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Northward range shifts are increasingly being identified in mobile animals that
are responding to climate change. Range shifts are consequential to animal
ecology, ecosystem function, and conservation goals, yet for many species
these cannot be characterised without means of synoptically measuring their
distribution. The distribution of critically endangered North Atlantic right whale
(Eubalaena glacialis; NARW) north of 45°N has been largely unknown due to a
lack of systematic monitoring. The objectives of this study were to characterize
the spatial and temporal variation in NARW acoustic occurrence in the northern
portion of their foraging range. In addition, we sought to identify relevant
NARW migratory corridors and explore potential previously unidentified high-
use habitats beyond the highly surveyed Gulf of St. Lawrence (GSL). To achieve
this, passive acoustic monitoring data were collected and analyzed from 67
moorings and 13 gliders deployed (across 38 recording stations) throughout
the Atlantic Canadian continental shelf, between 42°N and 58°N during 2015
through 2017. The results support that while a portion of the population has
moved northward into the GSL, this shift was constrained to temperate
latitudinal ranges < 52°N during the study period. NARWSs were not detected
in the Labrador Sea and Newfoundland Shelf, despite their preferred prey
occurring in those areas. NARWs were present on the Scotian Shelf (45°N)
nearly year-round, but only from May through December in the Cabot Strait
(50°N). These results indicate that the northern range of the population is
probably influenced by energetic requirements to minimize the distance
between suitable foraging habitat and low latitude calving grounds, rather
than an absence of suitable foraging conditions in high latitude waters, or other
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environmental or physiological factors. This work provides critical information
to conserve the species and mitigate human-induced risks.
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North Atlantic right whale (Eubalaena glacialis), passive acoustic monitoring (PAM),
distribution, range expansion, regime shift

Introduction

Unprecedented shifts in the distribution of marine species in
response to climate change are increasingly being identified
around the world (Perry et al, 2005; Pinsky et al., 2013;
Greene, 2016). In the Northern Hemisphere, large-scale
climate variations have been associated with the weakening of
the Atlantic Meridional Overturning Circulation (AMOC), a
regional circulation system characterized by the northward flow
of warm, saline water and the southward flow of cool water that
has an important role in global thermohaline circulation (Saba
et al., 2016; Caesar et al., 2018; Smeed et al., 2018). Processes that
alter circulation patterns can have downstream impacts on
foraging resources for predators, such as fish and whales
(Greene et al,, 2003; Greene et al., 2013; Meyer-Gutbrod and
Greene, 2017; Meyer-Gutbrod et al., 2021). For example, the
weakening of the AMOC has been associated with a northward
shift in the warm Gulf Stream and subsequent reduction in
copepod biomass indices in the Gulf of Maine (Meyer-Gutbrod
et al, 2021). Tt is critical to observe how mobile predators
respond to such bottom-up ecosystem changes driven by
altered circulation patterns. One prevailing hypothesis,
supported by observations, is that predators in the North
Atlantic will shift their ranges north in response to a
northward shift in the distribution of their prey.

It is challenging to measure distributional shifts in wide-
ranging taxa such as baleen whales due, in part, to their cryptic
and migratory nature. Passive acoustic monitoring (PAM) is
now commonly used to study the distribution of many whale
species over various temporal (hours to years) and spatial (10 to
10,000 km) scales. PAM can provide information on whale
acoustic occurrence in remote locations, during hours of
darkness, and during weather conditions that limit visual
monitoring methods (e.g., Stafford et al., 1999; Nieukirk et al.,
2004; Sirovic¢ et al., 2004; Munger et al., 2005; Stafford et al.,
2007). PAM has provided valuable insights into the distribution
of whales by, for example, identifying migratory routes (e.g.,
Stevick et al, 2011), characterizing the distribution of cryptic
species (e.g., Klinck et al.,, 2012; Stanistreet et al., 2017;
Hildebrand et al., 2019), and explaining variability in habitat
use (e.g., Wiggins, 2003; Moore et al., 2006; Baumgartner and
Fratantoni, 2008; Bittencourt et al., 2016; Davis et al., 2017).
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Information about variation in the distribution of North
Atlantic right whales (NARWSs), Eubalaena glacialis, throughout
their range is essential for the mitigation of anthropogenic
threats that pose significant barriers to the survival of the
species (Pace et al., 2017). This species suffers from low
reproductive rates, likely driven by a combination of climate-
induced reduction in prey availability, anthropogenic stressors
and high mortality predominantly caused by vessel strikes and
fishing gear entanglements (Knowlton and Kraus, 2001;
Vanderlaan and Taggart, 2007; Conn and Silber, 2013; van der
Hoop et al., 2013; Meyer-Gutbrod et al,, 2015; Daoust et al.,
2017; van der Hoop et al., 2017; Meyer-Gutbrod and Greene,
2017; Bourque et al., 2020; Moore et al., 2021). In July 2020, the
International Union for the Conservation of Nature changed the
NARW status to Critically Endangered due to the declining
population trend and consistently high mortality rate from
human activities (Cooke, 2020). If these high mortality and
low reproductive rates continue, the rate of population decline of
~5.3% per year is not sustainable and the species could be
functionally extinct within the next 30 years (i.e., no more
breeding females; Meyer-Gutbrod et al., 2018).

NARW survey efforts span the eastern Continental Shelf of
North America from the calving grounds off southeast USA (i.e.,
Georgia and Florida) to the feeding grounds off Northeast USA
(i.e., New England) and Atlantic Canada. However, the
historically observed and modeled geographic distribution
extends north of Newfoundland to Greenland, Iceland, and
Norway (Lien et al., 1989; Knowlton et al., 1992; Reeves, 2001;
Jacobsen et al., 2004; Mellinger et al., 2011; Monsarrat et al.,
2015). NARWs were acoustically detected in southern
Greenland waters between May and December of 2007 and
2008, but most consistently between July and August (Mellinger
et al,, 2011; Davis et al, 2017). Although NARWSs have been
sighted on the continental shelf along the Labrador and
Newfoundland coasts (Hay, 1982; Lien et al., 1989), two large-
scale aerial visual surveys of marine megafauna in Canadian
waters in the northwest Atlantic in 2007 and 2015 yielded no
NARW sightings (Lawson and Gosselin, 2009). Since then, no
comprehensive NARW survey efforts (visual or acoustic) have
been conducted in these northern Canadian waters.

NARW occurrence and movement from the Gulf of Maine
northward are strongly influenced by the abundance and
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distribution of their preferred prey (Pendleton et al., 2009;
Pershing et al., 2009; Record et al., 2019), lipid-rich copepods
of the genus Calanus (Kann and Wishner, 1995; Baumgartner
et al., 2003). The reduced NARW occurrence observed in Great
South Channel and Roseway Basin in the 1990s (Kenney, 2001;
Patrician and Kenney, 2010a; Davies et al., 2015; Davies et al.,
2019; Meyer-Gutbrod et al.,, 2022) and in the Gulf of Maine, Bay
of Fundy, and Roseway Basin, in the 2010s (Davis et al., 2017;
Grieve et al., 2017; Johnson et al.,, 2017; Meyer-Gutbrod and
Greene, 2017; Hayes et al.,, 2018; Record et al., 2019; Meyer-
Gutbrod et al., 2021; Meyer-Gutbrod et al., 2022) has been linked
to decadal-scale reductions in the availability of NARW
temperate prey, Calanus finmarchicus, in and around these
habitats. Since 2010, NARW occurrence decreased
precipitously in their critical habitats in the Gulf of Maine and
on the Scotian Shelf, and increased in the Gulf of St. Lawrence
(GSL; Khan et al., 2014; Pettis and Hamilton, 2015; Pettis and
Hamilton, 2016; Meyer-Gutbrod et al., 2018; Davies et al., 2019;
Record et al., 2019; Simard et al,, 2019). It is possible that the
declining availability of prey of the 2010s has driven the
northward expansion of NARW range into more suitable
foraging areas (Meyer-Gutbrod et al., 2021; 2022).

Since 2015, NARW occurrence increased in the Gulf of St.
Lawrence (GSL), a previously underutilized habitat (Khan
et al., 2014; Pettis and Hamilton, 2015; Pettis and Hamilton,
2016; Meyer-Gutbrod et al., 2018; Davies et al., 2019; Record
et al., 2019; Simard et al., 2019). Between 2015 and 2019, 40%
of the population has been observed in the GSL annually
between May and December, but in higher numbers between
June and October (Crowe et al., 2021). The whereabouts of the
remainder of the population are largely unknown, but could
include other regions in Atlantic Canada, such as the more
northern waters of Newfoundland and Labrador. Although
visual and acoustic survey efforts have drastically increased
since 2015, between 2015 and 2017 they were largely
concentrated when and where NARW are known to occur.
Therefore, NARW distribution outside known Canadian
Critical Habitats (i.e., Roseway Basin and Grand Manan
Basin) and the GSL is poorly described for this period and
remains so today. Unmitigated risks, such as those from
fisheries and vessel traffic, in unidentified high-use habitats,
may pose a significant barrier to NARW survival and recovery.
For example, the increase in NARW presence in the GSL and
the initial lack of NARW protection measures amplified the
risk of entanglement and vessel strike in the region. This
contributed to an unusually severe mortality event in 2017,
when at least 12 whales died and five were entangled in fishing
gear. Since then, at least 9 additional NARWs have died in
Canadian waters (Daoust et al., 2017; Bourque et al., 2020).
Identifying where and when NARWs occur within the species’
range is needed to respond rapidly to distributional changes
and improve our ability to successfully mitigate anthropogenic
threats to the species.
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The objective of this study is to provide information on the
large-scale spatial and temporal variation in NARW occurrence
in Atlantic Canadian waters between 2015 through 2017 using a
comprehensive PAM network with coverage spanning multiple
ecosystems, from the north-temperate Scotian Shelf to the
subarctic Labrador Sea. In addition, this work aims to identify
previously unknown NARW migratory corridors and high-
use habitats.

Methods
Data collection

Acoustic data were collected in Atlantic Canadian waters
during 2015 through 2017. Various acoustic recording devices
were deployed by five different organizations: Autonomous
Multichannel Acoustic Recorders (AMARs; JASCO Applied
Sciences) were deployed by Fisheries and Oceans Canada
(DFO) Maritimes Region, JASCO Applied Sciences, and
Dalhousie University; Multi-Electronic Autonomous
Underwater Recorders for Acoustic Listening (AURALSs;
Multi-Electronique) were deployed by DFO Newfoundland
and Labrador Region; Slocum gliders (Teledyne-Webb
Research) equipped with a digital acoustic monitoring
instrument (DMON; Johnson and Hurst, 2007) were deployed
by Dalhousie University. Recorders collected data either
continuously or were duty cycled using various sampling rates
and recording schedules (Supplementary Table 1). Some PAM
moorings were placed to investigate NARW occurrence in
known habitats (e.g., Roseway Basin and Emerald Basin;
Figure 1), while other locations were chosen to monitor
cetacean species at risk in general (e.g., Moors-Murphy et al.,
2018), or to characterize broad-scale ambient and anthropogenic
noise and address knowledge gaps in marine mammal
distribution off eastern Canada, as was the case for the 38
deployments funded by the Environmental Studies Research
Fund program (ESRF; Delarue et al., 2018). Although the
detection range of each recording system will vary based on
make, location and oceanographic conditions, we assumed a
detection range of 10-30 km (Laurinolli et al.,, 2003;
Baumgartner et al,, 2019; Baumgartner et al., 2020; Johnson
et al., 2020).

Data were analysed for 80 deployments from two types of
PAM platforms: 13 from acoustic gliders and 67 from PAM
moorings (Supplementary Table 1). These deployments spanned
38 unique recording stations; some stations had multiple
deployments over the study period (Figure 2 and
Supplementary Figure 1). The recording periods of each
deployment include the first through to the last full 24 hr days
of available recordings for the deployment (i.e., if the
deployment started midday, the first full-recording day starts
at midnight after the deployment). All ESRF and DFO
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FIGURE 1

Areas discussed in this paper, including Canadian Critical Habitats designated for the North Atlantic right whale (DFO 2014) and general
aggregation area in the southern Gulf of Saint Lawrence (sGSL). Bathymetry data sourced from the NOAA National Geophysical Data Center.
2009: ETOPOL1 1 Arc-Minute Global Relief Model. NOAA National Centers for Environmental Information. Accessed 2022-02-06.

Maritimes Region moorings spanned the 2015-2016 and 2016-
2017 recording periods, with a few exceptions due to equipment
failure or loss at sea (Supplementary Table 1). For stations
spanning multiple recording periods, these recording systems
were deployed in the same location, except for Station 7, which
was moved 210 km east of the 2015-2016 location, north of the
Flemish Pass to provide additional monitoring of northern
bottlenose whales (Delarue et al., 2018). Additionally, one
glider deployment traversed both Emerald and Roseway Basin
and thus was divided into Stations 33 and 36 (Figure 2). The 38
stations were divided among 11 geographic recording regions of
Atlantic Canadian waters based on areas potentially important
to NARWs, such as feeding habitats and/or migratory corridors,
as well as geographical context (Figure 2). The geographic
recording regions are presented, south to north and west to
east, relative to the coastline as follows: Bay of Fundy (BOEF),
Western Scotian Shelf (WSS), Eastern Scotian Shelf (ESS),
Grand Bank (GB), Southern Newfoundland (SNL), Cabot
Strait (CSt), Southern GSL (sGSL), Western Newfoundland
(WNL), Strait of Belle Isle (StBI), Eastern Newfoundland
(ENL), and Labrador Coast (Lab). Due to the large-scale
collaborative effort of this study, the available recording effort
in each region is temporally and spatially inconsistent; the
number of recording systems in each region ranged from one
to 16 over the study period (Supplementary Figure 1).
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Data processing and analysis

The acoustic recordings were processed and analysed for the
presence of NARW upcalls. The upcall has been used extensively
to detect the presence of NARWs across their range (e.g., Van
Parijs et al., 2009; Davis et al, 2017). It is a communication
sound between 50-300Hz and is produced by both sexes and all
age classes of the species (Parks and Tyack, 2005). Data
processing followed the protocol described by Davis et al
(2017); recordings were processed using the low-frequency
detection and classification system (LFDCS; Baumgartner and
Mussoline, 2011), software designed to automate the detection
and classification of NARW upcalls (‘auto-detections’) from the
raw acoustic data. In brief, the LFDCS down-samples raw
acoustic data to a 2 kHz sampling rate, computes a
spectrogram, conditions the spectrogram by removing
continuous noise, draws pitch tracks through tonal sounds,
and then uses discriminant function analysis to compare pitch
tracks to a library of known upcalls. This call library was that
used in Davis et al. (2017) and did not include upcalls recorded
in Canadian waters. However, this protocol and library have
been used in Canadian waters since 2014 to classify and detect
NARW upcalls (Johnson, 2022) with no indication that the
characteristics of NARW upcalls differ among Canadian and
United States” waters. All auto-detections were reviewed by
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The 38 PAM recording stations analysed in this study. Orange, black and yellow closed circles indicate moored stations available for the 2015-
2016, 2016-2017 periods, or both, respectively. Black and orange lines indicate glider survey tracks (stations 27, 33, and 36). The glider survey
spanning stations 33 and 36 was divided by the red line observed on the map. Stations 38, 35, and 32 are located in Grand Manan Critical
Habitat, Roseway Basin Critical Habitat and Emerald Basins, respectively. The recording regions are outlined by blue polygons and labeled from
North to South as follows; Lab, Labrador Coast; ENL, Eastern Newfoundland; StBI, Strait of Belle Isle; WNL, Western Newfoundland; sGSL,
Southern Gulf of Saint Lawrence; CSt, Cabot Strait; SNL, Southern Newfoundland; GB, Grand Bank; ESS, Eastern Scotian Shelf; WSS, Western
Scotian Shelf and BOF, Bay of Fundy. The 300 m isobath is shown in light grey

trained analysts (two of the authors) through aural and visual
inspection of spectrograms using the LFDCS user interface.
Given the overlap in the sound repertoires of the NARW and
humpback whale (Megaptera novaeangliae; Waite et al., 2003),
we co-opted the standardized and documented LFDCS analyst
protocol (see reference guide dcs.whoi.edu/#protocol) developed
by the National Oceanic and Atmospheric Administration’s
Northeast Fisheries Science Center Passive Acoustics Group
and Woods Hole Oceanographic Institution (Baumgartner
et al., 2019; Baumgartner et al., 2020) to distinguish between
the two species. NARW upcalls tend to occur irregularly while
humpback sounds often occur in repetitive patterns sometimes
associated with songs, especially from fall to spring (Waite et al.,
2003). These songs can include upsweep sounds very similar to
the NARW upcalls. Although humpback whales produce sounds
that are not always in a pattern, the protocol characterized
humpback whale occurrence by the presence of patterned
tonal and upsweep sounds. If potential upcalls coincided with
humpback whale presence within a 24 hr period, upcalls were
validated as a NARW detection if, and only if, they were out of
pattern with the other tonal/upsweep sounds, at a different
amplitude, and/or if other characteristic NARW sounds were
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present (e.g., gunshots; Clark, 1982; Parks, 2003; Parks and
Tyack, 2005; Mellinger et al., 2007b). If the potential upcall
could not be discerned from the pattern, then the call was
dismissed as “incorrect” or conservatively as “unknown” and
was not included in further analysis. Only the auto-detections
confirmed to be true NARW upcall, hereafter ‘detections’, were
used in the subsequent analysis; false auto-detections (false
positives) were discarded. With every auto-detection manually
validated and all false positives removed, all remaining
detections were considered correct.

To evaluate the rate of false negatives (i.e., how often the
LFDCS missed NARW upcalls), we calculated the LFDCS Recall
using previous analysis of the ESRF recordings (Delarue et al.,
2022). Determining Recall for all recordings via a systematic
analysis was beyond the scope of the present work, however
great insight can be gained by utilizing previous work. Delarue et
al. (2018; 2022) manually reviewed a subset (825 hrs) of the
ESRF recordings, spread across stations and time of year, for the
presence of multiple species, including NARWs (ADSV method;
Kowarski et al., 2021). The LFDCS upcall detections were
compared to these manual results to calculate per file Recall
for each ESRF recording station and recording period (Equation

frontiersin.org
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1), where acoustic files with both manual and auto-detections
were true positives and files with manual detections, but no auto-
detections, were false negatives.

Recall = True Positives

(True Positives + False Negatives) Equation 1

The daily presence of NARW upcalls, defined as any day
with at least one validated NARW upcall, was used as the unit of
measurement for NARW presence in this study. The temporal
variability in recording effort was assessed using recording days,
defined as the total number of active recorders on a given
calendar day at a defined spatial scale (e.g., recording region).
For example, if there were three active recorders on 01 January
2016 within a recording region, there were three recording days
for that calendar day. Statistics on NARW presence were derived
over three spatial scales (recording station, recording region, or
aggregated across the entire study area) and two temporal scales
(weekly, monthly). To do this, all recording days within the
defined spatial and temporal scales were tallied to calculate the
number of calendar days with at least one recording day with a
NARW detection. For example, if there were three active
recorders on 01 January 2016 within a recording region all of
which detected NARW upcalls, this would count as only one day
with NARW presence in that region.

Temporal and spatial patterns in NARW presence were
explored in several ways. The timing and duration of NARW
occupancy were defined using the number of consecutive
months with acoustic presence at each spatial scale. Seasonal
NARW occurrence was first examined over the entire study area,
all years combined, and a sensitivity analysis was performed to
assess the effect of variable recording effort (i.e., recording days)
on NARW occurrence across the study area (see Supplementary
2). Variability in the weekly and monthly NARW presence,
among years, was compared among regions to examine seasonal
distribution and potential migratory patterns along a latitudinal
gradient between 42°N and 57°N. Variability in weekly presence,
among years, was then compared among recording stations
within each recording region to explore potential unknown
high-use habitats. Periods of NARW acoustic presence were
categorised as persistent (two consecutive weeks each with at
least three days with NARW presence), sporadic (two
consecutive weeks each with at least one day with presence),
or rare (only one day with presence during non-
consecutive weeks).

Seasonal and spatial distribution patterns were further
examined by calculating the detection rate of NARWSs during
the different quarters of the calendar year (Ql: January,
February, March; Q2: April, May, June; Q3: July, August,
September; Q4: October, November, December). For this
analysis we assume years are independent. As above, these
statistics were calculated by aggregating (i.e., tallying) the data
at the spatial scale selected. The number of days per month with
at least one recording day with a detection was divided by the
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number of days with at least one recording day (across all
recorders included). Quarterly medians were then calculated
over all months with recording effort independent of the
recording years. This quarterly NARW detection rate was
calculated for each of the 11 recording regions and among
three broad-scale shelf domains where NARWSs were detected,
defined below. The ‘known” NARW domain, where NARWs
have been known to occur regularly, included three regions: ESS,
WSS, and BOF. These southern regions included NARW
Canadian Critical Habitats: Grand Manan Basin and Roseway
Basin (Figure 1). The sGSL was omitted from this final analysis
due to limited recording effort, but its occupancy period was
previously defined by Simard et al. (2019). The ‘transition’
domain, the hypothesized migratory corridor where NARW
presence is sporadic, included one region, CSt. The ‘northern’
domain, where NARW:  are rarely present, included two regions:
StBI, and GB.

Results

A total of 18,400 recording days were included in this study;
NARWSs were acoustically present on 589 of these recording days
(3%; Figure 3). NARW were present on 42 of the 80 deployments
analysed (52%), on 24 of the 38 PAM recording stations (63%),
and in eight of the 11 recording regions (Figure 4). NARWs were
detected in Atlantic Canadian waters during all months of the
year (Figure 3A). However, the increased acoustic presence in
the latter half of the calendar year suggests NARW presence
varies with season; the majority of upcalls were detected from
June through December (seven consecutive months with >50%
daily presence; Figure 3A). A test with multiple random
permutations of the daily presence data showed that the
seasonal signal was not sensitive to the effort variation across
all recording regions but was sensitive to the limited recording
effort in the sGSL (Supplementary 2; Supplementary Figure 2;
Figure 4). The period with the greatest spatial extent of acoustic
presence throughout the entire study area was from mid-August
to mid-October (Figure 5).

Within a calendar year, the earliest NARW detections
occurred in the most southerly regions: ESS, WSS and BOF
(Figures 4, 5). In the BOF, 481 recording days were analyzed
from two Stations (37 and 38) with the same recording effort
from 27 August 2015 to 27 April 2016. Daily presence at
Station 37 was sporadic from the start of the deployment
through November 2015 (10% of recording days with
presence; Supplementary Figure 4). NARWs were detected
on one day (21 January 2016) at Station 38. NARWs were
present in every month on the Scotian Shelf, except for
March on the WSS and April on the ESS. Furthermore,
within both Scotian Shelf regions, presence was lower in
2017 relative to 2015 and 2016, especially from August
through December.
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number of recording days across all recorders and years analysed for this study. Recording days are defined as the total number of active
recorders on a given day (e.g., if there were three active recorders on 1 January 2016, there were three recording days for that day).

Daily presence in the WSS was sporadic during the first five
months of the calendar year but persistent from June through
December (Figure 4). The WSS recording effort consisted of a
mooring and glider deployment in Emerald Basin (EB; Station
32 and 33), Roseway Basin (RB; Station 35 and 36), and Station
34 on the continental slope (>1500 m; Figure 2, Supplementary
Figure 1). Daily presence in RB was more persistent during the
periods of recording in 2015 and 2016 compared to 2017 (73, 68
and 13% of recording days, respectively; Supplementary
Figure 4). In contrast, daily presence in EB was generally
sporadic throughout 2015, 2016, and 2017 (24, 11, and 7% of
recording days with NARW, respectively; Supplementary
Figure 4). Glider and moored hydrophone data showed similar
patterns within periods of overlapping effort among RB (Station
35 and 36; 29 July 2015 to 03 September 2015) and EB (Stations
32 and 33; 28 July 2015 to 22 August 2015, 11 September 2015 to
03 October 2015, 28 October 2015 to 16 November 2015, 23
January 2016 to 10 February 2016, and 17 September 2016 to 11
October 2016). The only exception was the first EB-glider
deployment in Station 33 in 2015, during which NARWs were
detected on more days compared to the EB moored deployment
in Station 32 during the same period (28 July 2015 to 22 August
2015). The January-February 2016 deployment in Station 33 was
the only glider deployment that did not detect NARWSs, however
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NARWS also were not detected in Station 32 during this period
(January 2016 to 10 February 2016). Station 34 on the
continental slope had only one day in June 2017 with
acoustic detections.

Daily presence was lower in the ESS, despite the greater
recording effort compared to the WSS (2,226 recording days
compared to 2,008). NARW occurrence was concentrated at
Stations 30 and 28 (on 6 and 5% of recording days, respectively;
Supplementary Figure 4) where daily presence ranged from
sporadic to at times rare. Stations 31 on the continental slope
(>1500 m) recorded 6 days of acoustic presence in June 2017.

Daily presence in the CSt started in early May and was
sporadic until mid-December (Figure 4). Though more
recorders were deployed in this region (4,335 recording days)
relative to other recording regions, NARW presence was never
persistent, with only 1% of recording days with NARW presence.
In 2017, NARWs were detected in this region on only two days
in May and one day in July.

NARWS were detected in the sGSL and StBI, two of the three
regions within the GSL. The only acoustic data available for this
study in the sGSL was one 109 day-long glider deployment in
June through mid-September 2017 (Station 27). Like the glider
deployments on the WSS, acoustic occurrence in the sGSL was
persistent, from June through September, on 78% of recording
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FIGURE 4

The number of days per week with at least one NARW upcall detection by region (rows) and year (columns). Light grey polygons indicate
periods with no recording effort in that region. Refer to Figure 2 for the location of regions; Labrador Coast (Lab), Eastern Newfoundland (ENL),

Strait of Belle Isle

(StBI), Western Newfoundland (WNL), Grand Bank (GB), Southern Newfoundland (SNL), Cabot Strait (CSt), southern Gulf of

Saint Lawrence (sGSL), Eastern Scotian Shelf (ESS), Western Scotian Shelf (WSS), and Bay of Fundy (BOF).

days (Figure 4). At the entrance of the GSL in the CSt, Station 19
had only two short deployments at the end of June through July
2015 and in July through August 2017 for a total of 96 recording
days (Supplementary Figure 1); NARWs were detected in June
and July on 5 recording days. At the northern entrance of the
GSL, NARW presence in the StBI (Station 8) occurred as early as
mid-August and as late as mid-October, corresponding to the
period with the greatest spatial extent of acoustic presence
throughout the entire study area (Figure 5). Despite the
continuous recording effort in the StBI, NARWs were only
detected on 2% of 699 recording days and were not detected
in 2015 or in 2017. In the WNL (Station 9), no NARWs were
detected during the 2015-2016 recording period (253
recording days).

In and around the Newfoundland and Labrador regions,
NARWSs were only detected on 14 July 2017 on both month-long
recordings at Stations 17 and 18 in the SNL (end of June to end
of August 2017 and end of June to end of July 2017 respectively;
Figure 4). However, there were detections on six days in the GB
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(0.2% of recording days) between August and early December.
Acoustic presence was detected at two of the 10 Stations in this
region, Stations 15 and 12 (Supplementary Figure 4). Station 15
was one of three in GB at a depth >300 m but the only one with
NARW presence. The two most northerly regions in this
analysis, the ENL and Lab on the Labrador Shelf, contained no
confirmed NARW acoustic occurrence (Figure 4). Of the seven
Stations in the ENL and Lab, four were located off the
continental shelf at depths >300 m. The Lab Stations 1 and 2
cumulatively contained three days in March and two in April of
2016 as well as three days in April and one day in February of
2017 with ‘possible’ NARW upcalls among sea-ice ambient
noise. The ‘possible’ score was assigned due to the presence of
other marine mammals that make calls similar to and/or within
the same frequency band as NARWs (e.g., humpback whales,
bowhead whales, and bearded seals; Delarue et al., 2018).

The quarterly medians of the NARW detection rate further
indicate spatial variation and seasonal patterns among recording
regions and among the three broad-scale domains (Figure 6). Of
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the 11 regions, seven had at least one quarter with a median
above zero (Figure 6A). The highest medians were during Q3
(July through September) in the sGSL, WSS, and BOF (0.94,
0.48, and 0.37 respectively). Despite the variability in recording
effort (Supplementary Figure 1), NARW acoustic occurrence
was generally highest in the known’ domain (ESS, WSS, and
BOF), diminished in the ‘transition’ domain (CSt), and was rare
north of CSt in the ‘northern domain’ (Figure 6B).

The LFDCS per file Recall could only be calculated at
stations that contained confirmed NARW occurrence during
the manual analysis of the subsampled ESRF recording stations.
The Recall was 1.00 (i.e., all files containing NARW upcalls were
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captured by the LEDCS) for all stations but Station 22 during the
2015-2016 recording period (Supplementary Table 2). Within
the subsampled manual analysis at this station, NARWs were
manually detected on 16 and 17 September 2015, but only
detected by the LFDCS on 16 September.

Discussion

In this study, we document spatial and temporal variation of
NARW presence in Canadian waters during a period in which
the NARW distribution, northward of the Gulf of Maine, was
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FIGURE 6

Quiarterly median of monthly effort-corrected NARW acoustic detection rate among (A) different regions and (B) the different domains;
“Northern Range” domain included StBI, WNL, GB, “Transition” domain included CSt, and the “Known" domain included ESS, WSS, and BOF.
Yearly quarters defined as Q1; January — March, Q2; April — June, Q3; July — September, Q4; October — December. Bordered cells highlight
quarters when and where NARW were detected on at least one recording day.

changing, with relatively little visual survey effort in Canadian
waters and only a portion of the known NARW population
sighted. It therefore provides critical insights into what may have
occurred during the transition period towards more consistent
NARW distribution in Canadian waters. In this study, from
2015-2017, NARWs were detected throughout the calendar year,
with the greatest occurrence on the Scotian Shelf, year-round,
and in the central recording regions of eastern Canada (such as
around the CSt and in the GSL) from May to December. Higher
overall acoustic presence relative to the StBI suggests that the CSt
is likely the primary NARW migratory corridor into and out of
the GSL. The lack of acoustic presence off northern
Newfoundland and eastern Labrador in this study suggests
that the geographic distribution of the species between 2015
and 2017 was constrained to temperate regions.

Detector performance and assumptions

While the data provide novel insights into NARW
distribution, there are important caveats. The current analysis
assumes an equal probability of detecting a NARW among all
regions and monitoring platforms. Variation may exist as a
result of differences among monitoring platforms (gliders versus
moorings provide different coverage in time and space),
recording systems, their detection ranges, and deployment
locations, bathymetry and environmental conditions
(including anthropogenic activities and associated noise), the
vocal behaviours and calling rates of the animals, and the
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accuracy and reliability of the auto-detector (Baumgartner and
Mussoline, 2011; Davis et al., 2017; Johnson et al., 2020).

With all false positives manually removed, the auto-
detector-guided results presented here can be considered a
true minimum representation of NARW acoustic occurrence,
but the likelihood of underestimating the species’ occurrence
should be considered. Davis et al. (2017) found the LFDCS to
have a daily missed NARW auto-detection rate of ~25%, but
acknowledged that such auto-detector performance metrics vary
by stations. We found that the LFDCS auto-detector does not
always capture every instance of manually confirmed NARW,
depending on the year and station analyzed, and that this may be
accentuated in areas where whale vocalizations are sporadic or
rare (as in migratory corridors). While we did not determine
Recall for all deployments included in the present study, false
negatives are not expected to be an important issue for this
broad-scale analysis because NARW presence is quantified at
daily, weekly, monthly, and seasonal time scales and Recall tends
to increase with longer timeframes (e.g., Kowarski, 2020). In fact,
although the LFDCS auto-detector did not detect NARW upcalls
on one of two days of the subsampled manual analysis, NARW
upcalls were auto-detected by the LFDCS on both days during
periods that were not included in the subsampled analysis.
Furthermore, in an analysis of 825 hr of ESRF recordings for
the acoustic presence of marine mammals, Delarue et al. (2018)
similarly concluded NARWSs were rare or absent from the more
northern regions. This further illustrates that the patterns
observed in the current study were not an artifact of
detector performance.
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It is possible that NARW presence was missed if the whales
were not producing upcalls near the recorders during the
recording periods, were producing other vocalization types not
targeted in the present analysis (e.g., gunshots, moans; Van
Parijs et al., 2009; Durette-Morin et al., 2019), or were outside of
the detection range of the recorders. NARW calling rates may
vary by season and behavioral state (e.g., travelling, socializing,
feeding, calving, group size; Clark, 1983; Parks et al, 2011;
Durette-Morin et al., 2019; Franklin, 2022). However it is not
possible to control for these factors in this study. Furthermore,
although the general trends of NARW distribution in this study
are similar to those from NARW sightings, stations with rare
detections (e.g., Station 12 in the GB) should be interpreted with
caution as there could be confounding presence of humpback
whales call types, or other species, that were not considered with
the analysis protocol used.

This study aggregated data from multiple research programs
with variable survey objectives and equipment, therefore, we
could not control for the recording periods and duty cycles that
varied among deployments. However, we assume each recorder
has the minimum recording effort each day needed to detect
minimum NARW presence as the majority (71 of 81)
deployments were duty cycled at 50% or more (mean = 0.535,
var = 0.093). The ten other deployments were sampled between
0.33 and 0.40 (Stations 14, 20, 23, and 24), with only one notable
exception sampled at 0.16 (Station 12). Subsampling is a
consequence of duty cycle, and therefore can reduce the
probability of detecting whales (Sousa-Lima et al., 2013;
Thomisch et al.,, 2015), however, we assume that the reduction
in detection is negligible given that the units of measurement for
NARW presence in this study were on daily, weekly and
monthly scales, rather than an hourly rate. Furthermore, in
the present study, only one true NARW upcall was needed as a
criterion to characterize NARW presence on any day, as was
done for duty cycled recorders by Davis et al. (2017).
Nevertheless, the results must be interpreted with caution,
especially for recorders in areas where calling activity may
be rare.

Due to the finite number of recording systems contributed
from various projects, the defined region polygons (Figure 2)
include areas not covered by the assumed detection range of the
recorders (i.e., 10-30 km; Laurinolli et al., 2003; Baumgartner
et al., 2019; Baumgartner et al., 2020; Johnson et al., 2020). For
example, there was no coverage of the inshore waters of
Newfoundland and Labrador (ENL and LAB) while some
regions contained only one to two recording stations (e.g.,
StBI, WNL, and SNL). In such cases, it is possible whale
presence was missed if the whales were calling outside of the
recording range of the recorders. In the WSS, glider deployments
surveyed in and around the Roseway and Emerald Basins and
are assumed to be representative of the surveyed area in general.
Given whale movement, the effective monitoring range over the
recording periods at each station will be much larger than the
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assumed detection range of the recorders as whales continuously
move in and out of the detection range over time (Baumgartner
et al,, 2019; Johnson et al., 2020). Additionally, it is possible that
the glider moves in and out of the detection range relative to the
whales. Nevertheless, although the recording systems do not
cover all possible areas where whales could be present, the data
presented in this study remain the most comprehensive effort in
Canadian waters for that period.

Seasonal distribution in northern
Canadian waters

The monitoring efforts in this study are complementary to
that of Davis et al. (2017), which characterized NARW
distribution primarily along the eastern seaboard of the United
States. Although the northernmost recording stations of the
Davis et al. (2017) study (Iceland and Greenland in 2007) were
in historical habitats of the NARW northern range, the coverage
into Canadian waters extended only as far north as the Scotian
Shelf in 2014. The influx of NARW into the GSL, since 2015,
likely represents a northward expansion of the NARW
distribution into a previously less-utilized portion of the
foraging range (Simard et al,, 2019; Meyer-Gutbrod et al,
2021), but little is known of NARW occurrence in Canadian
waters, north of the GSL. Our study shows that in Canadian
waters during 2015 and 2017, NARWs occurred consistently as
far north as the GSL, west of 55 W longitude, but were not
detected on the Newfoundland Shelf. This was true even during
the summertime peak (July-September) NARW occupancy
period in Canadian waters when subarctic waters are ice-free
and can produce high abundances of NARW prey (Environment
Canada, 2011; Head et al.,, 2013; Pepin et al.,, 2013). Although,
the study does not cover all possible areas on the Newfoundland
and Labrador shelves, particularly the inshore waters of the
north and east coasts of Newfoundland, it is probable that
NARWSs were not present on the shelf in large numbers
during this study, but that dispersed roaming individuals
travel through these waters. Alternatively, NARWs may have
started frequenting the Newfoundland and Labrador shelves
more regularly after 2017; at least one NARW was sighted
along the northern coast of Newfoundland on 29 September
2019 (Lawson unpubl. data), four near the Newfoundland north
and east coasts in November 2021 (Lawson unpubl. data), and
one along the southwest coast of Iceland on 23 July 2018
(Johnson et al., 2021).

Although this data did not contain recorders outside
Canadian waters, the lack of definite acoustic presence
reported in this study in subarctic waters around northern
Newfoundland and Labrador suggests that the northern range
of the species was largely focused on temperate waters during
this period. This suggests that few NARWs travel as far north as
the estimated distribution of their preferred prey, Calanus spp.,
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which extends into arctic waters (Conover, 1988; Melle et al.,
2014; Record et al,, 2018). Documented forays by individuals
into sub-zero Celsius waters of the GSL and higher latitudes
indicates thermal tolerance should not be a constraint, which is
corroborated by models suggesting healthy baleen whales are
over-insulated (Kanwisher and Ridgway, 1983; Hokkanen, 1990;
Favilla et al., 2021). However, NARWs have thinner blubber
layers and poorer body conditions compared to the southern
right whale species (Christiansen et al., 2022). NARWSs may only
travel north until they find the first suitable feeding habitat.
Further prey search may be too energetically costly and reduce
the potential for social interactions or, in the case of mother-calf
pairs, expose the calf to potential predators.

The ability of NARWSs to meet their metabolic requirements
is critically dependent on the presence of high-density patches of
their prey (Baumgartner et al.,, 2007). These prey aggregations
are influenced by processes that affect supply (e.g., advection,
production; Sorochan et al., 2021). Climate change is altering
these processes dramatically in the North Atlantic, which is
affecting the spatial and temporal variation of prey abundance
(Richardson, 2008; Grieve et al., 2017; Record et al., 2019;
Pershing and Stamieszkin, 2020). If the regional declining
trend in C. finmarchicus abundance continues, NARWs may
migrate further north in search of prey, which would represent a
shift in the ecological niche for this species.

Given that less than half of the NARW population has been
sighted in the GSL beginning in May through December, locating
the remaining portion of the population during the summer
season (June-August) is critical (Crowe et al., 2021). While this
present study did not show evidence of unidentified high-use
habitats in Canadian waters, summertime (August) NARW
aggregations have been observed south of the Gulf of Maine in
the Nantucket Shoals region, suggesting the population could be
spread out both north and south of the Gulf of Maine (RWSAS,
n.d. Northeast Fisheries Science Center, 2020; Quintana-Rizzo
et al, 2021). Continued persistent and improved monitoring is
crucial to locate as yet unidentified habitats where whales may be
aggregating (Meyer-Gutbrod et al,, 2018).

Variation in presence within the known
foraging range

Following the distributional shift in 2010, NARW sightings
per unit effort decreased in the Canadian NARW critical habitats
(Meyer-Gutbrod et al., 2021). This has framed an oft-repeated
narrative that NARWSs almost completely abandoned the Grand
Manan Basin and Roseway Basin Critical Habitats (Hamilton
et al, 2007; Batten and Burkill, 2010; Patrician and Kenney,
2010a; van der Hoop et al.,, 2012; Brillant et al., 2015; Davies
et al,, 2015). Davis et al. (2017) reported year-round NARW
occurrence on the Scotian Shelf between 2004 and 2014, but the
occurrence between August and December was lower during the
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2010-2014 period. Our study shows there was year-round
NARW acoustic presence on the Scotian Shelf, particularly
persistent in Roseway Basin during the recording periods in
2015 and 2016. This demonstrates that NARW distribution can
be highly dynamic such that a habitat apparently abandoned in
one year can be fully occupied the next, as was shown by Davis
et al. (2017). This has important implications when interpreting
species occurrence data for management purposes. More
consistent monitoring of Grand Manan Basin Critical Habitat
is needed to understand the current seasonal use of that area.
The persistent NARW occurrence in Emerald Basin in
August and September support previous works suggesting
Emerald Basin is an important NARW habitat (Mellinger
et al, 2007a; Moore, 2017). Additionally, while no other
recording stations had persistent NARW presence to suggest
the existence of a previously unknown high-use habitat, Station
28, had higher NARW presence compared to the rest of the ESS
deployments. Notably, this station is located near an area
predicted to be a suitable feeding habitat by Plourde et al. (2019).

Migratory corridors to the Gulf of St.
Lawrence

The more sustained acoustic presence of NARWs in the CSt,
compared to the StBI, suggests that the CSt is the primary
migratory corridor used by NARWs to enter and exit the GSL.
Though recording effort was higher in the CSt compared to the
StBI, most acoustic presence in the CSt occurred at Station 22. The
similar occupancy period between CSt and GSL indicate NARWSs
continually transit via the CSt throughout the foraging season and
that likely most NARWS identified in the sGSL habitat have used
this corridor each year since at least 2015. Furthermore, the
geographic position of the CSt makes it the shortest route from
the Scotian Shelf into the GSL. Given the narrow entrance to the
GSL, the CSt is a bottleneck for medium to large-sized vessels and
the NARWS, as well as other whale species, and thus, should be
considered as an area of high concern for noise (e.g, Cominelli
et al,, 2020) and vessel strike threat mitigation.

NARW presence was rare to sporadic in migratory corridors
such as the StBI and CSt, as well as the ESS and GB, despite
continuous recording effort. NARW behaviour is the primary
determinant of calling rates (Matthews et al., 2001; Parks et al,
2005; Parks et al., 2011; Matthews et al,, 2014). Although calling rates
of travelling NARWSs remain largely unknown, travelling may lower
the probability of social interactions, which can yield high calling
rates and detections, or reduce the time spent within the detection
range of each hydrophone. Further insights into acoustic behavior of
travelling whales could be obtained by studying concurrent PAM and
visual observations (e.g., Clark et al.,, 2010; Durette-Morin et al., 2019;
Franklin, 2020; 2022). Alternatively, it is possible that the local noise
(ie., vessel noise) reduced detectability. In such regions, NARWS are
far more likely to be detected with continuous monitoring as that
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provided by PAM. Additionally, a greater spatial extent for PAM in
the area would increase the probability of NARW detection.

Conclusions

This study provides a broad-scale characterization of NARW
distribution in Canadian waters for the 2015-2017 period. While
we found no evidence of additional NARW high-use habitats in
Canadian waters outside of previously identified Critical
Habitats and the GSL, NARWSs were acoustically detected as
far south as Bay of Fundy and as far north as the Strait of Belle
Isle. This is crucial information for management of marine
activities and the protection of this species as it indicates that
NARWSs are present in these waters and could be at risk of
anthropogenic activities. Although NARWSs were sighted off the
Newfoundland coast in 2019 and 2021, they were not detected in
our analysis, suggesting the geographic distribution of the
species between 2015 through 2017 may have been
constrained to temperate ecosystems. Given the large
proportion of the NARW population that is not seen each
year, sporadic detections could be important indicators of
further range expansion or represent remnants of historical
range. This study provides a baseline for interpreting future
broad-scale acoustic monitoring in Atlantic Canada, which is
necessary to assess how such predator distribution may respond
to climate-driven shifts of their prey. NARWs occurred between
May and December in the CSt and throughout the year on the
Scotian Shelf, therefore considerations should be given for
protection measures to overlap with these periods of NARW
occurrence in these areas. Considering this species has a
primarily coastal distribution, future evaluation of migration
corridors or presence near shore in Canadian waters would be
best performed with recorder lines extending from the shore to
shelf breaks (e.g., Davis et al., 2017). It is difficult to quantify
distributional shifts in wide-ranging predators due to a lack of
synoptic data across their range, this study highlights the
advantages of PAM in defining broad spatial and temporal
scale distribution of mobile animals in changing oceans.
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