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ABSTRACT:

Fin whales were once abundant in the seas to the southwest of Portugal, but whaling activities decreased their
numbers considerably. Acoustic data from ocean bottom seismometers provide an opportunity to detect fin whales
from their notes, data that would otherwise be logistically challenging and expensive to obtain. Based on inter-note
interval and frequency bandwidth, two acoustic patterns produced by fin whales were detected in the study area: pat-
tern 1, described from fin whales in the Mediterranean Sea, and pattern 2, associated with fin whales from the north-
east North Atlantic Ocean (NENA). NENA fin whales travel into the western Mediterranean Sea, but the
Mediterranean population has not been documented to travel regularly into the NENA. In this study, 11 months of
acoustic data recorded southwest of Portugal in the NENA were used to characterize 20-Hz fin whale notes into these
patterns. Pattern 2 was the most common and occurred mostly in November—January. Pattern 1 occurred less fre-
quently and mostly in September—December, February and April, which suggested a limited excursion of whales
from the Mediterranean Sea. There were also occasions when the two patterns were recorded simultaneously.
Results suggest that fin whales from the NENA and Mediterranean Sea might mix in the area during part of the year.
© 2020 Acoustical Society of America. https://doi.org/10.1121/10.0001066
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I. INTRODUCTION

The migration of baleen whales is generally assumed to
be a seasonal latitudinal movement with animals feeding
during the summer in high-latitude productive areas, also
known as “feeding” or “summer” grounds, and spending the
winter in tropical or subtropical areas for reproduction, also
referred to as “winter” or “breeding” grounds (e.g., Kellogg,
1929). Researchers have suggested several selective pres-
sures to explain baleen whale migration with some pressures
related to energetics (Clapham, 2001) and others related to
predator avoidance and calf survival (Corkeron and Connor,
1999; Connor and Corkeron, 2001) but the drivers of migra-
tion are still a matter of debate. Although the seasonal latitu-
dinal movement theory is very appealing for researchers
because it explains baleen whale movement in a simple
manner, it does not explain all the types of movement strate-
gies observed for this group of species. Records of hump-
back whales (e.g., Van Opzeeland et al., 2013), gray whales
(e.g., Calambokidis et al., 2002), blue whales (e.g., Branch
et al., 2007), and fin whales (e.g., Geijer et al., 2016) show
that not all individuals undertake seasonal movement. For
example, fin whales have year-round residency in low-
latitude areas, such as in the Gulf of California (Urban et al.,
2005), the Mediterranean Sea (Notarbartolo di Sciara et al.,
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2003) and the East China Sea (Mizroch et al., 2009). Fin
whales from other populations have also remained year-
round around high-latitude areas, such as in the Gulf of
Maine, Gulf of St. Lawrence, and Nova Scotia (Delarue
et al., 2009). Fin whales show a continuum of migratory
strategies that seem to reflect local adaptations of different
age-sex classes of whale (Geijer et al., 2016). The move-
ments of fin whales are usually very challenging to investi-
gate because their distribution range extends to offshore
areas and because of the difficult logistics needed to study
them offshore. Whaling data provided the first descriptions
of the long-distance movements of several large cetacean
species, including fin whales (e.g., Clapham and Baker,
2002; Smith et al., 2012). Currently, several types of data
can be used to investigate movements of large whales such
as remote sensing (Read, 2002), stable isotopes (e.g.,
Witteveen et al., 2009; deHart and Picco, 2015), genetic
data (e.g., Kershaw er al., 2016), and photo-identification
matches (e.g., Bannister ef al., 1999). In particular, acoustic
data have been increasingly used to study the presence and
movements of calling animals (e.g., Charif and Clark, 2000;
Oleson et al., 2006; Sirovié et al., 2015). Although acoustic
datasets can only provide information about acoustically
active animals, they have several advantages over the other
data types. Acoustic data provide a nonintrusive approach to
study movements and behaviour of animals (Mellinger
et al., 2007). Instruments can record for extended periods of
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time during all hours of the day and through all seasons and
weather conditions.

Fin whales produce fairly simple acoustic signals with
fundamental frequencies between 15 and 142 Hz, but the
most common and the most studied fin whale sound is the
“20-Hz note,” also known as the “regular” note (Watkins,
1981; Hatch and Clark, 2004). This signal is a ~1 s tone that
sweeps downward from 30 to 15 Hz (Watkins et al., 1987).
Usually fin whales produce series of 20-Hz notes, called
sequences, which are separated by two types of silent peri-
ods: rests, lasting between 1 and 20 min, and longer gaps,
lasting between 20min and 2h (Watkins et al., 1987,
Delarue et al., 2009; Soule and Wilcock, 2012). Within a
sequence, individual notes are separated by stereotyped
intervals (called the inter-note interval, INI), measured from
the beginning of a signal to the beginning of the next signal
(Watkins et al., 1987). Sequences form bouts (also known
as “songs”) that are separated by periods of silence greater
than 2 h. Fin whales also produce other low frequency sig-
nals, such as the backbeat, which is relatively constant in
frequency (between 18 and 20 Hz) and lasts ~0.8 s (Clark
et al., 2002). Backbeats usually are produced in a repeated
series or alternating with 20-Hz notes. The production of the
numerous types of fin whale signals and their characteristics
vary across geographical areas (e.g., Watkins et al., 1987;
Hatch and Clark, 2004; Castellote ef al., 2012; Oleson et al.,
2014). The 20-Hz note is recorded worldwide, and its tem-
poral and spectral features and bout structure show geo-
graphic variation (Hatch and Clark, 2004). Hatch and Clark
(2004) found differences in the median frequency of the 20-
Hz note between the Gulf of California and other areas of
the Pacific and North Atlantic Oceans. Backbeats and higher
frequency upsweeps are less frequent and seem to be pro-
duced more in the Atlantic Ocean (Hatch and Clark, 2004).
In the North Atlantic Ocean, 20-Hz note bouts have been
differentiated by their INI (e.g., Delarue et al., 2009), fre-
quency bandwidth (e.g., Thompson et al., 1992), and bout
composition, i.e., variability in the types of signal compris-
ing bouts (e.g., Clark and Gagnon, 2004). Of all 20-Hz note
features, the INI is the most variable feature in fin whale
bioacoustics (Hatch and Clark, 2004; Delarue et al., 2009;
Castellote et al., 2012; Oleson et al., 2014). INI patterns
have been shown to vary throughout the year in some areas
(Morano et al., 2012; Oleson et al., 2014), and in other areas
INI patterns that were stable through several years also
shifted over longer time periods (Sirovi¢ et al., 2017). It is
not known whether those differences represent individuals
that produce a specific INI pattern and move around areas or
changes in the acoustic repertoire of individual whales
within a population, i.e., individuals that change their INI
pattern.

Whaling records of the 20th century show that fin
whales were once abundant in the seas to the southwest of
Portugal (Sanpera and Aguilar, 1992; Clapham and Hatch,
2000; Clapham et al., 2008). Fin whales were found in
dense concentrations, close to shore, and throughout the
year, which suggested the presence of a local, nonmigratory
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subpopulation (Sanpera and Aguilar 1992; Clapham and
Hatch, 2000). For over two centuries, fin whales in this area
were heavily hunted (Clapham e al., 2008). Hunting activi-
ties ceased in 1960 due to the low profitability (Clapham
et al., 2008), and in 1986 the International Whaling
Commission (IWC) Moratorium that regulates whaling
activities went into effect, and hunting of these whales was
officially ceased (Clapham and Baker, 2002). Recent sight-
ings and strandings suggest that fin whale numbers in this
area are small compared to the past abundance, and there is
no evidence of the presence of the suggested resident sub-
population (Clapham et al., 2008). Since the small number
of recent sightings of fin whales have been made offshore,
these whales might not be from the suggested resident sub-
population that was heavily exploited during the whaling
period.

Recent research after the cessation of whaling shows
that there are two groups of fin whales in the northeast
North Atlantic Ocean (NENA) and Mediterranean waters
(Hatch and Clark, 2004; Panigada and Notarbartolo di
Sciara, 2012). According to genetic (Bérubé et al., 1998;
Palsbgll et al., 2008), toxicological (Aguilar et al., 2002),
and stable isotope (Giménez et al., 2013) data, fin whales
from the Mediterranean Sea show a degree of divergence
from the NENA fin whales. Historical records of the 19th
century show the NENA fin whales entered the
Mediterranean Sea (Richiardi, 1874), and throughout the
20th century there was further evidence of this movement
(Jonsgard, 1966; Viale, 1985). However, scientists have
debated whether Mediterranean fin whales are currently
moving into the NENA or not (Castellote et al., 2012;
Giménez et al., 2013; Castellote et al., 2014).
Mediterranean fin whales have been assumed to be resident
(Notarbartolo di Sciara et al., 2003), but the evidence show-
ing that some individuals from the Mediterranean Sea travel
toward the NENA is growing (Geijer et al., 2016; Gauffier
et al., 2018). However, the frequency and the range of these
excursions to the NENA are not clear (Notarbartolo di
Sciara et al., 2003). Passive acoustic data collected in the
NENA and the Mediterranean Sea suggest the presence of
two different acoustic groups of fin whales in these two
areas (Clark et al., 2002; Hatch and Clark, 2004; Castellote
et al., 2012). Castellote et al. (2012) found differences in the
INI between 20-Hz notes recorded in the Mediterranean Sea
and those recorded in the NENA. There were also differ-
ences in the frequency bandwidth of the 20-Hz notes that
further suggested differences in the notes. The INI type 1
recorded in the Mediterranean Sea was close to 15s, and the
notes used to calculate this INI showed a frequency band-
width of 5 Hz (Castellote et al., 2012). The INI type 2 were
12-13 s, and the notes used to calculate this INI showed a
frequency bandwidth of 6Hz. Castellote er al. (2012)
recorded the INT and note type 2 primarily in the NENA but
also in several locations in the western Mediterranean Sea,
while INI and note type 1 were only recorded in an area of
the Mediterranean Sea further to the east. These results sug-
gest the existence of two acoustic groups that the authors
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associated with the NENA and Mediterranean fin whale
populations.

If it is assumed that each note type is associated with a
subpopulation of fin whales, as suggested by other studies
(e.g., Hatch and Clark, 2004; Delarue et al., 2009), and indi-
vidual whales do not change from one type to another, then
acoustic data can reveal some insights about the movements
of these two fin whale populations between the
Mediterranean Sea and the NENA. This study provided an
opportunity to monitor potential excursions of the subpopu-
lation of fin whales in the Mediterranean Sea to the NENA.
In this study, we used 11 months of recordings that were
available from an opportunistic source off southwest
Portugal to measure the spectral and temporal features of a
subsample of recorded 20-Hz note bouts. The spectral and
temporal measurements of the 20-Hz notes were used in a
hierarchical cluster analysis to categorize different acoustic
groups. Possible acoustic groups identified in this analysis
were then further validated by comparing their characteris-
tics to the note groups established by Castellote et al. (2012)
for fin whales in the NENA and Mediterranean Sea. In a sec-
ond stage of analysis, the temporal pattern of identified
INI(s) was also assessed using the whole dataset of detec-
tions in order to obtain an occurrence pattern.

II. METHODS
A. Data collection

The data for this paper stem from ocean-bottom seis-
mometers (OBS) deployed as part of the NEAREST (inte-
grated observations from near shore sources of tsunamis:
Towards an early warning system) seismic monitoring pro-
ject, which aimed to investigate the local seismicity and
Earth structure in the source region of the Lisbon earthquake
and tsunami of 1755 (Silva, 2017). Each OBS included three
channels from the seismometer (two channels for the hori-
zontal components, X and Y, and one channel for the vertical
component, Z) and one channel from a hydrophone (H), all
with a sampling rate of 100Hz (Carrara et al., 2008). A
more detailed description of the deployment and recording
instruments is found in Harris ef al. (2013) and will not be
repeated here. The recording period was not equal across all
OBS because some components of the seismometers did not
work properly at all times, and deployment lengths differed
between instruments (Table I). Five OBS were not suitable
for the automatic detection process because the Z-channel,
which was the main channel used in the detection process,
was not working in two OBS (OBS02 and OBS11), and the
other three (OBS21, OBS22, and OBS23) had no detections,
including false positives, possibly due to some undetected
instrument issue. In addition, local air gun experiments were
undertaken during several days in early September (Somoza
et al., 2007). These days with air gun experiments were
removed from the dataset because there were long periods
of time with high levels of ambient noise, which masked fin
whale notes.
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B. Signal detection

The Z-channel of the seismometer was chosen as the
main acoustic recorder for data analysis because the Z-chan-
nel signals generally had a higher signal-to-noise ratio
(SNR) than those from the H-channel, as also observed by
McDonald et al. (1995) and Brodie and Dunn (2004). The
target signal of the detection process was the 20-Hz fin
whale note as described above. The 20-Hz fin whale note
was detected using a modified normalized cross correlation
of the recordings and a template of the signal waveform. A
full description of the detection algorithm is found in Harris
et al. (2013) and Matias and Harris (2015). Briefly, in the
detection process, the normalized cross correlation between
a master template of a single note and sequential 3-s sam-
ples of the waveform from the recording are calculated
through the time-series. A detection is recorded when the
normalized cross correlation between these two time-series
reaches a threshold set by the researcher. The template of the
20-Hz note used was obtained from the waveform of a 20-Hz
note with high SNR that was observed during a manual
inspection of the dataset (recorded in OBS10 on 7 January
2008 at 18:12:17). The detection process was applied to all of
the Z-channel recordings of the OBS using a low correlation
threshold (0.2) and a buffer time of 3s. These parameters
were chosen in order to obtain as many notes as possible (the
low threshold) but to eliminate the possibility of overlapping
notes by using the buffer between detections (the lowest INI
observed between two 20-Hz notes was 3 s, therefore a 3-s
buffer was adequate to separate detections).

Once a signal was detected using the process from pre-
vious studies (Harris ef al., 2013; Matias and Harris, 2015),
the spectrogram cross correlation was also calculated fol-
lowing the methodology of Mellinger and Clark (2000) to
obtain spectral and temporal measurements of detections.
Spectrogram cross correlation requires a spectrogram tem-
plate of the target signal that is compared with the spectro-
gram of the recordings. The kernel spectrogram of the 20-
Hz note was obtained by averaging the time and frequency
characteristics of 39 notes with large amplitude spectral val-
ues (between 18 and 25Hz) and high correlation (>0.9)
given by the waveform matched filter. When a detection
was registered, the algorithm limited a time window starting
Is before and extending 2 s after the detection time. The
spectrograms of detections were computed for successive
time windows with a 2.56-s length (256 samples) that were
shifted in time by 0.1 s. The spectrum for each time window
was computed by fast Fourier transform (FFT) after applica-
tion of a modified Hanning window. The modified Hanning
window left the central 10% of the time-series untouched.
This meant that the Hanning window was applied only to
90% of the signal with a 45% taper at each end. At a 100-Hz
sampling rate and after the computation of the FFT, the fre-
quency interval in the frequency domain was 0.39 Hz. The
spectral power (the square of the FFT amplitude) and spec-
tral cumulative power were computed for each 3 s time win-
dow between 12 and 31 Hz in frequency.
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TABLE I. Summary of acoustic data available for signal detection and measurement. Darkest gray OBS represent instruments with unavailable Z-channels.
Lightest OBS with gridded pattern had the Z-channel available but there was no detection. Asterisks represent the presence of the bouts used in this study.

YEAR 2007

2008

MONTH S‘O‘N|D

T M A M1 ]

OBS 01
OBS02
OBS 03
OBS 04 * * &
OBS 05 * *
OBS 06 *

OBS 08
OBS 09 *
OBS 10
OBS11
OBS 12
OBS 13 *
OBS 14
OBS 15
OBS 16 * %
OBS 17
OBS 18
OBS 19 * %
OBS 20
OBS 21 *
OBS 22
OBS 23
OBS 24 *
OBS 25

*

* % *
* *

MONTH

C. Signal sampling

Time constraints precluded verification that all detec-
tions were whale notes, and instead a series of rules were
established to obtain a subsample small enough to allow
manual analysis. The aim of the manual analysis was to
ensure accurate spectral and temporal measurements by (1)
identifying high quality bouts based on correlation and
SNR, (2) checking for the presence of false positives and
possible acoustic interference in the notes, and (3) determin-
ing whether any notes in the bout were missed by the detec-
tor. A cross-correlation value of 0.5 from both the detector
and the spectrogram cross correlations and a SNR of 2.0
were used as thresholds to obtain a list of days with poten-
tially high quality bouts. Then, only days with a minimum
of 250 automatic detections (with correlation values from
0.2 to close to 1) and at least 20 days with high correlation
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values (>0.7) were considered. From this list, a random
sample of five days for each month was selected. Bouts
were separated by 24 h, so no bouts came from the same
day.

All hours in the selected days were then manually ana-
lyzed wusing spectrograms calculated with TRITON
(Wiggins et al., 2010), a software package written in MATLAB
version R2014b. These spectrograms had a window length
of 256 samples, a Hanning window taper, and 95% overlap.
A detection was considered to be a true positive, i.e., a target
20-Hz fin whale note, when it showed acoustic characteris-
tics in time and frequency similar to those previously pub-
lished and described in Sec. 1. False positives included
backbeats and other signals recorded by the OBS not related
to fin whale vocal activity such as distant air guns, levelling
of the OBS, and other whale species. In order to have the
complete structure of the bout, notes missed by the

Pereira et al.


https://doi.org/10.1121/10.0001066

automatic detection process, probably because of their low
SNR, were manually added by the analyst. Notes were only
added when INI and SNR were consistent with the ones
detected in the automatic detection process for that particu-
lar bout. In general, bouts were of high quality and clearly
identified in the spectrogram by their consistency of INI and
SNR characteristics. Therefore, it was mostly clear when the
notes missed by the detector belonged or did not belong to
the main bout. There were rare occasions when days had
more than one bout. In those cases, only the bout containing
the 20-Hz notes with highest SNR (assessed visually) was
considered for further analysis. This was done to reduce the
risk of detecting the same whale multiple times on the same
day and therefore increase the contribution of that individual
to the overall note characteristic measurements. However, it
was not possible to determine whether the same animal pro-
duced more than one bout across days. The 20-Hz note is a
fairly simple signal that does not show obvious individual
spectral differences, and the INI is also very stable across
bouts. We could be sure that more than one whale was call-
ing on some occasions when overlapping bouts were
observed. Because the INI did not show large intra-bout var-
iability, it was often possible to follow a specific bout by
predicting the times when notes would be produced.
However, when two simultaneously occurring bouts showed
gaps between notes that were much longer than the INI it
became too difficult to separate them. In those cases, the
strongest bout was inspected and included until it was not
possible to identify the “target” whale.

D. Spectral and temporal measurements

Several temporal and spectral features of the detections
were extracted based on Hatch and Clark (2004): arrival
time, starting frequency, median frequency, note duration,
and frequency bandwidth. The cumulative power was calcu-
lated for each detection window. A section of the cumula-
tive power window between 5% and 95% was chosen to
represent the signal in order to mitigate the influence of
noise inside the spectral window. Only the notes with the
highest SNR (>3.0), high correlation values (>0.75), and no
overlapping notes from other whales from each bout were
used for measurements of the features mentioned above.

The INI was calculated as the difference between detec-
tion times obtained in the waveform cross-correlation detec-
tion process of each note. There are other time cues,
obtained from the spectrogram computation, that are used to
calculate the INI such as the time of the median or the maxi-
mum energy inside a time window. Most studies use the
time of the median energy to calculate the INI (e.g., Hatch
and Clark, 2004; Castellote et al., 2011). There were occa-
sions when 20-Hz notes showed changes in their spectral
characteristics as a result of acoustic interference that pro-
duced the Lloyd’s mirror effect (Pereira et al., 2016). These
notes were not used in this analysis, but the changes
observed in the spectrogram could impact the calculation of
the energy and thus impact the INI. A comparative analysis
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of the different time cues used to calculate the INI was
undertaken (see supplemental material document 2),' and
since there were no large differences in the INI, the time cue
obtained from the initial waveform cross-correlation detec-
tion method was maintained. Only INI measurements
between 20-Hz notes were considered in the analysis, fol-
lowing the INI definition in Castellote et al. (2012).

Once INI measurements were taken from the selected
subsamples, it was possible to search for specific values of
the INI in the automatic detections dataset. Therefore, the
distribution of INI measurements was calculated across the
automated detection dataset with cross correlation > 0.5 and
SNR >7.0. A medium cross-correlation threshold (0.5) was
used to minimize the occurrence of false positives without
constraining the possibility of detecting 20-Hz notes with
slightly different acoustic features than our cross-correlation
template. The high SNR value ensured that detections were
high quality (close to the recording instrument and with low
levels of background noise). Here the main aim was to
obtain a temporal pattern of occurrence of each INI across
the automatic dataset. Because the INI is fairly consistent
within bouts, the variability was expected to be low.

The upper and lower limits of the INI pattern(s) were
defined as 1.5 standard deviation (SD) around the mean
INI(s). The SD limit for the INI(s) was chosen based on the
percentage of 20-Hz notes from the subsample with manual
verification that fell under this limit (which was 83.13%).
The manual inspection of the selected subsample showed
that the most common number of consecutive 20-Hz notes
was two. Therefore, the pattern for the INI(s) was obtained
by the counts of sequences of two detections that showed
the expected INI(s). For months where the number of
sequences was less than or equal to 34, all detections were
inspected in order to check if detections were from 20-Hz
notes. In the cases of months with the number of sequences
higher than 34, a systematic random subsample of 30 detec-
tions was inspected instead. Whenever a detection was
uncertain, it was considered a false positive. The false posi-
tive rate from this systematic random subsample was then
used to adjust the number of sequences for each month. The
total number of detections for each month was multiplied by
the true positive rate. Since the aim was to obtain a temporal
pattern of the INI(s) and not an abundance estimate, we did
not consider the percentage of missed notes.

E. Data analysis

Cluster analysis was used to investigate whether the
spectral and temporal measurements differed between the
subsamples of bouts. Cluster analysis has been used in ceta-
cean bioacoustics to identify and classify different types of
sounds (Chabot, 1988; Karlsen et al., 2002; Nemiroff and
Whitehead, 2009), assign sounds to social units (Rendell
and Whitehead, 2003), and assess geographical variation in
bout structure (e.g., Delarue et al., 2009). In this study, no
pre-classification of the 20-Hz notes was made, i.e., there
was no class assignment of area or subpopulation.
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Therefore, a hierarchical cluster analysis was undertaken in
order to identify different clusters using the stats package
version 3.4.0 in R (R Core Team, 2015). This cluster analy-
sis made two assumptions about the data: (1) the sample
was assumed to be representative for the population, and (2)
variables were assumed not to be correlated (Hair et al.,
2010). Therefore, highly correlated variables needed to be
identified in order to assess a possible variable reduction.
The linear correlation between spectral and temporal note
features was evaluated by calculating the correlation coeffi-
cient r (Upton and Cook, 2014) using all high quality notes
from each bout (notes with SNR >3.0 and correlation
value > 0.75). This ensured a large enough sample size to
assess relationships between variables. If two variables were
highly correlated (r > 0.75), the variable that was present in
the fewest references about acoustic characterization was
removed from the cluster analysis (as suggested by Dawson
and Trapp, 2011).

For the cluster analysis, each bout was characterized by
the median of the spectral and temporal features. Bouts were
considered points in a coordinate space where the observed
similarities of the points corresponded to metric distances
between them. In some cases, when the variables had large
differences in their units, rescaling of the data was per-
formed to give equal importance to all variables. This nor-
malization is usually done by subtracting the mean of a
particular variable from all measurements and dividing by
the SD (Upton and Cook, 2014). In this study, the data were
scaled to give equal importance to all note features in the
clustering process. The distance matrix of the bouts was cal-
culated using the Euclidean distance. The average linkage
method was chosen as the amalgamation rule, in which the
distance between two clusters is defined as the average dis-
tance between each point in one cluster to every point in the
other cluster. To assess the clustering procedure, the silhou-
ette width (SW) was computed, which reflects the strength
of the clusters (Rousseeuw, 1987). Kaufman and Rousseeuw
(1990) give some guidance as to the desirable size of the
SW. A SW above 0.5 is considered a reasonable classifica-
tion, and a SW below 0.2 reflects a lack of substantial clus-
ter structure. The optimal number of clusters was evaluated
by calculating the average silhouette width (ASW;
Rousseeuw, 1987) using the R package factoextra version
1.0.4 (Kassambara and Mundt, 2017). The ASW assesses
the optimal ratio where the intra-cluster distance is mini-
mized and the inter-cluster distance is maximized.

The visual results obtained by this traditional approach
were compared with the results from the R package pvclust
version 2.0.0 (Suzuki and Shimodaira, 2015). This package
was developed to assess statistical significance in the hierar-
chical setting (Suzuki and Shimodaira, 2015) by calculating
an approximately unbiased p-value, based on a multistep
bootstrap resampling (Shimodaira, 2004). The null hypothe-
sis associated with the p-value of each cluster states that the
cluster does not exist (Suzuki and Shimodaira, 2017). The p-
value is converted to percentage value and represents the
proportion of occurrence of a given cluster with the same
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members when a number of bootstrap replications (in this
case 10000) are performed. Based on a significance level of
o = 0.05, a p-value >95% suggests the rejection of the null
hypothesis. The same distance matrix and amalgamation
rule were used for 10000 bootstrap replications of the hier-
archical clustering.

Nonparametric statistical tests, such as the Kruskal-
Wallis test and the post hoc pairwise Wilcoxon-Mann-
Whitney rank sum test with p-values from each test adjusted
with a Bonferroni correction (¢ = 0.05), were used to assess
statistical differences of spectral and temporal features
between bouts. The Kruskal-Wallis test was used to perform
a comparison among all bouts. The assumption of the
Kruskal-Wallis test is that the observations in each bout
come from populations with the same distribution. The null
hypothesis of the Kruskal-Wallis test is that the mean ranks
for each variable are identical between bouts (McDonald,
2008). Wilcoxon-Mann-Whitney rank sum tests were used
to compare two bouts at a time if the Kruskal-Wallis test
revealed statistical differences among bouts. The sample of
each bout consisted of all notes suitable for reliable spectral
and temporal measurements as discussed in Sec. II D.

In the hierarchical analysis, two acoustic clusters were
defined. The automatic detection process was undertaken
using a single template from cluster 2, which was the most
common in our dataset. The performance of detecting notes
from cluster 1 (bouts manually confirmed and produced in
September 2007) was assessed by undertaking an explor-
atory performance analysis of the detection process with
four days when the bouts of cluster 1 were produced and
four other random days of the subsample with bouts of clus-
ter 2. In this analysis, the strongest 20-Hz note (high ampli-
tude and high SNR) from cluster 1 was used as a second
master template for the waveform correlation processing.
Because the spectrograms of those eight days were manually
scanned, it was possible to know the total number of 20-Hz
notes in each cluster. The detection performances of the
cluster 2 template used initially and the second master tem-
plate from cluster 1 were assessed by calculating the true
positive rate, i.e., the number of correct detections of the 20-
Hz note divided by the total number of the 20-Hz notes
from that cluster.

lll. RESULTS

Between September 2007 and August 2008, a network
of 24 OBS was deployed off southwest Portugal (Fig. 1).
During visual scans of the recording’s spectrograms, several
types of acoustic signals were identified: two types of sig-
nals from fin whales, 20-Hz notes and backbeats [Fig. 2(A)],
notes produced by blue whales [Fig. 2(B)], and non-
biological signals such as air guns [Fig. 2(C)] and high
intensity signals related with the OBS levelling [Fig. 2(D)].

Between 10 September 2007 and 11 August 2008, a
total of 2918 312 automatic detections of 20-Hz notes were
made in recordings of 19 of the 24 OBS. A subsample of
these data was used in the following analysis based on the
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FIG. 1. Location of the seismic monitoring array off southwest Portugal.

days with detections and a set of rules in order to obtain
high quality bouts and a good representation of the charac-
teristics of the 20-Hz note. A total of 888 h of sound record-
ings (37 days) was visually analyzed and resulted in a total
of 30009 20-Hz notes identified and manually confirmed.’
This included automatic detections that were positively con-
firmed in the spectrogram and notes that were added to com-
plete each bout.

In almost every day of the recording period, 20-Hz
notes were detected, but days with high quality bouts
showed a seasonal occurrence. The 37 bouts selected using
the criteria mentioned in Sec. I (Methods) were produced
between September 2007 and April 2008, which matches
the period of highest fin whale vocal activity described in

the literature for the Northern Hemisphere (Watkins et al.,
1987; Watkins et al., 2000; Stafford et al., 2007). It also
matches the peak for the southwest Mediterranean Sea and
Strait of Gibraltar, as described by Castellote et al. (2012),
and the peak presence in the Strait of Gibraltar as described
by Gauffier er al. (2018). Between May and August 2008,
there were no days with high quality bouts, and automatic
detections were reduced considerably. Of the 37 bouts con-
sidered, only 32 had enough notes that met the criteria for
the measurement analysis, and these were used in the analy-
sis. From the 32 bouts, a total of 4170 20-Hz notes were of
high enough quality (SNR>3.0 and correlation val-
ues > (0.75) to be considered for acoustic characterization.
The median of the spectral and temporal features of the 20-
Hz notes within a bout' was used to characterize each bout
in the hierarchical cluster analysis. The INI between 20-Hz
notes was calculated with the detection times obtained in the
waveform cross-correlation detection process of each note.
One of the assumptions for cluster analysis is that variables
are not correlated (Hair et al., 2010). No correlations
between spectral and temporal note features above 0.75
were detected, so all 20-Hz spectral and temporal note fea-
tures were maintained in the hierarchical cluster analysis.
Figure 3 shows the resulting dendrogram from the tradi-
tional hierarchical cluster analysis with scaled data. The
height of the dendrogram represents the distance between
clusters in which larger distances are more conservative.
The highest split of the dendrogram, 4.14, divided the bouts
into two main clusters. The ASW of 0.41 corroborated these
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FIG. 2. Examples of spectrograms (120s) of several types of signals identified during visual scanning of the OBS recordings. (A) Fin-whale signals, back-
beats (third and last signals), and 20-Hz notes; (B) blue whale calls (black square); (C) air gun shots; (D) high intensity signals that are related with the OBS

levelling. Frame size, 256 samples, 95% overlap, Hanning window, equalized.
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FIG. 3. Dendrogram of fin whale bouts calculated using Euclidean distance and the average linkage method. Bold black and gray lines represent the two

clusters validated by the average silhouette width (ASW).

two main clusters. At smaller heights of the dendrogram,
bouts could also be grouped into three (height of 3.84) or
four (height of 3.18) clusters. However, the ASWs of 0.32
and 0.33 for a structure with 3 or 4 clusters, respectively,
were smaller than the structure with two clusters. Therefore,
the division of the bouts into two clusters was preferred.

The dendrogram that resulted from bootstrap sampling
showed the same two main clusters (Fig. 4). The p-value
(p>95%) for node 18 (Fig. 4, first left-hand branch) indi-
cated the existence of the same cluster of four bouts on the

left side of Fig. 3. The third cluster, indicated by node 29
(Fig. 4, second right-hand branch), in which all of the
remaining bouts except one were included, also showed
high p-values (p > 95%).

Cluster analysis does not reveal which spectral/tempo-
ral measurements contribute to the clustering; therefore, fur-
ther analysis was required. An exploratory data analysis of
the spectral and temporal features showed that the INI [Fig.
5(a)] and frequency bandwidth [Fig. 5(b)] could discrimi-
nate between bouts. Kruskal-Wallis nonparametric tests
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FIG. 4. Dendrogram of fin whale bouts calculated using Euclidean distance and the average linkage method for 10000 bootstrap replications. Top values
represent the approximately unbiased p-value. The lightest gray numbers represent the node number.
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FIG. 5. Box-plots of the (a) INI and (b) frequency bandwidth between bouts. Bouts B6, B8, B16, B23, and B34 were not included due to lack of measurable

calls.

suggested differences in the INI (H = 1725.5, df =31, p-val-
ue < 2.2e-16) and frequency bandwidths
degrees of freedom (df) =31, p-value <2.2e-16) between
bouts. Regarding the INIs, the Wilcoxon-Mann-Whitney tests
suggested differences between bouts 1-4 and the rest of the
bouts (adjusted p-values < 0.05). The results further suggested
differences between bout Bl and B2 (W =2963.5, adjusted
p-value =2.1e-08) and similarities between Bl and B3
(W=1283.5, adjusted p-value=0.06) and B4 (W =408,
adjusted p-value = 1.00). The test results suggested similari-
ties among bouts B2, B3, and B4 (adjusted p-values > 0.05).
Concerning the frequency bandwidth, test results suggested

differences between bouts B1, B3, and B4 and all the remain-

ing bouts, even B2. The test results suggested that B2 only
showed similarities between B2 and B5 (W = 8000.5, adjusted

p-value =0.39).

The hierarchical cluster analysis divided the bouts into
two clusters of INIs. When the INI of the 20-Hz note bouts
were pooled by cluster, the median INI for cluster 1 was
14.6s (SD = 0.3s) and the median INI for cluster 2 was
13.1s (£0.5; see Table I of the supplemental material for
details about bouts)." The two types of INIs were searched

across the dataset of detections: Sequences of two detections
with the INI between 14.08 and 15.07 s were attributed to

cluster 1, and detections with the INI between 12.42 and

13.82 s were attributed to cluster 2.

The search results revealed different occurrence pat-
terns for each INI (Fig. 6). Series of 20-Hz notes with the
longer INI occurred less frequently and showed a peak dur-
ing September 2007 [Fig. 6(a)]. Series of notes with the
shorter INI occurred mostly between November 2007 and
January 2008 [Fig. 6(b)].

It is important to note that there was one occasion dur-
ing the validation of the bouts used for the song characteri-
zation, recorded on OBSO05, one of the most western OBS,
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(H=2407.4,

starting at 01:00:00 on 21 October 2007, when two bouts
were recorded simultaneously (Fig. 7). One bout showed a
longer INI and shorter frequency bandwidth, which was
similar to the characteristics of cluster 1, and the other bout
showed a shorter INI and longer frequency bandwidth,
which were associated with cluster 2.
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FIG. 6. Distribution of the occurrence of sequences of two detections with
(a) intervals between 14.08 and 15.07 s, observed in cluster 1, and (b) inter-
vals between 12.42 and 13.82s, associated with cluster 2. The number of
sequences was obtained from detections of the automatic detection dataset
with correlation values > 0.5 and SNR > 7.0.
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IV. DISCUSSION

Two clusters of fin whale note bouts with different sets
of acoustic characteristics were identified in a subsample of
the OBS recordings. They were distinguished by the median
INI and median frequency bandwidth of their bouts: Cluster
1 had a longer median INI of 14.6s and a lower median fre-
quency bandwidth of 3.2Hz, and cluster 2 had a shorter
median INI of 13.1s and a higher frequency bandwidth of
4.9 Hz. Cluster 1 was formed from manually verified bouts
recorded in September 2007, and cluster 2 was formed from
manually verified bouts that were recorded between October
2007 and February 2008. The results of the automatic search
of the two INI patterns showed that the INI of cluster 1 also
occurred in other periods, and the occurrence of the INI of
cluster 2 followed the same seasonal pattern as the one
observed with the manually verified days.

A. Occurrence of spectral and temporal note
characteristics

The manually verified bouts grouped in cluster 1 were
recorded during a 12-day period from only one OBS
(OBSO03) and could have been produced by a single animal
that stayed close to the recording instrument during that
time. In that case, cluster 1 could be formed by the bout
characteristics of a single animal and might not be represen-
tative of several individuals. However, since the same INI
pattern was recorded at different times even after the 12-day
period when cluster 1 bouts were manually measured, it is
likely that more than one animal produced this INIL
Nonetheless, characteristics of cluster 1 seem to be detected
less often than the characteristics of cluster 2.

The detectability of notes with the two different acous-
tic characteristics was assumed to be the same. Different
detection probabilities could impact the results of the sea-
sonality analysis but not the identification of the two acous-
tic groups. The automatic detection, based on the waveform
and spectrogram of the recordings, was performed using a
master template obtained from a 20-Hz note of cluster 2.
This cluster 2 template might not detect notes from cluster 1
as well as from cluster 2. Indeed, the true positive rate of
20-Hz notes from cluster 1, calculated for the exploratory

performance analysis, was higher when using a template
from that cluster in the detection process. Cross-correlation
values for the correct detections of the 20-Hz notes of cluster
1 using a template from the same cluster increased, on aver-
age, 0.3 (SD = 0.08). Although these results suggest that
bouts from cluster 1 were possibly underrepresented in the
initial subsample of days with potentially good bouts, the
main aim of this study, which was the characterization of 20-
Hz fin whale notes, was still achieved. Further, the decision
to subsample the detections based on SNR and correlation
threshold was done assuming that the note characteristics did
not vary as a function of these criteria. If the detection of 20-
Hz notes from one cluster resulted in mostly low correlation
thresholds, then most of them would have not been consid-
ered for the subsample. Future work on the two acoustic
groups will be undertaken with different sets of templates in
order to minimize the bias in the detection process.

A bout with characteristics attributed to cluster 1 was
also recorded and manually verified on 21 October 2007
while a bout from cluster 2 was simultaneously produced by
another whale in the same area (Fig. 7). Only the cluster 2
bout was formally analyzed because of the established set of
rules for sampling and signal measurement. This was the
only bout for which a secondary bout had different spectral
and temporal characteristics from the primary one. After the
identification of the characteristics of the two clusters, it was
possible to identify the secondary as having characteristics
of cluster 1. The visual confirmation of both clusters occur-
ring simultaneously on the same OBS on the same day
shows that these clusters were not always temporally and
geographically separated.

The INI and frequency bandwidth measurements
obtained in this study showed the same trends found in
Castellote et al. (2012) for the two clusters, but there are
some differences in the measurements. Castellote et al.
(2012) retrieved a large amount of acoustic data from
recording instruments deployed in three locations inside the
Mediterranean Sea but also from the Strait of Gibraltar and
the Azores archipelago. Their study showed a good temporal
coverage in strategic areas where the two types of INIs and
frequency bandwidths could potentially occur. Some of the
data used in Castellote e al. (2012) were recorded during
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FIG. 7. Spectrogram showing several minutes when two whales with distinct note features attributed to each cluster were calling at the same time. Black
lines indicate the whale associated with cluster 2. The whales were recorded on 21/10/2007 around 01:00:00 on OBSO05. Frame size, 256 samples, 95% over-
lap, Hanning window, equalized.
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the same time period as this study. More specifically, the
recordings in Castellote et al. (2012) from the Azores and
Alboran basin were obtained between November 2007 and
May 2008. This study used data recorded between
September 2007 and August 2008. Since both studies
recorded data during the same time, it was expected that the
recorded 20-Hz note characteristics would be similar, thus
the observed differences need further consideration.

The different values found for the NENA in both stud-
ies could be related to unreported details in the signal proc-
essing such as differences in the window size used to
measure the features. Some studies indicate intra-annual
(Oleson et al., 2014) and interannual (Morano et al., 2012)
differences in the INI. This could complicate the use of the
INI as the main discriminatory feature of acoustic groups
and its comparison between areas. Differences in INIs and
frequency bandwidths could also be related to differences in
geographical locations of the recordings. The acoustic char-
acteristics of fin whales recorded in the Mediterranean Sea
and NENA have previously been assessed by Clark et al.
(2002), Hatch and Clark (2004), and Castellote et al. (2012).
This study further identified the INI and frequency band-
width as significant acoustic features to define acoustic
groups among fin whales (Hatch and Clark 2004; Castellote
et al., 2012). Comparing the results of this study with the
current literature, the INI value of cluster 1 matched the INI
recorded inside the Mediterranean Sea (Clark et al., 2002;
Hatch and Clark 2004; Castellote et al., 2012), and the INI
value of cluster 2 matched the INI recorded in the NENA
(Hatch and Clark, 2004; Castellote et al., 2012). In addition,
cluster 1 showed a larger INI and a shorter frequency band-
width than cluster 2. This same trend, a shorter frequency
bandwidth associated with a larger INI and a larger fre-
quency bandwidth associated with a shorter INI, was also
found for fin whales recorded in the Mediterranean Sea and
NENA(Castellote er al., 2012). The INIs and frequency
bandwidths presented in Castellote er al. (2012) for the
Azores matched the ones obtained in the Alboran basin,
12.7s and around 6.8 Hz, respectively. However, the INI
and frequency bandwidth from the Strait of Gibraltar were
slightly different, 13.1s and 5.8 Hz, respectively (Castellote
et al., 2012), and were more similar to the characteristics of
cluster 2 obtained in this study. Despite these differences,
Castellote et al. (2012) grouped the characteristics from
these three areas (Azores, Alboran Basin, and the Strait of
Gibaltar) together in the NENA cluster. Further analysis
needs to be undertaken in order to assess if these smaller
scale differences are representative of potential separate
acoustic characteristics between the NENA and the
Mediterranean Sea that could be associated with a separate
subpopulation present in the Strait of Gibraltar during the
whaling period as suggested by Clapham et al. (2008).

B. Comparison with other studies that characterize
notes of fin whales in the NENA and Mediterranean Sea

The acoustic characteristics associated with cluster 1
had only been recorded inside the Mediterranean Sea until
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now. This study provides the first evidence of acoustic char-
acteristics associated with Mediterranean fin whales
recorded in the NENA. The acoustic characteristics associ-
ated with cluster 2 have been recorded in the NENA and the
western Mediterranean Sea (Castellote et al., 2012) but not
in the eastern Mediterranean. This study shows an extension
of the geographical overlap to the NENA of the two acoustic
clusters of fin whales that were previously observed in
Castellote et al. (2012) in the western Mediterranean Sea.
This study also showed a temporal overlap of the two acous-
tic clusters in the manual inspection of a high quality sub-
sample and in the automatic search of the two INI patterns.
A temporal overlap of singers from the NENA and
Mediterranean Sea was previously recorded in the Balearic
Basin, inside the Mediterranean Sea (Castellote et al., 2011;
Castellote et al., 2014). These results further suggest that fin
whales from the two subpopulations might travel to the
same areas and are both present in the study area during a
part of the year. However, the acoustic characteristics asso-
ciated with NENA fin whales were recorded more often than
the acoustic characteristics associated with Mediterranean
fin whales in the study area.

Cluster 1 was recorded during several months of the
study—between September and December 2007 and
between February and April 2008. Gauffier ef al. (2018) per-
formed an extensive study of the movements of fin whales
between the Mediterranean Sea and NENA combining data
from direct observations, vessel-, and land-based surveys
with photo-identification over a period of 15 years. Between
May and October, they found a directional movement
toward the NENA of all of the whales observed during that
period. They also observed 69% of the sighted fin whales
moving from the NENA toward the Mediterranean Sea
between November and April. Considering the directional
movements found in Gauffier er al. (2018) and the seasonal
presence of the acoustic characteristics found in this study,
the results suggest that fin whales from the NENA may
travel more frequently between the NENA and the
Mediterranean Sea than Mediterranean fin whales may
swim to the NENA. From the 37 bouts that were manually
analyzed in this study, only four showed acoustic character-
istics associated with Mediterranean fin whales. The distri-
bution of the INI associated with Mediterranean fin whales
also showed low occurrence, although this could also be
related to the detection process as mentioned above.

Based on Gauffier et al. (2018), some individuals of the
Mediterranean subpopulation may exit the Mediterranean
basin between May and October, and they may stay in the
NENA until April. The limited April records of the INI of
cluster 1, obtained from the automatic search, could corre-
spond to these few Mediterranean fin whales returning from
the NENA to the Mediterranean basin. The lack of acoustic
detections during the summer suggests that both the NENA
and Mediterranean fin whales either stop producing 20-Hz
notes or leave the study area. Multiple sources of visual data
from sightings (Husum, 2011; Verborgh, 2012; Boisseau,
2014) and strandings (Sousa, 2012) found in the OBIS-
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SEAMAP dataset (Halpin et al., 2009) show the presence of
fin whales off southwest Portugal during the time of record-
ings with no acoustic presence. This suggests that they may
not produce 20-Hz notes there during the summer.

Croll et al. (2002) suggest that note bouts are only pro-
duced by male fin whales. Since the production of fin whale
bouts is seasonal and peaks during the fall and winter
months (Thompson and Friedl, 1982; Watkins et al., 2000;
Stafford et al., 2007), which coincide with the breeding sea-
son, it is suggested that these signals are used as advertise-
ment to attract females (Payne and Webb, 1971; Croll et al.,
2002; Clark and Gagnon, 2004). Based on this information
and the seasonal analysis of the INI patterns, our study area
might be used for breeding purposes since we recorded
acoustic characteristics associated with the NENA and few
Mediterranean fin whales in the study area with a peak dur-
ing the fall for Mediterranean characteristics and a peak dur-
ing the winter for NENA characteristics. The breeding areas
of fin whales in the Mediterranean Sea are still unknown,
but several authors suggest the North African continental
shelf as a breeding site (Marini et al., 1996; Notarbartolo di
Sciara et al., 2003). Although there are no suggested breed-
ing areas for NENA fin whales around the study area, the
whaling records of a year-round presence of fin whales sug-
gest they might potentially use this area for breeding pur-
poses as well. The visual data mentioned above suggest that
non-calling fin whales also use the study area during the
summer, but the identity of the population of fin whales pre-
sent is undetermined. Fin whales have shown feeding activi-
ties in middle latitude areas and for extended periods of
time that can last into the summer (e.g., Silva et al., 2013).
The Gorringe Bank is a volcanic seamount that is located in
the southwest of the study area and has been defined as a
Site of Community Interest in accordance with European
Union legislation. The topographic features of seamounts
affect the movement of water and, in some occasions, can
promote local productivity (Genin, 2004). In the case of
baleen whales, seamounts can provide increased feeding
opportunities (Silva, 2016). The results of a hydrodynamic
model applied to circulation and primary production around
the area of the Gorringe Bank pointed to the development of
a large anticyclonic water circulation with associated
upwelling of deep nutrient rich water (Coelho and Santos,
2002). Field observations made during the summer were
consistent with the modelling results (Coelho and Santos,
2002). These results suggest that non-calling fin whales that
could be present during the summer in the study area and
may use the area to forage.

Future management actions should account for the pos-
sible repopulation of the pre-whaling fin whale habitat and
the growing evidence of overlap between NENA and
Mediterranean fin whales.

C. Conclusions

Acoustic data provided evidence of the presence of at
least two acoustic groups of fin whales from September to
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April in the seas to the southwest of Portugal. The acoustic
cluster associated with the NENA was more commonly pre-
sent in the study area with a peak between November and
January. Few records of the acoustic cluster initially
recorded in the Mediterranean Sea by other authors were
also detected, mainly during September, which could sug-
gest an extension of the distribution of the Mediterranean fin
whale subpopulation. Although the occurrence peaks of the
two acoustic clusters were different, there were occasions
with temporal overlap of the two clusters. The results pre-
sented in this study suggest that the movements between the
NENA and Mediterranean Sea may be undertaken mostly
by NENA fin whales visiting the Mediterranean basin from
spring to fall in accordance with previously proposed move-
ment patterns (Castellote ez al., 2012). Only a small fraction
of whales from the Mediterranean Sea may travel to the
NENA during the summer. Further studies need to be devel-
oped in order to document the extent of these movements. A
multidisciplinary approach that includes genetic, acoustic,
and movement analysis would make a considerable contri-
bution to the study of fin whales between the Mediterranean
Sea and North Atlantic Ocean. Acoustic recorders could be
deployed between September and November and in April
off southwest Portugal to record calling fin whales in the area
that could be in transit. Additional acoustic records could
also be collected in other areas central to the NENA popula-
tion such as in the Azores. The time periods selected here
match the timing of the movements observed in Gauffier
et al. (2018). After the deployment and during the time of the
acoustic recording, biopsies could be taken in order to iden-
tify the subpopulation of a sample of calling individuals.
Acoustic recordings could also enable the tracking of calling
animals, and the directionality of the movement of the sam-
pled individuals could be assessed. However, tags could also
be deployed to a sample of animals in the case of non-
vocalizing animals. The existing OBS dataset presented in
this study is a valuable initial resource to assess the move-
ment of calling fin whales because the instruments can also
estimate tracks of calling animals (McDonald et al., 1995;
Wilcock, 2012; Harris et al., 2013). A future task will be to
identify tracks using the detections from the existing OBS
dataset and calculate different movement parameters, such as
directionality, for each of the two song types identified in this
study. The assessment of genetic differences between NENA
and Mediterranean fin whales (Bérubé et al., 1998; Palsbgll
et al., 2008) associated with acoustic recordings could pro-
vide crucial information to confirm the proposed relationship
of song type and population origin.
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