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Ship strikes are a widespread conservation issue for many cetacean species globally.
Population level impacts depend on the occurrence and severity of collisions, which may
lead to life altering injuries or fatalities. Such impacts are a major concern for large, long-
lived, and reproductively slow species like the fin whale. Since 2014, a seasonal feeding
aggregation of fin whales has been monitored from February to June off the Catalan coast
(Spain), in the northwest Mediterranean Sea. Oceanographical factors influence the
occurrence and high density of krill within submarine canyons along the continental
shelf, resulting in high whale abundance within a small spatial area. The study area
extends 37 km offshore across a 1,944 km2 marine strip situated between the towns of
Torredembarra and Castelldefels. This fin whale feeding ground is exposed to high density
marine vessel traffic, given its location between the northern Mediterranean shipping lane,
which links Barcelona and Tarragona Ports to the Atlantic Ocean and wider Mediterranean
Basin. Ship strikes represent the greatest conservation threat for fin whales in the
Mediterranean Sea. At least four fin whales have been found dead in Barcelona Port
since 1986 due to ship strikes and seven live whales have been documented with injuries
in the study area since 2018. Fin whale distribution was mapped with known high-risk
marine vessels’ (cargo, tanker and passenger vessels) shipping lanes. Vessel density and
shipping lanes characterised by speed were considered. Collision risk was estimated
monthly based on the predicted fin whale occurrence and traffic density. Several shipping
lanes crossed the fin whale feeding habitat every month with an average speed of 15 kn.
Cargo vessels displayed the highest ship-strike risk during April, overlapping with the peak
of fin whale sightings in the critical feeding area. Slower vessel speeds (8 kn) in waters
<200 m depth or along the continental shelf should be implemented along the Catalan
coast, during the whale season. These suggestions should be applied into the Barcelona
Port transport separation scheme. Ship strike risk for this species will persist unless active
management plans are adapted in the region to mitigate its risk.
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1. INTRODUCTION

The fin whale (Balaenoptera physalus) (Linnaeus, 1758) is the
largest cetacean species present in the Mediterranean Sea and the
only baleen whale species regularly found within the
Mediterranean basin year-round (Notarbartolo di Sciara et al.,
2016; Aguilar and Garcıá-Vernet, 2018). Two populations have
been identified within the Mediterranean Sea: the Northeast
Atlantic Ocean (NENA) population and the Mediterranean
subpopulation (Notarbartolo di Sciara et al., 2016). Both
populations cohabit annually in the Balearic Sea off southern
Spain and along the Catalan coast (Castellote et al., 2008;
Castellote et al., 2012a; Gauffier et al., 2020). The NENA
population moves through the Strait of Gibraltar into the
Mediterranean basin between November and April and leaves
between May and October (Notarbartolo di Sciara et al., 2016;
Gauffier et al., 2018; Gauffier et al., 2020). On the other hand, the
Mediterranean subpopulation is found in the Ligurian Sea in
summer from July to September and in the Eastern
Mediterranean in winter, where they have been observed
feeding around Lampedusa Island in February. However, there
is some evidence for the species presence in Ligurian between
October and December (Canese et al., 2006; Panigada et al., 2006;
Pintore et al., 2021).

Fin whales primarily feed on northern krill (Meganyctiphanes
norvegica) (M. Sars, 1857) in the Mediterranean Sea (Notarbartolo
di Sciara et al., 2016; Borrell et al., 2021).M. norvegica requires high
levels of primary productivity that are linked to oceanic fronts
(Druon et al., 2012). These oceanic fronts occur seasonally in
patches across the Mediterranean and are linked to fin whale
movements (Druon et al., 2012; Panigada et al., 2017; Lydersen et
al., 2020). Over the past decade, during the spring, a new feeding
ground has been discovered along the continental shelf off the
Catalan coast, between Torredembarra and Castelldefels.
Additionally, this feeding aggregation was discovered around the
Cunit and Foix submarine canyons (EDMAKTUB, 2021, in press).
These underwater geographic formations are particularly
important due to the upwelling effect present in the area, which
triggers elevated krill densities during spring (EDMAKTUB, 2021,
in press; Sabates et al., 1989; Puig et al., 2000).

Distinct behavioural patterns in fin whales have been
documented on the Garraf Coast. Surface feeding behaviour
was observed approximately within the first 10 m of the water
column, by EDMAKTUB (2018). While feeding, fin whales
exhibit irregular movements in a zig-zag pattern or circular
motion (Tort et al., 2017). Breathing patterns were observed to
oscillate on average between two to six min between surface
intervals (Tort et al., 2017). Moreover, travelling, and resting
behaviour have been identified in this area. While travelling, fin
whales conduct a linear path with a constant speed. Both resting
and travelling have been described with a regular breathing
pattern (Tort et al., 2017). Resting behaviour is defined when a
whale remains stationary at the surface, or at a shallow depth just
below the surface.

The fin whale is threatened by a variety of natural diseases,
such as the cetacean morbillivirus (CeMV), and by
anthropogenic effects including persistent pollutants, noise
Frontiers in Marine Science | www.frontiersin.org 2
pollution, fishing gear entanglement, climate change and ship
strikes within the Mediterranean Sea (Panigada et al., 2006;
Mazzariol et al., 2016; Notarbartolo di Sciara et al., 2016).
Moreover, it is a long-lived species with a high mortality rate
in the first stage of life (77%), which decreases with maturity
(Arrigoni et al., 2011). Female fin whales become reproductively
active between 22.8 and 36.8 years, making the species highly
vulnerable to natural and anthropogenic pressures. This leads to
the high mortality rate recorded in the Mediterranean
populations (Panigada et al., 2006; Arrigoni et al., 2011).

Fin whales are exposed to several anthropogenic threats
(Panigada et al., 2006; Notarbartolo di Sciara et al., 2016). The
Mediterranean Sea is one of the most heavily populated and
anthropogenically impacted marine habitats globally, despite
comprising only 0.8% of the global marine surface area
(Micheli et al., 2013; Vaes and Druon, 2013). In this area,
shipping has grown exponentially since 1992, reaching up to
30% of the global maritime traffic annually (Vaes and Druon,
2013). 220,000 ships >100 gross tons operate within it, accessing
300 ports, while following shipping lanes along the north of
African coast or the southern coast of Europe (Panigada et al.,
2010; Vaes and Druon, 2013).

The International Union for Conservation of Nature (IUCN)
red list assessment recently classified the conservation status of
the Mediterranean fin whale population as endangered
(Panigada et al., 2021) and the status of the NENA population
as vulnerable (Cooke, 2018). The species is protected across its
range by the European Union Habitats Directive as an Annex IV
species, the Marine Strategy Framework Directive (MSFD) and
the Agreement on the Conservation of Cetaceans in the Black
Sea, the Mediterranean Sea and Contiguous Atlantic Area
(ACCOBAMS) (Vaes and Druon, 2013; Notarbartolo di Sciara
et al., 2016). Within Spanish waters, cetaceans are protected from
disturbance and harm with exclusion zones applied around
animals under the Royal Decree 1727/2007, on December 21st.
Additionally, fin whales are included in the list of wild species
under special protection regime and in the Spanish catalogue of
threatened species, being catalogued as vulnerable by Royal
Decree 139/2011, of September 2021.

To protect migratory and resident cetacean species, the
Mediterranean Cetacean Migration Corridor (CMC) declared
the area as a Specially Protected Area of Mediterranean
Importance (SPAMI) at the COP21, which was adopted by the
Barcelona Convention in 2019 (OceanCare, 2021). The CMC
was established by the Royal Decree 699/2018 in June 2018. The
CMC comprises 46,385 km2 between Catalonia and Valencia
within the Balearic archipelago in the Balearic Sea (OceanCare,
2021). Likewise, the Pelagos Sanctuary was designated within the
Ligurian Sea between France and Italy in 1999 (Notarbartolo di
Sciara et al., 2016). This designation was in response to the
region’s importance for the species in the summer, as it supports
the highest density of foraging fin whales in the Mediterranean
basin (Notarbartolo di Sciara et al., 2016; Panigada et al., 2017).
An Important Marine Mammal Area (IMMA) was also
implemented across the North-West Mediterranean Sea, slope
and canyon system, between the Pelagos Sanctuary and the
Balearic Sea (IUCN, 2017; Torreblanca et al., 2019). This
April 2022 | Volume 9 | Article 867287
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IMMA acts as a guide for the designation of marine protected
areas (MPA’s) for important habitats for species warranting
formal protection measures. Furthermore, the Coast of Garraf
is included in the Natura 2000 Network area, which establishes a
robust policy framework to ensure ecosystem sustainability and
contributes to international efforts in marine conservation
(Natura 2000, European Commission), Figure 1.

Ship strikes represent the current greatest threat to large whales
in the Mediterranean Sea (Laist et al., 2001; Panigada et al., 2006;
Vaes and Druon, 2013; Di-Meglio et al., 2018; Frantzis et al., 2019;
Schoeman et al., 2020; Winkler et al., 2020). Fin whales are the
cetacean speciesmostoftenkilledbyship strikes globally (Laist et al.,
2001; Panigada et al., 2006; Winkler et al., 2020). When collided
with, fin whales can be pinned onto the bow of large vessels or
become dislodged from the bow and float due to decomposition
gases (Laist et al., 2001; Moore et al., 2020). Injuries resulting from
ship strikes vary in severity depending on the speed and size of the
vessel involved in the incident (Laist et al., 2001; Panigada et al.,
2006). They typically occur along the lateral and dorsal sides of
whales and vary from lacerations caused by propellor movements,
blunt force trauma causing broken bones and scarring to
deformations and amputations of body parts (Laist et al., 2001;
Panigada et al., 2006; de Reuver et al., 2021). Collisions occur most
oftenovercontinental shelfwaters (Laist et al., 2001).Thepossibility
for large vessels to spot and successfully evade hitting surfacing
whales is inversely proportional to the size and speed of the vessel
(Laist et al., 2001).Oncevessel speed reaches≥14kn (25.9 km/h) the
likelihood of severe injuries or a fatal interaction to occur between a
whale and a ship (≥ 80 m) increases greatly (Laist et al., 2001;
Panigada et al., 2006; Keen et al., 2019). Damage to vessels and
injuries to the crew onboard have also been reported on some
occasions (Schoeman et al., 2020; Sèbe et al., 2020; Laist et al., 2001).
Collision risk areas are dynamic regions where environmental
factors, prey density, whale occurrence and marine traffic
combine to threaten whales (Ham et al., 2021). Within the
Mediterranean between 1972 and 2001, 46 (16%) of 287 stranded
Frontiers in Marine Science | www.frontiersin.org 3
fin whale carcasses examined were killed by ship strikes primarily
within or adjacent to the Pelagos Sanctuary, where nearmiss events
were also noted from 2008 to 2019 (Panigada et al., 2006; David
et al., 2022). The risk posed by ship strikes to fin whales has been
extensively studied within the Ligurian Sea in the North-Western
Mediterranean (Panigada et al., 2006; Vaes and Druon, 2013;
Ham et al., 2021; David et al., 2022). In this area, an overlap of
important shipping lanes and satellite tagged fin whales exhibiting
foraging behaviour, demonstrated that the species uses seasonal
foraginghabitats inhigh-risk areas (Panigadaet al., 2017).However,
there is a lack of knowledge about the risk posed by ship strikes in
the Balearic Sea.

The aim of this study was to identify critical areas where
marine traffic and fin whale presence overlapped off the Catalan
coast of Garraf, an area between the large ports of Barcelona and
Tarragona. This study was structured in different steps. Firstly, fin
whale behaviour was evaluated, and fin whale distribution was
estimated in the study area. Secondly, photographed fin whales
displaying collision marks and historical strandings data were
accessed and evaluated. Finally, marine traffic maps to detect ship
route concentrations were created considering types of vessels with
known high ship strike risk. Vessel speed by vessel type and length
was evaluated while route density maps were created which was
used to identify potential fin whale ship strike risk areas within the
study area. This study will contribute to risk mitigation and
protection measures in order to promote conservation, help to
make management decisions and reduce the risk of collisions
occurring while fin whales are seasonally present.
2 THE METHODOLOGY

2.1 Study Area
The study area comprises a 1,944 km2 region, centred around the
city of Vilanova i la Geltrú and extending 37 km offshore. The
area stretches between Torredembarra and Castelldefels out to
FIGURE 1 | Fin whale project study area along the Garraf coast. The Foix Canyon (largest system) is located on the right side of the study area and the Cunit
canyon is situated on the left side. The bathymetry lines have an interval of 50 meters. In the top left it can be seen an image of the W- Mediterranean in which there
are represented the SPAMI areas;.In dark red the cetacean corridor, in light pink the Pelagos Sanctuary, in red the North-West Mediterranean Sea, Slope and
canyon system IMMA a.nd in light green the Garraf Coast Red Natura 2000.
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40°81.38’ N, 1°46.50’ E and 40°92.43’ N, 2°09.21’ E (Figure 1).
The Cunit and Foix Canyons are situated within the middle of
the survey area along the continental shelf edge. The bathymetry
rapidly deepens from the continental shelf (100 m) to 2,000 m in
the Foix Canyon (Puig et al., 2000). These canyon systems and
the Liguro-Provençal-Catalan current create an upwelling effect
which promotes primary production during spring months
resulting in high densities of krill along the shelf edge (Puig
et al., 2000).

The survey fieldwork used for this study was carried out in
2021, between Mach and May. A 14.3 m catamaran RV
MAKTUB (model catana 471) was the research platform where
dedicated visual surveying took place, on a near daily basis
during the fieldwork season. The area was surveyed under
engine power and by sail during suitable weather conditions (<
Beaufort Sea State 4 and < 2 m swell) and with a sustained speed
of five to six knots. The area being surveyed did not follow a
systematic approach. The daily survey effort depended on where
whale activity was detected over previous days, reported by
fisherman, or determined by the weather conditions in the
study area (sea state and wind strength/direction). The
continental shelf edge and submarine canyon systems, where
the species regularly forages, were targeted for surveying.

2.2 Fin Whale Data Collection
Fin whale sightings were obtained from dedicated research
surveys. Visual effort began and finished at the 30 m in depth
mark. Four observers continuously scanned the sea for whales
from all 4 sides of the catamaran to have 360° coverage. Fin
whales were detected either by visually spotting surfacing
animals and their tall columnar blow with the naked eye or
with the use of 8 x 42 binoculars. One of the observers on a break
was responsible for data recording during sightings. Positions
were rotated every 30 min to avoid fatigue and to minimise
observer bias. These observers were trained at the beginning of
the season and remained throughout it to ensure consistency in
the data collection.

Once a fin whale was visually detected, survey effort to detect
whales was ended and the following protocol began. Sightings
occurred when the individual(s) were first seen and ended when
identification data and/or biological samples were obtained. To
minimise duplicating sightings of the same individuals, new
sightings were recorded in three circumstances: (1) if more
animals were sighted in a period over 45 min and identified as
different through photo-identification, (2) if animals surfaced >3
km away from the last whale dive position and were observed in
less than 10 mins from the last observation, (3) if they were
sighted >2 hrs after the initial sighting. In each sighting the GPS
position, species (if other cetacean species were encountered), the
number of animals, the start/end time, the angle, and the
estimated distance of the whale when sighted for the first time
were recorded. Distance was estimated using a compass and
judgement from the skipper. Environmental conditions at the
beginning of the sighting were documented. During the sighting,
additional data was recorded, such as photo-identification
pictures, drone videos and behaviour of the animal(s).
Frontiers in Marine Science | www.frontiersin.org 4
2.3 Evidence of Ship Strikes on Live and
Dead Fin Whales
Live fin whales were photographed and/or filmed with DSLR
cameras (Nikon D7100 with a 150 - 400 mm telephoto lens and
Canon 90D with a 70 – 200 mm telephoto lens) and a drone (DJI
Mavic Pro 2/Phantom 3 Pro) during the field season for photo-
identification purposes. Whales with lesions and damage
consistent with ship strikes were compiled to gauge the
prevalence of non-lethal ship strikes in the study area.

Strandings of fin whales were assessed from along the Garraf
coast using the literature and newspaper reports to identify whales
with evidence of ship strike damage such as acute abrasion and
hematoma bruising on the dorsal side of the body (Laist et al., 2001;
Panigada et al., 2006). Fin whales calve standings were also
investigated within the study area and along the Catalan coast. In
addition, records of fin whale bones recovered by bottom trawling
fishermen in the study area between the ports ofAmetlla deMarand
Palamós were also compiled.

2.4 Fin Whale Distribution
The statistical analysis was conducted using R software version
4.1.1 (R Core Team, 2020). QGis version 3.4.3 – Madeira (QGIS
Development Team, 2018) was used to map the fin whale
presence and the traffic data.

Fin whale sightings recorded by dedicated research surveys
and accounting for observer effort were used to determine the
presence and absence of fin whales across the study area. The
observer effort was defined as the time where observers were
actively surveying. Only on effort transects were considered for
analysis. The 2021 season was used to perform the distribution
model. The aim of the model was to compute the collision risk
map. The complete traffic database available was the EMODnet
database (www.emodnet-humanactivities.eu) which starts in
2019 (see section 2.5). 2019 was an unusual year with few
sightings and in 2020 the COVID-19 pandemic stopped the
season, so data collection was not possible. Therefore, only 2021
data was used for the purposes of this study.

The data collected was assessed per month (from March to
May). The data was transferred to a 3x3 km grid. To define the
sampled area, only the vessel tracks, in which observers were on
effort were considered. A buffer of 3.7 km perpendicular distance
from the vessel track was generated, according to the maximum
distance where whales were sighted during surveys. The
probability of fin whale detection depended on their distance
from the vessel, so a probability of detection was assigned to the
buffer area. It was 1 for the first 1.8 km, where it was assumed
that all fin whales would definitely be detected if present,
according to the sightings recorded and as followed by other
authors such as Ham et al. (2021). The detection probability then
decreased with increasing distance ranges: 0.75 from 1.8 to 2.4
km, 0.5 from 2.4 to 2.7 km and 0.25 from 2.7 to 3.7 km. The
buffer threshold was established according to the percentages of
sightings for each distance range, being 0.85, 0.95 and 0.97
respectively. These buffers were then overlaid on the 3 km
grid. A grid cell was only considered sampled if ≥50% of its
area was covered by the buffer with a detection probability
April 2022 | Volume 9 | Article 867287
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greater than 0.5, otherwise, it was excluded. For each sampled
grid cell, a unit effort associated with the buffer was defined.

The unit effort was defined as the weighted average of the
probability of detection by coverture on each pixel. A grid cell
may be covered by multiple buffers during a month (e.g., a vessel
track might pass more than once by the same grid cells in a
month). Therefore, all unit efforts within each cell were then
monthly summed. This grid sampled effort (hereafter called
effort) was included into the fin whale distribution model as a
correction variable.

Fin whale presence and absence within the sampled area were
associated with each grid cell. When there was a sighting, it was
assigned the value according to the number of animals observed.
The total observations within each grid cell were then monthly
summed to calculate the total number of sightings recorded in
that particular cell. A zero was assigned when there were no
sightings in a sampled effort cell.

Four oceanographic variables were considered as explanatory
oceanographic variables to describe the fin whale distribution
over the study area: chlorophyll a concentration (Chla in mg/
m3), sea surface temperature (SST in K), mean depth (m) and
mean slope angle (°) of the grid cell. The Chla and the SST were
obtained from E.U. Copernicus Marine Services Information,
both with a daily resolution of 1x1 km and 0.01°x0.01° raster
respectively in a L3 processing level. Bathymetry data were
derived from a fine resolution 115x115 m raster provided by
the European Marine Observation and Data Network
(EMODnet) (www.emodnet-humanactivities.eu). The slope
angle of the seafloor was also computed through EMODnet
using the slope function in QGis.

The oceanographic factors were summarised by month (from
March to May) using the 75 quantile for the Chla and the mean
for the SST. Then, all oceanographic values were gridded into the
3 km cells by computing the mean value with the Zonal Statistics
function in QGis. Having a resultant grid with a mean Chla, SST,
depth, and slope value per month.

The fin whale distribution for 2021 was modelled using
Generalised Additive Models (GAMs) with Poisson
distribution family and log link function and were computed
using the mgcv package (Wood, 2011). All the available
oceanographic variables were considered in a preliminary
analysis to select the most relevant ones. A parametric linear
term for each variable was checked against a smooth alternative
and interactions. The variable selection was based on two
criteria; (1) to determine which covariates have the strongest
effects on the number of sightings, enhancing model
interpretability, and (2) improving its prediction accuracy,
aiming for a balance between fit and parsimony. For all the
possible combinations, the prediction error criteria General
Additive Cross-Validation (GACV) was used to compare
models. Environmental variables that were not interpretable
were discarded even if they improved the model fit.

The relationship between fin whale distribution and the
recurring spring phytoplankton bloom that primarily occurs in
coastal waters, continental shelf breaks and around the
submarine canyons was investigated by these models. Krill
Frontiers in Marine Science | www.frontiersin.org 5
does not move far from the continental shelf into shallower
waters, therefore, fin whales are typically found in waters >50 m
in depth, where krill aggregations can be found. Hence, a coastal
correction factor (CC) was used to mask coastal areas and
exclude high Chla values caused by river runoff that might
affect results interpretation.

2.5 Marine Traffic Data
In this study, three complementary marine traffic databases were
used for different aims. Firstly, commercial port data was acquired
from the Barcelona Port authority and from the literature
(OceanCare, 2021; Barcelona Port, 2022). The annual usage of
Barcelona Port by cargo ships (Ro-Ro ships, Lo-Lo ships, bulk
carrier and container ships), tanker vessels (oil tankers) and
passenger vessels (cruise ships and ferries) were analysed from
2016 to 2021 with the aim of characterizing the marine traffic in the
area. Cargo boats were defined as 70 to >200m in length and ≤ 15 kt
in speed, tankers were >80 m in length and 15 kt in speed and
passenger ships were >80m in length and <24 kt in speed. Secondly,
two sources of Automated Identification System (AIS) data were
analysed: (1) from the antenna located at the Laboratory of Applied
Bioacoustics (LAB) of the Technical University of Catalonia,
BarcelonaTech (UPC); and (2) from EMODnet. The aim, in this
case, was to map and characterize the traffic corridors in the study
area. The EMODnet database was used to compensate for the
constraints from the LAB database, as explained below.

The AIS data was used to identify the position of vessels, their
course and speed, as required by the International Maritime
Organisation (IMO). The IMO requires AIS use by all vessels
>500 gross tons, for any vessel >300 gross tons that is engaged on
international voyages and for all passenger vessels irrespective of
size (IMO, 2002). However, AIS transceivers are commercially
available and are also used on vessels that do not meet the
requirements by law.

High-risk ship strike vessels were selected based on criteria
published in the literature considering overall length and speed
(Laist et al., 2001; Panigada et al., 2006; Winkler et al., 2020;
Stepanuk et al., 2021). Following Stepanuk et al. (2021), three
types of vessels (cargo, tanker and passenger ships) were selected
using their IMO, a unique identification number. These vessel
types were previously identified as high risk in Panigada et al.
(2006). The occurrence of these vessel types, seasonality and
movement patterns were then assessed within the study area.

The LAB AIS data was accessible from 2011 to 2020. It was
stored through the data stream of the shallow water OBSEA
platform in the Mediterranean Sea. OBSEA (www.obsea.es) is a
cabled seafloor underwater observatory located 4 km (41°10.92’
N, 1°45.14’ E) off the Vilanova i la Geltru coast and placed within
a fishing protected area. In the AIS data from the LAB, there were
gaps and much variability mainly due to two factors. Firstly, the
AIS data was saved through OBSEA and therefore it was only
stored when OBSEA was active. Secondly, the range of the
antenna receiver decreased over time, resulting in a lack of
data in recent years (e.g., in 2020, 90% of the data was below
an 8 km range and less than 1% of vessels were detected at more
than 15 km from OBSEA).
April 2022 | Volume 9 | Article 867287
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A two-step quality control check was implemented. Vessels
detected on land or with erroneous values were deleted and then,
only data from days that registered ships >42 km from the LAB,
in Vilanova i la Geltrú were selected for analysis. Thus, only days
with a detection range which covered the whole study area were
considered for analysis, ensuring that biassed AIS data (with a
partial detection range over the study area) were excluded. Given
the goal of this study was to identify the principal marine traffic
lines through the survey area (which remain consistent
annually), all the years of data from 2011 to 2020 were pooled
by month.

Shipping lanes and vessel speed within the study area from
February to June were identified. Cargo, tanker, and passenger
vessel shipping lanes were represented by monthly maps,
characterised by three speed ranges: low (up to 8 kn),
moderate (8 to 16 kn) and high (>16 kn). Vessel traffic speed
through the study area was also analysed. Vessel speed
distributions were compared between years and within years to
evaluate the reliability of pooling all the AIS data. The normality
assumption was checked to use more statistically powerful
parametric tests. However, since the normality assumption
failed, three non-parametric tests were computed. The
Kolmogorov-Smirnoff test, a test of the equality of continuous,
one-dimensional probability distributions; the Mann-Whitney-
U test (also called Wilcoxon rank-sum test) which consider as
null hypothesis equal medians; and the Kruskal-Wallis test by
ranks, the non-parametric equivalent of the ANOVA but
comparing that the medians of all groups are equal. The speed
distribution by vessel type and length were also compared. We
classified AIS transmissions into vessel length classes as in Panigada
et al. (2006): 50−100, 100−200, 200−300, and 300−400 m.
Records that contained no information on vessel classification
were not included in the analyses.

Due to the constraints with the LAB data quality, a vessel
density map per month and year was unfeasible but needed to
model the ship strike risk assessment in 2021. Therefore, a
parallel analysis using EMODnet data was implemented.
Marine traffic data between March and May 2021 was
acquired. Route density maps produced and provided to
EMODnet by the European Maritime Safety Agency (EMSA)
were obtained for cargo, tanker, and passenger vessels. The route
density of vessels in the study area was then calculated by
computing the mean of the number of routes per month in the
same 3x3 km grid squares for each vessel type in 2021, using
EMODnet dataset.

2.6 Ship Strike Risk Assessment
The critical fin whale habitat assessment was adapted from
Tregenza et al. (2000). The risk of vessel strike (Ri) was
defined as the probability of lethality to fin whales, from 0
(low) to 1 (high). Ri was described by this equation:

Ri = Wi + 0:64Lð Þ ∗ 10−3 ∗Dcell ∗T ∗NAD ∗VD

Where Wi is the mean hull width in metres according to David
et al. (2011), L is the length of a whale in metres, Dcell is the
mean distance travelled per pixel, T is the percentage of time near
Frontiers in Marine Science | www.frontiersin.org 6
the surface, NAD is the density of fin whales according to the
distribution model and VD is the density of vessels computed
from the EMODnet database (see section 2.5).

Fin whale size (L) in the study area was estimated to be
approximately 17 m, by using drone measures and according to
(Szegedi et al., 2019). The percentage of time near the surface was
set to 30, which was extracted from David et al. (2011). To
convert the number of fin whales into a probability density, the
predicted number of animals by grid cell was divided by the total
number of fin whales estimated (NAD) in the grid for the
whole season.

These variables were computed monthly in a 3x3 km2 grid,
the same as in the distribution model. The Dcell was estimated
following the formula from Druon (2014):

Dcell = 0:5 ∗Dmax

Where Dmax is the maximum distance which can be travelled by
a vessel in a grid cell.
3 RESULTS

3.1 Fin Whale Sightings
Between March and May in 2021, 149 fin whale sightings were
recorded. These sightings consisted of 187 individuals from
across the study area (Figure 2). Generally, single whales were
recorded in each sighting (n=116), except for some groups
consisting of between two to five whales (n=33), which were
mostly observed in May. Sightings varied each month from a
minimum of 32 in March to a maximum of 77 in April. The
number of fin whale individuals sighted per month ranged from
42 to 87. April had the highest number of fin whales recorded
(Figure 2). Fin whales were also photographed off Barcelona and
Tarragona Ports in the presence of vessels on eight occasions
during the season from March to May (Supplementary
Figure S1).

The percentage of fin whales observed that were engaged in
surface feeding behaviour was 71% of observations, whilst 9%
was travelling behaviour and 4% resting behaviour. For the
remaining 16% of the sightings, the behaviour of the whale
was undefined. In the first 10 m of the water column, 17 whales
were filmed feeding in the area by the drone. Most feeding
behaviours (55%) were observed in the evening. Resting
behaviour was observed on six occasions.

3.2 Fin Whale Distribution
The selected monthly model was a GAM model using Poisson
family distribution and log link function, fitted to investigate the
relationship between the logarithm of the number of sightings
(response variable NS) and the oceanographic variables
mentioned above. This model included a multidimensional
isotropic smooth function of the Chla, plus the smooth
interaction between Chla and SST and the interaction between
Chla and slope. The linear effect of depth and coastal correction
factor, adjusted by the effort in a logarithmic scale was added.
This is the resulting model (R code can be found in
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Supplementary Figure S2):

E log NSð Þ½ � ∼ s Chla, bs = csð Þ + s Chla, SSTð Þ + s Chla, slopeð Þ
+ depth + CC − log Effortð Þ + ϵi

ϵi ∼ Poisson

All the tested parameters were significant, except for the coastal
correction (CC). The model had a 57.9% deviance explained. The
dataset presented a zero-inflation problem which was observed
in the residual plots, but it did not invalidate the model
(Supplementary Figure S3). The explanatory variables plots
can be found in the Supplementary Figure S4, S5. The main
standard deviation of the distribution maps was 0.27, 0.37 and
0.38 for each month. The distribution maps with the standard
deviation per grid cell can be found in the supplementary
material (Supplementary Figure S6).

Bathymetrywas found tobe a strongpredictor offinwhalehabitat
preference. The fin whale distribution in March and April was very
consistent with a high concentration of sightings on the continental
shelf break and between Cunit and Foix canyons as displayed in the
distribution model (Figure 3). In May, the distribution started to
decrease at the shelf break andmovedmore offshore to deeperwaters
(1,000 - 2,000 m) inside the Foix Canyon.
3.3 Fin Whale Ship Strike Evidence
Seven whales displaying ship strike injuries were observed. Scars
were the most prevalent around the dorsal fin, both in the anterior
(n = 2), and in the posterior (n = 1) sides of the fin. On one
individual, a lateral scar was observed along its right flank. In
addition, a deep cut with scar tissue on the tailstock of one whale
was noted. However, the most severe injury recorded was a whale
with a dorsal fin collapsed to its right side. Due to this injury, an
‘idiopathic’ scoliosis posterior to the dorsal fin on its right side was
developed (Figure 4) (Alves et al., 2017; de Reuver et al., 2021).
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This injury compromised its swimming speed and diving abilities,
causing it to lift the right side of its tail fluke out of the water while
diving. It was in a very poor nutritional condition with its vertebral
column visible (Castrillon and Bengtson Nash, 2020)
(Supplementary Figures S7-S10). In the study area, only one
other whale was recorded across all seasons, exhibiting injuries in
April 2018. This whale also displayed ‘idiopathic’ scoliosis at its
dorsal fin, where the vertebral column curved to the right. It was
not re-sighted in any other season. Fin whales were seen on six
occasions in the presence of cargo and tanker vessels during the
2021 season (Supplementary Figure S11). Two individuals were
seen outside Barcelona Port on 19 May and one whale was seen off
Tarragona Port on 10 May (Supplementary Figure S11).

Four fin whales have been recorded as ship strike fatalities in
Barcelona Port since 1986 (Table 1). In 1986, twowhales were found
on the bow of vessels entering the port. Onemale whale was brought
in by storm conditions on 9th of May 2002, displaying abraded skin
on its central left flank posterior to the pectoral fin.Moreover, amale
individual was located floating in the port in 2016. The skin along the
juvenile male whale’s left flank had been removed in an acute area,
with a depression and signs of haemorrhaging (Figure 5). The
haemorrhaging on the body was used to indicate that the whale
circulation system was still active meaning that the whale was alive
when hitting. The location of the collision marks on the body also
indicates that they were alive. Orange coloured faeces were found in
the gastrointestinal tract indicating that thewhale had recently fed on
krill prior to being struck.

3.4 Marine Traffic
Barcelona port data was available for cargo, tanker, and
passenger vessels from 2014 to 2021. Between 4,468 and 3,587
cargo ships, 852 and 1042 tanker ships and 3869 and 2156
passenger ships visit Barcelona Port annually. Most cargo ships
using the port were from foreign cargo vessels (Barcelona Port,
2022). The marine traffic was evaluated during the fin whale
season between 2016 and 2021 (Table 2).
FIGURE 2 | Fin whale sightings between March-May 2021. The bathymetry lines have an interval of 50 meters.
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FIGURE 3 | Fin whale distribution in (A) March, (B) April and (C) May 2021 within the study area. The bathymetric lines are drawn every 50 m depth. The Number
of animals sighted per pixel varied between 0-6.
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Well established shipping lanes were identified transiting the
study area. Cargo ships were the most prevalent vessel type
across the study area, especially in the northwest section, due to
the proximity to the Barcelona Port. The shipping lane splits into
three routes that diagonally cross the study area. Three shipping
lanes to Tarragona Port in the west of the study area also transit
through it (Supplementary Figures S12-S15).

Tanker vessels use both Barcelona and Tarragona Ports. One
main shipping lane emerges from each port and diagonally
crosses the study area from the northeast and northwest.
Cargo and tanker vessels also moved parallel to the coast along
the continental shelf edge (Figure 6 and Supplementary Figures
S16-S19). Passenger vessels transit through the study area in its
southeast corner (Figure 6 and Supplementary Figures S20-
S23). This lane moves southwards towards Ibiza in the Balearic
Islands (OceanCare, 2021).
3.5 Shipping Speed
The vessel speed distribution and the comparison of medians
between years were significantly different due to the reception
Frontiers in Marine Science | www.frontiersin.org 9
variability of the LAB AIS antenna. The p-values of the
Kolmogorov-Smirnoff, the Mann-Whitney-U and the Kruskal-
Wallis test, were p < 0.001. Within each year, there was also a
significant difference (p < 0.001) in the vessel speed between
months (Figure 7 and Supplementary Figure S24). In years
when the antenna range was stable, there was a consistent
pattern where the vessel speed increased from February to
June. However, vessel speed was consistent across months for
the different types of vessel or sizes (Supplementary Figure S25).
The marine traffic lanes with the highest speed vessels that exited
from or arrived at Barcelona Port were cargo and passenger
vessels (Figures 6, 7 and Supplementary Figures S20-S23,
S26-S29). Both vessel speed patterns, by vessel type and by
vessel length, were consistent for all the months (Figure 7 and
Supplementary Figures S26-S29). Cargo vessels were the most
numerous vessel types that moved through the Garraf coast from
February to June. The same number of tanker and passenger
vessels were recorded during this five-month period. Despite the
lowered numbers present, passenger vessels exhibited the highest
speeds through the study area, followed by cargo ships and
tankers. Approximately 80% of vessels that exceeded 20 kn were
FIGURE 4 | A fin whale displaying severe damage to its vertebral column and dorsal fin on 4 April 2021. (A) lateral and (B) overhead view.Photographs by Dr.
Eduard Dellogada.
April 2022 | Volume 9 | Article 867287

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Castro et al. Ship Strike Risk Fin Whales
passenger vessels, travelling through the southeast corner of the
study area (Figure 6). In addition, vessels between 200 and 400
m in length exhibited the highest speeds, exceeding a speed
median threshold of 15 kn most frequently (Figure 7 and
Supplementary Figures S26-S29).
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3.6 Shipping Density
Cargo vessels displayed the highest densities through the study
area in all months and peaked in May. The vessel route density
went from 9.75 to 10.97 with a maximum of 50.56 in April. For
tanker vessels the mean route went from 3.99 to 4.26 with a
TABLE 1 | Confirmed fin whale ship strikes at Barcelona Port since 1986.

Date Sex Length (m) Weight (t) Location Source

23/01/1986 Female 12.5 N/A On bow Raga et al., 1991,
Panigada et al., 2006

10/08/1986 N/A 12 N/A On bow Raga et al., 1991,
Panigada et al., 2006

09/05/2002 Male N/A N/A Floating in port REUTERS
14/04/2016 Male 13.5 14.5 Floating port Degollada pers. obs.
April 2022 | Volum
FIGURE 5 | Fin whale in Barcelona Port with evidence of ship strike on its leftright flank on the 14 April 2016. (A) A closeup view of the trauma and (B) an overall
view of the whale. Photographs by Dr. Eduard Dellogada.
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maximum value of 15.89 in March. Passenger ships were the
ones with the lowest density in the study area with a mean route
between 0.12 and 0.19. In this case the maximum number of
vessel routes per pixel was 1.9 in May (Figure 8 and
Supplementary Figures S30-S32).

3.7 Ship Strike Assessment
The col l is ion risk maps performed (Figure 9 and
Supplementary Figures S33-S35) indicate that April is the
month with highest risk of vessel collision at a mean risk of
0.066. On the opposite, May had the lowest risk recorded with a
mean value of 0.031 in the study area. The area with the highest
collision risk is the left side of the Foix Canyon, because of the
proximity to Barcelona port.
4 DISCUSSION

4.1 Fin Whale Ship Strike and Fatalities
The whales photographed in the study area generally exhibited
ship strike injuries high in the dorsal side, which is the most
raised body part when the animal dives. This was especially
noted when the whale dove quickly (Laist et al., 2001). The
injuries were similar to those reported elsewhere in the
Mediterranean and Strait of Gibraltar (de Stephanis and
Urquiola, 2006; Panigada et al., 2006; Gauffier et al., 2018). The
aforementioned two cases of severe vertebral column deformity
and likely idiopathic scoliosis in 2018 and 2021, were determined
as severe welfare cases. In these, the whales were unable to swim
correctly or at typical speeds, which reduced their capacity to
feed efficiently (Goldbogen et al., 2006; Gough et al., 2019; de
Reuver et al., 2021). Neither animal was subsequently resighted
during the following seasons (2018 whale) or the remaining 2021
season (2 months).

Nine fin whales (out of 383) were photo-identified with ship
strike injury evidence in the Ligurian Sea from 1990 to 2001
(Panigada et al., 2006). Only one fin whale was photographed
with ship strike evidence off the Garraf coast prior to 2021, when
6 individuals were documented. This sudden increase in visual
marks from ship strikes may indicate that the risk posed from
this threat has increased. The four confirmed ship strike fatalities
in Barcelona Port displayed typical ship strike characteristics for
the species with dorsal side collision marks. Two fatal ship strikes
occurred during the fin whale season (April and May) from the
data available in 2002 and 2016. These whales were still young
given their length range was between 12 and 14.5 m. These
results are limited and there have likely been more whale
strandings associated with ship strikes in proximity to
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Barcelona Port as indicated by the concentration of strandings
on Mediterranean Database of Cetacean Strandings
(MEDACES). Further work is required in evaluating the
strandings from this location to assess past ship strike
occurrence in the area.

Fin whales traveling in groups in the Bay of Biscay displayed
lowered attentiveness rates in proximity to ferries, which may
increase the risk of ship strikes (Aniceto et al., 2016). This “group
effect”, the slower traveling speed of mother-calf pairs (6.6 km/hr
in one study) and increased time at the surface, may increase the
susceptibility of these whales to ship strikes in the study area and
in the vicinity of Barcelona Port (Aniceto et al., 2016; Smultea
et al., 2017). The low survival rate of calves in the Mediterranean
Sea and that additional loss of sexually mature females with
calves poses a high threat to the species (Panigada et al., 2006;
Arrigoni et al., 2011). Poor nutritional condition and maternal
separation was attributed to one live stranded calf that was
euthanised and necropsied at Tarragona on 13th November
2015 after appearing in Barcelona Port on 10th/11th
November (Cuvertoret-Sanz et al., 2020). Only four mother-
calf pairs have been recorded present in the study area since the
project began in March 2014 (EDMAKTUB unpublished data).

4.2 Fin Whale Ship Strike Risk on the
Garraf Coast
Ship strike risk appears to be higher in April when the number of
fin whale sightings is highest. May was the month with less risk
despite it having the highest marine traffic levels. The lower risk
may be due to the offshore movements of fin whales in May. The
study area´s lower risk cannot be extrapolated to other close-by
zones, given the proximity of Barcelona Port, the surrounding
traffic routes, and the changes in oceanographic conditions along
the Catalan Coast, as reported by the fisherman along seasons.
Future studies are required to evaluate the whole Catalan Coast
and the Balearic Sea with fin whale data in order to assess the risk
of collision in other areas.

Fin whales follow a complex migratory pattern subject to food
availability in the Mediterranean Sea (Geijer et al., 2016;
Notarbartolo di Sciara et al., 2016; Panigada et al., 2017). The
relationship between their presence and oceanographic variables
(which act as indicators of productivity and consequently to food
abundance) do not follow simple linear regressions. For this
reason, one of the most used models for cetacean distribution is
the GAM model. It offers a flexible and robust approach for the
exploration and characterization of complex, non-linear
relationships among variables (Panigada et al., 2008; Zerbini
et al., 2015). The oceanographic model used to fit this model used
Chla in order to get the primary production indicator and the
TABLE 2 | Number of vessels that use Barcelona port annually during the fin whale season (from March to May) between 2016 and 2021. The vessel numbers for 2020
are lower due to the COVID-19 pandemic.

Vessel type 2016 2017 2018 2019 2020 2021

Cargo 1,190 1,102 1,141 1,036 827 972
Tanker 238 247 243 270 248 431
Passenger 782 911 957 934 430 421
April 202
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FIGURE 6 | Vessel positions for Cargo (A), Tanker (B) and Passenger (C) vessels in April from pooled AIS data between 2011 and 2020. The bathymetry is
represented by isobaths every 50 m and the study area is shaded.
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SST as the indicator for column mixing which implies an
enrichment of nutrients in superficial waters which implies
more productivity (Croll et al., 2005; Baines and Reichelt, 2014).

The bathymetry, depth and continental shelf slope factors
appear to be an important factor to correlate with chlorophyll a
and sea surface temperature, as they determine where krill
occurs. Northern krill is a mesopelagic species which perform
a diurnal-vertical migration to feed on phytoplankton at night
(Panigada et al., 1999; Kaartvedt, 2010). Fin whale surface
feeding behaviours, especially lunge feeding, usually occur at
dusk for this reason which was recorded often off the Garraf
coast. Fin whales also remain at the surface for extended periods
of time, swim slower and shallower at night (Calambokidis et al.,
2019; Keen et al., 2019). These behaviours may reduce their
reaction times while the crew of vessels cannot visually see
animals in the dark, which substantially increases the risk of
collision (Calambokidis et al., 2019; Keen et al., 2019; Guazzo
et al., 2021).

In the Ligurian Sea, fin whales primarily feed in habitats
reaching 2,000 m in depth and can dive to reach ~470 m to feed
(Panigada et al., 1999; Panigada et al., 2005). The deep foraging
dives performed in the Ligurian Sea, reduce the time that fin
whales spend at the surface. 82% of the Mediterranean Sea’s fatal
ship strikes were recorded between 1972 and 2001 in the
Ligurian Sea area (Panigada et al., 2006). However, the
shallower surface feeding behaviours exhibited by fin whales
along the Catalan coast increases their presence at the surface
exponentially. Surface lunge feeding in the Mediterranean has
been documented off Lampedusa Island (Canese et al., 2006).
This fact may expose the whales in this region to a higher risk of
collision, given the whales are closer to the surface for extended
periods of time, while both feeding and resting.

The intensity and visibility of fin whale blows appears to vary
depending on their behaviour and the environmental conditions
(Stone et al., 1992; Kopelman and Sadove, 1995; Goldbogen et al.,
2006; Horton et al., 2019; Martins et al., 2020). The blow
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intensity may also be affected by the time of the day within the
study area (Stone et al., 1992). This variation in blow visibility
would influence the detection rate of whales by the crew of
marine vessels.

The persistent acoustic noise from vessels has been recorded
altering fin whale behaviour (Nieukirk et al., 2011; Castellote
et al., 2012b). Acoustic calls to avoid masking caused by shipping
noise, have also resulted in displacement behaviours while
foraging in the Mediterranean Sea (Castellote et al., 2012b;
Notarbartolo di Sciara et al., 2016). Adaptation to the
increased noise levels within the Mediterranean Sea may make
the species more susceptible to ship strikes (Castellote et al.,
2012b; Notarbartolo di Sciara et al., 2016).

Of the 43 near-miss events recorded in the Ligurian Sea
between 2008 and 2019, 63.4% of whales surfaced in front of
ferries <50 m away (David et al., 2022). No behavioural changes
were observed when whales were travelling or resting in
proximity to ferries, indicating that the acoustic output of
marine traffic is not suitable for the species as an avoidance
signal for marine vessels (David et al., 2022). The animals
observed in the study area did not show any behavioural
changes that could be attributed to the presence of vessels. The
species spatial awareness alters depending on their behaviour
and group size which may make them more susceptible to being
hit while engaging in behaviours such a surface feeding and
resting (Friedlaender et al., 2015; Aniceto et al., 2016; Panigada
et al., 2017; Calambokidis et al., 2019; Irvine et al., 2019). The
near surface feeding behaviours recorded in the Garaff study area
during the evening time, when krill migrate higher in the water
column, have the potential to increase the risk of collision.
During the hours of darkness whales would not be detected by
visual observation unless by thermal imaging (Zitterbart
et al., 2020).

Cargo vessels pose the highest ship strike risk to fin whales on
the Garraf coast. They transit through important foraging areas
at speeds between 10 to 20 kn, reaching a probability of having a
FIGURE 7 | The distribution of vessel speeds in April (from pooled AID data between 2011 and 2020) by vessel type and vessel length in the study area, where fin
whales were observed surface feeding. The number of unique vessels in each category is indicated at the top of each violin plot.
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FIGURE 8 | Vessel route density maps within the study area in 2021. The first map (A) represents the cargo ship route density in May, the second (B) represents
the tanker ship route density in March and the third (C) one represents the passenger ship route density in May. These maps represent the months with highest
marine traffic for each type of vessel. The maps of the months left can be found in the Supplementary Figures S29-S31.
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fatal strike to around 79% (Vanderlaan and Taggart, 2007; Conn
and Silber, 2013). Half of global ship strikes occur at moderate
vessel speeds (below 15 kn) (Winkler et al., 2020). Death is
possible even at low speeds (Kelley et al., 2021). Tanker ships
recorded the slowest mean speed at around 10 kn. They crossed
the study area from both sides, due to the presence of Tarragona
and Barcelona Ports. In this case, even though the traffic density
was low, the collision risk was high for this type of vessel, due to
its prevalence in crossing the study area.

While passenger’s vessels did not display a high risk in the study
area (because they transit through a small section of it), they do
represent amajor threat towards the species along theCatalan coast
and in the Balearic Sea. Theymove at very fast speeds, averaging 20
kn regularly between Barcelona and the Balearic Islands, France,
and Italy. In the Ligurian Sea, ship strike risk increases during the
summer “high tourist season”months, when ferries move between
the French and Italian mainland to Corsica and Sardinia, while fin
Frontiers in Marine Science | www.frontiersin.org 15
whales forage in the area (Grossi et al., 2021; Ham et al., 2021).
Pleasure boats operate in coastal waters of the study area and may
move at fast speeds (>20 kn), however, it is predominantly sailing
boats that occur over the Cunit and Foix Canyons due to the
distance from shore. Nonetheless, sailing boatsmay pose a reduced
risk due to manoeuvrability limitations when the sails are raised in
some environmental conditions (Ritter, 2012). Further study of
tourism season threat and impact on the fin whales is required off
the Catalan coast for ferries and pleasure boats such as yachts
(Carreño and Lloret, 2021).

4.3 Mitigation Measures to Reduce Ship
Strike Risks
Ship strikes are a huge conservation concern for cetacean species
globally, especially for large whales (Laist et al., 2001; Sèbe et al.,
2019; Winkler et al., 2020). For this reason, a variety of mitigation
measures have been implemented to minimise the risk of ship
FIGURE 9 | Risk of collision between a fin whale and a cargo ship in (A) March and (B) April. The risk range is between 0 and 0.6. April was the month with the
highest risk. The other maps with the risk of collision with cargo ships in May, with tanker ships and with passenger ships can be found in the Supplementary
Figures S32-S34.
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strikes worldwide (Panigada et al., 2006; Winkler et al., 2020). The
most common measures used are speed reductions and the
implementation of traffic separation schemes (TSS) (Guzman
et al., 2013; Bezamat et al., 2015; Guzman et al., 2020; OceanCare,
2021). For example, the chances of lethal injury from ship strikes
drops to 50% at 8.8 kn speed (Vanderlaan and Taggart, 2007; Conn
and Silber, 2013). Thus, a speed limitation to 8 kn, along the entire
Catalan coast under 200 m depth and in the areas closest to the
continental shelf edge and submarine canyons between February
and June,wouldgreatlyprotectfinwhalehabitatsover awide spatial
area.Moreover, slowervessel speedswould aidclimate action efforts
in reducing the amount of CO2 emissions being released bymarine
traffic (Leaper, 2019).

In order to prevent collisions with the critically endangered
north Atlantic right whale (Eubalaena glacialis) (Müller, 1776) in
the Gulf of Maine, the IMO subcommittee on ship strikes
implemented a measure forcing ships larger than 300 gross
tons to report their position, speed and destination while
entering key right whale habitats: New England (foraging area)
and coastal Georgia and Florida (calving area) (Conn and Silber,
2013; Cooke, 2020). Reporting ships receive an automatically
generated message that provides information about right whale
sightings, their vulnerability, and actions to avoid ship strikes. In
addition, in the eastern Mediterranean Sea, re-routing of
shipping lanes by 20 km in the Hellenic Trench, Greece was
predicted to decrease the ship strike risk to sperm whales
(Physeter macrocephalus) (Linneaus 1758) by 70%, with no
additional cost to shipping companies transiting the area
(Frantzis et al., 2019).

The use of fin whale distribution models influenced by
oceanographic conditions would be useful to implement flexible
regulation measures, considering that fin whale presence and
behaviour is affected by foraging conditions along the Garraf
coast. Marine traffic has been seasonally diverted away from areas
where ship strike risk increased greatly during certain months in
other countries; it has been introduced at New Scotia and Gulf of
Maine, Canada coast and the Gulf of Panama (Vanderlaan and
Taggart, 2007; Guzman et al., 2020). Other suggested measures
include vessels moving offshore to avoid crossing known foraging
habitats once they departed port. The continental shelf edge should
be crossed during daylight hours, while the vessel’s master or a
member of the crew actively watch for fin whales and evade any
sighted animals at a far distance. This would increase the chances of
the ship to avoid ship strike or collision (Gende et al., 2019). This
mitigation measure could be implemented in the proposed TSS of
Barcelona and Tarragona Ports.

In other areas out of the Mediterranean Sea, Marine Mammal
Observers (MMO) accompany the vessels during the spring season,
to help locate fin whales in the path of the vessel, and therefore,
helping to avoid ship strikes (Flynn and Calambokidis, 2019;
Zitterbart et al., 2020). The use of Infrared cameras may
alternatively be used to detect whale blows and their body heat
signaturewhile at the surface (Zitterbart et al., 2020). Zitterbart et al.
(2020) reported a 70% detection rate of whales within 2 km of
vessels inAustralia.Detectionswere also observed at nightwhile the
whales feed or rest near the surface (Calambokidis et al., 2019; Keen
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et al., 2019). This technology would be very useful in the Garraf
study area given the area’s dusk, and the night-time fin whale
foraging behaviour. The efficiency of this technique for fin whales
should be evaluated in this region.

Funding should be provided to survey the Balearic Sea,
particularly within the Mediterranean cetacean Migration
Corridor and in the new Specially Protected Areas of
Mediterranean Importance (SPAMI) area. In order to provide
conservation managers with more robust data and aid in future
studies about the ship strike risk for fin whales species, additional
population and abundance data on fin whales within the Balearic
Sea during springtime is required. Previous studies in the
Balearic Sea using dedicated aerial and opportunistic boat-
based surveys indicate the presence of fin whales elsewhere in
the Balearic Sea. Further research is required to understand their
seasonality and movement patterns (Torreblanca et al., 2019;
ACCOBAMS, 2021). Consideration must also be made for the
use of acoustic monitoring techniques along the Catalan coast
and in the SPAMI area, in order to evaluate the noise pollution
under the Marine Strategy Framework Directive descriptor 11.
Evaluating this anthropogenic noise would provide opportunities
to detect the cetacean presence and seasonality (including sperm
whales and Cuvier’s beaked whales (Ziphius cavirostris) (Cuvier,
1823) and to monitor this region’s cetacean communities further
(OceanCare, 2021).

In light of the high abundance offin whales seasonally feeding
off the Garraf coast of Catalonia and the high volume of marine
traffic transiting the area, careful consideration is required to
reduce the ship strike risk to this species. The endangered status
of the Mediterranean fin whale population warrants an urgent
need to minimise the loss of individuals from the population
through anthropogenic impacts such as ship strikes. The Royal
Decree protecting fin whales in Spanish waters should engage
with and enforce conservation measures for this species from
ship strike risk along the Mediterranean coast. The Barcelona
and Tarragona Port TSS provides a unique opportunity to
develop a plan with stakeholder engagement, to implement the
recommendations made in this study and limit the loss of
fin whales.
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Baéz, J. C. (2019). Using Opportunistic Sightings to Infer Differential Spatio-
Temporal Use of Western Mediterranean Waters by the Fin Whale. PeerJ. 7,
e6673. doi: 10.7717/peerj.6673
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Loring and Degollada Bastos. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
April 2022 | Volume 9 | Article 867287

https://doi.org/10.3389/fmars.2020.00333
https://doi.org/10.1121/1.3672648
https://doi.org/10.1016/bs.amb.2016.08.002
https://doi.org/10.1038/s41598-017-03560-9
https://doi.org/10.2305/IUCN.UK.2021-3.RLTS.T16208224A50387979.en. 
https://doi.org/10.2305/IUCN.UK.2021-3.RLTS.T16208224A50387979.en. 
https://doi.org/10.1016/j.marpolbul.2006.03.014
https://doi.org/10.3354/meps187309
https://doi.org/10.3354/meps187309
https://doi.org/10.3390/jmse9090966
https://doi.org/10.1016/S0967-0637(99)00062-X
https://doi.org/10.1016/S0967-0637(99)00062-X
http://qgis.osgeo.org
https://cat.elpais.com/cat/2016/01/28/catalunya/1453983052_549792.html
https://cat.elpais.com/cat/2016/01/28/catalunya/1453983052_549792.html
https://www.R-project.org/
https://doi.org/10.1007/BF00543342
https://doi.org/10.3389/fmars.2020.00292
https://doi.org/10.3389/fmars.2020.00292
https://doi.org/10.1016/j.marpol.2019.103697
https://doi.org/10.1016/j.scitotenv.2020.136643
https://doi.org/10.12966/abc.01.02.2017
https://doi.org/10.3354/meps13638
https://doi.org/10.3354/meps13638
https://doi.org/10.7717/peerj.6673
https://doi.org/10.2788/8520
https://doi.org/10.1111/j.1748-7692.2006.00098.x
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1175/JTECH-D-19
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

	Ship Strike Risk for Fin Whales (Balaenoptera physalus) Off the Garraf coast, Northwest Mediterranean Sea
	1. Introduction
	2 The Methodology
	2.1 Study Area
	2.2 Fin Whale Data Collection
	2.3 Evidence of Ship Strikes on Live and Dead Fin Whales
	2.4 Fin Whale Distribution
	2.5 Marine Traffic Data
	2.6 Ship Strike Risk Assessment

	3 Results
	3.1 Fin Whale Sightings
	3.2 Fin Whale Distribution
	3.3 Fin Whale Ship Strike Evidence
	3.4 Marine Traffic
	3.5 Shipping Speed
	3.6 Shipping Density
	3.7 Ship Strike Assessment

	4 Discussion
	4.1 Fin Whale Ship Strike and Fatalities
	4.2 Fin Whale Ship Strike Risk on the Garraf Coast
	4.3 Mitigation Measures to Reduce Ship Strike Risks

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


