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Abstract
The Gulf of Alaska is an important habitat for a diverse array of marine mammals, many of which were severely depleted 
by historical whaling. To study current cetacean distributions in this region, passive acoustic monitoring was used to detect 
species-specific call types between 2011 and 2015 at five locations spanning the continental shelf, slope, and offshore sea-
mounts. Spatial and temporal detection patterns were examined for nine species to compare differences in behavior and habitat 
use. Mysticetes showed seasonal increases in calling that indicated possible behavioral shifts between feeding and breeding 
in blue (Balaenoptera musculus), fin (B. physalus), and humpback (Megaptera novaeangliae) whales, and matched known 
migration timing of gray whales (Eschrichtius robustus). Interannual changes in blue and fin whale calling may relate to the 
marine heat wave that began in 2013 and lasted through the end of the monitoring period. Odontocete detections revealed 
unique spatial distributions, with killer whales (Orcinus orca) most common on the continental shelf and sperm whales 
(Physeter macrocephalus) most common on the continental slope, where detections occurred year-round. Beaked whales 
showed both spatial and temporal separation: Baird’s beaked whale (Berardius bairdii) detections were highest at Quinn 
Seamount in the spring, Cuvier’s (Ziphius cavirostris) at Pratt Seamount in winter, and Stejneger’s (Mesoplodon stejnegeri) 
on the continental slope in the fall. The year-round presence of many species highlights the ecological importance of the 
Gulf of Alaska and the spatiotemporal information reported here should inform future conservation efforts.

Introduction

The Gulf of Alaska (GoA) is a North Pacific region com-
posed of a variety of habitats (a shallow continental shelf 
region, a steep shelf break, deep offshore waters, and deep-
water seamounts), all of which are important to a diverse 
array of marine mammal species. This region is considered 
a highly productive marine ecosystem due to its subarctic 
climate and the presence of upwelling that is linked to the 

Alaska Current and Alaska Coastal Current (Stabeno et al. 
2004). Historical whaling records (Danner et al. 2006; Ivash-
chenko et al. 2014; Rocha et al. 2014) and more recent sur-
veys (Consiglieri et al. 1982; Brueggeman et al. 1987, 1988; 
Mellinger et al. 2004a, 2004b; Zerbini et al. 2006; Stafford 
et al. 2007; Rone et al. 2017) indicate that the GoA is uti-
lized by both mysticetes and odontocetes, with very different 
life histories and habitat requirements.

Many of the mysticetes found in this region were 
severely depleted by historic commercial whaling (Danner 
et al. 2006; Rocha et al. 2014). Blue whales (Balaenoptera 
musculus) are currently considered endangered under the 
Endangered Species Act (ESA) and have only occasion-
ally been sighted in the GoA in recent years (Zerbini et al. 
2006; Calambokidis et al. 2009; Rone et al. 2017), but pas-
sive acoustic monitoring efforts indicate that blue whales 
from both the Northeast Pacific (NEP) and Central/Western 
Pacific (CWP) populations inhabit this region for at least a 
portion of the year (Stafford et al. 2001, 2007; Stafford 2003; 
Zerbini et al. 2006; Rone et al. 2017).
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Fin whales (B. physalus) are also currently considered 
endangered under the ESA, and of the three humpback whale 
(Megaptera novaeangliae) distinct population segments that 
inhabit the GoA for at least a portion of the year, one is 
considered threatened and another is listed as endangered 
(NOAA 2016). Sightings of both fin and humpback whales 
are typically highest during summer (Consiglieri et al. 1982; 
Brueggeman et al. 1987; Mizroch et al. 2009), while acoustic 
detections of these two species peak during winter (Stafford 
et al. 2007). Both of these species prey on krill and small 
schooling fish (Nemoto and Kawamura 1977; Witteveen 
2008). High concentrations of fin and humpback whales are 
found around Kodiak Island, indicating the region’s impor-
tance for foraging (Consiglieri et al. 1982; Brueggeman et al. 
1987, 1988; Waite et al. 1999; Zerbini et al. 2006; Stafford 
et al. 2007; Ferguson et al. 2015; Rone et al. 2017).

There are two gray whale (Eschrichtius robustus) stocks 
in the North Pacific that can be found in the GoA: the west-
ern North Pacific stock is considered endangered under the 
ESA, while the eastern North Pacific stock has recovered 
to its estimated pre-whaling population size (NMFS 1994; 
Rocha et al. 2014). Seasonal increases in sightings of gray 
whales in the spring and fall (Consiglieri et al. 1982; Brue-
ggeman et al. 1987) coincide with their known spring-time 
migration north to feed in the Bering and Chukchi Seas in 
summer and fall-time migration south towards breeding 
grounds in Mexican waters for the winter. However, winter 
sightings of gray whales around Kodiak Island (Moore et al. 
2007) may indicate that the GoA is of additional biological 
significance to gray whales beyond its use as a migration 
corridor (Ferguson et al. 2015).

For the critically endangered North Pacific right whale 
(Eubalaena japonica), the current minimum population esti-
mate is only 26 individuals (Wade et al. 2011b). Due to their 
low population size, sightings of North Pacific right whales 
are very rare in the GoA, with only six sightings from 1966 
to 2006, all occurring south of Kodiak Island (Zerbini et al. 
2006; Wade et al. 2011a). Acoustic detections of this spe-
cies, while also rare, have occurred in areas farther offshore 
where there have not been visual sightings (Mellinger et al. 
2004b; Širović et al. 2015a).

Sperm whales (Physeter macrocephalus) were also 
heavily targeted by commercial whaling, which severely 
depleted their population in the North Pacific (Whitehead 
2002; Rocha et al. 2014; Ivashchenko and Clapham 2015). 
However, sperm whales have been documented in the GoA 
year-round, with higher acoustic detections in summer likely 
related to movement of some individuals into the area for 
feeding (Mellinger et al. 2004a; Diogou et al. 2019). World-
wide, sperm whales feed primarily on cephalopods and some 
demersal and mesopelagic fish (Kawakami 1980; Clarke 
et al. 1993; Evans and Hindell 2004), but in the GoA, they 
rely more heavily on fish than elsewhere and are known to 

depredate longlines (Okutani and Nemoto 1964; Kawakami 
1980; Straley et al. 2014; Wild et al. 2020).

Even killer whales, which were not a target of whaling, 
have varying conservation statuses. There are three killer 
whale (Orcinus orca) ecotypes in the GoA: residents, tran-
sients, and offshores, defined by genetic, morphological, and 
behavioral differences (Ford 1991; Ford et al. 1998; Hoelzel 
et al. 1998; Barrett-Lennard 2000; Deecke et al. 2005; Dahl-
heim et al. 2008). Of the three known resident stocks in the 
area, the southern residents are critically endangered under 
the ESA and the northern residents are listed as threatened 
under the Canadian Species at Risk Act (SARA). Of the 
three known transient stocks in the area, one is considered 
depleted under the Marine Mammal Protection Act and 
another is listed as threatened under the SARA (Muto et al. 
2019). In the GoA, sightings of killer whales are most com-
mon along the continental shelf and slope (Consiglieri et al. 
1982; Brueggeman et al. 1987; Zerbini et al. 2007; Rone 
et al. 2017).

Finally, Baird’s (Berardius bairdii), Cuvier’s (Ziphius 
cavirostris), and Stejneger’s (Mesoplodon stejnegeri) beaked 
whales have all been found in the GoA, primarily in deep 
offshore waters (Brueggeman et al. 1987; Rone et al. 2017). 
However, sightings of all beaked whale species are rare and 
their presence and distribution in the GoA have mostly been 
inferred from stranding data (Mitchell 1968; Loughlin and 
Perez 1985; Walker and Hanson 1999). As a result, abun-
dance estimates do not exist for these species, and the status 
of beaked whales in the GoA is not well understood (Con-
siglieri et al. 1982; Barlow et al. 2005; Muto et al. 2019).

The unknown status, but year-round presence, of many 
of these cetacean species in the GoA warrants continued 
monitoring, particularly as populations recover from whal-
ing and face changing oceanographic conditions. These are 
both factors that may influence current and future distribu-
tions of these species, either due to increased competition for 
resources as populations grow (Straley et al. 2018), or from 
changes in prey availability as ocean temperatures increase 
(Davis et al. 2020), and decades-old studies cannot necessar-
ily be relied upon to represent current distributions. In 2013, 
the GoA experienced a marine heatwave that increased sea 
surface temperatures and lasted into 2015 (Bond et al. 2015). 
Ecological events set off by this heatwave are still being 
studied (Whitney 2015; Cavole et al. 2016; Pena et al. 2019). 
Passive acoustic studies are an efficient method for conduct-
ing year-round monitoring of ecologically important regions 
for the many species to which acoustic signals have been 
definitively attributed, and is particularly effective in pelagic 
regions that have not been heavily surveyed.

The five mysticete species examined in this study all pro-
duce low-frequency call types that can be reliably identi-
fied by trained analysts or automatic detection algorithms. 
Blue whale calls recorded in the GoA include tonal calls 
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produced by two different populations: NEP (B call) and 
CWP (Central Pacific (CenPac) call; Stafford 2003). These 
calls are low frequency (< 20 Hz), have a long duration, are 
often regularly repeated, and are possibly associated with 
reproduction (McDonald et al. 2006; Oleson et al. 2007a). 
Another call type commonly produced by blue whales 
worldwide is the D call (Thompson et al. 1996; McDonald 
et al. 2001; Mellinger and Clark 2003; Rankin et al. 2005). 
These calls are downsweeps that last several seconds and 
are considered a social call, possibly associated with feed-
ing (Oleson et al. 2007a; Lewis et al. 2018). Fin whales 
produce two types of short (approximately 1-s duration), 
low-frequency calls called 20-Hz (Watkins 1981) and 40-Hz 
calls (Watkins 1981; Širović et al. 2013). Humpback whales 
produce both song and non-song calls, typically ranging 
from 100 to 3000 Hz (Payne and McVay 1971; Thompson 
et al. 1986; Dunlop et al. 2007; Stimpert et al. 2011; Four-
net et al. 2015). Song has been reported on Alaskan feed-
ing grounds from August to November (McSweeney et al. 
1989; Gabriele and Frankel 2002). The most dominant non-
song call types are known as growls and whups, which are 
low-frequency (peak frequency < 150 Hz), short-duration 
(1 s or less), and often quiet calls, especially relative to dis-
plays of song (Wild and Gabriele 2014; Fournet et al. 2015, 
2018b). Gray whales produce a variety of calls described as 
creaks, moans, and grunts (Crane and Lashkari 1996). The 
call produced most often by migrating gray whales is the 
M3 call—a low-frequency, short moan with most energy 
around 50 Hz (Crane and Lashkari 1996). North Pacific right 
whales make a variety of sounds, including tonal signals 
such as upcalls and downcalls, as well as broad-band signals 
such as gunshots (McDonald and Moore 2002; Crance et al. 
2017). Although the gunshot is the predominant signal type 
reported for North Pacific right whales (Crance et al. 2017), 
the upcall has been used commonly for passive acoustic 
studies because it is believed to be produced by both sexes 
(Clark 1982; McDonald and Moore 2002). The 1-s upcall 
typically sweeps from about 90 to 150 Hz, or as high as 
200 Hz (McDonald and Moore 2002).

The five odontocetes investigated in this study produce 
high-frequency impulsive echolocation clicks, and some 
also produce frequency-modulated whistles or pulsed calls. 
Sperm whales produce various types of echolocation clicks 
known as regular clicks, creaks, slow clicks, and codas 
(Watkins and Schevill 1977; Goold and Jones 1995; Mad-
sen et al. 2002; Watwood et al. 2006). These clicks typi-
cally contain energy from 2 to 20 kHz, with the majority of 
energy between 10 and 15 kHz (Møhl et al. 2003). Killer 
whale clicks are broad-band, impulsive signals that can have 
energy up to 85 kHz and often occur in a series when used 
for echolocation (Ford 1989). Killer whales also produce 
whistles, which are tonal calls that have varying durations 
and frequencies, but typically occur from 5 to 10 kHz, and 

pulsed calls, which sound tonal but are a rapid series of 
pulses that have peak energy between 1 and 6 kHz (Ford 
1989; Thomsen et al. 2001). The three killer whale ecotypes 
have distinct repertoires of pulsed calls (Ford 1991; Barrett-
Lennard et al. 1996; Yurk et al. 2002; Deecke et al. 2005; 
Saulitis et al. 2005; Sharpe et al. 2017) as well as differ-
ent vocalization rates for these different signal types (Heise 
et al. 1993; Barrett-Lennard et al. 1996; Deecke et al. 2005). 
Killer whales also produce a type of whistle known as a 
high-frequency-modulated (HFM) signal, which is an ultra-
sonic tonal that ranges up to 36 kHz in the North Pacific, 
where this signal has only been attributed to the offshore 
ecotype (Samarra et al. 2010; Filatova et al. 2012; Simonis 
et al. 2012; Gassmann et al. 2013). Beaked whales produce 
an echolocation pulse with a polycyclic structure and a char-
acteristic frequency-modulated (FM) upsweep (Baumann-
Pickering et al. 2013a). The unique peak frequency, spectral 
peaks, and inter-pulse intervals of these signals are used to 
discriminate between different species (Johnson et al. 2004; 
Zimmer et al. 2005; Baumann-Pickering et al. 2013a, b, 
c). Unlike other beaked whales in the area, Baird’s beaked 
whales often incorporate whistles and burst pulses into their 
acoustic repertoire (Dawson et al. 1998).

Using species-specific call types, the aim of this study 
was to examine the spatial and temporal distribution of five 
mysticete and five odontocete species in the GoA within 
a long-term passive acoustic dataset at five recording sites 
monitored from 2011 to 2015. This sort of long-term, year-
round monitoring is required to understand species’ presence 
in the GoA and to anticipate how distributions may shift in 
response to variables such as changing oceanographic condi-
tions and population levels. Continuous, long-term acoustic 
monitoring of the GoA has been primarily focused on blue, 
fin, humpback, and sperm whales at offshore recording loca-
tions (Mellinger et al. 2004a; Stafford et al. 2007; Diogou 
et al. 2019) where visual surveys have been rare until recent 
years (Rone et al. 2017). By examining an array of nearshore 
and offshore habitats and identifying multiple call types for a 
species when possible, we were able to document year-round 
spatiotemporal distributions in the GoA. Since many of the 
species we examined are currently considered endangered or 
data deficient (Muto et al. 2019), the information provided 
here can inform future conservation efforts in this region.

Methods

Data collection

Passive acoustic monitoring was conducted at five sites in 
the GoA (Fig. 1) using High-frequency Acoustic Recording 
Packages (HARPs; Wiggins and Hildebrand 2007). HARPs 
were placed on the seafloor with a calibrated hydrophone, 
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which had a nominal sensitivity of − 202 dB re 1 Vrms/µPa 
from 10 Hz to 100 kHz, suspended 10–30 m above (Wig-
gins and Hildebrand 2007). There were 21 deployments 
where sampling was continuous and 2 where a duty cycle 
was used (Table 1). Duty cycled deployments recorded for 
10 min on and 2 min off. Additionally, 21 deployments had 
a sampling rate of 200 kHz and 2 deployments had a sam-
pling rate of 320 kHz (Table 1). The five sites included two 
shallow continental shelf sites: one offshore Kenai Peninsula 
(Kenai Shelf, ~ 200 m depth) and the other offshore Kodiak 
Island (Kodiak Shelf, ~ 230 m depth), a continental slope 
site in deep water off Kenai Peninsula (Slope, 850–1000 m 
depth), and two deep offshore sites: Quinn Seamount 
(Quinn, ~ 930 m depth) and Pratt Seamount (Pratt, ~ 980 m 
depth). These sites were monitored intermittently from 
July 2011 to September 2015 (Fig. 2; Table 1). There were 
3,764 days of recording effort overall (Table 1). Slope had 
the highest number of days with recording (1,309), while 
Kodiak Shelf had the lowest (386).

Terminology

A variety of methods were used to identify cetacean calls 
in this dataset. Hereafter, the term “detection” will only be 
used when generally referring to identified calls and will 
be further qualified when used to refer to calls identified 
using a specific methodology (Kowarski and Moors-Murphy 
2020). Calls that were identified by human analysts will be 
referred to as “manual detections,” while calls that were 
identified by a computer algorithm will be referred to as 

“automatic detections.” For cases where calls were auto-
matically detected and then each detection was verified by 
a human analyst, results will be referred to as “manually 
validated detections.”

Call detection

For analysis of blue, fin, gray, and North Pacific right 
whales, acoustic data were decimated by a factor of 100, 
creating data with a bandwidth up to 1 kHz (1.6 kHz for 
deployments that sampled at 320 kHz), allowing more effec-
tive scanning. Humpback whale calls and killer whale whis-
tles and pulsed calls were analyzed from data decimated by 
a factor of 20, creating data with a bandwidth up to 5 kHz 
(8 kHz for deployments that sampled at 320 kHz). Full band-
width recordings were used for analysis of all other species 
and call types. Species-specific signals were detected either 
manually using Triton, custom MATLAB (MathWorks, 
Natick, MA) software, to visually scan long-term spectral 
averages (LTSAs) in species-specific frequency bands (Wig-
gins and Hildebrand 2007), or using automatic detection 
algorithms. For some signals (i.e., blue whale B calls and 
fin whale 20-Hz calls), detection method varied by site and 
deployment. Details of these analyses are described below 
and references for all signal types can be found in Table S1.

Blue whale B, CenPac, and D calls, fin whale 20-Hz 
and 40-Hz calls, gray whale M3 calls, and North Pacific 
right whale upcalls were detected manually by scanning 
1-h LTSAs with 5-s time and 1-Hz frequency resolution for 
hourly call presence. When a potential call was found, a 
60-s spectrogram (1500-point fast Fourier transform (FFT) 
length, 90% overlap) was examined to confirm presence of 
the call. The number of hours with call presence each day 
was summed and averaged over weekly and monthly bins.

Out of the 23 deployments, blue whale B calls and fin 
whale 20-Hz calls were detected automatically using com-
puter algorithms for 12 and 17 deployments, respectively 
(Table 1). The decision to use manual or automatic detection 
methods was made per deployment and depended on fac-
tors such as data quality and call abundance. For example, 
deployments at shallow sites (i.e., Kenai Shelf and Kodiak 
Shelf; Table 1) experienced noise from tidal flow (i.e., strong 
tidal currents produced flow noise as well as strumming of 
the hydrophone cable at these sites). To analyze affected 
data, we opted for manual methods instead of using auto-
matic detectors that would not perform optimally during 
periods of noise.

Automatic detection of blue whale B calls was performed 
using spectrogram correlation (Mellinger and Clark 2000; 
Širović et al. 2015b) as described by Širović et al. (2015b). 
The performance of this automatic detector is affected by 
seasonal and interannual shifts in call frequency (McDonald 
et al. 2009), as well as seasonal changes in call abundance 

Fig. 1  Map of the Gulf of Alaska showing the locations of High-
frequency Acoustic Recording Package (HARP) deployments (black 
circles) from July 2011 to September 2015; Kenai Shelf: Kenai Pen-
insula shelf site, Kodiak Shelf: Kodiak Island shelf site, Slope: conti-
nental slope site, Quinn: Quinn Seamount site, Pratt: Pratt Seamount 
site. Colorbar shows depth in meters. The red box in the inset map of 
northwest USA and Canada indicates the study site. Map generated 
using Maptool, a product of seaturtle.org
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(Širović 2016). To account for these changes, and to keep 
rates of missed and false calls as constant as possible, mul-
tiple kernels and thresholds were used for each year and 
site (Tables S2 and S3). Overall, the average precision and 
recall of the detector was above 80% (Table S2). Use of this 
detector allowed for the automatic detection of individual B 
calls, and they are summed as daily call totals averaged over 
weekly and monthly bins.

Automatic detection of fin whale 20-Hz calls was per-
formed using an energy detection method (Širović et al. 
2004; Nieukirk et al. 2012). This method uses a difference 
in acoustic energy between signal and noise calculated from 
the LTSA. The frequency at 22 Hz was used as the signal 
frequency (Nieukirk et al. 2012; Širović et al. 2015b), while 
noise was calculated as the average energy between 10 and 

34 Hz. The resulting ratio, ‘fin whale acoustic index,’ was 
calculated as a daily average that was then averaged over 
weekly and monthly bins.

For all other species, described below, detections were 
grouped into encounters. An encounter was considered inde-
pendent when it was both preceded and succeeded by at 
least 30 min of recording that did not contain the call type 
of interest. When data were duty cycled, if calls continued 
after a recording gap, then the encounter would span the 
recording gap, but if there were no calls for 30 min after a 
recording gap, the recording gap was assumed not to have 
calls and the end time of the encounter was listed as the end 
of the last detection before the recording gap. Total minutes 
of encounters were summed each day and averaged over 
weekly and monthly bins.

Table 1  Details of high-frequency acoustic recording package 
deployments including: site name, latitude, longitude, depth, sam-
pling frequency, recording duty cycle (on/off durations with “cont.” 

denoting continuous recordings), time periods analyzed for this study, 
and the total number of days with recording effort

a Deployment where blue whale B calls were automatically detected
b Deployment where fin whale 20-Hz calls were automatically detected

Site Latitude (N) Longitude (W) Depth (m) Sample rate 
(kHz)

Duty cycle 
(min on/off)

Analysis period Effort days

Kenai shelf 59˚ 00.51′ 148˚ 54.49′ 202 200 Cont 7/13/2011–8/31/2011 19
59˚ 00.41′ 148˚ 54.46′ 203 200 10/2 5/3/2012–4/11/2013 343
59˚ 00.66′ 148˚ 54.25′ 200 320 Cont 6/6/2013–6/17/2013 11
59˚ 00.61′ 148˚ 53.96′ 203 200 Cont 9/6/2013–4/28/2014 235
59˚ 00.50′ 148˚ 54.10′ 201 200 Cont 4/29/2014–9/9/2014 133
Total 741

Kodiak shelf 57˚ 20.18′ 150˚ 41.75′ 234 200 Cont 6/9/2013–6/27/2013b 18
57˚ 20.14′ 150˚ 41.99′ 230 200 Cont 9/8/2013–5/1/2014a,b 235
57˚ 20.00′ 150˚ 40.07′ 232 200 Cont 5/1/2014–9/11/2014 133
Total 386

Slope 58˚ 38.74′ 148˚ 04.13′ 1000 200 Cont 7/13/2011–2/19/2012b 222
58˚ 40.28′ 148˚ 01.25′ 900 200 10/2 5/3/2012–2/12/2013b 286
58˚ 40.41′ 148˚ 00.55′ 877 200 Cont 6/6/2013–9/5/2013b 90
58˚ 40.31′ 148˚ 01.31′ 858 200 Cont 9/5/2013–4/28/2014a,b 236
58˚ 40.26′ 148˚ 01.43′ 914 200 Cont 4/29/2014–9/9/2014a,b 133
58˚ 40.25′ 148˚ 01.46′ 900 200 Cont 9/9/2014–5/1/2015a,b 234
58˚ 39.32′ 148˚ 05.48′ 929 200 Cont 5/1/2015–9/6/2015b 108
Total 1309

Quinn 56˚ 20.34′ 145˚ 11.18′ 930 320 Cont 6/10/2013–9/11/2013a,b 93
56˚ 20.36′ 145˚ 11.24′ 930 200 Cont 9/11/2013–4/16/2014a,b 217
56˚ 20.48′ 145˚ 10.99′ 900 200 Cont 9/10/2014–5/2/2015a,b 233
56˚ 20.44′ 145˚ 11.11′ 994 200 Cont 5/2/2015–8/18/2015b 108
Total 651

Pratt 56˚ 14.61′ 142˚ 45.44′ 989 200 Cont 9/9/2012–6/10/2013a,b 275
56˚ 14.64′ 142˚ 45.43′ 987 200 Cont 6/11/2013–8/20/2013a,b 70
56˚ 14.58′ 142˚ 45.41′ 988 200 Cont 9/3/2013–3/21/2014a,b 199
56˚ 14.60′ 142˚ 45.46′ 987 200 Cont 4/30/2014–9/10/2014a,b 133
Total 677
Total all sites 3764
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Humpback whale calls were automatically detected using 
an algorithm based on a generalized power law (Helble et al. 
2012). This detector can detect the wide range of humpback 
whale vocalizations (including both song and non-song call 
types) across different regions and noise conditions, while 
keeping missed and false detection rates below 5% (Hel-
ble et al. 2012; Rekdahl et al. 2017; Henderson et al. 2018; 
Zeh et al. 2020). All automatic detections were verified by 
a trained analyst using spectrograms that ranged 0.35–3 s in 
duration and 0–2,000 Hz in frequency (these windows could 
be modified if necessary for call verification), and any false 
detections were removed.

Most odontocete encounters were manually detected by 
visual scanning of hourly LTSAs. Killer whale whistles and 
pulsed calls were manually detected from LTSAs created 
using a 5-s time average and a 10-Hz frequency resolu-
tion. When a potential killer whale call was identified in 
the LTSA, a 30-s spectrogram (1000-point FFT length, 65% 
overlap) was examined to confirm the call.

Sperm whale, Baird’s beaked whale, and killer whale 
clicks, as well as killer whale HFM signals, were manually 
detected from LTSAs created using a 5-s time average and 
a 100-Hz frequency resolution. When a potential species-
specific signal was found, a 5-s spectrogram (1000-point 
FFT length, 0% overlap) was examined to confirm presence 
of the call.

Cuvier’s and Stejneger’s beaked whale FM pulses were 
automatically detected using a multistep process that has 
previously been tested in the Pacific (Baumann-Pickering 
et al. 2013a, 2014, 2016). First, a Teager–Kaiser energy 
detector was used to identify all echolocation signals (Sol-
devilla et al. 2008; Roch et al. 2011). Next, an expert system 

automatically discriminated between delphinid clicks and 
beaked whale FM pulses (Roch et  al. 2011; Baumann-
Pickering et al. 2013a) using automatic detections within 
a 75-s segment. Only segments with more than seven auto-
matic detections were used in further analysis. All echolo-
cation signals with a peak and center frequency below 32 
and 25 kHz, respectively, a duration less than 355 µs, and 
a sweep rate of less than 23 kHz/ms were deleted. If more 
than 13% of all initial automatically detected echolocation 
signals remained after applying these criteria, the segment 
was classified to have beaked whale FM pulses. These 
thresholds were chosen to obtain the best balance between 
missed and false automatic detections. Finally, a classifica-
tion step based on computer assisted manual decisions by a 
trained analyst, was used to label the automatically detected 
segments to pulse type and reject false detections (Baumann-
Pickering et al. 2013a). The rate of missed segments was 
approximately 5% (Baumann-Pickering et al. 2013a, 2014). 
There was no effort to run this detector at the two continental 
shelf sites, as they were too shallow for the typical habitat 
of beaked whales.

Propagation modeling

Loud, low-frequency sounds can propagate over long dis-
tances. Therefore, to meaningfully compare detections 
across different sites, it is necessary to determine how the 
detection areas differ across those sites (Helble et al. 2013). 
The methodology used to determine these detection areas 
was the same as used by Širović et al. (2015b), though some 
parameters were adjusted based on our study area and call 
types. In brief, we modeled transmission loss (TL) using the 

Fig. 2  The total number of years with recording effort (gray bars) 
during each week at each site. The weekly bins shown are the same 
as used in the data analysis and indicate how many years of data 
were averaged for a given week. Kenai Shelf: Kenai Peninsula shelf 
site with data during 2011–2014, Kodiak Shelf: Kodiak Island shelf 

site with data during 2013–2014, Slope: continental slope site with 
data during 2011–2015, Quinn: Quinn Seamount site with data dur-
ing 2013–2015, and Pratt: Pratt Seamount site with data during 2012–
2014. Small differences in effort among species are shown in Figure 
S1
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Effects of Sound on the Marine Environment (ESME) 2012 
Workbench framework (D. Mountain, Boston University; 
http:// esme. bu. edu) and sound propagation was estimated 
using a Range-dependent Acoustic Model (RAM) simulator 
(Širović et al. 2015b).

The propagation models were run for four different fre-
quencies (20, 45, 100, and 350 Hz), corresponding to the 
frequencies of dominant portions of different call types 
(Table S4). These models were run along 16 radials that 
were centered at each recording location and were 200-km 
long for blue and fin whale frequencies and 100-km long 
for other species’ models. Parameters needed for range esti-
mation were specific to each call type (Table S4). Other 
assumptions used included the use of average noise values 
from August for each site and a 2-dB detectability level for 
each call type.

The resulting detection areas (Table S5) were used to 
normalize automatically detected blue whale B calls and 
the fin whale acoustic index (representative of 20-Hz calls). 
All other call types were reported as hourly presence or total 
minutes of calling and it was not meaningful to normalize 
these metrics by detection area. However, detection areas 
were still reported for all low-frequency call types as a refer-
ence within this study and for comparisons to other acoustic 
studies where detection area is a relevant factor to interpret-
ing results.

Data analyses

To compare across-site variation in species presence, the 
relative daily presence of detections was calculated for indi-
vidual sites. Because we report detections using three dif-
ferent metrics, dependent on call type and detection meth-
odology, for this analysis we used the total number of days 
with detections for a given call type as a unifying metric. 
To examine spatial patterns of odontocete occurrence, rela-
tive daily presence was calculated for each site as the per-
centage of days that each species was present out of the 
total number of days with acoustic presence for all species 
being compared. The total number of days with acoustic 
presence for each species are provided in Table S6 (variable 
DetDays). To examine seasonal patterns of the most com-
monly occurring cetaceans, relative seasonal presence was 
calculated for an individual species as the percent of days 
with acoustic presence during each season from one full year 
of data. To account for different recording periods and avoid 
periods when two different detections methods were used, 
data from the following time periods were used for each 
site: 7 September 2013–6 September 2014 at Kenai Shelf; 9 
September 2013–8 September 2014 at Kodiak Shelf; 1 July 
2013–30 June 2014 at Slope for Stejneger’s beaked whales; 
1 January 2014–31 December 2014 at Slope for blue whales; 
1 July 2013–31 March 2014 and 1 April 2015–30 June 2015 

at Quinn; 10 September 2012–31 July 2013 and 1 August 
2014–9 September 2014 at Pratt. Seasons are defined as 
winter: December–February; spring: March–May; sum-
mer: June–August; fall: September–November. The spatial 
plots do not account for the effort variations at each site, and 
neither spatial nor seasonal plots account for the different 
detection ranges across sites and call types.

To examine spatial and temporal patterns within and 
between species in greater detail, call detection metrics were 
grouped into weekly bins to examine seasonal patterns, and 
into monthly bins to examine interannual changes for each 
site. For detections reported in hourly bins, acoustic pres-
ence was reported as average daily hours per week or per 
month, for seasonal and interannual plots, respectively. For 
detections reported as encounters, acoustic presence was 
reported as the average daily minutes of detections, again, 
per week or per month. For blue whale B call automatic 
detections, the total number of calls was normalized by the 
detection area for each site (Table S5), resulting in average 
daily detections per week (or per month) per 1000  km2 for 
seasonal (or interannual) plots. For fin whale 20-Hz calls 
reported as average fin whale acoustic index, normalization 
accounted for transmission loss (TL) as well as the detec-
tion area (Table S5), as described by Širović et al. (2015b). 
Therefore, automatically detected 20-Hz calls are reported as 
the average daily index per week (or month) per 1000  km2/
TL for seasonal (or interannual) plots. Diel plots (detections 
versus time of day) were also created to determine if there 
were any changes in calling between day and night for each 
call type, except for fin whale 20-Hz calls.

Since recording effort varied across years and between 
sites, it was necessary to take these differences into account 
in our analysis. For seasonal plots, the number of weeks with 
effort was accounted for when averaging the weekly detec-
tion metric across years. Figure 2 allows for a comparison 
of the number of years with effort during each week at all 
five sites. For the interannual plots, effort is noted on the sec-
ond y-axis to show the percent of effort for a given month. 
Additionally, generalized additive models (GAMs) were 
used to examine seasonal and interannual variation of daily 
detections for each species at each site. Models were created 
using a Tweedie distribution and a log link function using 
the mgcv package (Wood 2011) in R Core Team (2020). The 
total number of calls, hours with call presence, or minutes 
of detections (dependent on species) each day were summed 
and used as the response variable. Predictor variables for the 
model were Julian day and year. Julian day was modeled 
with a smooth function that was estimated by a cyclic cubic 
regression spline with up to 4 degrees of freedom and year 
was modeled as a factor. Models were not developed for call 
types that were only detected on a few days (i.e., blue whale 
CenPac calls at Kenai Shelf, gray whale M3 calls at Slope 
and Quinn, North Pacific right whale upcalls, or killer whale 

http://esme.bu.edu
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HFM), or in instances where multiple detection methods 
were used and observations were only available during one 
year (i.e., blue whale B call manual detections at Quinn and 
fin whale 20 Hz manual detections at Kodiak Shelf).

Results

Mysticete species were more common on the continental 
shelf and slope, while odontocetes were generally more 
common farther offshore. However, the distribution of odon-
tocetes showed spatial variation; killer whale whistles and 
pulsed calls were most common on the shelf, sperm whales 
and Stejneger’s beaked whales were more common on the 
slope, and Baird’s and Cuvier’s beaked whales were more 
common at the seamounts (Fig. 3). In addition to these large 
spatial trends, there were also seasonal trends in detections. 
Blue whale CenPac and D calls, fin whale 40-Hz calls, and 
gray whale M3 calls were more prevalent in the spring and 
summer and blue whale B calls, fin whale 20-Hz calls, and 
humpback whale calls were more prevalent during the fall 
and winter (Fig. 4). Beaked whale species also showed dif-
ferent seasonal distributions, with Stejneger’s acoustic pres-
ence highest during fall, Cuvier’s during winter, and Baird’s 

during spring (Fig. 4). There were no detections of North 
Pacific right whales beyond those described by Širović et al. 
(2015a); therefore, results for this species will not be dis-
cussed further. We describe spatial, seasonal, diel, and inter-
annual patterns in calling for all other species below in more 
detail. GAM results and interannual plots for all species and 
call types are provided as electronic supplementary material 
(see Table S6 and Figs. S2–S13).

Blue whales

The three blue whale call types examined were detected at 
all sites. B calls were the most prevalent blue whale call 
type in the GoA; they were detected in the highest numbers 
at Kodiak Shelf and Slope and were lowest at Kenai Shelf 
and Quinn. These calls occurred seasonally from May to 
February but peaked during the summer or fall at all sites 
(Fig. 5). CenPac calls were manually detected in the highest 
numbers at the two seamount sites, Quinn and Pratt, and in 
lowest numbers at the two continental shelf sites, Kenai and 
Kodiak Shelf. These calls occurred seasonally from May to 
October, peaking in July and August (Fig. 5; Kenai Shelf 
plot not shown due to low detections that occurred only on 
two days in July 2011 and one day in August 2014). Blue 

Fig. 3  Relative daily presence 
of odontocete species at five 
sites in the Gulf of Alaska. 
Recording effort varied at each 
site (Fig. 2). Sperm whales are 
shown in dark blue, killer whale 
call types in shades of green, 
and the three beaked whale spe-
cies in shades of red
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whale D calls were manually detected in similar numbers 
across all sites except Kenai Shelf, where manual detections 
were the lowest. While low levels of D calls occurred during 
much of the year in the GoA, there was a peak during the 
spring and summer (Fig. 5). At Slope and both seamount 
sites, there was a bimodal peak in D calls; at Pratt, there 
was a peak during April and then again in July; while at 
Quinn and Slope, there was a peak in early June and again 
in July (Fig. 5). Although Kodiak Shelf also had peak call-
ing in early June, calls persisted in June and July and again 
September through November (Fig. 5). D calls were the only 
blue whale call type with a potential diel pattern. At all sites 
except Kenai Shelf, D call presence was lower during the 
middle of the night during the spring and summer (Fig. 6a). 
Interannually, for all three blue whale call types at Slope (the 
only site with recording effort each year), there appeared to 
be a decrease in the number of calls detected during 2014 
and 2015, compared to earlier years (Fig. 7). GAMs sup-
ported that generally fewer detections were recorded in 2014 
and 2015; this was true across the board for D calls but 

was not significant at all sites for the other two call types 
(Table S6; Fig. S2).

Fin whales

Both fin whale 20-Hz calls and 40-Hz calls were detected 
at all sites. The fin whale 20-Hz acoustic index was 
highest at Slope and lowest at the two seamount sites. 
These calls occurred year-round but there was a peak in 
the acoustic index during the fall and winter at all sites 
(Fig. 8). 40-Hz call manual detections were highest at 
the two continental shelf sites. At Slope, 40-Hz calls 
had more hours of occurrence during the spring, sum-
mer, and early fall. At all other sites, these calls fluctu-
ated throughout the year with no clear seasonal pattern 
(Fig. 8). There was no clear diel pattern for 40-Hz calls, 
and we were unable to investigate whether there was a 
diel pattern for 20-Hz calls because the energy detector 
used for most sites provides an average daily index. 20-Hz 
calls were significantly higher during 2013 and 2014 at 
Slope and during 2014 at Kenai Shelf, but were lower 

Fig. 4  Relative seasonal presence of select species during one year 
of data (see Data analyses in Methods for exact time periods used) 
at five sites in the Gulf of Alaska. Species are shown for the site at 
which the combined acoustic presence of all analyzed call types was 
generally highest. Fin whale call types are shown for Kenai Shelf, 

humpback and gray whale calls are shown for Kodiak Shelf, blue 
whale call types and Stejneger’s beaked whale clicks are shown for 
Slope, Baird’s beaked whale clicks are shown for Quinn, and Cuvier’s 
beaked whale clicks are shown for Pratt
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during 2015 at Quinn (Figs. 7 and S4; Table S6). Mean-
while, 40-Hz calls were high during 2013 at Pratt, but low 
during 2014 at Kodiak Shelf and Slope, and during 2015 
at Slope (Figs. 7 and S4; Table S6).

Humpback whales

Humpback whale calls, not discriminating between song 
and non-song, occurred throughout the year at all five sites, 

Fig. 5  Mean weekly presence of blue whale B calls (dark gray bars 
indicate manual detections; light gray bars indicate automatic detec-
tions), CenPac calls (white bars), and D calls (gray bars) at five loca-
tions in the Gulf of Alaska (only four sites are shown for CenPac 

calls). Data were averaged across years with recording effort from 
2011 to 2015; red error bars represent standard error. The number of 
years with recording effort for each week is shown in Fig. S1a. Note 
multiple y-axes for B calls due to use of multiple detection methods



Marine Biology          (2021) 168:72  

1 3

Page 11 of 29    72 

but there was a strong seasonal pattern with the majority of 
manually validated detections beginning in late fall and con-
tinuing through the winter (Fig. 9). The highest number of 
calls occurred at Kenai Shelf and Kodiak Shelf, while Slope 
showed the lowest (Fig. 9). When calling increased during 
the fall and winter, Quinn and Pratt had opposite peaks in 
calling; calls were higher at Pratt during the fall, while they 

were higher at Quinn during the winter (Fig. 9). Although 
there was not a consistent diel pattern across seasons, there 
were periods during the fall when calls occurred less often 
after sunrise. This occurred at Kenai Shelf in 2012, Kodiak 
Shelf in 2013, and Quinn in 2014 (Fig. 6b). Overall, there 
was no clear interannual pattern across sites.

Fig. 6  Diel presence (blue lines) of (a) blue whale (Bm) D calls in 
one-hour bins at Kodiak Shelf, Slope, Quinn, and Pratt and (b) hump-
back whale (Mn) calls in one-minute bins at Kenai Shelf, Kodiak 

Shelf, and Quinn from 2012 to 2015. Gray vertical shading denotes 
nighttime and light blue shading denotes absence of recording effort
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Gray whales

Gray whale M3 calls were manually detected in low num-
bers, intermittently from May to October at nearly all sites, 
with most calls occurring during the summer. Calls were 
highest at Kodiak Shelf and lowest at Quinn (Fig. 9; Slope 
and Quinn plots not shown). At Slope and Quinn, manual 
detections occurred only during 2015; there were 5 days in 
July and one day in August with acoustic presence at Slope, 
while at Quinn, there was one day in June and two days in 
July. No calls were manually detected at Pratt. There were 
no clear diel or interannual trends for M3 calls at any site, 
likely due to the low number of manual detections overall.

Sperm whales

Sperm whale clicks were manually detected at all five 
sites but were highest at Slope and very low at Kenai Shelf 
(Fig. 10; Kenai Shelf plot not shown due to low, sporadic 
clicks from January to August). The majority of clicks on 
the continental shelf occurred during the spring and sum-
mer, while those on the Slope and the two seamount sites 
occurred year-round (Fig. 10). Although there was a slight 
peak in manual detections at Slope in spring and a decline 
during the winter, there was no clear seasonal pattern at 
these offshore sites. There was no discernable diel or inter-
annual pattern for sperm whale clicks at any site.

Killer whales

All three killer whale call types were manually detected at 
all sites, but whistles and pulsed calls were the most com-
mon at all five sites year-round, while HFM signals were 
very rare. Killer whale whistles and pulsed calls were high-
est at the two continental shelf sites and lowest at the two 
seamount sites (Fig. 11). Slope showed a clear seasonal 
pattern, with whistles and pulsed calls occurring primarily 
during the spring and early summer (Fig. 11). There was 
no diel or interannual pattern for killer whale whistles and 
pulsed calls at any site.

Killer whale clicks also occurred year-round at all sites 
but were highest at Quinn, where a seasonal peak occurred 
spring and summer (Fig. 11). There was no clear diel pattern 
for killer whale clicks and, while manual detections appear 
low at Slope in 2013, there was no clear interannual pattern 
(Fig. S11).

Although HFM signals were manually detected at every 
site, calls were sporadic and occurred in very low numbers. 
Pratt had six HFM signal encounters on separate days across 
all seasons (January 2013, June 2013, July 2013, October 
2013 and two in November 2013). There was one encoun-
ter in June 2012 and 2014 at the Kenai Shelf and Slope, 
respectively. At Kodiak Shelf, there were four encounters 
on three separate days during fall and winter months (Sep-
tember 2013, two in October 2013, and January 2014). At 

Fig. 7  Monthly presence (gray bars and black line) of blue whale 
(Bm) and fin whale (Bp), call types from 2011 to 2015 at the Slope 
site in the Gulf of Alaska. Note multiple y-axes for B calls due to 
use of multiple detection methods (dark gray bars for manual detec-

tions and light gray for automatic detections are shown overlapping). 
Gray dots denote months with < 100% recording effort, gray shad-
ing denotes periods with no recording effort, and diagonal hatching 
denotes periods with duty cycled recordings
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Quinn, there were three encounters on the same day in Sep-
tember 2013 and one encounter in December 2014. While 
there were too few HFM signals to determine any seasonal, 
diel, or interannual patterns, or run GAMs, 12 out of the 16 
encounters occurred in 2013 (Fig. S11).

Beaked whales

Baird’s beaked whale clicks occurred almost entirely at 
Slope and the two seamount sites; there were only two days 
with one acoustic encounter each day at Kenai Shelf (one in 
June 2014 and the other in August 2014; Kenai Shelf plot 
not included in Fig. 12) and none at Kodiak Shelf (Fig. 12). 
Clicks were highest overall at Quinn and very low at Pratt. 
At Slope, manual detections mainly occurred from late fall 
through the winter, while at Quinn, they peaked in the late 
winter and early spring (Fig. 12). There was no clear diel or 

interannual pattern for Baird’s beaked whale clicks at any 
site, although the number of encounters did fluctuate over 
the years (Fig. S13).

The two other beaked whale species detected were 
Cuvier’s and Stejneger’s beaked whales. Clicks of both 
species were noted at Slope, Pratt, and Quinn (Fig. 12). 
For Cuvier’s beaked whales, manually validated detec-
tions were most common at Pratt during winter (Fig. 12). 
Manually validated detections at Slope and Quinn also 
occurred mainly during the winter but were quite rare 
(Fig. 12). Stejneger’s beaked whale echolocation clicks 
were most common at the Slope and occurred throughout 
the year with a peak in the early fall (Fig. 12). At Pratt and 
Quinn, Stejneger’s beaked whale clicks were very spo-
radic throughout the year (Fig. 12). There was no clear 
diel pattern or interannual change for either Cuvier’s or 
Stejneger’s beaked whale clicks at any site.

Fig. 8  Mean weekly presence of fin whale 20-Hz (light gray bars 
and black line) and 40-Hz (white bars) calls at five locations in the 
Gulf of Alaska. Data were averaged across years with recording effort 
from 2011 to 2015; red error bars represent standard error. The num-

ber of years with recording effort for each week is shown in Fig. S1a. 
Note multiple y-axes for 20-Hz calls due to use of both manual (light 
gray bars) and automatic detection (black line) methods at Kodiak 
Shelf site
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Fig. 9  Mean weekly presence of humpback whale (Mn; light gray 
bars) and gray whale calls (Er; white bars) at five locations in the 
Gulf of Alaska (only two sites are shown for gray whales). Data were 
averaged across years with recording effort from 2011 to 2015; red 

error bars represent standard error. The number of years with record-
ing effort for each week is shown in Figs S1a and b for gray and 
humpback whales, respectively

Fig. 10  Mean weekly presence of sperm whale clicks (light gray 
bars) at four locations in the Gulf of Alaska. Data were averaged 
across years with recording effort from 2011 to 2015; red error bars 

represent standard error. The number of years with recording effort 
for each week is shown in Fig. 2
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Discussion

In general, mysticetes were detected on or along the con-
tinental shelf while odontocetes were detected at sites far-
ther offshore. Different spatial distributions were observed 
between blue whale call types that may relate to the presence 
of different populations. There were also spatial differences 
in the acoustic presence of killer whale call types, indica-
tive of possible ecotype separation. Temporal separation was 
evident among blue whale call types, with foraging-related 
D calls detected before reproduction-related B and CenPac 
calls. Similar separation, but less pronounced, was also true 
for fin whale 20- and 40-Hz calls. Meanwhile, beaked whale 
species exhibited both potential spatial and temporal separa-
tion. Seasonal patterns were evident for most species, but 

were more consistent across sites for baleen whales. Diel 
calling patterns were present only for blue whale D calls and 
humpback whale calls. Notable long-term changes were a 
decrease in detections of blue whales in later years at Slope, 
where detections of fin whale 20-Hz calls increased.

Overall, blue, fin, and humpback whales were the most 
frequently detected mysticetes, while sperm whales were 
the most frequently detected odontocete. During three vis-
ual surveys that took place in our study area from 2009 to 
2015, humpback whales and fin whales were sighted most 
frequently (Rone et al. 2017). As noted by Rone et al. (2017), 
conducting visual surveys for deep-diving species, such as 
sperm whales, can prove challenging, and utilizing acoustic 
methodologies often improves abundance estimates. The 
frequency of blue and sperm whale detections in our study 

Fig. 11  Mean weekly presence of killer whale whistles and pulsed 
calls (light gray bars) and clicks (white bars) at five locations in the 
Gulf of Alaska. Data were averaged across years with recording effort 

from 2011 to 2015; red error bars represent standard error. The num-
ber of years with recording effort for each week is shown in Figs. S1b 
and 2 for whistles and pulsed calls and clicks, respectively
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supports this assertion that it is necessary to combine visual 
and acoustic methods to gain a more complete picture of 
marine mammal distribution, especially across large and 
remote regions like the GoA.

Mysticetes

The spatiotemporal distribution of mysticete species was 
generally consistent with findings from previous surveys in 
the GoA (Brueggeman et al. 1987, 1988; Zerbini et al. 2006; 
Stafford et al. 2007; Rone et al. 2017), highlighting stable 
habitat use over decades. Even though these distributions 
were consistent on a large scale, by analyzing a variety of 
acoustic signals across a range of habitats, we can examine 
these spatiotemporal patterns in finer detail to both support 
and improve upon our ecological understanding of these 
species.

Sightings of blue whales in the GoA have been extremely 
rare until recent years and have occurred almost entirely near 
seamounts and in pelagic waters (Calambokidis et al. 2009; 
Rone et al. 2017). However, we found that blue whales were 
also present on the continental shelf and slope, at least for a 
portion of the year (Fig. 5), indicating that the lack of blue 
whale sightings inshore during previous surveys (Bruegge-
man et al. 1987, 1988; Zerbini et al. 2006) may not relate 
to survey effort (Rone et al. 2017) and could instead indi-
cate that blue whale distribution has shifted in recent years, 
possibly due to increased population levels as blue whales 
recovered from whaling (Calambokidis et al. 2009; Mon-
nahan et al. 2015). Additionally, because we examined mul-
tiple call types for blue whales, we can gain further insights 
about their spatial distribution in the GoA. While B calls 
were detected at sites spanning from the continental shelf to 
offshore seamounts, CenPac calls were primarily detected at 

Fig. 12  Mean weekly presence of Baird’s (Bb; light gray bars), Cuvi-
er’s (Zc; white bars), and Stejneger’s (Ms; gray bars) beaked whale 
FM pulses at three locations in the Gulf of Alaska. Data were aver-

aged across years with recording effort from 2011 to 2015; red error 
bars represent standard error. The number of years with recording 
effort for each week is shown in Fig. 2
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offshore sites (Fig. 5). These distinct distributions are likely 
a result of these call types being produced by different popu-
lations (Stafford et al. 2001, 2007; Stafford 2003; McDonald 
et al. 2006), indicating that the NEP population, produc-
ing B calls, is found throughout the GoA, while the CWP 
population, producing CenPac calls, does not range as close 
to shore in this region. Temporal differences in the peaks 
of B calls and CenPac calls are consistent with previously 
reported seasonal peaks for these call types (Stafford 2003). 
The third blue whale call type, the D call, is believed to be 
produced by blue whale populations worldwide (Thomp-
son et al. 1996; McDonald et al. 2001; Mellinger and Clark 
2003; Rankin et al. 2005). The spatial distribution of this 
call in the GoA seems to match the combined distribution 
of the B calls and CenPac calls (Fig. 5), supporting that 
hypothesis. The temporal shift from D calls in the spring to 
the reproductive calls (songs) in the summer and fall is likely 
related to a behavioral shift from foraging to mating. While 
this offset between D calls and reproductive calls has been 
documented before (Oleson et al. 2007b), we also found an 
unexpected bimodal peak in D call presence at Slope and the 
seamount sites (Fig. 5). This bimodality could be related to 
the presence of these two blue whale populations if one is 
present in the area earlier in the year. The early timing of the 
peak at Pratt could imply the arrival of the CWP population 
from the west, as suggested by Stafford et al. (2003). Con-
current secondary peaks, however, would imply the arrival 
of the NEP blue whales across the entire area. While the 
onset of the reproductive calls seems to be largely concur-
rent for both populations, CenPac call manual detections end 
much sooner than B call detections (Fig. 5), possibly indicat-
ing the earlier departure of the CWP population.

For fin whales, high levels of the 20-Hz acoustic index at 
Slope and 40-Hz manual detections at the two continental 
shelf sites (Fig. 8) are consistent with previous fin whale 
sighting records, which have typically occurred along the 
continental shelf and slope (Zerbini et al. 2006; Rone et al. 
2017), although it is clear that fin whales can be found in 
pelagic waters as well (Stafford et al. 2007; Mizroch et al. 
2009; Rone et al. 2017). Summer surveys along the con-
tinental shelf in the GoA reported the highest concentra-
tion of fin whales at an area southwest of Kodiak Island 
(Brueggeman et al. 1988; Zerbini et al. 2006), which is 
also considered a biologically important area for fin whale 
feeding (Ferguson et al. 2015). If fin whales are primarily 
feeding along the continental shelf then that could explain 
the higher number of 40-Hz manual detections at the sites 
along the continental shelf, because 40-Hz calls are believed 
to have some association with groups of whales, possibly 
engaged in foraging behavior (Watkins 1981). Because of 
this association with foraging, we expected a clearer transi-
tion from 40-Hz calls earlier in the year to 20-Hz calls later 
in the year, indicating a transition from feeding (Watkins 

1981) to breeding (Watkins 1981; Watkins et al. 1987; Croll 
et al. 2002), as has been reported in other areas (Širović et al. 
2013). Such a shift only occurred at Slope and the seamount 
sites (Fig. 8) and was not as apparent as the transition we 
observed between blue whale call types. While we did find a 
seasonal increase in 20-Hz calls in the fall and winter, as has 
been reported previously in the GoA (Stafford et al. 2007) 
and in other areas (Širović et al. 2004, 2015b; Nieukirk 
et al. 2012), 40-Hz calls were produced year-round at both 
inshore and offshore sites, indicating year-round fin whale 
presence throughout the GoA (Figs. 4 and 8). Although the 
population structure of fin whales in the North Pacific is not 
well understood, and different fin whale populations may 
move in and out of the GoA throughout the year (Mizroch 
et al. 2009), year-round presence could indicate a resident 
population, as is speculated to exist in southern California 
and is known to occur in the Gulf of California (Forney and 
Barlow 1998; Berube et al. 2002; Širović et al. 2015b). A 
more detailed examination of patterns in 20-Hz songs may 
offer insights into population structure and movements in 
this region (Oleson et al. 2014; Weirathmueller et al. 2017; 
Širović et al. 2017; Archer et al. 2020).

For humpback whales, we recorded higher calling at sites 
on the continental shelf, particularly at Kodiak Shelf, and 
seasonal peaks in calling during winter months at all sites 
(Fig. 9). Previous visual and acoustic surveys agree that 
humpback whales are most common on the continental shelf 
and that the area southeast of Kodiak Island supports a large 
aggregation of humpback whales (Consiglieri et al. 1982; 
Brueggeman et al. 1987, 1988; Waite et al. 1999; Zerbini 
et al. 2006; Stafford et al. 2007; Ferguson et al. 2015; Rone 
et al. 2017) and is considered a biologically important area 
for humpback whale feeding (Ferguson et al. 2015). How-
ever, humpback whale acoustic presence was also high at 
the seamount sites: at Pratt, calls were highest during early 
winter while at Quinn they were highest during late winter 
(Fig. 9). Rone et al. (2017) reported only a few humpback 
whale sightings around the seamounts and it is possible 
that the comparatively higher number of humpback whale 
calls at the seamounts than at Slope may be a result of the 
larger detection areas at the two seamount sites (Table S5). 
However, in New Caledonia, migrating humpback whales 
changed behavior around seamounts and often congregated 
near them, suggesting seamounts may represent an important 
habitat for humpback whales (Garrigue et al. 2015). Geo-
graphically, seamounts present a potential foraging location, 
but the persistence and increase of calls into winter may 
suggest that these detections were from humpback whales 
that were singing at the start or end of their annual migration 
to lower latitudes (Clapham and Mattila 1990; Norris et al. 
1999; Warren et al. 2020).

The seasonal pattern we observed for humpback whale 
calling matches what is known about their acoustic behavior 
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in the GoA; the primary call types produced are social and 
feeding calls which are often short and faint (Thompson 
et al. 1986; Wild and Gabriele 2014; Fournet et al. 2015, 
2018b), and song, which typically consists of long sequences 
of relatively louder calls (Payne and McVay 1971), is pro-
duced mainly during fall and winter (Gabriele and Frankel 
2002; Stafford et al. 2007). Therefore, even though we did 
not discriminate between song and non-song in this study, 
the seasonal pattern we report is most likely a result of win-
ter song production. This is reinforced by the fact that our 
detections may be biased towards song if the short, quiet, 
social calls that have very low fundamental frequencies 
(Stimpert et al. 2011; Wild and Gabriele 2014; Fournet et al. 
2015) were more likely to be missed by our detection algo-
rithm. Additionally, the detection area for non-song calls was 
smaller than for song (Table S5) and the metric we used to 
describe humpback whale calling (daily minutes of calling) 
inevitably highlighted this seasonal difference in acoustic 
behavior more than a simple metric such as presence/absence 
would have. Humpback whale song production on feeding 
grounds is now a well-documented occurrence, which has 
led to hypotheses about some whales forgoing their annual 
migration in order to continue feeding throughout the winter 
(McSweeney et al. 1989; Gabriele and Frankel 2002; Clark 
and Clapham 2004; Stafford et al. 2007; Stimpert et al. 2012; 
Vu et al. 2012; Garland et al. 2013; Kowarski et al. 2018). 
In Alaska, there is evidence of humpback whales feeding on 
herring during winter months and of a small number of over-
wintering whales (Straley et al. 2018). However, the major-
ity of the population does migrate each year and year-round 
sightings at high latitudes can likely be attributed to a stag-
gered migration (Straley 1990; Straley et al. 2018), which 
could explain the winter calling we report here. Humpback 
whale abundance has been increasing in the North Pacific 
since the end of commercial whaling (Barlow et al. 2011; 
Teerlink et al. 2015; Gabriele et al. 2017) and so their pres-
ence at higher latitudes into the winter may be indicative of 
distributional shifts associated with increased competition 
for resources (Straley et al. 2018).

The spatiotemporal distribution of gray whale M3 call 
manual detections in the GoA is likely related to annual 
migration patterns. The majority of M3 calls occurred at the 
two sites on the continental shelf (Fig. 9), which is consist-
ent with visual sightings of gray whales in the GoA (Moore 
et al. 2007; Rone et al. 2017). Gray whales have a known 
preference for traveling along the continental shelf when 
making their migration (Swartz et al. 2006), which likely 
explains the higher number of M3 calls at sites on the con-
tinental shelf. However, there were a few manual detections 
of M3 calls at Slope as well as offshore at Quinn (Fig. S7). 
These calls may have been produced by males or females 
traveling without calves that do not require the protection of 
the shallower water along the continental shelf (Burnham 

and Duffus 2020). It is also possible that gray whales travel 
beyond the shelf edge in the GoA more frequently than 
indicated by our sparse detections, but that they tend not 
to vocalize when traveling in deeper waters, potentially to 
avoid detection by killer whales (Crane and Lashkari 1996). 
Another possible explanation is that these manual detec-
tions were from western North Pacific gray whales traveling 
into the GoA and taking a different route than that taken by 
the eastern Pacific population. Tag and photo-identification 
data have shown that there is some overlap between these 
two gray whale populations in the GoA (Weller et al. 2012; 
Mate et al. 2015).

The bimodal timing of gray whale M3 call manual detec-
tions matched time periods when eastern Pacific gray whales 
would be expected to be passing through the GoA on their 
migration from breeding grounds off Baja, Mexico to feed-
ing grounds in the Bering and Chukchi Seas (Rice and Wol-
man 1971; Consiglieri et al. 1982). These seasonal peaks in 
acoustic presence match visual survey observations (Brue-
ggeman et al. 1987). The occasional presence of M3 calls 
throughout the summer could be explained by an overlap 
between individuals arriving on the feeding grounds and 
those departing for the breeding grounds, because factors 
such as sex, age, and whether or not a calf is present are 
related to migration timing (Rice and Wolman 1971). Alter-
natively, these calls may be from whales that are a part of 
the Pacific Coast Feeding Group, a subset of eastern North 
Pacific gray whales that are known to feed along the West 
Coast of the U.S. and Canada during the summer, instead of 
migrating further north (Calambokidis et al. 2002). It is also 
possible that these calls are from a resident population that 
feeds off Kodiak Island, where sightings have been reported 
year-round near Ugak Bay (Moore et al. 2007). Our lack of 
M3 manual detections in winter may be due to gray whales 
remaining near Ugak Bay, which is outside of the detection 
area for our Kodiak Island site (Table S5), or it may be that 
it is necessary to utilize additional gray whale signal types 
(Dahlheim 1987; Crane and Lashkari 1996; Burnham and 
Duffus 2020) to fully capture their temporal distribution in 
the GoA.

Timing of baleen whale calls

There was a temporal offset between when blue, fin, and 
humpback whale call detections increased during the year. 
Blue whale B calls started increasing in the summer, fin 
whale 20-Hz calls in the late summer, and humpback whale 
calls in the early fall (Figs. 5, 8, and 9). The reason for 
this offset is currently unknown. Since these calls overlap 
throughout the fall and into the winter, it seems unlikely that 
this offset is a result of acoustic niche partitioning. Addition-
ally, since at least blue and fin whales have relatively high 
acoustic presence in the GoA earlier in the year (based on 
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the presence of other call types), it also seems unlikely that 
this offset is due to a staggered arrival in the GoA.

It is possible that this offset is related to prey, as calling 
increased first in blue whales, which feed only at one trophic 
level, followed by fin and humpback whales, which feed at 
higher trophic levels (Nemoto and Kawamura 1977; Wit-
teveen 2008). Therefore, there may be a connection between 
the type of prey being consumed and the timing or duration 
of feeding. It is possible that feeding at higher trophic lev-
els requires an increased number of attempts to consume 
enough food for the season, as studies have shown that feed-
ing on less dense prey, such as schooling fish, can increase 
time between feeding attempts (Simon et al. 2012; Goldbo-
gen et al. 2013). Further research into prey distribution in 
the GoA and the foraging ecology of these species would be 
required to determine if this phenomenon is related to prey.

A more probable hypothesis is that this temporal offset in 
calling may be related to seasonal fluctuations in hormones, 
as has been suggested previously (Clark and Clapham 2004; 
Vu et al. 2012). In many baleen whale species, males exhibit 
seasonal increases in testosterone (Kjeld et al. 2006; Vu et al. 
2015; Hunt et al. 2018); the onset of calling might be linked 
to this increase in reproductive hormones. In particular, tes-
tosterone begins to increase in some fin whale populations 
in mid to late summer (Kjeld et al. 2006; Carone et al. 2019), 
while in humpbacks the increase starts in the fall (Vu et al. 
2015; Cates et al. 2019), matching the temporal offset in 
calling described here. If there is a link between increases in 
testosterone and acoustic behavior, this should be apparent 
in the timing of reproductive-related calling and testosterone 
increases in other baleen whale species and in other regions.

Diel patterns

Diel patterns were only discernable in blue whale D call 
and humpback whale call detections. For blue whale D 
calls, we found higher manual detections at dusk and, to a 
lesser extent, at dawn during seasonal peaks in call produc-
tion (Fig. 6a). Increased presence of D calls at dusk has 
been reported previously in southern California (Lewis 
et al. 2018), where D calls are typically produced at shallow 
depths between bouts of foraging dives (Oleson et al. 2007a; 
Lewis et al. 2018). This diel variation in blue whale calling 
is believed to be related to the diel vertical migration of krill; 
when krill are closer to the surface at night, feeding is less 
efficient and blue whales engage in non-foraging behavior 
(Stafford et al. 2005; Wiggins et al. 2005; Lewis et al. 2018). 
Evidence of the increased production of blue whale B calls 
at night in southern California (Wiggins et al. 2005; Lewis 
et al. 2018) and in the eastern tropical Pacific (Stafford et al. 
2005) originally gave rise to this theory and it is therefore 
interesting that we did not observe this same diel pattern in 
B calls. Leroy et al. (2016) reported an increase of Antarctic 

blue whale Z-calls during the day, likely related to the dif-
ferent prey types and behaviors in the region, and so the lack 
of B call diel variation in our data may relate to the different 
light regimes at our high-latitude study sites.

For humpback whales, we found an occasional diel pat-
tern during the fall, which was most obvious at Kenai Shelf 
in 2012 and at Quinn in 2014 (Fig. 6b). During these peri-
ods, humpback whale acoustic presence was higher at night, 
with a noticeable decrease in encounters for a few hours after 
sunrise (Fig. 6b). This pattern was replaced by near-constant 
acoustic presence throughout the winter, most likely because 
this is when humpback whales engage in song production 
(Gabriele and Frankel 2002; Stafford et al. 2007). If we pro-
ceed with the assumption that the increase in acoustic pres-
ence during winter is due to song production, then this pat-
tern in the fall could represent a transition period; non-song 
vocalizations are produced while engaged in other behaviors, 
such as foraging, until song starts being produced regularly 
throughout the winter. In other regions, song production is 
highest at night (Au et al. 2000; Huang et al. 2016; Espanol-
Jimenez and van der Schaar 2018; Kowarski et al. 2018; 
Ryan et al. 2019). While this diel pattern is hypothesized 
to relate to foraging or mating behaviors that are most effi-
cient during daylight hours (Helweg and Herman 1994; Au 
et al. 2000; Ryan et al. 2019), humpback whales show a high 
degree of behavioral plasticity (Stimpert et al. 2012) and so 
a closer examination of the call types recorded during these 
periods would be required to better understand how this 
changing diel pattern in the GoA may relate to the patterns 
observed in other regions. It is also important to note that 
the presence and strength of diel patterns in humpback whale 
calling can be impacted by variations in ocean noise (Helble 
et al. 2013; Fournet et al. 2018a) and the use of call metrics 
that account for detection probability (Helble 2013). Since 
the call metric we used for humpback whale call analysis did 
not account for noise conditions or call density, it is possible 
that the diel patterns we report are similarly impacted.

Interannual differences in blue and fin whales

During 2014, there was a decline in detections of blue whale 
B and D calls (Figs. 7 and S2; Table S6), as well as fin whale 
40-Hz calls, but an increase in fin whale 20-Hz calls (Figs. 7 
and S4; Table S6). In 2015, our recordings did not cover 
the full calling season for blue whale B calls and fin whale 
20-Hz calls, but blue whale D calls were still low, while fin 
whale 40-Hz calls had increased. These interannual changes 
could be related to the marine heat wave that began affect-
ing the GoA in 2013 and continued into 2015 (Bond et al. 
2015). This event resulted in a decrease in phytoplankton 
production, ultimately impacting the entire ecosystem of the 
region (Whitney 2015; Cavole et al. 2016; Pena et al. 2019).
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Since blue whales feed primarily on krill, which feed 
on phytoplankton, the increase in sea surface temperature 
resulted in a decrease of blue whale prey (Peterson et al. 
2017; Brodeur et al. 2019), which could explain the decrease 
in calls during this time period. Since fin whales also feed 
on krill in the North Pacific, the decrease in 40-Hz calls 
may also be explained by this decrease in phytoplankton. 
However, the increase in 40-Hz calls in 2015, when blue 
whale D calls were still low, as well as the increase in fin 
whale 20-Hz calls throughout this period, may indicate that 
these species were impacted in different ways. Because fin 
whales also feed at higher trophic levels (Nemoto and Kawa-
mura 1977), their prey may not have been as immediately 
impacted by the increased water temperatures (von Biela 
et al. 2019), delaying the impacts of the marine heat wave 
a year or two. While our recordings did not capture the full 
20 Hz calling period in 2015, there was a significant increase 
in fin whale strandings in the GoA during this year (Savage 
2017). Although the causes of these strandings are unknown, 
they are believed to be linked to the ecological changes that 
were occurring in the region (Savage 2017). Analysis of 
more recent acoustic data would help with understanding 
how this event impacted blue and fin whales over the long 
term, but the interannual changes that we observed in their 
call detections could relate to the anomalous environmental 
conditions that occurred in the GoA during this time period.

Odontocetes

In general, killer whale acoustic presence was highest along 
the continental shelf (Fig. 11), sperm whale acoustic pres-
ence was highest at the continental slope (Fig. 10), and 
beaked whale acoustic presence was highest at the conti-
nental slope and offshore seamounts (Fig. 12). These dis-
tributional differences (Fig. 3), which support the findings 
of previous surveys in the region (Consiglieri et al. 1982; 
Brueggeman et al. 1987; Zerbini et al. 2007; Klinck et al. 
2016; Rone et al. 2017) may relate to the different prey pref-
erences of these species.

The ecological differences between the three killer 
whale ecotypes may relate to the unique distributions we 
observed for the three signal types we examined. The resi-
dent ecotype is most commonly sighted along the continen-
tal shelf, particularly around Kodiak Island (Consiglieri 
et al. 1982; Brueggeman et al. 1987; Zerbini et al. 2007; 
Rone et al. 2017). This is also the region where their main 
prey source, salmon (Ford et al. 1998; Saulitis et al. 2000; 
Ford and Ellis 2006), is typically distributed (Fisher et al. 
2007; Trudel et al. 2009; Larson et al. 2013). The fact that 
whistles and pulsed calls were highest along the continen-
tal shelf may indicate that these calls were primarily from 
resident killer whales. Although the transient ecotype has 
also been sighted commonly around the continental shelf, 

though to a lesser extent than residents (Zerbini et al. 2007), 
this ecotype is known to vocalize at much lower rates than 
the other ecotypes, likely to avoid detection by their marine 
mammal prey (Barrett-Lennard et al. 1996; Deecke et al. 
2005). Meanwhile, the offshore ecotype is more common in 
pelagic waters (Zerbini et al. 2007; Ford et al. 2014). The 
offshore ecotype is the only ecotype in the North Pacific 
to which HFM signals have been attributed (Samarra et al. 
2010; Filatova et al. 2012; Simonis et al. 2012; Gassmann 
et al. 2013), although these signals have only once been 
linked to offshores in the GoA (Filatova et al. 2012). Dis-
criminating between the pulsed calls of different ecotypes 
was beyond the scope of the current study, but that sort of 
fine-scale analysis has the potential to reveal whether the 
different distributions of the three killer whale call types we 
describe here are in fact related to the unique distributions 
of the different ecotypes that inhabit this region.

For sperm whales, the majority of sightings and acous-
tic detections in the GoA have been documented along the 
continental slope (Consiglieri et al. 1982; Brueggeman et al. 
1987; Mathias et al. 2012; Straley et al. 2014; Klinck et al. 
2016; Rone et al. 2017), as in this study, or in regions much 
farther offshore (Mellinger et al. 2004a; Diogou et al. 2019). 
In the GoA, sperm whales extensively use the continental 
slope for foraging (Mathias et al. 2012) and have increas-
ingly been associated with vessels engaged in longline fish-
ing for sablefish (Anoplopoma fimbrica) along the slope 
(Straley et al. 2014, 2015). While this preference for forag-
ing along the continental slope explains the high acoustic 
presence we found at the Slope site, we also found relatively 
high acoustic presence at the Kodiak Island site (Fig. 10), 
which is located closer to the shelf break than the other con-
tinental shelf site (Kenai shelf). At Kodiak Shelf, a seasonal 
pattern in sperm whale clicks was evident, with very few 
clicks from January to March and the majority of clicks from 
April to September (Fig. 10). The longline fishery for sable-
fish runs from March to November and sperm whale associa-
tions with these fishery vessels peaked from April to August 
(Straley et al. 2015), presenting a possible explanation for 
the sudden onset of sperm whale clicks at Kodiak Shelf in 
April (Fig. 10). Although sperm whale clicks were recorded 
year-round at Slope, this site showed a similar seasonal pat-
tern, with low acoustic presence in January and February 
and a peak in the spring.

While these patterns correspond with the longline fish-
ery season for sablefish, movements of sperm whales may 
also be responsible for some of the patterns reported here, 
as sperm whale detections were also lowest during win-
ter farther offshore in the GoA (Mellinger et al. 2004a; 
Diogou et al. 2019). This seasonal pattern may be due to 
sperm whales migrating out of the GoA during winter after 
spending the summer foraging in the region (Whitehead 
2003). However, the presence of sperm whales in the GoA 
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year-round has been reported previously and has resulted 
in a lack of consensus on sperm whale migration patterns 
(Whitehead 2003; Mellinger et al. 2004a; Diogou et al. 
2019). Mellinger et al. (2004a) suggested that year-round 
presence at higher latitudes is due to mature males forego-
ing mating for the chance to continue feeding throughout 
the winter, or perhaps a result of immature whales foregoing 
mating to increase their fitness and maturity before engaging 
in the breeding season (Mellinger et al. 2004a). For sperm 
whales that transit to low latitudes, recent data from indi-
viduals tagged offshore of Sitka, Alaska revealed that they 
do not appear to synchronize their departure from the GoA, 
nor do they travel to the same locations (Straley et al. 2014). 
The seasonal peaks in acoustic presence we found at our 
seamount sites could be a result of such movements; sperm 
whales could be passing by the seamounts as they enter or 
leave the GoA, or they may aggregate around these features 
as has been reported in other areas (Hann et al. 2016). How-
ever, females have been sighted during winter near the Aleu-
tian Islands (Fearnbach et al. 2012) and calving may occur 
offshore at high latitudes (Gregr et al. 2000), and so a better 
understanding of sperm whale demographics in the GoA 
would likely improve our understanding of habitat use in 
this region. Additionally, passive acoustics continue to be a 
valuable tool for gaining insights about pelagic species and 
it is important that we continue to gather information about 
sperm whale regional habitat use as, currently, there are no 
reliable abundance estimates for this endangered species in 
the North Pacific.

For beaked whales, the few documented sightings and 
acoustic detections that have previously been reported in the 
GoA have occurred in pelagic waters, near seamounts and on 
the continental slope (Brueggeman et al. 1987; Klinck et al. 
2016; Rone et al. 2017), as we also found here (Fig. 12). 
Since we detected echolocation clicks, we presume that we 
detected beaked whales while they were foraging in the GoA 
(Johnson et al. 2004). Based on studies in Japan, Baird’s 
beaked whales prey upon deep sea fish and squid, with 
the ratio of prey type varying in different locations (Nishi-
waki and Oguro 1971; Walker et al. 2002; MacLeod et al. 
2003). Cuvier’s and Stejneger’s beaked whales have both 
been reported mainly to prey upon squid, with Stejneger’s 
consuming smaller individuals when in competition with 
Cuvier’s beaked whales (MacLeod et al. 2003). We did not 
see a diel pattern in click detections for any beaked whale 
species. This likely means that beaked whales in the GoA are 
foraging both day and night, as has been documented before 
(Baird et al. 2008; Schorr et al. 2014; Shearer et al. 2019).

Beaked whale habitat partitioning

A closer examination of beaked whale distribution at the 
three offshore sites reveals the unique distributions of each 

species. Baird’s beaked whale clicks were highest at Quinn 
Seamount, Cuvier’s beaked whale clicks were most common 
at Pratt Seamount, and Stejneger’s beaked whale clicks were 
most common at Slope (Fig. 12). In addition, when detected 
at the same locations, detection peaks were all temporally 
offset. At Slope, Stejneger’s beaked whale clicks peaked 
in the fall, while Baird’s beaked whale clicks peaked in 
the winter. At the seamounts, Baird’s beaked whale clicks 
peaked in the spring, while Cuvier’s beaked whale clicks 
peaked in the winter (Fig. 12). The spatial and temporal 
separation of these three species suggests some level of habi-
tat partitioning in the GoA, whether to reduce competition 
for prey or as an indirect result of unique habitat and prey 
preferences.

It is notable that even with the potential habitat partition-
ing we observed, detections for all three beaked whale spe-
cies were low throughout the summer. For Baird’s beaked 
whales, this seasonal pattern does not fit with previously 
hypothesized distributions in the North Pacific; in Japan and 
California, Baird’s beaked whales are presumed to move 
onto the continental slope during summer and then move 
farther offshore during the winter (Dohl et al. 1983; Bal-
comb 1989; Kasuya and Miyashita 1997). Meanwhile, we 
observed that Baird’s beaked whale manual detections were 
highest offshore during spring, lowest during the summer, 
and then increased on the continental slope during the win-
ter. It is possible that in the GoA, beaked whales are either 
engaged in other activities during the summer, during which 
they do not produce as many clicks, or they migrate farther 
north or south to feed or mate. Although there is still much 
to be learned about beaked whale ecology, this spatiotem-
poral distribution information for three beaked whale spe-
cies can be used to inform more efficient visual and acoustic 
surveys of the GoA in the future.

Analysis caveats

With passive acoustic methodology comes inherent bias 
towards detecting animals that are actively calling. This 
bias is particularly pronounced for baleen whales; there is 
no way to determine whether they were engaging in other 
behaviors (or producing calls that were not selected for spe-
cies identification).

Results from Stejneger’s beaked whales should be inter-
preted with caution because, to date, there have been no 
documented sightings of this species with simultaneous 
recordings of vocalizations, which are necessary to defini-
tively confirm that the vocalizations we recorded are in 
fact produced by this species. However, based on the click 
features and spatial occurrence, we believe that Stejneger’s 
beaked whales are the most likely source of these clicks 
(Baumann-Pickering et al. 2013b, 2014).
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Automatic detection algorithms can eliminate many of 
the biases introduced by manual call classification, but they 
still have their limitations. Per-deployment optimization of 
the blue whale B call detector relies on the creation of an 
appropriate kernel and ground truth. For some deployments 
(Table S2), infrequent, sporadic calling throughout the 
recording period meant that it was not possible to create an 
adequate ground truth, and so the threshold parameter from 
the previous recording at the same site was used instead. 
Hence, we could not determine exact detector performance 
for those deployments either. The result is potential bias 
in our B call automatic detections during these time peri-
ods and, as a result, trends in B call automatic detection at 
Pratt may be due to changes in methodology. However, we 
focused discussions of interannual trends around the Slope 
site, which had the longest time series of data and we were 
able to calculate precision and recall for two out of three 
deployments where automatic detection was used.

The ability to compare detections across different record-
ing locations is important when trying to understand habi-
tat use across a region. Ideally, all data would be analyzed 
using methodology that allows direct comparisons between 
all sites, species, and call types. One of the challenges in 
analyzing this dataset was that it was sometimes necessary 
to use multiple detection methods within a species or even 
within a single call type, due to different noise conditions 
across recordings. These differences, as well as a lack of 
call-level information, made interpretation more challeng-
ing and prevented us from performing abundance or density 
estimation on these species in the GoA.

Likewise, detection area normalization for all low-fre-
quency call types would also allow for better cross-site 
comparisons. Even though we calculated detection areas for 
all baleen whale call types (Table S5), it was only possible 
to normalize by detection area for certain call types when 
automatic detectors were used (i.e., blue whale B calls and 
fin whale 20-Hz calls). For all other call types, the analysis 
resulted in hourly presence of a call or in total minutes of 
calling per week and detection area normalizations were less 
meaningful to apply to metrics of these call types.

Conclusion

Our findings have centered on differences in the spatial 
and temporal distribution within and across nine cetacean 
species in the GoA. There were clear seasonal patterns in 
calling for all mysticete species and we also found both spa-
tial and temporal separation of calling between the calls of 
two blue whale populations. For odontocete species, killer 
whales were most common on the continental shelf, while 
sperm whales showed a clear preference for the continental 

slope. We also found evidence of potential habitat partition-
ing among the three beaked whale species.

The marine heat wave that created anomalous conditions 
in the GoA from 2013 to 2015 may be responsible for some 
of the results reported here, such as the decrease in blue 
whale calling. Analysis of data beyond 2015, as well as 
inclusion of regional oceanography, would be necessary to 
determine if any of the reported interannual changes during 
this period are indicative of long-term trends in species pres-
ence in the GoA, or if they were, as suggested, temporary 
shifts based on anomalous oceanographic conditions.

The year-round presence of most species highlights the 
importance of conducting continuous, long-term marine 
mammal surveys in a variety of different habitats in order 
to gain a full understanding of a species’ utilization of a 
region. Previous studies in the GoA have been primarily 
visual (Consiglieri et al. 1982; Brueggeman et al. 1987, 
1988; Zerbini et al. 2006; Rone et al. 2017) or focused on 
one habitat type (Mellinger et al. 2004a; Zerbini et al. 2006; 
Stafford et al. 2007; Klinck et al. 2016). While these surveys 
have contributed valuable information, they (including our 
current study) only give a part of the story if taken alone. 
Without acoustic surveys, we would know even less about 
the distributions of cryptic species such as beaked whales, or 
the critically endangered North Pacific right whale (Širović 
et al. 2015a). Without visual surveys, on the other hand, we 
might assume that humpback whales, for example, are not as 
prevalent in the GoA during summer, when vocalizations are 
not detected as frequently because singing is rare. Ideally, 
combined visual and acoustic surveys should be conducted 
to improve our understanding of the status of these species, 
some of which are considered endangered or recovering 
in the GoA. Long-term studies will also provide informa-
tion on the ecosystem impact from changing oceanographic 
conditions, as we expect these species to be affected by the 
changing climate.
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