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Abstract The Lower St. Lawrence Seaway (LSLS) is critical to Canada’s economy both as part of a major
marine shipping corridor and a site of intensive fishing. Every year, fin whales and blue whales frequent the
LSLS feeding ground. Understanding themechanisms drivingwhale habitat usage is key formaking informed
decisions on shipping and fishing, reducing whale collision risks and mitigating noise pollution. We detect
whales in the LSLS with land seismometers by using a method that relies on the intervals of the regularly
repeating low-frequency calls. The resulting catalogue contains 14 076 fin whale detections and 3739 blue
whale detections between February 2020 and January 2022. These detections follow the overall pattern of
hydrophones, with most detections from fall to early winter in the Estuary and until mid-winter/spring in the
Gulf. High detection rates in the Northwest Gulf throughout thewintermonths demonstrate that this region is
potentially utilized year-round. This labelled cataloguemay be suitable for developing a deep learning-based
whale call detection algorithm. Making use of seismic data and deep learning can increase whale monitoring
coverage within the LSLS and elsewhere.

1 Introduction
TheNorthwestAtlanticfinwhale (Balaenoptera physalus)
and blue whale (Balaenoptera musculus) populations
have been shown to frequent the Lower St. Lawrence
Seaway (LSLS) each year for foraging. Oceanic pro-
cesses in the Gulf and the Estuary create regions of high
biological productivity, with the head of the Laurentian
Channel being the most active region for marine mam-
mals in the LSLS (Simard and Roy, 2018). The North-
west Atlantic blue whale was listed as endangered un-
der the Species at Risk Act in 2005, and the Northwest
Atlantic fin whale was designated a special concern sta-
tus in 2005 by the Committee on the Status of Endan-
geredWildlife in Canada, due to the reduction in popu-
lation sizes by whaling in the 20th century and modern
threats including collision with marine traffic and en-
tanglement in fishing gear (Ramp et al., 2021). As such,
a better understanding of the spatial and temporal dis-
tribution of marine mammals in the LSLS is needed to
inform conservation policies.
Traditionally, whales have been monitored by con-
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ducting visual surveys usingphoto-identification (Ramp
and Sears, 2012; Ramp et al., 2015). This method is
difficult because it is limited by weather conditions,
and costly to conduct (Stafford et al., 2007). Recent re-
mote sensing initiatives using high-resolution satellite
imagery may greatly increase the spatial coverage at
near-real-time for critically endangered whale species
such as the North Atlantic Right Whales (Hodul et al.,
2023). Whales produce many acoustic signals often as-
sociated with either social or foraging functions (Ro-
magosa et al., 2021). Northwest Atlantic fin whales pro-
duce songs consisting of a series of individual call units
ranging in frequency from 18–21 Hz, lasting 1 s, and re-
peated every 10–15 s (Roy et al., 2018). The interval be-
tween consecutive call units is referred to as the inter-
note interval (INI). Similarly, Northwest Atlantic blue
whales also produce songs consisting of a series of in-
dividual tonal A-call units, at slightly lower frequen-
cies ranging from 16–18 Hz, lasting approximately 8 s,
with an INI of 68–78 s (Mellinger and Clark, 2003). In
some cases, a secondary B-call is produced following
the A-call (Simard et al., 2016). These songs with stereo-
typed repetition are believed to act as social/mating

1 SEISMICA | ISSN 2816-9387 | volume 3.2 | 2024

https://doi.org/10.26443/seismica.v3i2.1153
https://orcid.org/0009-0007-5970-4861
https://orcid.org/0000-0002-5323-8077
https://orcid.org/0000-0001-8519-9271
https://orcid.org/0000-0002-8805-9861
https://orcid.org/0000-0002-8956-8879
https://orcid.org/0009-0002-2226-2733


SEISMICA | RESEARCH ARTICLE | Whale Seismology in the LSLS

displays that are only produced by males (Romagosa
et al., 2024; Širović and Oleson, 2022). In addition,
fin whales and blue whales produce intermittent au-
dible 40 Hz calls downsweeping from 75–40 Hz and D-
calls from 90–25 Hz, respectively, on feeding grounds
(Simard et al., 2016; Romagosa et al., 2021; Širović and
Oleson, 2022). The INI and frequency range of whale
songs are distinctive characteristics that vary spatially
and are used to differentiate stocks and populations
(Romagosa et al., 2024). Moreover, acoustic record-
ings from hydrophones deployed in the water have al-
lowedbiologists to better understandgeographic ranges
of whale populations and their habitat usage (Watkins
et al., 2000; Stafford et al., 2007). Hydrophone record-
ings along the LSLS have provided a rich database of
whale activities (Simard et al., 2016; Roy et al., 2018).
Hydrophonemonitoringdemonstrated that bluewhales
and finwhaleswere present year-round from 2010–2016
(Simard et al., 2016) and from 2010–2017 (Roy et al.,
2018) in the Southern Gulf of St. Lawrence, respec-
tively. However, the hydrophone whale call catalogues
are often hindered by the spatial (suitable location)
and temporal (ice-free season) limitations of the hy-
drophone deployment; observations outside the sum-
mer and fallmonths are often sporadic and limited (Roy
et al., 2018). Questions remain about where exactly
Northwest Atlantic whale species go over the winter, as
well as the timing of migration. Previous studies have
suggested that the type of migration in and out of the
St. Lawrence Gulf and Estuary may be complex: it is
unknown whether these fin whale and blue whale pop-
ulations complete a full migration with a predictable,
round-tripmovement of the entire population, or a par-
tial migration where only a fraction of the population
departs, as sea ice accumulates over the winter (Lesage
et al., 2017). Therefore, long term year-round monitor-
ing in widespread locations is necessary to better un-
derstand the seasonal patterns of baleen whale habitat
usage throughout the LSLS.
Many bioacoustic studies apply automated whale

detection methods such as energy detectors (Širović
et al., 2015; Pilkington et al., 2018), spectrogram cor-
relation (Mellinger and Clark, 2000), or matched fil-
tering (Stafford et al., 1998; Weirathmueller et al.,
2017), to increase the efficiency in identifying highly
stereotyped signals in large passive acousticmonitoring
(PAM) datasets. Over the last 20 years, seismic record-
ing devices have been increasingly used as a comple-
mentary tool to monitor marine mammals. Fin whales
and blue whales vocalize powerful ground-shaking low-
frequency calls, comparable to source levels produced
by ship noise (Kuna and Nábělek, 2021). The aver-
age source level of fin whale and blue whale calls
is around 189 dB (re 1µPa at 1 m) over 15–28 Hz and
25–29 Hz, respectively, in the Southern Ocean (Širović
et al., 2007). Several studies have successfully used
ocean bottom seismometer (OBS) networks to detect
whale calls and/or trackwhales globally (Dunn andHer-
nandez, 2009; Wilcock, 2012; Kuna and Nábělek, 2021;
Franek et al., 2017; Matias and Harris, 2015; Bouffaut
et al., 2020; Dréo et al., 2019; Tary et al., 2024; Ryoichi,
2015; Brodie and Dunn, 2015). A first study using dis-

tributed acoustic sensing (DAS) to monitor cetaceans in
the Arctic demonstrates the potential of DAS to provide
real-time monitoring over large spatial scales (tens of
kilometers) with a spatial resolution of only a few me-
ters and finds diverse baleen whale call vocalizations
along the fiber optic cable (Bouffaut et al., 2022). Re-
cently, machine learning methods, particularly deep
learning (DL) based algorithms, have been explored for
the detection of various whale vocalizations, includ-
ing non-stereotyped fin whale 40 Hz and blue whale D-
calls (Rasmussen and Širović, 2021) and finwhale songs
under variable signal context (Madhusudhana et al.,
2021). DL-based algorithms can further improve acous-
tic monitoring, with sufficient annotated datasets for
training and evaluation.
As the sound sources (whales) come closer to the

shorelines, their sound waves can travel across the
water/sediment/bedrock layers to be recorded even at
land seismometers, as recently demonstrated in the
LSLS (Plourde and Nedimović, 2022). Since these land
seismometers operate continuously and record ground
shaking up to 100 Hz, they can complement tradi-
tional whale monitoring methods such as hydrophone
datasets and visual surveys, by providing year-round
monitoring of low-frequency fin whale and blue whale
calls, and identification of coastal whale aggregation re-
gions. In this study we build upon the first land seis-
mometer detection catalogue of fin whales and blue
whales in the LSLS (October 2015 to February 2020),
by analyzing daily seismic waveform data from Febru-
ary 2020 to January 2022, using a method that relies
on the characteristic recurrence intervals of the reg-
ularly repeating low-frequency whale calls developed
by Plourde and Nedimović (2022). Based on the dis-
tribution of whale calls recorded by the seismometers,
we discuss spatial and temporal variations, including
multi-year trends. A sub-sample of detections from a
land seismometer are compared towhale calls collected
from a hydrophone close to the seismometer. Finally,
we discuss how the rich catalogue prepared in this study
can support the development of a deep learning-based
algorithm for whale call detection with potential appli-
cations to OBS datasets in the LSLS and other regions.

2 Data and Methods

2.1 Data Collection
The St. Lawrence River begins as the freshwater outflow
from theGreat Lakes (Ontario). The region downstream
of Ile d’Orléans is known as the St. Lawrence Estuary
and is where the upstream freshwater begins to mix
with North Atlantic Ocean. Pointe-des-Montsmarks the
major opening of the waterway, separating the Estuary
from the Gulf (Fig. 1). Since whales are often observed
as far upstream as the Saguenay Fjord in the Estuary,
we use the available broadband land seismometers be-
tween the Saguenay Fjord and the Gulf of St. Lawrence.
Daily seismic waveform data from February 2020

to January 2022 were retrieved from the IRIS DMC
database, under the Canadian National Seismograph
Network (CN) for six land seismometers in the LSLS:
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Figure 1 Geographic area, seismic stations and hy-
drophone distribution. Black triangles: seismometers used
in this study. White triangles: additional seismometers
used in Plourde and Nedimović (2022) but discontinued
in 2019. Grey triangle: MARS hydrophone. Black square:
Pointe-des-Monts.

RISQ (Rimouski), CNQ (Côte-Nord), SNFQ (Sainte-
Félicité), ICQ (Islets-Carribou), SMQ (St-Marguerite) and
PMAQ (Port Menier Anticosti). RISQ, CNQ and SNFQ
are located in the Estuary, while ICQ, SMQ and PMAQ
are in the Gulf (Fig. 1). Stations ICQ, PMAQ, RISQ,
SNFQuse aNanometricsTrillium 120 sPHPosthole sen-
sor that measured the three-component velocities. The
other two instruments, at CNQ and SMQ, use a Geotech
S-13 short-period sensor that only measured the verti-
cal component. We used all three data components at
stations ICQ, PMAQ, RISQ, SNFQ. Whale calls usually
have very similar vertical and horizontal amplitudes at
onshore seismometers, so we expect that summing all
three-components, to slightly improve SNR. At stations
CNQ and SMQ, we only used the vertical component.
All instruments have frequency responses that are flat
within the 10–32 Hz bands of data processing. All data
were recorded at 100 samples per second (100 Hz), and
instrument response was not removed. Additionally,
acoustic recordings from theUniversity of Québec at Ri-
mouski marine acoustic research station (MARS) were
analyzed for fin and blue whale calls. The MARS hy-
drophone was moored at a water depth of 300 m in the
middle of the Laurentian channel and recorded contin-
uously from August to October 2021.

2.2 Detection Method
We follow the whale call detection method developed
in the previous work using LSLS land seismometer data
from October 2015 to February 2020 (Plourde and Ned-
imović, 2022). This method relies on the characteris-
tic recurrence intervals of the regularly repeating low-
frequency calls, 10–15 s for fin whale 20 Hz calls and
68–78 s for blue whale 16–18 Hz type A-calls (Fig. 2).
Northwest Atlantic fin whale 20 Hz calls and blue whale
A-calls are known to have relatively consistent intervals
(INIs) between individual call units, with songs lasting

up to hours (Roy et al., 2018; Simard et al., 2016). Wave-
forms at land seismometers can pick up on a lot of ex-
ternal noise, and whale calls received at these stations
often have a relatively low amplitude. Due to this, if we
were to evaluate detections on the temporal scale of an
individual call, especially in the case of fin whale calls
which last only ∼1 s, we think that surrounding noise
would trigger detections and increase the likelihood of
false positives. As such, we choose to rely on the recur-
rence intervals ofwhale calls, rather than individual call
detections.
The detection procedure can be divided into 6 steps,

as demonstrated by the example with a fin whale de-
tection at PMAQ below (Fig. 3). The seismogram is
separated into non-overlapping windows of 120 s and
bandpassed between 12–32 Hz (Fig. 3a). Within 120 s
and 720 s time windows multiple individual whale calls
(usually 7–10) are present if a fin or blue whale is vo-
calizing, respectively. This provides sufficient seismic
data for the detection method to recognize the energy
peaks within the frequencies of interest over the recur-
rence intervals. For each 120 s-window, we compute
the power spectrogram A(t, f) from each waveform
(Fig. 3b), and then the whale call index R(t) (Fig. 3c), by
taking the ratio of the sum of energy in the frequency
range of interest (18–21 Hz for fin whales) over the sum
of energy outside this frequency band in the spectro-
gram range, as shown in Equation 1:

(1)R(t) =
∫ f2

f1
A(t, f) df∫ f4

f3
A(t, f) df +

∫ f6
f5

A(t, f) df
,

where the frequency limits f1 to f6 can be found in Ta-
ble S1 of the supplementary material. The whale call
index is an energy detector similar to those described
by Širović et al. (2015) in offshore Southern California
and Pilkington et al. (2018) in the Canadian Pacific wa-
ters. Next, P (t, T ), the secondary power spectrogram is
computed from R(t). W (t) is the periodogram of R(t)
and is computed by taking the ratio of the sum of power
for a period of typical range of whale call internote in-
terval (INI) of 10–13.75 s for fin whales over the sum of
power outside the period range (Fig. 3d). If W (t) > 3.0,
a fin whale detection (FWD) is declared and if there are
at least 5 FWDs in a day, it is classified as “active” or else
“quiet” day. The threshold W (t) value was chosen to
maximize the ratio between the standard deviation and
mean detections per day following Plourde and Nedi-
mović (2022), hence to retain the maximum number of
detections while minimizing the noise contamination
(false positives).

(2)W (t) =
∫ t2

t1
P (t, T ) dT∫ t4

t3
P (t, T ) dT +

∫ t6
t5

P (t, T ) dT
,

where period intervals t1 to t6 can be found in Table S1.
The signal to noise ratio (SNR) is estimated for each fin
whale call from the 18–21 Hz seismogram. P1 (signal)
is the mean-square value of a one-second window cen-
tered on the peak R(t) value and P0 (noise) is the mean-
square value of the three-second window ending at 0.8 s
before that center time.
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Figure 2 Characteristic waveform and spectrogram of a) fin whale calls at station ICQ (spectrogram parameters: STFT at 48
pointswith 85%overlap, 12–32Hz filtered) andb) bluewhale type A-calls recorded at station SNFQ (spectrogramparameters:
STFT at 48 points with 70% overlap, 10–32 Hz filtered). Bottom panels show the zoom-in of the first call within each series
(spectrogramparameters: STFT at 48 pointswith 95%overlap). Note the y-axis unit for thewaveforms is in count. Instrument
response was not removed.

(3)SNR = 10 × log10

(
P1

P0

)
The procedure for blue whale call detection is nearly

identical. Since the intervals between blue whale calls
are much longer (66–76 s) and the frequency range is
slightly lower (16–18.25 Hz), we compute 12 min spec-
trograms between 10–32 Hz. This longer spectrogram
window will have multiple blue whale calls present if it
is vocalizing. Equations 1 and 2 for R(t) and W (t) are
adjusted respectively, to account for the larger INI (Ta-
ble S1). If W (t) > 1.5 a blue whale detection (BWD) is
made, and if there are at least 3 BWDs in a day, it is clas-
sified as an “active” day. The SNR is estimated for each
individual blue whale call from the 16–18.5 Hz seismo-
gram. P1 is the mean-square value of a 4 s window cen-
tered on the peak R(t) value and P0 is the mean-square
value of the window 20 to 5 s before that center time. A
summary of the relevant detection parameters and cri-
teria is listed in Table S1. These user-defined values
are not necessarily optimal and need to be fine tuned
for applications in the detection of other types of whale
calls and/or in other regions. We retain the values cho-
sen by Plourde and Nedimović (2022) as they have been
demonstrated to work optimally for the fin and blue
whale call detections in the Lower St. Lawrence Seaway.
Plourde and Nedimović (2022) created an additional de-
tection algorithm, using a 20 s recurrence interval, tar-
geting the 18–21 Hz band and aW (t) = 3 threshold. The
primary spectrograms are computed for 1.5 s windows
and the secondary spectrogram for 180 s windows. To
be considered active, they require four detections (be-
tween the fin/blue whale thresholds used in the main
algorithms) on a given day. The purpose of this “20 s pe-
riod test” is to estimate the number of false fin whale
and blue whale detections in the catalogue. They es-

timated a false positive rate of approximately 8.5% for
fin whales and 4.8% for blue whales, by comparing the
proportion of incorrectly designated active day detec-
tions from the 20 s period test and the total amount of
active day detections. Since we follow the same param-
eter choices, we expect the method performance to be
highly similar, if not identical.
We compare annual spatiotemporal trends in fin

whale and blue whale detections from our catalogue
(February 2020 to January 2022) with that of previ-
ous years (October 2015 to February 2020) reported by
Plourde and Nedimović (2022).
Finally, the MARS hydrophone recording was ana-

lyzed by first computing a spectrogram (1 s Hamming
window with 50% overlap) for each 5 min sound file
(Fig. S1). The series of spectrogram images, represent-
ing the dataset, was visually inspected for fin whale
and blue whale calls. The presence or absence of each
species, per 5 min file, was then reported as a time se-
ries.

3 Results
In total, we found 14 076 fin whale detections
(28 152 minutes) and 3739 blue whale detections
(44 868 minutes) between February 2020 and Jan-
uary 2022 at the six seismometers used in this study
(Fig. 4). Typically, there are about 7–10 whale calls
within each detection (FWD or BWD). Quiet day de-
tections form 15.9% of the fin whale catalogue and
13.6% of the blue whale catalogue. It is important to
note that these results are the sum of all detections
across the six seismometers used in the study, therefore
it is possible that the same whale call is recorded at
more than one station. However, such overlapping
detections are likely only a small fraction of the total
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Figure 3 Example of a fin whale call detection procedure, as developed by Plourde and Nedimović (2022), using station
PMAQ. a) bandpassed waveform segment, b) associated spectrogram (parameters: STFT at 48 points with a 50% window
overlap, 12–32 Hz filtered), c) whale call index (Equation 1), d) periodogram of c) and power ratio (Equation 2).

detections, since the closest inter-station distance
is approximately 50 km, which is much greater than
the whale-call detection radius of a few kilometers
estimated by Plourde and Nedimović (2022) through
shared detection times at neighbouring seismometers.
In the following sections, we describe the clear spatial
and temporal variations revealed by the reception of
calls from each species.

3.1 Spatial Variation
Across the LSLS, we find that 82% of fin whale active
minutes and 95% of blue whale active minutes were
detected by land seismometers located in the North-
west Gulf (SMQ, ICQ, PMAQ). For both species, nearly
half of the total detections are at station ICQ, the region
where the St. Lawrence Estuary opens into the Gulf. On
the other hand, the proportion of detections at station
PMAQ, on the west end of Anticosti Island, is quite dif-
ferent between species. PMAQ appears more favoured
by blue whales, while fin whale detections are slightly
more evenly distributed across stations.
In earlier years, between October 2015 to Jan-

uary 2020, it was also observed that relative to fin
whales, blue whale detections are skewed downstream
towards the Gulf (Plourde and Nedimović, 2022). We
find relatively consistent detection patterns across sta-
tions SNFQ, CNQ and SMQ used in this study and the
2015–2020 study, for both whale species (Plourde and
Nedimović, 2022). Over the 3.5 years of data at ICQ, fin
whale detections remain elevated, with over 3600 de-
tections per year (Table S1a). Blue whale detections at
ICQ were less consistent, demonstrated by a 54% de-
crease in detections over the year 2021 compared to the
average number of annual detections in 2019 and 2020
(Table S1b). Meanwhile, we find a significant increase
in detections for both species over the past 7 years at sta-

tion PMAQ, around the Anticosti Island. Fin whale and
blue whale detections at PMAQ increased on average
by 374 detections (748-minutes) per year and by 163 de-
tections (1950 minutes) per year, respectively, with the
highest number of detections in 2021 for both species in
this region (Table S1a, b).

3.2 Temporal Variation
In terms of temporal variation, both whale species
were mainly detected during the second half of the
year. On average, 87% of fin whale detections and
71% of blue whale detections (active days) were from
September to January. Although there is some varia-
tion in the monthly range of detections, fin whale de-
tections were mostly concentrated in the fall and early
winter (September to February), whereas blue whale
detections were found throughout the winter season
(September toApril). For instance,multiple bluewhales
were detected throughout April in 2020 (only at station
PMAQ) and March in 2021 (at both stations ICQ and
PMAQ). From May to August, there were negligible fin
whale detections and bluewhale detections at land seis-
mometers throughout the LSLS (Fig. 4).
These temporal trends agree with previous studies

detecting fin whale 20 Hz calls and blue whale type A-
calls in the LSLS (Simard et al., 2016; Roy et al., 2018;
Plourde and Nedimović, 2022). However, the Octo-
ber 2015 to January 2020 average fraction of September–
January detections from the Plourde and Nedimović
(2022) study are 10% and 20% higher for fin whales and
blue whales, respectively, than our 2020–2021 results.
When summarizing the past 7 years of land seismome-
ter data into a winter group (September to April) and a
summer group (May to August), we observe a relatively
longer cumulative duration of active calls in the win-
ter for both fin whales and blue whales over the recent
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Figure 4 (Left) Monthly distribution of active minutes of whale calls, and (right) proportions of detections per station rep-
resented spatially, for a) fin whales and b) blue whales between February 2020 and January 2022.

years (2019–2021) (Fig. 5).

3.3 Comparison to Hydrophone Catalogue
and Detection Range

We compare both fin whale and blue whale detections
from the MARS hydrophone to those at the closest
(∼25 km) land seismometer in Rimouski (RISQ) during
August and September 2021. As shown inFig. 6, the land
seismometer detections on average constituted only 1%
of the total hydrophone detections (note the logarithm
scale in detection minutes). Fin whale and blue whale
songs can persist up to many hours, therefore we do
not think the spectrogram windows of slightly different
length analyzed by each study used to declare a detec-
tion impacts our comparison results significantly. The
hydrophone dataset contains higher frequency whale
vocalizations that were not recorded by the seismome-
ter due to its lower sampling rate. Over the two month
recording period, therewere no instances of bluewhale
D-calls vocalized without A-calls. D-calls were identi-
fied in only 25% of 5 min time windows with the stereo-
typed songs. Therefore, during this time period, the
nearby land seismometer would not have missed any
whale activities due to its bandwidth limit.

4 Discussion

4.1 Performance of Detection Method
The characteristic recurrence power ratiomethodology
used in this study appears to produce robust results, fol-

lowing similar spatiotemporal whale detection patterns
noted by previous studies in the LSLS (Roy et al., 2018;
Simard et al., 2016). The minimum number of detec-
tions within a day to be considered “active” serves as a
first way to eliminate likely false detections. Out of the
total number of detections labelled using this method,
86.4% and 84.1% of blue whale and fin whale detec-
tions respectively were classified as “active”. Plourde
and Nedimović (2022) estimated a false positive rate of
8.5% for fin whales and 4.8% for blue whales, respec-
tively for active day detections. Since we do not change
any of the detection parameters, we assume this esti-
mate is likely very similar for this 2020–2021 catalogue.

4.2 Variation between the St. Lawrence Estu-
ary and Gulf

Most whale detections were found by stations located
in the Northwest Gulf. This is inevitably partially bi-
ased towards the locations of the seismometers used in
this study. For instance, this study does not consider
the mouth of the Saguenay Fjord, one of Canada’s ma-
rine protected areas, which has been shownbyprevious
studies to be an important foraging ground for whales
(Simard and Roy, 2018), and where a land seismome-
ter (LESQ) near this location demonstrated very high
fin whale detection rates and relatively low blue whale
detections between 2015–2019 (Plourde andNedimović,
2022). However, LESQ was decommissioned in 2019,
thus not used in the current study. This suggests that
the proportion of fin whale detections would likely be
more evenly distributed within the Estuary and Gulf if
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Figure 5 Summary of winter (September–April) and summer (May–August) median detections across all available stations
between October 2015 and January 2022 (from Plourde and Nedimović (2022) and this study) for a) fin whales and b) blue
whales. The central line on each box refers to the median, and the bottom and top edges of the box indicate the 25th and
75th percentiles, respectively. The whiskers extend to the maximum andminimum data points.

Figure 6 Distribution ofminutes recorded at RISQ seismometer andMARShydrophoneduring August and September 2021,
for a) fin whales and b) blue whales. Red lines indicate inactive periods of the hydrophone.

detections were possible and included from the Sague-
nay region (Fig. 4).

Spatial differences in call detection between species
may be due to factors such as preferential diet and wa-
ter depth. Fin whales are considered generalist feed-
ers, eating a large variety of zooplankton, whereas blue

whales are specialists, feeding almost exclusively on
krill (Lesage et al., 2017). The more flexible niche of
fin whales may explain the slightly more evenness in
distribution of detections across stations. On the other
hand, the Gaspé Current brings large volumes of fresh-
water from the Estuary moving along the south shore
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towards the Southern Gulf, including small organisms
which often get trapped by the cyclonic Anticosti Gyre,
where they can remain in this circulation for periods
of up to six months (Sourisseau et al., 2006). Wind
driven upwelling events further accumulate krill along
the north shore (Sourisseau et al., 2006). This could be
a viablemechanism for the concentration of blue whale
call detections in the Northwest Gulf (a combined 92%
at stations ICQandPMAQ).Other thanpreydistinctions,
preferential water depth is another niche characteris-
tic that differs between species andmay further explain
spatial patterns. Previous studies found that fin whale
20 Hz calls are typically produced in shallowwater envi-
ronments (30–100 m), whereas bluewhale A-calls are of-
ten produced in deeper waters (340–450 m) (Davis et al.,
2020; Stafford et al., 2007). The stations in the Estu-
ary RISQ and CNQ have very shallow bathymetry near
the shores, therefore it is not surprising that negligible
blue whale calls were detected at these stations. If blue
whales were present and vocalizing at their preferential
water depths, they would have likely been too far off-
shore to be detected by stations RISQ and CNQ.

4.3 Seasonal Variation, Relation to Marine
Environmental Factors and Biological
Productivity

The St. Lawrence is commonly referred to as a summer
feeding ground for marine mammals, due to oceanic
processes such as tidal interactions with bathymetry,
wind driven upwelling and mean circulation that eas-
ily aggregate prey (Sourisseau et al., 2006). However,
our results (Fig. 4) as well as other seismic and acous-
tic studies detecting fin whale 20 Hz and blue whale A-
calls in this region find a sudden drop in call detections
fromMay to August (Simard et al., 2016; Roy et al., 2018;
Plourde and Nedimović, 2022). When considering prey
availability, visual sightings, and the acoustic presence
of other call types during the summer months, we find
it is likely that fin whales and blue whales are present in
the LSLS though not vocalizing the calls the seismome-
ters are able to track (Rampand Sears, 2012; Rampet al.,
2015). For instance, blue whale D-calls, intermittent
40 Hz (close to the Nyquist frequency of 50 Hz at all the
land seismometers) vocalizations associated with for-
aging behaviour, have been found to persist through-
out the summer months from a 2010–2015 hydrophone
study in the LSLS (Simard et al., 2016). Acoustic stud-
ies showed similar findings, that is, fin whale 20 Hz
and blue whale A-calls are not produced often during
the summer months, or the foraging season, near the
Azores, mid Atlantic (Romagosa et al., 2021), in North-
ern Icelandic waters (Akamatsu et al., 2014), and in the
Gulf of Alaska (Stafford et al., 2007). In fact, these calls
are only produced by males and thus are believed to be
a reproductive display (Croll et al., 2002). The detection
results in this paper and others relying uniquely on fin
whale 20 Hz and blue whale A-calls should be treated
as a minimum presence of whale activity, since these
whales produce a variety of calls associated with dif-
ferent functions (Romagosa et al., 2021; Simard et al.,
2016).

Fin whale 20 Hz calls and blue whale A-calls are typ-
ically detected in the Estuary starting in August. The
higher frequency vocalizations produced by fin whales
and blue whales are dominant on feeding grounds
during the summer, with low vocalization rates out-
side these months (Romagosa et al., 2021; Širović
and Oleson, 2022). From the two-month (August–
September 2021) hydrophone catalogue presented in
this study, we observe that blue whale D-calls are still
present, although they are rare and of short duration
compared to stereotyped songs (Fig. S6). Thewhales are
forced out of the Lower Estuary by December/January
when ice cover begins to accumulate and move down-
stream towards the Gulf. It is commonly assumed that
these baleen whales are also forced to exit the Gulf due
to thick sea ice obstructions (Delarue et al., 2008). How-
ever, we find whale detections during the winter season
from land seismometers and hydrophones throughout
the Gulf region (Simard et al., 2016; Roy et al., 2018;
Plourde and Nedimović, 2022). Similarly, a satellite
tagging study found that some blue whales remain in
the Gulf over the winter, while others depart the feed-
ing ground in late fall to move towards the New Eng-
land Seamounts, suggesting that a portion of the pop-
ulation are remaining in the productive waters of the
St. Lawrence during thewinter breeding season (Lesage
et al., 2017). Recently, warmer intermediate and deep
waters have been observed in parts of the channels and
around the Anticosti Island (Galbraith et al., 2021). The
sea ice cover in the Gulf hit a record low during the
2020–2021 winter for the first time since 1968, accord-
ing to the Canadian Ice Service. Meanwhile we observe
a high amount of winter whale detections in the same
year (Fig. 5). Warmer intermediate and deep waters
reducing sea ice cover in LSLS could be opening cor-
ridors in the Northwest Gulf, allowing some whales to
remain in this sub-arctic region during winter months.
Species distribution models have found that fin whale
habitat suitability is high at locations with relatively low
(<20%) sea ice concentration, potentially making the
LSLS a favourable winter ground in the future (Duen-
gen et al., 2022). The changing winter sea ice dynamics
in a warming LSLS will have implications for the ma-
rine ecosystem, due to its influence onwatermass char-
acteristics and nutrient availability (Urrego-Blanco and
Sheng, 2014).

4.4 Comparison to Hydrophone and Detec-
tion Range

For a given recorder setup and type of whale call, the
detection area of a hydrophone is mainly dependent on
the local bathymetry, water mass characteristics and
ship traffic in the location of the station (Simard et al.,
2016). It has been estimated that the detection area of
hydrophones in the Estuary and thewidest region of the
Gulf can reach approximately 80 km and 250 km, respec-
tively, assuming that any call with an SNR > 0 dB can
be detected (Simard et al., 2016; Roy et al., 2018). How-
ever, detection rangemodelling studies in other regions
have found much smaller ranges of about 30–40 km,
with decreasing probability of detecting distinct baleen
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whale calls beyond this distance (Stafford et al., 2007;
Cholewiak et al., 2018). When a whale produces a call,
the first acoustic wave that reaches the receiver is usu-
ally a direct wave, travelling in the water column from
the whale to the hydrophone. Meanwhile, whale calls
received at the land seismometers travel throughmulti-
ple interfaces including water, sediment, and bedrock,
and hence experience a larger amount of energy loss
due to impedance contrast (Plourde and Nedimović,
2022). As such the detection radius of a land seismome-
ter is likely on the order of a few kilometers, as esti-
mated by Plourde andNedimović (2022) through shared
detection times at neighbouring seismometers in the
LSLS, substantially smaller than that of a hydrophone.
This large difference in their detection ranges may ex-
plain the orders of magnitude contrast in the detection
minutes at RISQ and MARS hydrophone, in addition to
the hydrophone being moored in the deepest part of
the Laurentian Channel, close to the steep bathymet-
ric features at its north. The MARS hydrophone is lo-
cated closer to the Saguenay Marine Park, where there
is a strong density front and steep bathymetry, creating
more favourable conditions for whales (Fig. 6). How-
ever it is also important to note that the vast majority
of whale calls received at RISQ are of low quality. Only
0.3% of calls have an R value greater than 3 and SNR
greater than 1. RISQ is located in a relatively urban
zone compared to the other land seismometers which
may result in other noises conflictingwith the target fre-
quency of whales. Another direct comparison between
a hydrophone and a land seismometer with high detec-
tions of both species and a larger proportion of higher
quality calls, such as stations ICQ or PMAQ, would be
beneficial to directly compare waveforms of the same
calls. However, hydrophone deployment in the LSLS
has been largely focused near the Escoumins/Saguenay
region and Southern Gulf of the St. Lawrence.
The seismogram for whale call detections is pre-

sented in the raw format (unit in count) for direct com-
parisons to the previous study (Plourde and Nedimović,
2022). In another seismic ground motion study, we re-
moved the instrument responses and compared the true
ground velocities of several fin whale calls recorded at
station LESQ (Les Escoumins) to different types of cul-
tural noises. The peak ground velocity (PGV) of a fin
whale call, likely within a few kilometers from LESQ, is
on the order of 10−6 to 10−7 m/s, which is about two or-
ders of magnitude lower than the PGVs of a passenger
train recorded at 10–20 m away from the railway track
or snow plows driving in front of residential buildings
in Montréal (Liu and Chien, 2023).

4.5 Limitations and Application of Deep
Learning to Detecting Whale Calls

Automated detectors have greatly increased the effi-
ciency of searching for stereotyped signals of interest
in passive acoustic monitoring (PAM) datasets, by rely-
ing on pre-defined detection parameters (e.g., energy
threshold in frequency band, internote intervals) char-
acteristic of a whale population in a specific region.
Recently, there have been several successful applica-

tions of convolutional neural networks (CNN), a class of
deep learning (DL) networks originally proposed for im-
age classification tasks, to detect various vocalizations
produced by killer whales (Bergler et al., 2019), sperm
whales (Bermant et al., 2019), beluga whales (Zhong
et al., 2020), North Atlantic right whales (Kirsebom
et al., 2020; Shiu et al., 2020), humpback whales (Allen
et al., 2021), fin whales (Madhusudhana et al., 2021) and
blue whales (Rasmussen and Širović, 2021). The clear
advantage of DL is its capacity to adapt with training
data distribution, rather than be constrained by param-
eters crafted from domain-knowledge exemplified by
the Plourde and Nedimović (2022) algorithm. The flexi-
bility and capacity associatedwith theDL-basedmethod
would be beneficial in future studies for a few reasons.
First, it could be used to detect non-stereotyped vocal-
izations such as the fin whale 40 Hz and blue whale D-
calls (Rasmussen and Širović, 2021). These are tradi-
tionally identified manually in spectrograms, which is
not ideal for large datasets. Including both foraging vo-
calizations and songs in the entire analysis would result
in a more accurate estimation of spatial and temporal
patterns of fin whales and blue whales. Second, DL can
also be used to improve detection of songs by training
the algorithmwith scenarios of variable acoustic condi-
tions (e.g., temporal and spatial characteristics), as well
as exposure to different types of environmental noise
(Allen et al., 2021).
To develop a DL model, a large number of annotated

examples are required to train and evaluate a classi-
fier. We suggest that the whale detection catalogue cre-
ated in this study can provide a basis for the develop-
ment of such amodel, with fine-tuning to address some
of the limitations of the Plourde and Nedimović (2022)
detection algorithm used in the current study. First,
this algorithm cannot be evaluated properly due to the
lack of ground-truth labels. For instance, it is impos-
sible to know its accuracy and whether the algorithm
predicts a true positive or false positive and hence its
recall and precision. These metrics, as well as their
derivatives (e.g., F1-score, which assesses the predic-
tive skill of a model), are fundamental to our under-
standing of its performance and its application to real-
world scenarios. To address this limitation, we pro-
pose constructing a whale call dataset annotated by hu-
man experts, which can serve as a benchmark to evalu-
ate the Plourde and Nedimović (2022) algorithm as well
as potential detection algorithms developed in the fu-
ture. One possible way for dataset construction is to
filter the data catalogue from this study and Plourde
and Nedimović (2022) manually to remove false posi-
tives. Second, the detection by Plourde and Nedimović
(2022) is made based on a group of individual whale
calls with each call group defined as a detection. This
prohibits the model from being applied to scenarios
where only individual whale calls are available (e.g.,
other calls are lost due to data transmission issues).
A deep learning-based model trained on call-level (in
contrast to detection-level) data can mitigate this prob-
lem. Third, many automatic detection algorithms, in-
cluding the one used in this study, formonitoring whale
calls do not consider variable acoustic conditions (Mad-
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husudhana et al., 2021). The LSLS land seismometer
whale detection catalogue, combining the results from
this study and Plourde and Nedimović (2022), consists
of nearly 7 years of labelled stereotyped fin whale and
bluewhale calls. Thesewhale call signals were detected
over a wide spatial extent from the Estuary to the Gulf
of St. Lawrence, throughout all seasons and over multi-
ple years. The use of a DL-based model trained on this
dataset (with annotations) could be particularly useful
to detect and classify whale calls exposed to different
environmental conditions, or signal context.
Within a single population, INIs and frequency lim-

its of calls can change over time (Rice et al., 2022;
Romagosa et al., 2021). Previous PAM datasets from
1998–2001 have shown that fin whale INIs used to be
about 7 s longer than the current 12 s, in the central and
eastern North Atlantic Ocean (Romagosa et al., 2021).
This INI shift occurred over four years, a relatively short
amount of time, with the 12 s INI becoming dominant
as of 2004 (Romagosa et al., 2021). Additionally, the
peak frequency of both finwhale and bluewhale stereo-
typed songs have been decreasing in nearly all ocean
basins, sincefirst recorded in the 1960s (Rice et al., 2022;
Weirathmueller et al., 2017). The potential variability of
INI and peak frequency of whale songs is important to
note when using the characteristic recurrence method
since it relies on these features for detection. However,
there is typically a transitional period associated with
these changes and the parameters of our detection al-
gorithm can be adjusted as needed. A future DL-based
algorithm can test the performance of such algorithms
over long timescales to observe the impacts of these
variations in whale song structures.

5 Conclusion
Following a detection method that relies on the char-
acteristic recurrence intervals of the regularly repeat-
ing low-frequencywhale calls developedbyPlourde and
Nedimović (2022), we find that land seismometer detec-
tions follow the overall pattern of hydrophones, with
most detections from fall to early winter in the Estu-
ary and until mid-winter/spring in the Gulf. As such,
we consider land seismometers to be an effective tool
to detect whales and indicate regional aggregation ar-
eas due to the narrow detection range. For instance,
high detection rates at stations ICQ and PMAQ suggests
that the Northwest Gulf is an important region for both
species, especially blue whales. This productive region
previously known to be important forwhales during the
summer foraging season has been shown by land seis-
mometers to be a region of interest also during the win-
termonths, notably over recent years wherewe observe
a relatively longer winter residence time in the LSLS.
These results support the emerging idea that themigra-
tory behaviour of baleen whales is more complex than
the traditional assumption that whales travel strictly be-
tween low latitude breeding grounds and high latitude
feeding grounds (Simon et al., 2010).
These results have implications for the relative tim-

ing and regions of focus for marine mammal protec-
tion policies. The labelled whale detection catalogue

developed in this study may be suitable for training a
deep learning method for classifying and predicting fin
whale and blue whale calls in the LSLS region. A bet-
ter understanding of the biological and physical mech-
anisms driving whale habitat usage and how these are
expected to change over time in awarming climate is es-
sential for making informed decisions on shipping and
fishing, reducing whale collision risks and mitigating
noise pollution.
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