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Abstract: The patterns of movement of the fin whale (Balaenoptera physalus (Linnaeus, 1758)) in
the Mediterranean Sea are still a matter of debate. Feeding aggregations are well known in the
Corso-Liguro-Provengal Basin from July to September, but little is known for the autumn and winter
seasons. Passive acoustic monitoring (PAM) was implemented in the Ligurian Sea to overcome this
gap and to investigate the temporal and spatial variation of fin whale acoustic presence. From July to
December 2011, five autonomous recorders were deployed at between 700 and 900 m depths. Fin
whale calls were automatically detected almost every day, with higher vocalization rates in October,
November, and December. Furthermore, daily vocalization rates were higher during light hours, and
closer to the coast. These outcomes suggest that not all the individuals migrate, staying in the area
also during autumn for feeding or breeding purposes. The dial cycle of vocalization might be related
to feeding activities and zooplankton vertical migration, whereas the proximity to the coast can be
explained by the morphology of the area that promotes the upwelling system. Although this work
only represents a six-month period, certainly it suggests the need for a larger spatial and temporal
PAM effort, crucial for species management and for mitigating possible impact of anthropogenic
activities at the basin level.

Keywords: fin whale; Balaenoptera physalus; Mediterranean Sea; Ligurian Sea; acoustic detection

1. Introduction

The Mediterranean fin whale (Balaenoptera physalus (Linnaeus, 1758)) constitutes a
separate population from the North Atlantic specimens, with a very limited male-mediated
gene flow among the two populations [1]. In the Mediterranean basin, the species occurs
prevalently along the continental slope and in deep waters (400 to 2500 m) [2-6], where
upwelling and frontal zones favor the presence of dense zooplankton aggregations (mostly
Meganyctiphanes norvegica (M. Sars, 1857)), which constitute fin whales” main prey [2].
Feeding aggregations are well known in the Corso-Liguro-Provencal Basin and the Gulf
of Lion from July to September [4,7-11]. This area presents a narrow continental shelf
with a permanent water frontal system generated by a dominant cyclonic circulation and

J. Mar. Sci. Eng. 2021, 9, 966. https:/ /doi.org/10.3390/jmse9090966

https://www.mdpi.com/journal /jmse


https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-7711-1249
https://doi.org/10.3390/jmse9090966
https://doi.org/10.3390/jmse9090966
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmse9090966
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse9090966?type=check_update&version=2

J. Mar. Sci. Eng. 2021, 9, 966

20f 14

strong Mistral winds (from the northwest) [12,13]. Upwelling currents push deep organic
substances and nutrients into the euphotic zone, the water layer closest to the surface that
receives enough light for photosynthesis to occur, increasing primary productivity (Chl
concentration >10 mg m~%) [14-16] and enhancing phyto- and zooplankton presence [17,18].
An opportunistic summer (June-September) feeding ground with high concentration of
chlorophyll has also been detected in the Tyrrhenian Sea, where fin whale occurrence has
been increasingly recorded in the last few years [11].

Recent studies suggest that the resident Mediterranean population moves north—
south among the summer feeding ground in the northwestern basin and the winter feeding
grounds in the Algerian—Balearic basin or the Ionian Sea [19-21]. Acoustic and satel-
lite tag data demonstrated that some specimens undertake movements from the Corso-
Liguro-Provencal Basin toward the waters surrounding the Balearic Islands [21], and from
Lampedusa Island to the northern basin, probably as an effective response to resource
fluctuations. During the late winter—early spring (February—March), indeed, feeding ag-
gregations are documented around the Island of Lampedusa, in the Strait of Sicily, where
Nyctiphanes couchii (Bell, 1853) concentrations were recorded [19,21,22]. Furthermore, the
presence of the species was acoustically and visually detected from February to October in
the Strait of Messina and in the contiguous Ionian Sea, with the peaks during both spring
and late summer/early autumn (March—April, late August-October) [19-23].

However, the movement patterns of the resident Mediterranean fin whales are still a
matter of debate [24]. Although fin whale density decreases in the Corso-Liguro-Provencal
Basin from late summer [19], sightings have been recorded also during autumn and winter
periods along the coast and the adjacent pelagic waters [3,6,21,25-27]. Hence, whereas
some individuals move to the southern basin of the Mediterranean, others might persist
during autumn and winter in the northwestern Mediterranean.

The collection of data on fin whale occurrence in winter in the northwestern Mediter-
ranean is scarce. The generally bad weather conditions in winter hampers the possibilities
of conducting dedicated surveys. To overcome the gap about the seasonal and long-term
occurrence of the species in this area, a passive acoustic monitoring study was imple-
mented in 2011. Since the species is highly vocal, acoustic long-term data can be a valuable
cost-effective technique to monitor the presence of the species [20,23,28-36]. Fin whale
vocalizations (Figure 1) prevalently consist of calls with peak frequency around 20 Hz (in
the range of 1545 Hz) with a duration of 0.5-1 s [31,32,34,37—40]. Single calls are used
for social interactions [41-44]. Calls can also be arranged in long, stereotyped sequences
(songs) with regular inter-pulse intervals (IPIs) [45-47]. Fin whale song classification is
based on the occurrence of different IPIs: singlets (one distinct IPI), doublets (two alternat-
ing different IPIs), and triplets (two different IPIs, where one of them can be repeated two
or more times) [37,45,46,48]. Songs can last for hours, and it has been hypothesized that
they might have a reproductive function [41,49,50]. Mediterranean fin whales emit two
types of calls: the pulsed signals that downsweep from 23 to 17 Hz, lasting approximately
one second, and the back-beat signals at 18-20 Hz, lasting about 0.8-1 s [4,20,23,30,51,52].

The main scope of this work was to assess the acoustic occurrence of fin whales in the
Corso-Liguro-Provencal basin after the summer feeding aggregations, in particular from
July to December. Furthermore, the temporal patterns of acoustic detections and the spatial
variations among the monitored sites were evaluated.
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Figure 1. Spectrogram created in MATLAB showing two fin whale vocalizations recorded by EAR3
on 22 October, 2011. The spectrogram was produced at 2048 points FFT (fast Fourier transform),
4096-point Hann window, and 1000 overlap points.

2. Materials and Methods
2.1. Data Collection

Five ecological acoustic recorders (EAR; Hawaii Institute of Marine Biology, Kaneohe,
HI, USA) [53] were deployed during the North Atlantic Treaty Organization Centre for
Maritime Research and Experimentation (NATO-CMRE) SIRENA11 research cruise [54,55].
The EARs were located at depths between 700 and 900 m in the Ligurian Sea (Figure 2).
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Figure 2. (a) The study sites in the western Mediterranean and (b) and the locations of the five EAR buoys in the Ligurian
Sea (inset).

Data were collected from 22 July to 9 December, 2011, at a sample rate of 80 kHz and a
duty cycle of 120 or 240 s. Each EAR included a 5Q26-01 hydrophone (Sensor Technology
LTD, Collingwood, ONT, Canada) with a relatively flat frequency response from 1 kHz to
40 kHz and a sensitivity of —193.5 dB re 1 pPa/V. Detailed information on data collection
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by each instrument is summarized in Table 1. The number of hours recorded per EAR
varied due to hard drive (EAR2 and 5) or CF2 Persistor (EAR 4) failure.

Table 1. EAR settings and recording periods of the SIRENA11.

Sample Duty Depth Latitude  Longitude

Rate (Hz)  Cycle (5) (m) (D](;cimal (Decimal Recording Periods

eg) Deg)
EAR1 80,000 120 900 44.0858 8.4601 07/22 to 12/8 2011
EAR2 80,000 120 870 44.1513 8.5795 07/22to 11/3 2011
EAR3 80,000 240 700 441964 8.6157 07/22 to 12/9 2011
EAR4 80,000 240 890 44.178 8.6857 07/22 to 09/22 2011
EAR5 80,000 240 880 44.0639 8.9244 07/22t011/13 2011

2.2. Data Analysis

In order to detect fin whale calls in the long-term acoustic data, a modified version of
the automatic detection algorithm developed in MATLAB by Sciacca et al. [23,56] was used.
The SAW (Spectrogram-based Approach to the automatic detection of fin Whale 20-Hz calls)
algorithm worked in two steps, in the time and frequency domains, searching for isolated
acoustic energy peaks in the typical frequency range and duration of fin whale 20 Hz pulses.
All files were preliminary downsampled to a frequency of 2000 Hz. Before resampling, a
low-pass filter was applied at 1000 Hz to prevent aliasing. Initially, the algorithm computed
the spectrogram of each recording by using the most appropriate parameters for the search
of the 20 Hz pulses. Taking into account the sampling frequency and the average duration
of acquired recordings, spectrograms were produced at 2048 points FFT (fast Fourier
transform), 1024 point Hann window, and 1000 overlap points, in order to obtain a time
resolution of about 0.01 s and a frequency resolution of 0.97 Hz. At the first step, the
algorithm looked for isolated energy peaks with a length equal to the target signal duration
D (e.g., 1s). It worked in the time domain using time steps defined by the spectrogram time
resolution. For each time step, the algorithm analyzed a time interval of 3 s, corresponding
to 3 times the target signal duration (D) and centered at the time step. For each time
step t, the algorithm calculated the sum of the squared acoustic intensity I(t) in three time
windows of 1 s duration (same duration of D), according to the following definitions:

t+D/2

Acentered(t): Z Iz(t)

t—D/2

t—D/2

Abuckward(t): Z Iz(t)
t—3D/2

t+3D/2 )
Aforward(t) = Z I (t)
t+D/2
Thus, Acentered(t), Apackwara(t), and Agywara(t) were used to associate with each time step
a numerical intensity peak estimator E (t), defined as:
2
_ Acentered (t)

Apackward (t) * Aforward (t)

E(t)

The moving median of the E was then calculated over a sliding window of 10 s.
When the value of E exceeded the corresponding median value of an established threshold
T1, it was noted as a potential detection. Once the first function detected peaks higher
than T1 within the sample duration, the second step was implemented. At this step, the
algorithm matched energy peaks in the frequency domain. Similar to the former, the
algorithm used frequency steps defined by the frequency resolution and measured the SNR
between the acoustic energy in the detection window (e.g., 1 Hz to 3 Hz) and an upper and
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lower frequency range of 10 Hz. A second empirical threshold (T2) discriminated whether
identified peaks were high enough to be definitively acquired as a detection.

The detector performance was evaluated using a training dataset consisting of 100 files
containing calls and 100 files with no calls randomly chosen in the total dataset. The
receiver operating characteristic (ROC) curve method was used to assess the accuracy
of the detection algorithm with different time and frequency thresholds (Figure 3). The
threshold values that guaranteed the best performance of the detector were T1 = 40 dB
and T2 = 10 dB for the time and frequency domain, respectively. Once these values were
selected, the detector was applied to the entire SIRENA 11 dataset.
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Figure 3. ROC (receiver operating characteristic) curve. True positive rate vs. false positive rate
on 100 files containing calls and 100 files with no calls randomly chosen in the total dataset. The
diagonal red line shows the performance of a random classifier: Points above the diagonal represent
good classification results. The red circle highlights the threshold values that guaranteed the best
performance of the detector.

In order to account for the different recording efforts per hour of the day or per
month, the detection results were calculated as detection rates (i.e., as the ratio between the
number of recording files with fin whale detections and the total number of recording files
per hour).

In order to account for the differences in the diel cycle, the time of sunrise and
sunset of each sampling day were obtained from the website (https://www.dossier.net/
utilities/calendario-solare-alba-tramonto/savona.htm, accessed on 13 August 2021) for
the municipality of Savona (44°18/28.71”N 8°28'51.66"E) in the northern Italian region of
Liguria (Figure 2, inset), along the coast of the study area.

Distance from the coast, mean slope, and depth at each site were obtained from the
European Marine Observation and Data Network (EMODnet) Digital Bathymetry [57]. The
slope values (mean and standard deviation) were computed for every EAR inside buffer
rings with a radius of 5000 m from the EMODnet Digital Terrain Model (DTM) (Table 2).
QGIS 3.12 GIS software was used to plot, extract, and analyze those spatial data (Europe
metric LAEA projection—EPSG 3035) [58].
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Table 2. Number of files with detection (NFD), geographic coordinates (latitude and longitude), and
geomorphological variables (distance from the coast, depth, and slope) computed for every EAR
inside buffer rings of 5000 m.

Latitude Longitude  Coast EAR Seabed  Slope Slope

NFD (Decimal (Decimal Distance Depth Depth Mean StDv

Deg) Deg) (m) (m) (m) (Deg) (Deg)
EAR1 1428 44.0858 8.4601 11,340 900 1058 5.68 4.47
EAR2 416 44.1513 8.5795 13,320 870 1095 5.46 3.83
EAR3 1769 441964 8.6157 14,400 700 815 5.30 3.79
EAR4 355 44178 8.6587 18,360 890 1099 4.28 2.96
EAR5 727 44.0639 8.9244 33,390 880 985 6.49 4.65

2.3. Statistical Analysis

In order to test the distribution and homoscedasticity (which is the assumption of
samples of equal variance) of the detection rate, the Kolmogorov-Smirnov test and the
Levene test were used. The detection rate did not follow a normal distribution (KS test:
N =11,227, D = 0.405, p < 0.001), and it did not show a homogeneous variance (Levene test:
N = 11,227, M = 50.200, p < 0.001).

The Kruskal-Wallis non-parametric test was used to evaluate differences in the de-
tection rates between the months, between the hours of the day, and between locations.
In order to estimate differences, the Tamhane post-hoc test was performed. Furthermore,
the Mann-Whitney non-parametric test was used to assess variations between daytime
and nighttime, considering the time variations between sunrise and sunset from the
website (https://www.dossier.net/utilities / calendario-solare-alba-tramonto/savona.htm,
accessed on 13 August 2021) for the municipality of Savona.

All statistical analyses were carried out with the SPSS program (IBM SPSS, Armonk,
NY, USA).

3. Results
3.1. Overall

The five EARs recorded a total of 10,306.27 effective hours of acoustic data (corre-
sponding to 209,729 30 s files in 11,227 h). EAR1 and EAR3 recorded the highest number of
files. The data analysis revealed that fin whale vocalizations were detected during 1747.74 h
of recordings (Table 3), almost every day of data acquisition (Figure 4).

Table 3. Summary of the data collection: number of files and hours of recording in the five EARs.

EAR1 EAR2 EARS3 EAR4 EAR5 TOT

Number of Files 50588 23877 61014 22255 42995 209,729
Number of Files with Detections 1428 416 1769 355 727 4695
Hourly Detection Rate 00673 00519 00591 01233 00388 0341

(Detections/Hours)
Number of Recording Hours 2817 1277 3116 1483 2534 11,227

3.2. Temporal Pattern
3.2.1. Monthly Detection Rate

The fin whale monthly detection rate, whose values were calculated by dividing
the number of detections in each month by the number of hours of recordings in the
corresponding month, was higher during October, November, and December compared to
the other months (Kruskall-Wallis test: N = 11,227, X2 = 254.74, p < 0.001; Tamhane test:
July/ August/September-October/November/December p < 0.001). For the Tamhane test,
Table 4 shows the statistically significant pairs (Figure 5, Table 4).
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Figure 4. Mean hourly detection rate values (blue bars) at the five EARs during the recording periods.
Gray boxes represent the periods with no recordings or when the hard drive (EAR2 and 5) or CF2

persistor (EAR 4) failed.

Table 4. Statistically significant results of the Kruskall-Wallis and Tamhane tests carried out to analyze
the monthly detection rate for each EAR. For the Tamhane test, the table shows only the statistically

significant pairs.
Kruskall-Wallis Tamhane Test
Instrument N X2 p Value Comparison p Value
July-November 0.017
July-December 0.009
August-November 0.018
EAR1 2817 43.191 <0.001 August-December 0.013
September—-November 0.045
September—December 0.020
EAR2 1277 9.048 0.060 / /
July/August/September—
EAR3 3116 117.797  <0.001 October/November,/December <0.001
EAR4 1483 12.265 0.007 August-September 0.032
July/ August/Speptember—October 0.001
July-November 0.030
EAR5 2534 41.505 <0.001 August-November 0.038
September—-November 0.035
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Figure 5. Boxplot of the monthly detection rate. The upper and lower sides of the box represent the
first and third quartiles of the sample distribution and shows the width of the middle half of the
distribution. The line inside the box instead represents the median. The whisker, the segment that
starts from the box and extends upward, indicates the dispersion of values below the first quartile and
above the third quartile that are not classified as outliers. Outliers are identified as small circles for
“out” values and as stars for “extreme” values. Black bars represent significant differences between
pairs of months.

3.2.2. Diel Cycle

Generally, the detection rate at daytime (the number of detections at daytime/number
of hours recorded at daytime) was significantly higher than the detection rate at night-
time (the number of detections at nighttime/number of hours recorded at nighttime)
(Mann-Whitney test: N = 11,227, Z = —2.41, p = 0.014) (Figure 6). Specifically, the highest
significance occurred comparing the detection rates between 00:00 and 11:00 (Kruskall-
Wallis test: N = 11,227, X2 = 57.00, p < 0.001; Tamhane test 00:00 vs. 11:00: p = 0.035).
However, when considering each instrument separately, the detection rate was signifi-
cantly higher during the daytime period only for EAR1 (Mann-Whitney test: N = 2817,
Z=-2.88,p<0.05).

3.3. Spatial Pattern

The hourly fin whale detection rate was higher at EAR1, EAR2, and EAR3 compared
to the other EARs (Kruskall-Wallis test: N = 11,227, X2 = 135.671, p < 0.001, Tamhane
test: EARI-EAR2 p = 0.001; EAR1-EAR4, p < 0.001; EAR1-EARS5, p < 0.001; EAR2-EAR3
p < 0.001; EAR3-EAR4, p < 0.001; EAR3-EARS5, p < 0.001) (Figure 7). These instruments
were the closest to the coast (from 11,340 to 14,400 m) at an intermediate slope compared to

the other instruments. This slope was consistent with the halfway decline of the continen-
tal shelf.
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Figure 6. Boxplot of the detection rate at daytime and nighttime. The upper and lower sides of the
box represent the first and third quartiles of the sample distribution and shows the width of the
middle half of the distribution. The line inside the box instead represents the median. The whisker,
the segment that starts from the box and extends upward, indicates the dispersion of values below
the first quartile and above the third quartile that are not classified as outliers. Outliers are identified
as small circles for “out” values and as stars for “extreme” values. Black bars represent the statistical
difference between daytime (generally from 07:00 to 20:00) and nighttime (generally from 20:00
to 07:00).
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Figure 7. Boxplot of the hourly detection rate in the different EARs. The upper and lower sides of
the box represent the first and third quartiles of the sample distribution and shows the width of the
middle half of the distribution. The line inside the box instead represents the median. The whisker,
the segment that starts from the box and extends upward, indicates the dispersion of values below
the first quartile and above the third quartile that are not classified as outliers. Outliers are identified
as small circles for “out” values and as stars for “extreme” values. Black bars represent significant
differences between pairs of EARs.
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4. Discussion

Fin whale distribution in the Mediterranean Sea is very dynamic [4,5,24] in both space
and time. The present study showed the presence of the fin whale in the Corso-Liguro-
Provengal Basin from July to December and confirmed that not all the individuals migrate
to the southern Mediterranean Sea during autumn and the beginning of the winter. These
results agree with previously published sparse winter sightings [26,27,59], suggesting
that some individuals remain in the Ligurian sea year-round. Fin whales have also been
previously detected up till mid-October using passive acoustics [51].

It might be possible that specimens remain in the Ligurian Sea after the summer
to exploit the autumn spike in krill productivity in the region [60]. Although a primary
phytoplankton bloom occurs in spring, a secondary and less intense event [60,61] takes
place in autumn because of the deep convection movements that transfer the surface water
mass into the depths, increases the nutrient concentration in shallow waters, and drives
the seasonal cycle of phytoplankton [62]. However, as suggested by Geijer et al. [24], fin
whales show strong dispersed behavior during winter over a wide geographical range
within an enclosed basin, such as the Mediterranean, prompting the animals to maintain
acoustic contact through their low-frequency sounds.

Furthermore, contrary to previous studies, our results show that fin whale acoustic
presence was higher during October, November, and December compared to the summer
months, even if two of the five EARs did not record during the last part of the studied
period. This outcome was unexpected since the largest-known aggregations in the area
were recorded during the summer even with high inter-annual variability [63]. The increase
in vocalization detection might be due to a shift in habitat use and behavior, related to
life stage, group structure, and reproduction. Fin whale vocalizations are indeed known
to increase during the mating season over the autumn and winter months [45,64,65].
Therefore, the calls recorded during October—-December might be part of songs emitted by
few breeding individuals and last for hours to find potential mates.

Despite the acoustic data available for the present study, they were not sufficient
to fully assess both the feeding and breeding hypotheses. Thus, the results may raise
doubts about the common migration theory. As suggested by Geijer et al. [24], the peculiar
environment of this semi-enclosed basin with favorable conditions likely does not force the
individuals to implement a strict north-south migration for feeding and/or mating.

The present study also showed a diel cycle in fin whale acoustic behavior, which can
be related to feeding activities. Detected fin whales were more acoustically active during
the daylight period than at nighttime. Meganictiphanes norvegica (M. Sars, 1857), one of
the main prey species of fin whales in the Mediterranean, migrates daily in the water
column, surfacing during dark hours [66-68]. It is thus likely that fin whales predate on
this zooplankton species mainly during nighttime, decreasing their vocal activities while
increasing communication activity during daylight [49,69].

In addition, the spatial occurrence of the detected vocalizations is probably related
to the feeding activity. The three EARs with the highest acoustic presence were the ones
closest to shore and had both intermediate slope and standard deviation values. Most
distribution models consider depth, slope, and distance from the coast as being among the
most important factors for species spatial presence [5]. Depth, on the other hand, appeared
to be irrelevant in the present study, unlike what was found by Wiggins and Hildebrand in
Alaska [70]. However, scarce literature exists to date regarding the correlation between the
depth and fin whale acoustic activity in the Mediterranean Sea. In this case, coast proximity
was closely correlated with the slope and the morphology of the location. These areas are
not jagged by canyons or characterized by plateaus but include slopes where upwelling
occurs [5,19,71,72]. Therefore, as other previous studies have also shown, fin whales may
prefer this upwelling area for feeding purposes.
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5. Conclusions

The present study should be referred to as a snapshot that exclusively reflects what
happens over six months in a single year. As suggested by Tepsich et al. [63], the ur-
gent need for an integrated approach for large-scale and yearly monitoring is emerging,
especially in relation to the strong anthropogenic impacts that this species faces in the
Pelagos Sanctuary (in the Corso-Liguro-Provengcal Basin), such as ship strikes, and noise
pollution caused by naval traffic [6]. A long-term monitoring effort using dedicated PAM
(passive acoustic monitoring) systems can be crucial for conservation measures, including
management and implementation of protection solutions to mitigate the impacts of noise
pollution (shipping, oil and gas exploration, energy offshore plants, military, and civilian
sonar), and climate change.
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