water Speed) + cs(Wind Speed) + cs(SST Grad) + cs(SST Grad Lagged) 4 0.51 

3329 pb(DOY) + cs(SBE Temp) + cs(SST) + cs(Water Speed) + cs(SST Grad) 9 0.5 

AICc Humpback Whale Models ΔAICc R² 

4454 
pb(DOY) + cs(SBE Temp) + cs(SBE Salt) +cs(SST) + cs(Water Speed) + cs(Wind Speed) + cs(SST Grad) + cs(SST Grad 

Lagged) 
0 0.6 

4455 pb(DOY) + cs(SBE Temp) +cs(SST) + cs(Water Speed) + cs(Wind Speed) + cs(SST Grad) + cs(SST Grad Lagged) 1 0.59 

4460 pb(DOY) + cs(SBE Temp) +cs(SST) + cs(Water Speed) + cs(Wind Speed) + cs(SST Grad Lagged) 6 0.59 

4462 pb(DOY) + cs(SBE Temp) + cs(SBE Salt) +cs(SST) + cs(Water Speed) + cs(Wind Speed) + cs(SST Grad Lagged) 8 0.59 

AICc Gray Whale Models ΔAICc R² 

3087 pb(DOY) + cs(SBE Temp) + cs(SBE Salt) + cs(SST) + cs(Water Speed) + cs(Wind Speed) + cs(SST Grad Lagged) 0 0.45 

3087 
pb(DOY) + cs(SBE Temp) + cs(SBE Salt) + cs(SST) + cs(Water Speed) + cs(Wind Speed) + cs(SST Grad) + cs(SST Grad 

Lagged) 
0 0.45 
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Fig. S3.1. Map of the Distributed Biological Observatory (DBO) sampling regions (figure from 

Grebmeier et al. 2019).  
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Fig. S3.2. Chart of the sampling periods for all three prey datasets: BASIS forage fish dataset 

(top, green squares), EcoFOCI Calanus spp. dataset (middle, blue squares), and the benthic 

amphipod dataset (bottom, yellow squares). The start dates of the hydrophone recordings are 

represented by the bold squares and the gray shading represents the recording periods.  
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Fig. S3.3. Vector plots of daily mean water speed (cm s-1) at the A3 mooring site. 
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Fig. S3.4. Seasonal means for water speed (cm s-1) measured at the A3 mooring site. Note that 

2016 was omitted since we do not have acoustic data for that year. The seasons were defined as 

follows: Winter (‘W’) = 21 Dec‒20 Mar; Spring = 21 Mar‒20 Jun; Summer (‘Su’) = 21 Jun‒20 

Sep; Fall = 21 Sep‒20 Dec. Water speeds throughout the seasons were highly variable with 

standard deviations ranging from 13 cm s-1 to 27 cm s-1. A linear regression of the seasonal 

means with year shows a significant increasing trend over the study period (p = 0.02).  
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Fig. S3.5. Vector plots of daily mean wind speed (cm s-1) at the A3 mooring site. The gray 

dashed line at 10 m s-1 indicates strong wind speeds. 
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Fig. S3.6. Plot of the daily maximum sea-surface temperature (SST) gradient (°C) within a 30-km radius of the A3 

mooring site for the open-water season (1 May through freeze-up; see Table 3.2). The SST gradient is a proxy for 

the presence of a thermal front—the higher the gradient, the stronger the front. The plot is overlaid with a bar plot of 

the hours per day with fin whale calls with bold lines indicating the start and end of the recording period. 
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Fig. S3.7. Plot of the daily maximum sea-surface temperature (SST) gradient (°C) within a 30-km radius of the A3 

mooring site for the open-water season (1 May through freeze-up; see Table 3.2). The SST gradient is a proxy for 

the presence of a thermal front—the higher the gradient, the stronger the front. The plot is overlaid with a bar plot of 

the hours per day with humpback whale calls with bold lines indicating the start and end of the recording period. 
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Fig. S3.8. Plot of the daily maximum sea-surface temperature (SST) gradient (°C) within a 30-km radius of the A3 

mooring site for the open-water season (1 May through freeze-up; see Table 3.2). The SST gradient is a proxy for 

the presence of a thermal front—the higher the gradient, the stronger the front. The plot is overlaid with a bar plot of 

the hours per day with gray whale calls with bold lines indicating the start and end of the recording period.
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Fig. S3.9. Proportion of recordings with gray whale calls by month. Only the years with both spring and fall recordings are shown. In 

some years, particularly 2013 and 2014, a peak in gray whale calls is evident in the spring and fall, possibly reflecting the spring and 

fall migration of gray whales into and from the study region. 
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CHAPTER 4. Quantifying the effect of ship noise on the acoustic environment of 

the Bering Strait 

 

[Escajeda ED, Stafford KM, Woodgate RA, Laidre KL (2023) Quantifying the effect of ship 

noise on the acoustic environment of the Bering Strait. Marine Pollution Bulletin 187:114557. 

https://doi.org/10.1016/j.marpolbul.2022.114557] 

 

4.1  Abstract 

The narrow Bering Strait provides the only gateway between the Pacific Ocean and the 

Arctic, bringing migrating marine mammals in close proximity to ships transiting the strait. We 

characterized ship activity in the Bering Strait during the open-water season (July‒November) 

for 2013‒2015 and quantified the impact of ship noise on third-octave sound levels (TOLs) for 

bands used by baleen whales (25‒1000 Hz). Peak ship activity occurred in July‒September with 

the greatest overlap in ship noise and whale vocalizations observed in October. Ships elevated 

sound levels by ~ 4 dB on average for all TOL bands combined, and 250-Hz TOLs exceeding 

100 dB re 1 µPa were recorded from two large vessels over 11 km away from the hydrophones. 

Our results show that ship noise has the potential to impact baleen whales in the Bering Strait 

and serve as a baseline for measuring future changes in ship activity in the region. 

4.2  Introduction 

Declining sea ice is opening the Arctic to increased ship activity (Eguíluz et al, 2016), 

potentially impacting the acoustic habitat of Arctic and subarctic marine mammals (Moore et al., 

2012; Halliday et al., 2017, 2021a; Hauser et al., 2018). Known impacts of ship noise on marine 

mammals include masking of important biological signals (Clark et al., 2009; Pine et al., 2018), 

elevating stress hormone levels (Rolland et al., 2012; Lemos et al., 2022), and provoking 

avoidance behavior (Finley et al., 1990; Nowacek et al., 2007; Southall et al., 2007; Martin et al., 

2022). The two major Arctic shipping routes—the Northwest Passage through the Canadian 

https://doi.org/10.1016/j.marpolbul.2022.114557
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Arctic Archipelago, and the Northern Sea Route along the northern coast of Eurasia—are 

expected to see a sharp increase in trans-Arctic ship transits by 2050 (Stephenson et al., 2011, 

2013; Smith and Stephenson, 2013). Both sea routes pass through the Bering Strait, making it an 

important region for studying the effects of ship noise on the marine soundscape.  

 The Bering Strait connects the Bering Sea to the south with the Chukchi Sea to the north 

(Fig. 4.1). The region is shallow (30‒60 m), and narrow, spanning only ~ 80 km at its narrowest 

point. The marine ecosystem of the Chukchi Sea is one of the richest in the world, home to dense 

aggregations of benthic invertebrates and swarms of lipid-rich zooplankton that attract marine 

mammals to the region (Grebmeier et al., 2006; Eisner et al., 2013; Ershova et al., 2015). Marine 

mammals endemic to the Arctic and commonly observed in the Chukchi Sea include bowhead 

whales (Balaena mysticetus), belugas (Delphinapterus leucas), walrus (Odobenus rosmarus), 

bearded seals (Erignathus barbatus), and ringed seals (Pusa hispida), all of which are important 

subsistence species for the Chukchi, Iñupiaq, St. Lawrence Island Yupik, Siberian Yupik, and 

Yup’ik Peoples of the coastal Pacific Arctic (Huntington et al., 2015).  

The seasonal migrations of species through the Bering Strait region are driven by the 

melting of sea ice in spring (~ May), and the formation of sea ice in late fall and early winter 

(November‒December; Frey et al., 2015; Serreze et al., 2016; Grebmeier et al., 2006, 2018). 

When the sea ice disappears in the summer, subarctic baleen whales, namely gray whales 

(Eschrichtius robustus), humpback whales (Megaptera novaeangliae), fin whales (Balaenoptera 

physalus), and minke whales (B. acutorostrata), migrate northward into the Chukchi Sea to feed 

on seasonally-abundant prey (Clarke et al., 2013; Woodgate et al., 2015; Brower et al., 2018; 

Escajeda et al., 2020). Marine mammals rely on sound as their primary sense (Richardson et al., 
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1995); consequently, the intrusion of ships into the Pacific Arctic presents a potential threat to 

the acoustic habitat of these animals. 

Despite the potential for increased ship noise, little work has been done to quantify the 

impact of ships on sound levels in the Bering Strait region. Southall et al. (2020) examined sound 

levels produced by three vessels that passed within 10 km of two recorders, one in the Bering 

Strait and the other at a site north of St. Lawrence Island, and found that the ships produced 

sound levels below or higher than monthly average conditions depending on the proximity of the 

ship. A follow-up study by McKenna et al. (2021) examined the impact of ship noise on annual 

median sound levels measured for third-octave frequency bands at a site west of St. Lawrence 

Island in the northern Bering Sea. They found that radiated sounds measured from ships 

traveling at speeds > 5 knots within 10 km of their hydrophone had negligible impact on year-

round sound levels (< 1 dB difference between median sound levels with ships present and 

annual median sound levels for third-octave frequency bands between 100 and 1000 Hz). 

Instead, wind and sea ice were the most significant contributors to annual sound levels (except 

for the 1000-Hz third-octave band; McKenna et al., 2021). Most vessels are only able to transit 

the Pacific Arctic when its waters are ice-free (June‒November), necessitating an examination of 

how ships affect ambient sound levels of the region specifically during the open-water season. 

In this study, we characterized the acoustic effects of ship activity in the Bering Strait 

during the open-water season (June through November) for 2013‒2015 using three moored 

hydrophones within the Bering Strait. Specifically, we quantified the contribution of ship noise 

above ambient sound levels, with a focus on frequency bands used by baleen whales (25‒1000 

Hz; Southall et al., 2007; Moore et al., 2012). Our results reveal how ship noise is affecting the 
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acoustic environment of the Bering Strait, and serve as a baseline for measuring future changes 

in ship activity for the region.  

4.3   Methods 

4.3.1  Acoustic Data Collection 

We collected acoustic recordings from AURAL-M2 hydrophones (Autonomous 

Underwater Recorder for Acoustic Listening-Model 2; Multi-Électronique, Inc.) attached to three 

moorings positioned within the Bering Strait. Site A2 was in the center of the eastern channel 

and Site A4 on the east side of the eastern channel. Site A3 was located ~ 35 km north of the 

strait in the southern Chukchi Sea (Fig. 4.1). The mooring sites were originally established in 

1990 for measuring the physical properties of the oceanic throughflow through the strait 

(Woodgate et al., 2015; Woodgate, 2018). Hydrophone sensitivity was ‒155 dB re 1 V/µPa with 

a gain of 16 dB and the recordings were made using a 16-bit resolution. Each hydrophone was 

positioned 4‒8 m above the seafloor and sampled at 8192 Hz, with a 20-min (2013 and 2014) or 

22-min (2015) duty cycle, and varying deployment periods (Table 4.1). All recordings were 

timed to start at the top of the hour.  

We focused our analyses on recordings from June through November of each year since 

the Bering Strait is typically ice-free during this period (Serreze et al., 2016; Grebmeier et al., 

2018). We also noted the presence of ships in May and December; however, we did not analyze 

recordings for either month due to the abundance of vocalizing bearded seals and sea ice, which 

would make isolating ship sounds difficult. Note that acoustic data were unavailable for June 

2013 at Sites A2 and A3, therefore we began our analysis in July for 2013. Recordings were 

visualized in the Ishmael software program (2014 version; Mellinger, 2002) using a fast Fourier 

transform (FFT) size of 4096 samples with a Hamming window and spectrogram equalization 
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enabled (time constant of 30 s). Recordings with ship sounds, as well as biotic sounds (e.g., 

whale calls) and line strumming created by water rushing past the mooring were identified by 

manually analyzing spectrograms in Ishmael. We quantified the number of recordings that 

matched three scenarios: 1) recordings with only ship noise present, 2) recordings with ship 

noise together with baleen whale vocalizations, and 3) recordings with baleen whale 

vocalizations only. 

Marine mammals are sensitive to changes in frequency among third octaves, therefore 

summarizing sound amplitude using third-octave bands is useful for approximating sound levels 

for a range of frequencies (Richardson et al., 1995). Third-octave bands have a lower frequency 

limit, an upper frequency limit that is equivalent to 21/3 of the lower frequency, and a central 

frequency roughly equivalent to the square-root of the product of the lower and upper 

frequencies. Third-octave bands are referred to by their central frequencies; for example, the 

250-Hz third-octave band has a central frequency of 250 Hz and covers the frequency band from 

223 to 281 Hz. We calculated the root-mean-square (RMS) sound pressure levels integrated over 

the 17 standard third-octave frequency bands between 25 and 1000 Hz for each recording using 

PAMGuide software in MATLAB (FFT with a 1-s long Hann window and 50% overlap; 

Merchant et al., 2015). We hereafter refer to third-octave sound levels as TOLs.  

4.3.2  Effects of Wind and Water Speed on Sound Levels 

We examined the impact of wind and water speed on TOLs commonly used to quantify 

radiated sound from ships, specifically TOLs with center frequencies of 63 Hz, 125 Hz, and 250 

Hz (Van der Graaf et al., 2012; Dekeling et al., 2014; Merchant et al., 2014), to understand how 

wind and water speed may affect sounds recorded by our hydrophones. Wind is an important 

contributor to ambient sound levels during the open-water season (Wenz, 1962; Hildebrand, 
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2009; Roth et al., 2012; Insley et al., 2017; Stafford et al., 2018; Halliday et al., 2021b; McKenna 

et al., 2021), and thus, should be taken into consideration when quantifying the impact of ship 

noise. The Bering Strait has high water speeds, with hourly mean northward water speeds 

occasionally exceeding 130 cm/s (Woodgate, 2018), which can lead to flow noise and/or 

mooring line strumming (McKenna et al., 2021). Consequently, it was also important to consider 

how water speeds contribute to sound levels recorded by the hydrophones in the three third-

octave frequency bands. Both flow noise and line strumming result from water flowing past the 

mooring, and therefore are not considered features of the broader acoustic environment 

(Robinson et al., 2014).  

We analyzed ambient sound recordings—recordings without ship noise, line strumming, 

or biotic sounds—to isolate the effect of wind and water speeds on third-octave sound levels 

recorded by the hydrophones. We computed TOLs for the three third-octave bands (63 Hz, 125 

Hz, and 250 Hz) over 1-s time windows and then time-averaged the sound levels over the full 

duration of the recording (~ 20 min in 2013 and 2014: 1199 s; ~ 22 min in 2015: 1399 s). We 

assumed that sound levels recorded when the hydrophones were on (i.e., during the first 20‒22 

min of the hour) were representative of the entire hour. We then calculated the daily median for 

each TOL band. Surface wind speed and direction were taken from the National Centers for 

Environmental Predication (NCEP) North American Regional Reanalysis 2 (NARR) wind data 

product (grid size of ~ 32 km; Mesinger et al., 2006) calculated for the closest grid point to the 

strait, ~110 km southwest of the moorings (65°N, 170°W; Fig. 4.1). We calculated daily mean 

water speeds using hourly water velocity data measured at 30-m depth by Acoustic Doppler 

Current Profilers (ADCP) attached to each mooring (Woodgate, 2018).  
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Given that the daily median TOLs for a given day could be correlated to the daily median 

TOLs from the previous day, we used generalized least squares (GLS) regression to examine the 

influence of daily mean wind and water speeds on daily median TOLs for the three bands. GLS 

regression accounts for correlation between the model residuals, making the method a good 

choice when temporal correlation in the response variable is a concern (Aitken, 1936). We built 

individual models for each third-octave band using data from each mooring site with all three 

years combined (e.g., we created a separate model for the 63 Hz TOLs recorded at Site A2 in 

2013‒2015, etc.) using the nlme package in R (v. 4.1.0; R Core Team, 2021; Pinheiro et al., 

2022). We included a first-order autoregressive correlation structure in each model using a 

continuous time variable (day number) and the Pearson correlation coefficient taken from 

correlation tests between daily median TOLs as inputs (Table 4.2). We defined a day as a 24-h 

period starting at 00:00 UTC and assumed that daily means for wind and water speeds were 

independent. We used a significance threshold of 0.05 for all statistical tests. 

4.3.3  Characterizing Ship Activity 

We used Automatic Identification System (AIS) vessel tracking data to characterize the 

presence of ships throughout the open-water season (June‒November) in the Bering Strait 

region, which we defined as within 100 km of the A2 and A3 moorings (see Fig. 4.1 for 

boundaries). Note that the 100-km buffer around A4 covered the same region as the 100-km 

buffer around A2, therefore we used the merged buffer for A2 and A3 to filter the AIS data. AIS 

data were obtained from the Nationwide Automatic Identification System (NAIS) dataset 

managed by the United States Coast Guard (https://marinecadastre.gov/ais/). The NAIS dataset is 

collected by land-based receivers every minute and includes vessel name (2015 only), status 

(2015 only), length, width, draft, a unique Maritime Mobile Service Identity (MMSI) number, 
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vessel type, latitude and longitude, speed over ground (in knots), course over ground, and 

heading. The vessel types identified in the NAIS dataset are based on the U.S. Coast Guard’s 

Authoritative Vessel Identification Service (AVIS) database (https://marinecadastre.gov/ais/; Lee 

et al., 2019). The International Maritime Organization (IMO) only requires large vessels (> 300 

gross tonnage), passenger vessels (vessels ≥ 100 gross tons and carrying a minimum of 12 

passengers; U.S. Code of Federal Regulations, Title 46), and large fishing vessels to carry AIS 

transponders (IMO International Convention for the Safety of Life at Sea, 1974). Consequently, 

AIS is not a reliable tool for tracking the presence of small vessels (Hermannsen et al., 2019).  

We filtered the AIS data to include only transmissions from vessels observed within a 

100-km buffer around moorings A2 and A3. We identified unique vessels using their MMSI 

number and removed any transmissions that were missing a MMSI number from the dataset as 

we could not verify the source of these data (whether the transmissions were from unique ships). 

We then summed the number of unique ships by vessel type (provided by the AIS data) and by 

year. Finally, we calculated the average speed for each vessel using the reported speed over 

ground (SOG). See Fig. 4.2 for a flowchart of our approach for filtering the AIS data. 

4.3.4  Comparison Between Vessel Noise and Ambient Sound Levels 

Recordings with identified ship noise were paired with AIS transmissions from a single 

moving vessel (reported SOG > 5 knots) that passed within 10 km of the recorder (n = 156 

recordings), following McKenna et al. (2021). Any ship recordings that did not match with AIS 

data or that had other sound sources present (e.g., whale calls) were excluded from the analysis. 

We refer to a ship recording that matched with the closest pass of a single unique vessel by the 

mooring as a “ship event” (unique vessels were identified using their MMSI number). AIS 

transmissions for each ship event were visualized in ArcMap (v. 10.8; Environmental Systems 

https://marinecadastre.gov/ais/
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Research Institute, ESRI, 2020) to ensure that the vessel was in a reasonable position relative to 

the mooring (i.e., not behind a landmass), and that the vessel was moving during the recording 

window. 

We quantified ambient and ship noise levels as the TOLs for third-octave bands with 

standard center frequencies between 25 and 1000 Hz averaged over the full duration of the 

recording. Both wind speeds and water flowing past the mooring are known to affect received 

sound levels (McDonald et al., 2006; Insley et al., 2017; Halliday et al., 2021b; McKenna et al., 

2021), therefore we separated the ship and ambient recordings into categories based on the mean 

wind speed from the NCEP-NARR dataset for the day of the recording and the hourly mean 

water speed from the ADCP instrument on the mooring (see Fig. 4.3 for a flowchart of our 

procedure). Recordings on days with mean wind speeds < 10 knots (~ 5 m/s) were labeled as 

“Low Wind” recordings since the effect of wind speed on ambient sound levels was found to 

decrease when winds were below this level (McDonald et al., 2006). Recordings with water 

speeds < 40 cm/s were labeled as “Low Water” since strumming noise was reduced below this 

level. We then compared median ambient third-octave SPLs to the median third-octave SPLs for 

the ship recordings for all sites and years combined by wind-water speed category: “Low 

Water/Low Wind,” “Low Water/High Wind,” “High Water/Low Wind,” “High Water/High 

Wind” (Fig. 4.3). 

4.3.5  Ship Received Levels vs. Range 

We investigated the spatial impact of ship noise on the Bering Strait using received levels 

(RLs) for ship events where one vessel was present. Using the dataset of ship events from the 

ship noise vs. ambient analysis (see Section 4.3.4), we examined the AIS transmissions for each 

vessel and eliminated any ship events with fewer than three AIS transmissions during the 20/22-
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minute recording window. We then eliminated duplicate ship events where the same vessel was 

detected at two mooring sites by selecting the recording from the closest hydrophone to the 

ship’s track. In the case of repeat recordings of the same ship by the same hydrophone, we kept 

the recording from the closest pass of the vessel (total n = 73 ship events; Fig. 4.2).  

We quantified the RLs for each ship event as the root-mean-square pressure for the 250-

Hz TOL band time-averaged over 60-s intervals to match the same time resolution as the AIS 

transmissions. The 250-Hz band was chosen since it is less likely to be contaminated with flow 

noise than lower frequency TOL bands (Merchant et al., 2014). We then calculated the slant 

range between the recorder and each point from the ship’s AIS transmissions using the 

hydrophone depth and straight-line distance between the ship and the recorder. Given that 

background noise levels could have contributed to the RLs, we corrected for background noise 

using the following equation (ANSI, 2009): 

𝐿𝑆 = 10𝑙𝑜𝑔10 [10
(
𝐿𝑇
10

) − 10(
𝐿𝐵
10

)] 

where 𝐿𝑆 is the RL attributed to the ship (in dB), 𝐿𝑇 is the total sound level in dB which consists 

of the ship and background noise, and 𝐿𝐵 is background noise. Background TOLs were 

calculated from recordings that did not have any detectable sound sources present and that were 

recorded on the same day as the corresponding ship event (or as close to the day as possible).  

  We examined plots of background noise-corrected RLs for the 250-Hz band as a 

function of slant range for all the ship events. We then partitioned the ships by vessel type and 

examined the ship event with the maximum TOLs for the 250-Hz band for each vessel type. 

4.4  Results 

 We analyzed 41,866 recordings combined across the three sites and years. There were 

2,992 recordings with ship noise in total, with 1,031 recordings at Site A2, 1,000 recordings at 
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Site A3, and 961 recordings at Site A4. Out of the recordings with ship noise, 4% (A2), 17% 

(A3), and 3% (A4) also had baleen whale vocalizations present (Table 4.3). October had the 

highest number of recordings with both whale vocalizations and ship noise detected (44% of 

recordings from October had both ship noise and whale sounds present), followed by September 

(20%) and August (13%). In total, there were 93 days with ship noise present in 2013, 103 days 

in 2014, and 131 days in 2015. Most of the ships detected at Site A3 were also detected at Sites 

A2 and A4, and the AIS transmissions were closer to A2 and A4. Consequently, we focused our 

analyses only on Sites A2 and A4 (see Fig. 4.1 for map of mooring sites).  

4.4.1  Effects of Wind and Water Speed on Sound Levels 

All models indicated that both wind and water speeds influence sound levels for all three 

TOL bands (63 Hz, 125 Hz, and 250 Hz) at Sites A2 and A4 (Table 4.4). The relationship 

between sound levels for the three third-octave bands, and wind and water speeds were all 

significant (all p < 0.05) and positive, indicating that daily median sound levels in the three TOL 

bands increased with increasing daily mean wind and water speeds at Sites A2 and A4 (Table 

4.4). The water speed coefficients were higher for 63-Hz TOL band at both sites (A2: increase of 

0.56 dB per cm/s increase in water speed, A4: increase of 0.44 dB per cm/s) and the coefficients 

were barely higher than zero for the 250-Hz TOL band (A2: 0.02 dB per cm/s, A4: 0.04 dB per 

cm/s), indicating very little change in sound levels measured at this band in response to changes 

in wind and water speed. Conversely, the highest coefficients for wind speed were at the 250-Hz 

band (A2: increase of 0.86 dB per m/s increase in wind speed, A4: increase of 0.86 dB per m/s) 

and lowest at the 63-Hz band (A2: 0.47 dB per m/s, A4: 0.48 dB per m/s), suggesting that wind 

speeds have a greater effect on the 250-Hz TOL band while water speeds have a greater effect on 

the 63-Hz and 125-Hz TOL bands.  
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4.4.2  Ship Activity in the Bering Strait 

 A total of 412 unique AIS-transmitting vessels entered the Bering Strait region from May 

to November 2013‒2015. The highest number of unique vessel passages occurred in 2013 with 

153 vessels, compared to 123 vessels in 2014, and 136 vessels in 2015 (Table 4.5). Peak ship 

activity occurred in the months of July through September (Fig. 4.4), with the earliest AIS 

transmissions occurring in early May and the latest in mid-December. We did not analyze ship 

recordings from May or December due to the increased acoustic presence of marine mammals 

and sea ice. Two cargo ships and a military vessel traveled north of Site A3 on 4‒6 May 2015, 

and the latest passage in the open-water season was made by a Russian icebreaker which 

transited northward through the western channel on 17 December 2015. A summary of the vessel 

types observed in the Bering Strait region can be found in Table 4.5. Cargo ships were the most 

common vessel type (139 unique vessels, 34%), followed by tugboats (n = 85 vessels, 21%), and 

vessels labeled as “other” in the NAIS dataset (n = 46 vessels, 11%). A total of 33 vessels had an 

unknown vessel type (i.e., vessel type was not listed in the NAIS dataset). Average speed over 

ground (SOG) for all vessel types ranged from 5 knots (tugboat) to 13.1 knots (law enforcement 

vessel), with an average of 9.1 knots (SD: ± 2.1 knots; Table 4.6).  

4.4.3  Comparison Between Vessel Noise and Ambient Sound Levels 

 Median sound levels when a ship was present were higher than ambient sound levels for 

the majority of the third-octave frequency bands, regardless of water and wind speeds (mean 

difference for all wind/water speed categories and TOL frequency bands combined = ~ 4 dB ± 3 

dB SD; range: ‒3 to 15 dB; Fig. 4.5). Ambient and ship median sound levels recorded on days 

with low water and low wind speeds had the greatest differences with ships elevating sound 

levels by 2–15 dB above ambient with an average difference of ~ 7 dB (Fig. 4.5A). The smallest 
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differences between ship and ambient median TOLs were observed in recordings with high wind 

speeds (high wind and low/high water speed) with an average difference of 3 dB ± 2 dB SD 

(range: ‒3 to 5 dB; Fig. 4.5). The highest median received levels were observed in the recordings 

with high water speeds (Fig. 4.5B), reflecting the influence of flow noise on sound levels 

recorded by the hydrophones (Section 4.4.1; Table 4.4). 

4.4.4  Ship Received Levels vs. Range 

Received levels (RL) measured at the 250-Hz TOL band for the select ship events (n = 

73) show a general declining trend with higher RLs closer to the recorder, and lower RLs as the 

ships move away from the recorder (Fig. 4.6). The loudest vessel was a 102-m long ship in the 

“other” category. The ship was traveling at an average of 13 knots during the recording and 

produced RLs > 110 dB re 1 μPa at ~ 4.5 km from the recorder, and RLs > 100 dB re 1 μPa over 

11 km away from the recorder (Fig. 4.6). The second loudest ship, a 122-m long military vessel, 

produced RLs > 100 dB re 1 μPa from ~ 5.5 km to ~ 11 km away from the recorder. Other loud 

vessels included three “other” ships of various lengths (Fig. 4.6), a cargo ship (225 m), a tugboat 

(32 m), and an offshore supply vessel (82 m). Speed over ground (SOG) ranged from 6 knots 

(“other” ship) to 14 knots (cargo ship).  

4.5  Discussion 

Our goal was to quantify how ship noise affects the soundscape of the Bering Strait 

during the open-water season. We found that ships elevated ambient sound levels by ~ 7 dB on 

average for calm days with low water/low wind speeds (range: 2 to 15 dB; Fig. 4.5A). On days 

with high water and high wind speeds, the mean increase over background levels was smaller 

(mean: 2 dB, range: ‒3 to 5 dB), however recordings with ship noise still had higher median 

TOLs (Fig. 4.5B). We also observed an increase in the number of days with ship noise over our 



 

180 

 

study period, which could be a reflection of increasing ship activity in the Bering Strait. Wind 

and water speeds were found to affect sound levels in third-octave bands commonly used to 

quantify ship noise with increases of 0.02‒0.73 dB per unit change in wind/water speeds, 

emphasizing the importance of correcting for background noise and choosing a band that is less 

influenced by water speed when flow noise is a concern. 

McKenna et al., (2021) conducted a similar study using a single hydrophone west of St. 

Lawrence Island and found that median third-octave sound levels (100‒1000 Hz) produced by 

ships traveling at speeds > 5 knots within 10 km of their recorder were < 1 dB higher than annual 

median ambient sound levels. Given that ships are only able to transit the strait during the open-

water season, we felt it was necessary to examine how ship noise affected median sound levels 

during this specific period. We observed sound levels 2–12 dB (mean: ~ 6 dB) above ambient for 

third-octave frequency bands between 100 and 1000 Hz on days with low wind and low water 

speeds during the open-water season in the Bering Strait (Fig. 4.5A). Note that the values given 

here are slightly different from the mean and range stated in the previous paragraph as the 

frequency range is different. While they may contribute a negligible amount of sound in 

comparison to annual median sound levels, ships are a major contributor of anthropogenic noise 

during the open-water season. 

Our analysis of ship received levels as a function of range represents a preliminary 

approximation of the spatial impact of ship noise in the Bering Strait. The two loudest ships, a 

102-m long “other” ship and a 122-m long military vessel, produced received levels that 

exceeded 100 dB re 1 μPa out to 11.1 km and ~ 10.9 km away from the recorder, respectively 

(Fig. 4.6). These distances indicate that ships could affect marine mammals well beyond the 

immediate vicinity of the traveling ships. Previous studies have demonstrated the long-range 
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impacts of ship noise on marine mammals in the Arctic. For example, Martin et al., (2022) 

observed that tagged belugas increased their swimming speeds and their lateral and vertical 

movements when ships were within 13‒43 km. Other flee behaviors such as diving and 

swimming close to sea ice were observed by Finley et al., (1990) when ships were > 10 km 

away, suggesting that belugas are likely disturbed by ship noise rather than the ships themselves. 

We quantified the impact of ship noise with only one vessel present within 10 km of the 

recorders. Noise from multiple ships would certainly exacerbate any negative effects and should 

be the focus of a future study.  

Most of the ships detected in the Bering Strait during our study period were cargo ships 

and tugboats, reflecting an increasing trend in commercial shipping in the Arctic. The Bering 

Strait has served as a corridor for large vessels transiting to the Arctic from the Pacific since the 

late 1800s when commercial whaling vessels first sailed its waters (Bockstoce, 1986). In the 20th 

century, the majority of vessels in this region were small cargo ships, tugboats, tankers, and 

barges en route to support coastal Arctic communities in the Chukchi and Beaufort seas (AMSA, 

2009). With increased industrial activity and resource extraction in the western Arctic, the 

number of cargo ships and tankers observed in the region increased between 2008 and 2013 

(AMSA, 2009; Huntington et al., 2015). Along with cargo transport, ship-based tourism in the 

Arctic is expected to increase in the 21st century (AMSA, 2009). Only 6% of the vessels 

observed in the Bering Strait region from 2013 to 2015 were identified as passenger vessels or 

pleasure crafts in the NAIS dataset (Table 4.5), however we anticipate that these numbers will 

grow in the future. It is also important to note that pleasure crafts and smaller passenger vessels 

(< 100 gross tons) are not required to carry AIS transponders by the IMO, and consequently, are 

underrepresented by the AIS data. 
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Most of the ship transits through the strait occurred in the summer and early fall months 

(July‒September; Fig. 4.4), similar to Eguíluz et al. (2016) and Halliday et al. (2021a) who noted 

the highest numbers of Arctic transits in July‒October. The peak in ship activity overlaps with 

the migrations of subarctic baleen whales through the strait (Clarke et al., 2013; Woodgate et al., 

2015; Escajeda et al., 2020), increasing the probability of interactions between ships and whales. 

We observed the greatest overlap in ship noise and whale vocalizations in October, followed by 

September and August. Therefore, ships transiting through the Bering Strait during the month of 

October should be aware of migrating whales in the region and slow down when whales are 

observed. 

Another key finding was how much both wind and water speeds affect sound levels in the 

third-octave bands used for quantifying ship noise. The European Union (E.U.) currently 

recommends using the 63-Hz and 125-Hz third-octave band for measuring ship noise (Van der 

Graaf et al., 2012; Dekeling et al., 2014). However, both bands exhibited significant, positive 

relationships to wind and water speed (Table 4.4), suggesting that sound levels for the 63-Hz and 

125-Hz bands recorded by the hydrophone on days with strong currents may be artificially high 

(change of 0.25‒0.56 dB per cm/s increase in water speed). Additionally, we found that median 

ambient sound levels for the 63-Hz band exceeded 100 dB re 1 μPa, the threshold for ambient 

noise set by the E.U. (Tasker et al., 2010), on days with high wind and water speeds (Fig. 4.5B). 

This result indicates that sound levels in the 63-Hz band may be higher on days with high wind 

and water speeds, regardless of ship activity. The difference for the 250-Hz band, on the other 

hand, was negligible (change of 0.02‒0.04 dB per cm/s increase in water speed), suggesting that 

the 250-Hz band may be a better choice for quantifying ship noise when flow noise is a concern. 
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As the presence of ships continues to increase in the Bering Strait region, ship noise will 

become a greater threat for marine species that rely on sound for critical life functions (Erbe and 

Farmer, 2000; Halliday et al., 2017, 2020). Even relatively small changes in background sound 

levels could impact communication among Arctic and subarctic baleen whales given their 

documented sensitivity to changes in the soundscape. In Glacier Bay National Park, Alaska, 

humpback whales raised the source levels of their vocalizations by 0.81 dB and were 9% less 

likely to call for every for every 1 dB increase in ambient sound levels (Fournet et al., 2018). 

Gray whales similarly increased the source level of their calls along with their vocalization rate 

when exposed to increased vessel noise in their breeding grounds (Dahlheim and Castellote, 

2016). As for fin whales, the features of their 20-Hz song notes, including note duration and peak 

frequency, changed when exposed to increased background noise (Castellote et al., 2012). Our 

findings that ship noise elevated sound levels as much as 15 dB in the frequency bands used by 

baleen whales indicates that increased noise levels due to ships could interrupt baleen whale 

communication during the open-water season in the Bering Strait. 

Recommendations for mitigating the negative impacts of ships include limiting the travel 

of commercial ships to a specific route through the strait as well as encouraging vessel speed 

limits (Halliday et al., 2017, 2020). In late 2018, the IMO approved a joint proposal from the 

U.S. Coast Guard and the Russian Federation for a two-way route for large ships in the western 

and eastern channels of the Bering Strait (Fletcher et al., 2020). The routing measures also 

include multiple “Areas to be Avoided,” including the coastal region surrounding St. Lawrence 

Island, south of the Bering Strait. The routes are voluntary for vessels of 400 gross-tons and 

above, however a 2019 study by the Nuka Research and Planning Group found that compliance 
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was high among large commercial vessels, including bulk carriers, tankers, and cargo ships 

(Fletcher et al., 2020).  

Shipping routes through the Bering Strait region are a good first step to managing vessel 

traffic in this sensitive area, however they do not address the issue of ship noise. Previous studies 

suggest that reducing the speed of ships could reduce noise levels (MacGillivray et al., 2019; 

ZoBell et al., 2021). We found that large vessels transiting the Bering Strait are already traveling 

at speeds around or below the 13-knot speed limit currently enforced in Glacier Bay National 

Park (ships in this study had a mean speed through water = 9.1 knots ± 2.1 knots SD; Code of 

Federal Registrations [CFR] 36 CFR 13.65, 2001; Frankel and Gabriele, 2017). Installing a 

voluntary speed limit through the strait is therefore likely to have high compliance among ship 

operators since ships are already transiting at relatively slow speeds and are already largely 

compliant with current Bering Strait routing measures (Fletcher et al., 2020). Additionally, 

decreasing the speed of vessels traveling the strait would have the added benefits of reducing the 

risk and lethality of vessel strikes for whales (Vanderlaan and Taggart, 2007) and lowering 

carbon emissions (Leaper, 2019). Moreover, voluntary speed limits are already in place in other 

regions of the Arctic. The Inuvialuit Settlement Region in the western Canadian Arctic 

established a voluntary speed limit of 10 knots with the goal of reducing the risk of vessel strikes 

and underwater noise (Fisheries and Oceans Canada, 2022). Therefore, a similar speed limit 

could be pursued for the Bering Strait region. 

Coordinated efforts among multiple governments and agencies are required to reduce the 

potential harm to marine organisms from the expansion of economic activity in the Arctic. It is 

also important to realize that noise pollution is just one impact of increased shipping in the 

Arctic. Ship strikes, oil spills (leaks or major accidents), introduction of invasive species, and 
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disruption of marine mammal behavior such as feeding and migration (AMSA, 2009) will 

negatively affect sensitive species that are already being pushed to their limits by changing 

habitat conditions brought on by climate change (Laidre et al., 2008; Hauser et al., 2018; 

Halliday et al., 2020). The results presented here can serve as a baseline for measuring future 

impacts of shipping on the acoustic environment of the Bering Strait. More research is needed, 

however, to understand, anticipate, and mitigate the impacts of ships on the marine environment 

of the Pacific Arctic. 
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4.8  Tables 

Table 4.1. Hydrophone deployment data, including latitude and longitude (in decimal degrees) and recording settings. Dates are in the 

format ‘yyyy-mm-dd.’ Mooring names are from the Bering Strait mooring program (Woodgate et al., 2015). See Fig. 4.1 for the 

mooring locations. 

 

Mooring 
Deployment 

Year 
Latitude N 

Latitude 

W 

Record Start 

Date 

Record 

End Date 

Hydrophone 

Depth (m) 

Water 

Depth (m) 

Sampling 

Rate (Hz) 

Hourly 

Duty 

Cycle 

 2013 65.78° 168.57° 2013-07-15 2014-07-01 48 54 8192 20 min 

A2 2014 65.78° 168.57° 2014-07-10 2015-07-04 49 53 8192 20 min 

 2015 65.78° 168.57° 2015-07-05 2016-07-08 49 54 8192 22 min 

 2013 66.33° 168.97° 2013-07-15 2014-07-02 52 56 8192 20 min 

A3 2014 66.33° 168.97° 2014-07-10 2015-07-02 50 56 8192 20 min 

 2015 66.33° 168.97° 2015-07-05 2016-07-08 48 56 8192 22 min 

 2013 65.75° 168.26° 2013-07-15 2014-07-02 42 47 8192 20 min 

A4 2014 65.75° 168.25° 2014-07-10 2015-07-02 42 47 8192 20 min 

 2015 65.75° 168.25° 2015-07-05 2016-07-08 41 47 8192 22 min 
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Table 4.2. Correlation coefficients and p-values from Pearson correlation tests between daily 

median third-octave sound levels measured for the 63-Hz, 125-Hz, and 250-Hz bands. The 

correlation coefficients were used in the autoregressive correlation factors for the generalized 

least squares regression models (See Section 4.3.2).  

  A2   A4 

  63 Hz 125 Hz 250 Hz  63 Hz 125 Hz 250 Hz 

Correlation Coefficient 0.51 0.5 0.54  0.5 0.5 0.5 

p-value < 0.001 < 0.001 < 0.001   < 0.001 < 0.001 < 0.001 
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Table 4.3. Total numbers of recordings with ship noise, baleen whale vocalizations, or a 

combination of both for each mooring. Note that there were ship recordings with other marine 

mammal species present, we focus on whales only here. 

 A2 A3 A4 

Total number of recordings with 

ship noise 
1031 1000 961 

Number of recordings with ship 

noise ONLY 
936 757 911 

Number of recordings with ship 

noise AND whale calls 
39 165 33 

Number of recordings with whale 

calls ONLY 
1672 5444 1306 
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Table 4.4. Coefficients (“Coef.”) and p-values from the generalized least squares (GLS) regression models examining the relationship 

between daily mean wind (m/s) and water speeds (cm/s), and daily median sound levels recorded for the 63-Hz, 125-Hz, and 250-Hz 

third-octave bands at Sites A2 and A4 (2013‒2015 combined). All p-values were significant (significance threshold = 0.05). 

  A2   A4 

 63 Hz 125 Hz 250 Hz  63 Hz 125 Hz 250 Hz 

  Coef. p Coef. p Coef. p  Coef. p Coef. p Coef. p 

Intercept 66.2 < 0.001 68.1 < 0.001 76.2 < 0.001  68.8 < 0.001 69.3 < 0.001 75.1 < 0.001 

Water Speed 0.56 < 0.001 0.29 < 0.001 0.02 0.02  0.44 < 0.001 0.25 < 0.001 0.04 < 0.001 

Wind Speed 0.47 < 0.001 0.73 < 0.001 0.86 < 0.001   0.48 < 0.001 0.71 < 0.001 0.86 < 0.001 
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Table 4.5. Total counts of vessels by type observed in the Bering Strait region (i.e., within 100-

km of Sites A2 and A3) during May‒November for the years 2013‒2015 according to the U.S. 

Coast Guard’s Nationwide Automatic Identification System (NAIS) data. The vessel types were 

defined by the NAIS dataset and are based on the U.S. Coast Guard’s Authoritative Vessel 

Identification Service (AVIS) database. Note that only large vessels (> 300 gross tonnage), 

passenger vessels (≥ 100 gross tons and carrying a minimum of 12 passengers), and large fishing 

vessels are required to carry AIS transponders by the International Maritime Organization 

(IMO). Sailing and smaller vessels are not required to carry AIS transponders, and consequently, 

their numbers may be underrepresented in the totals presented here. 

  

Vessel Type 2013 2014 2015 Totals 

Cargo 51 43 45 139 

Tug 27 23 35 85 

Other 23 22 1 46 

Tanker 21 11 10 42 

NA 14 12 8 34 

Passenger 7 5 6 18 

Research Vessel 0 0 9 9 

Offshore Supply Vessel 0 0 9 9 

Fishing 4 1 2 7 

Public Vessel 0 0 7 7 

Pleasure Craft/Sailing 2 2 2 6 

Military 3 1 0 4 

Search and Rescue 1 2 0 3 

Offshore Drilling Unit 0 0 2 2 

Law Enforcement 0 1 0 1 

Totals 153 123 136 412 
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Table 4.6. Number of unique vessels by type (total n = 378) along with the average speed over 

ground (SOG, knots) and the standard deviation in parentheses calculated using all unique 

vessels combined for each vessel type. Note that there were 34 ships with unknown vessel type 

that were not included in the table below. 

 

Vessel Type n  
Mean SOG 

(knots) 

Cargo 139 11.2 (± 2.5) 

Tug 85 7.4 (± 2.2) 

Other 46 9.2 (± 2.9) 

Tanker 42 11.4 (± 2.6) 

Passenger 18 8.7 (± 2.6) 

Research Vessel 9 9.1 (± 2) 

Offshore Supply Vessel 9 7 (± 2.4) 

Fishing 7 8.3 (± 2.1) 

Public Vessel 7 11 (± 5.2) 

Pleasure Craft/Sailing 6 9.2 (± 3.4) 

Military 4 8 (± 3.6) 

Search and Rescue 3 8.8 (± 1.4) 

Offshore Drilling Unit 2 5 (± 0.3) 

Law Enforcement 1 13.1 
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4.9  Figures 

 

Fig. 4.1. Map of the study area with the three mooring locations—Sites A2 and A4 in the eastern 

channel of the strait, and Site A3 north of the strait. The nearest NCEP-NARR wind data point is 

located southwest of the strait (65°N, 170°W; Mesinger et al., 2006). The two white circles 

represent 100-km buffers around Sites A2 and A3, respectively, and were used for identifying 

ships within the Bering Strait region. Depth data were taken from the International Bathymetric 

Chart of the Arctic Ocean version 3.0 (500-m resolution; Jakobsson et al., 2012). The top left 

inset shows the tracklines for all vessels that transited the Bering Strait between June‒November 

2013. 
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Fig. 4.2. Summary of our approach for selecting the ship transmissions from the AIS data for 

characterizing ship activity in the Bering Strait and for the received level (RL) vs. range to 

receiver analysis. SOG = speed over ground in knots; MMSI = Maritime Mobile Service Identity 

number. 
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Fig. 4.3. Summary of our approach to dividing the ambient and ship acoustic files into wind and 

water speed categories for the ship vs. ambient sound level analysis. 
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Fig. 4.4. Total counts of unique vessels that transited within 100 km of the Bering Strait region 

(n = 412 vessels), defined as merged 100-km buffers around Sites A2 and A3 (see Fig. 4.1). Note 

that the totals are likely underestimates since not all vessels are required to carry AIS 

transponders. 
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Fig. 4.5. Median sound pressure levels (SPL) measured across third-octave frequency bands (Hz) 

for recordings with ship noise (circles) plotted against ambient SPLs (triangles) for (A) days with 

low water speeds (≤40 cm/s), and (B) days with high water speeds (>40 cm/s) visualized by 

whether the recording occurred on a day with high wind speeds (>10 knots; solid lines and 

A) 

B) 
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points), or low wind speeds (≤10 knots; dotted lines and hollow points). Total sample sizes for 

the ship recordings are as follows: low water/high wind = 34 recordings; low water/low wind = 

26 recordings; high water/high wind = 55 recordings; and high water/low wind = 40 recordings. 

Ambient sample sizes are as follows: low water/high wind = 4,377 recordings; low water/low 

wind = 1,189 recordings; high water/high wind = 4,788 recordings; and high water/low wind = 

1,706 recordings. Note that the x-axis is log-scaled. 
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Fig. 4.6. Received levels (RL) for the 250-Hz third-octave frequency band (TOL) vs. slant range 

to the recorder (km) for the loudest vessels from the select dataset of unique ship events (n = 8; 

color points) plotted against the RLs for all select ship events (total n = 73; gray points). A ‘ship 

event’ is a ship recording matched with the AIS tracks of a single vessel that was traveling at 

speeds > 5 knots and passed within 10 km of the mooring (see Section 4.3.5). Vessel type is 

listed for each of the loudest vessels along with its length and mean speed over ground (SOG) in 

knots (kts). Each point represents the RL measured over each minute of the ship event recording 

and corresponds to an AIS transmission. 


