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The Pelagos Sanctuary is the only pelagic marine protected area in the Mediterranean Sea, instituted for the
conservation of cetaceans. Considering the number and size of commercial and touristic ports located along its
coasts, this protected area is highly impacted by human activities, and especially marine traffic. Fin whales and
sperm whales are regularly sighted in the Pelagos Sanctuary, and ship strikes with large vessels are one of the
main threats affecting these two species. Mapping hotspots of distribution along main shipping lanes could be an
effective conservation tool, as they directly allow locating high risk areas. In this work, we used data collected
during summer from 2009 to 2019, along main marine traffic corridors in the central region of Pelagos Sanc-
tuary. Ship strike hotspots have been identified, considering the persistence of distribution hotspots over the 11
years period. Hotspots occurrence has then been predicted over the entire Pelagos Sanctuary area applying
Generalized Additive Models, allowing for ship strike risk assessment over the marine protected area. Our results
highlighted the recurrence of important areas for both species along shipping lanes characterized by high vessel

traffic, identifying regions where to address conservation measures.

1. Introduction

Collision with large vessel is known as one of the main human
induced threats to cetacean populations worldwide, in the Atlantic
Ocean (Vanderlaan and Taggart, 2007; Panigada et al., 2008), in the
Pacific Ocean (Williams and O’Hara, 2009; Redfern et al., 2013; Nichol
et al., 2017; Keen et al., 2019; Smith et al., 2020) as well as in the
Mediterranean Sea (Panigada et al., 2006; Peltier et al., 2019; Foskolos
et al., 2020). Many species are known to be affected by ship strikes, and
especially large whales: among these, fin whales (Balaenoptera physalus
Linnaeus, 1758), humpback whales (Megaptera novaeangliae Borowski,
1781) and sperm whales (Physeter macrocephalus Linnaeus, 1758) are
the most frequently involved in collisions (Laist et al., 2001; Winkler
et al., 2020). Though all vessels could potentially hit a cetacean, it has
been demonstrated that speed and dimension play a crucial role in the
probability of a vessel to be involved in ship strike with large whales
(Laist et al., 2001; Jensen et al., 2004; Vanderlaan and Taggart, 2007;
Cates et al., 2017; Winkler et al., 2020). Particularly, it has been
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demonstrated that speed greater than 12 knots is enough to cause
serious injuries to whales or, in the worst case, death, depending on the
severity of the impact and on which body parts are involved (Vanderlaan
and Taggart, 2007).

The Pelagos Sanctuary is an international Marine Protected Area
(MPA) created in 2002 by France, Italy and Monaco (Nota-
rbartolo-di-Sciara et al., 2008), located in North-Western Mediterranean
Sea. This region is characterized by high productivity (D’Ortenzio and
Ribera d’Alcala, 2008), triggered by the complex topography of the area
and the influence of currents (Casella et al., 2014). Both deep-water and
shelf-slope habitats are present, allowing the recurring presence of
different cetacean species, among which the fin whale and the sperm
whale (Tepsich et al., 2014; Morgado et al., 2017).

For both species, the main human-induced threat in this area is
collision with large ships (Laist et al., 2001; Agardy et al., 2007; David
et al., 2011; Campana et al., 2017; Peltier et al., 2019; Ritter and Pan-
igada, 2019; Winkler et al., 2020). Their large body size and their sur-
face behavior, characterized by longer surface time compared with other
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cetaceans, makes these species the ones risking the most to collide with
ships. Particularly, fin whales are the cetacean globally more often
struck by vessel (Winkler et al., 2020). For the Mediterranean popula-
tion, it has been estimated that the 16% of individuals found dead from
1972 to 2001 were killed by boats (Panigada et al., 2006). For sperm
whales, the risk of collision with vessel is high, placing them at the third
place among the species more often struck by vessels (Winkler et al.,
2020). Even if they actually spend long time diving at depths (Di-Méglio
et al., 2018), while breathing at surface they remain motionless, making
themselves more vulnerable (Di-Méglio et al., 2018). Peltier et al. (2019)
estimated that between 2005 and 2017, 15.8% of the total strandings of
sperm whales along the Western Mediterranean Sea were caused by ship
strikes.

According to the last IUCN Red List assessment, the Mediterranean
subpopulations of fin whale and sperm whale are respectively listed as
“vulnerable” (Panigada and Notarbartolo di Sciara, 2012) and “endan-
gered” (Notarbartolo di Sciara et al., 2012). Both species are known to
regularly occur throughout the Mediterranean basin, with the highest
density recorded in the Pelagos Sanctuary. Here fin whales and sperm
whales are present year-round (Cotté et al., 2009; Arcangeli et al., 2017;
Laran et al., 2017), but indeed this area is recognized as an important
feeding ground especially during summer (Forcada et al., 1995; Gannier
etal., 2002b; Aissi et al., 2008; Druon et al., 2012; Carpinelli et al., 2014;
Geijer et al., 2016). Generally, summer months are also the busiest for
Pelagos, in terms of marine traffic, especially for the transit of cruise
ships and passenger ferries connecting tourist destinations (David et al.,
2011; Campana et al., 2015, 2017; Coomber et al., 2016), resulting in a
higher risk of ship strikes.

Risk of collision inside Pelagos has been calculated with different
approaches: by combining data on shipping intensity and species
sightings rate (David et al., 2011; Di-Méglio et al., 2018), by examining
stranded carcasses (Panigada et al., 2006; Peltier et al., 2019) and by
using photo-identification methods to assess the rate of injured in-
dividuals (Di-Méglio et al., 2018).

In order to address effective conservation measures, mapping the
overlap between species distribution and areas of high human use
(Pennino et al., 2017) allows the identification of specific higher-risk
areas. Species Distribution Models (SDMs) are a widely recognized
valuable tool to understand and predict animal distribution (Pearce and
Ferrier, 2000; Redfern et al., 2006; Gormley et al., 2013; Santora et al.,
2014; Cribb et al., 2015; Becker et al., 2016). Nevertheless, when
dealing with large areas and/or highly mobile species, identifying pri-
ority areas within species known/predicted distribution is essential.
Distribution hotspots can be seen as areas with consistently higher
abundance (Santora et al., 2011; Suryan et al., 2012; Yurkowski et al.,
2019), or locations where the species occurred at greater frequencies
(Moulins et al., 2008). In highly dynamic environments, the persistence
of distribution hotspots, which can be defined as the spatio-temporal
reoccurrence of areas with high frequencies of species presence (San-
tora and Veit, 2013), can provide effective indication on priority areas
for setting conservation measures.

In this study we aim to assess the risk of ship strike for fin whales and
sperm whales in the Pelagos Sanctuary, by locating species distribution
hotspots along two main shipping lanes in the north-western Mediter-
ranean Sea. Previous attempts to map risk of collision for fin whale or
sperm whale in the area, presented overall maps of the entire area, as a
result of the concurrent probability of encountering a whale and the
mean traffic in the same area (David et al., 2011; Vaes and Druon, 2013;
Di-Méglio et al., 2018). In all cases, whales presence data were collected
either by research surveys (David et al., 2011) or modeled (Vaes and
Druon, 2013). While such results are of great interest, they are difficult
to transfer to maritime companies. By mapping hotspots along routes,
the awareness about the collision risk would be better presented to
companies navigating along that route. At this end, hotspots maps can
be included in training courses and specific recommendations to
enhance surveillance by embarking marine mammals’ observers (Flynn
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and Calambokidis, 2019), or by using tools to signal in real time the
presence of cetaceans, could be better addressed and consequently more
effective.

We applied SDMs in order to map distribution of persistent hotspots
over the entire Pelagos Sanctuary, as an effective tool to address
persistent ship strike risk over the marine protected area. While the
strong interannual variability in species presence in the area (Azzellino
et al., 2012; Tepsich et al., 2020), suggest the adoption of dynamic
management measures (Ham et al., 2021), these solutions are difficult to
apply considering the high use of the Pelagos region for marine traffic.
Furthermore, when considering passengers’ ferries or cruise ships,
which constitute the majority of maritime traffic in the region (Coomber
et al., 2016), dynamic management would not be feasible for companies
having to respect a strict schedule of trips. The identification of persis-
tent hotspots could represent the first step for fixed management
measures.

2. Material and methods
2.1. Study area

The Pelagos Sanctuary can be divided into two areas: the western
region, which includes a large abyssal plain (more than 2000 m), while
the continental shelf is almost absent, and the eastern part, where the
latter is quite extended with many canyons and a seamount region
(Moulins et al., 2005; Bo et al., 2020). The western region of the Sanc-
tuary is part of the Ligurian-Provencal Basin, while the eastern region is
connected to Tyrrhenian Sea through the Corsica Channel. The main
currents that determine the water mass circulation in the basin all year
round are the Liguro-Provengal current, flowing anticlockwise along the
continental side, and the northeastern current of the Corsican, Sardinian
and Balearic Islands side, the West Corsican current (Estrada, 1996)
(Fig. 1). The resulting cyclonic gyre creates a permanent thermal front
between offshore water and coastal water, which helps to keep the sea
surface temperature in the central zone lower than in adjacent basins, as
the Tyrrhenian Sea (Astraldi et al., 1995).

Seasonally, coastal upwelling and vertical mixing occurs, caused by
the northwesterly wind (‘mistral’) (Notarbartolo-di-Sciara et al., 2008);
this enrichment of nutrients happens between January and April (Bri-
caud et al., 2002), resulting in the proliferation of zooplankton fauna,
such as Meganyctiphanes Norvegica (M. Sars, 1857), an euphausiid
crustaceans (krill), known as the main prey of fin whales (Orsi Relini and
Cappello, 1992).

2.2. Data collection

Data on fin whale and sperm whale presence and distribution were
collected during summer (from the 21st of May to the 30th of
September) from 2009 to 2019 on board ferries crossing the northern
part of the Pelagos Sanctuary, along the following routes: Savona-Bastia
(SB), Savona-Ile Rousse (SI), Savona-Calvi (SC), Nice-Bastia (NB), Nice-
Ile Rousse (NI) and Nice-Calvi (NC) (Fig. 1). Surveyed routes fall within
the main traffic corridors for passenger ferries in the northern part of the
Pelagos Sanctuary. At least three Marine Mammal Observers (MMOs)
collected data directly from the ferry command deck: two, placed on the
left and on the right side of the bridge, scanned the sea with binoculars 7
x 50, while one was dedicated to data recording. Every 30 min, MMOs
changed position in order to avoid fatigue. Survey data included the
entire ferry track, sea state condition, wind direction (degrees), wind
speed (knots), visibility and cloud cover (0-8). Surveys were conducted
following the standard Distance Sampling protocol (Buckland et al.,
2001; Tepsich et al., 2020). For each cetacean sighting, linear distance of
the cetaceans from the observer as well as the angle between the
observed animal and the vessel heading were recorded, together with
species, number of individuals, heading of the animal and his behavior.
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Fig. 1. Map of the study area and monitored routes, namely Savona-Bastia SB, Savona-Ile Rousse SI, Savona-Calvi SC, Nice-Bastia NB, Nice-Ile Rousse NI, Nice-

Calvi NC.

2.3. Data elaboration

2.3.1. Field data processing

All data were stored in a PostgreSQL (version 1.22.2; The pg Admin
Development Team, 2019) database and then spatially analyzed using
QGIS (Version 2.18.15). A 3-step process was developed in order to
analyze transect data and build a presence/absence 5 km grid, to be used
in the identification of distribution hotspots (Ham et al., 2021). This
procedure was applied to each survey (considered as a single trip from
port to port) separately, where each survey consisted of a single moni-
tored transect.

First, only tracks “on-effort” (with MMOs actively looking for ceta-
ceans) and conducted under good weather conditions (defined as sea
State < 4 for the fin whales and sea state < 3 for the sperm whales) were
used in the analysis. A buffer of 2000 m was applied to each monitored
track (effort-buffer zone) and to each sighting (sighting-buffer), in order
to take into account effective distance of species sightability by ob-
servers, as well as species movements (Tepsich et al., 2014; Cominelli
et al., 2016).

Secondly, data were gridded into the 1 km European Environmental
Agency’s (EEA) INSPIRE compliant reference grid and the area covered
by each survey was calculated per cell. Survey grids and sighting grids
were treated independently. For survey grids, a threshold of 0.2 km?,
equal to 20% of the size of the cell, was applied to identify effectively
surveyed cells: all cells not covered by the effort-buffer zone for at least
0.2 km? were discarded, while the others were considered as sampled.
All sampled cells were then associated to 1 Unit Effort (UE;). The same
threshold was applied for sighting grids, so all cells covered by sighting-
buffer > 20% of a cell area were retained and given 1 Unit Sighting
(USy).

Finally, a 5 km-grid was created following the INSPIRE compliancy
guidelines, ensuring better representativeness for the following analysis
(Nichol et al., 2017). Only 1 km cells with at least 1 UE; were consid-
ered. Each survey has been re-mapped into a 5 km grid: if the number of
UE; in a 5 km-cell was more or equal to 6 (equal to % of the area of the 5
km cell), or if it contained at least 1 US;, the cell was considered as

surveyed and got 1 UEs; 5 km-cell containing at least 1 US; were
assigned 1 USs. Successively, all the survey grids obtained were aggre-
gated per year and per route (see Fig. 1 for considered routes) and the
total number of UEs and USs was computed. For each year route 5 km
grid then, cells with UEg equal to one or USs less than or equal to one
were removed. The final SPUE (Sightings Per Unit Effort) per year (y)
and per route (r) was calculated for each cell i, dividing the US of the cell
during that year, by the number of UE for the cell during that year, and
normalized by the highest SPUE value recorded along that route during
that year:

E USsir.y)
Z UEsi(,y)

SPUEy) = SPUE naxr.y)

To obtain the final yearly 5 km grid of the study area, for the cells
where different routes overlapped (e.g. areas in the proximity of Bastia
and Nice harbors which are common to different routes), only the most
representative cell was kept, considering the most surveyed cell over the
year.

A resume of the entire protocol followed to process raw data to create
the yearly grids is represented in the Supplementary Material.

2.3.2. Environmental variables

Both physiographic (static) and oceanographic (dynamic) variables
were used for modelling the occurrence of distribution hotspots, ac-
cording to the known habitat preferences of the two species in the area
(Table 1).

Bathymetric data has been obtained from the General Bathymetric
Chart of the Oceans (GEBCO, 2019) which has a resolution of 30 arc-
seconds (~1 km). Bathymetric data were mapped in the 5 km grid and
mean value was used as depth of the cell; range of the bathymetry within
the 5 km cell, as a proxy for sea bottom topography complexity.

Seafloor geomorphic structures have been demonstrated to be better
descriptors than seafloor depth in modelling the distribution of marine
mammals (Azzellino et al., 2012; Tepsich et al., 2014; Claro et al., 2020).
Considering the geomorphology of the area, four different features were
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Table 1
Summary of the physiographic and oceanographic variables used in the SDM.
Variables Code Units  Spatial
resolution
Seafloor Distance to Dcsh km 1 km
geomorphic continental shelf
features Distance to Dcs km 1 km
continental slope
Distance to the Dsm km 1 km
seamount
Distance to the Dcanyon km 1 km
submarine canyon
Bathymetric Bathymetry Bath.mean m 30 arc-
features seconds
(~1 km)
Bathymetric range Bath_range m 30 arc-
seconds
(~1 km)
Sea Surface Climatological SST_mn °C 4 km
Temperature summer (Jun-Sept)
mean
Climatological SST_sd °C 4 km
summer (Jun-Sept)
standard deviation
Chlorophyll a Climatological bloom Bloom_cl mg/ 1 km

concentration concentration m

considered: the continental shelf (identified as the region ranging from
coastline to the 200 m depth contour) (Gannier et al., 2012), the con-
tinental slope (identified as the region form the 200 m depth contour
which identifies the shelf-break, to the 2000m depth contour), the
seamount located in the northern part of the study area (Bo et al., 2020)
and the submarine canyons (see Tepsich et al., 2014 for details on
submarine canyons identification) (Fig. 1). The Euclidean distance from
the edge of each feature to the centre of each 5 km-cell was computed in
QGIS.

Concerning dynamic variables, two oceanographic variables are
known to influence species presence and distribution: sea surface chlo-
rophyll concentration and sea surface temperature (Gregr and Trites,
2001; Laran and Gannier, 2008; Pirotta et al., 2011, 2020; Druon et al.,
2012; Morgado et al., 2017; Panigada et al., 2017; Prieto et al., 2017;
Becker et al., 2020). Both parameters were considered at the climato-
logical scale (considered the 10-years period covered by data collec-
tion). Particularly, for sea surface chlorophyll concentration, the
concentration during the spring bloom is known to have major influence
on the distribution pattern of the species (Laran and Gannier, 2008;
Morgado et al., 2017). At this end, monthly maps from January to April,
identified as the blooming period (Bricaud et al., 2002) of surface Chl
concentration, were obtained from the online database of the European
Union Copernicus Marine Environment Monitoring Service. Yearly
bloom maps were then built summing the Chl mean of the 4 considered
months. The 10-years climatological bloom map was built, as the
average of the yearly blooms’ maps from 2009 to 2018. Bloom maps
were built using the original resolution of the dataset and then mapped
into the 5 km grid, and mean value for each 5 km cell was computed.

Sea Surface Temperature (SST) data were obtained by PO.DAAC,
with a 4 km resolution. Mean Summer sea surface temperature and
standard deviation were computed considering the four summer
months, from June to September for each year. The climatological mean
and standard deviation maps of SST were then built using the average of
the maps obtained, for the 10-years period considered for Sea surface
Chlorophyll. Final maps were remapped into the 5 km grid, and mean
value for both variables for each cell was computed.

2.4. Data analysis
2.4.1. Yearly hotspots and 11-years persistence

In order to identify hotspots for species presence on a yearly basis,
the overall mean and standard deviation of SPUEs of presence cells
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(SPUE porm > 0) was calculated for each year separately. If the SPUE
value of a 5 km-cell exceeded the yearly mean by 1 standard deviation
(>1 SD), it was considered an “Hotspot” (H) for the considered year; if it
fell between 0 and 1 SD it was classified as “Regular” (R); otherwise, if
the difference value was less than 0 it was considered as an “Occasional”
(O) presence cell.

(H) SPUE;, — SPUE, >1SD,
(R) 0 <SPUE,, — SPUE, <1SD,

(O) SPUE,, — SPUE, <0

These classes were used in order to inspect the yearly occurrence of
hotspots for the two considered species along the shipping lanes
surveyed.

To assess spatio-temporal persistence of yearly hotspots over the
entire considered period, an Hotspot Index (HI) was computed for each
cell, in order to take into account the number of times each cell was
considered as H, R or O over the 11 years period. The HI was computed
as:

_ NH + 0.50*NR + 0.25*NO
n N

HI;

where NH is the number of times cell i was considered as “Hotspot”, NR
as “Regular”, NO as “Occasional”, and N is the number of times the cell
was sampled over 11 years. The regular presence was considered to have
half of the importance (0.50) of the hotspots cell, while the occasional
cells was given a quarter (0.25). The obtained index HI, varies between
zero, indicating persistent absence, and one, indicating cells with
persistent species presence.

2.5. Modelling

Generalized additive models (GAMs) (Hastie and Tibshirani, 1986)
were used to predict the persistent hotspots occurrence over the entire
Pelagos area, using 2009-2019 persistence index (HI) and the above-
mentioned environmental variables. GAMS are frequently used to
explain cetacean distribution (Redfern et al., 2006; Santora et al., 2014;
Correia et al., 2015; Garcia et al., 2018; Schleimer et al., 2019; Becker
et al., 2020).

Correlation between environmental variables to be used in the model
was tested, and for variables highly correlated (Pearson correlation >
0.7) one of them was not included in the model. GAMs were build using
the package mgcv (Wood, 2011) in the software R, version 4.0.0 (R
development Core, 2020). For each species models were fitted using a
tweedie distribution family with a log link function. The maximum
number of splines was set to 5 to avoid overfitting. Backward selection
was used to obtain the best models, based on their Akaike’s information
criterion (AIC) and the p-values: in the first model, all the variables not
correlated were considered; successively, the least significant variable (p
value > 0.05) was discarded, and a second model was run again. If the
result showed lower AIC, the selection continued, otherwise, the vari-
able was inserted back and the next least significant variable was
removed. This process was repeated until the obtaining of the best-fitted
model determined by the lowest AIC (Correia et al., 2015). The best
models were successively plotted and if the smoothing spline possessed
an estimated degree of freedom close to 1 and the corresponding plot
showed a linear behavior, the variable was considered as linear. To map
distribution of persistent hotspots over the entire Pelagos Sanctuary, we
applied the predict.gam function to the best model, for each species.

3. Results

In total 592 transects for fin whales (BP) and 587 for sperm whales
(PM) were conducted under good weather conditions during summer
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from 2009 to 2019, totaling 1240 fin whale and 136 sperm whale
sightings. Details on yearly total survey effort and sightings collected is
presented in Table 2. Overall, 2049 5 km-cells for the fin whale and 1979
for the sperm whale were considered as sampled in 11 years of moni-
toring using the filters mentioned in the methods. Among the considered
traffic lanes, the Savona-Bastia and the Nice-Calvi/Nice-Ile Rousse were
regularly surveyed all along the study period, while the Savona-Calvi/
Savona-Ile Rousse was surveyed from 2013 to 2015 and the Nice-
Bastia from 2017 to 2019.

3.1. Localization of hotspots

Table 3 shows yearly frequency of the three classes (H, R, O), for each
species during each year of data collection. In 2013 the highest number
of R cells was recorded for both species, while the lowest numbers were
recorded in 2009, 2014 and 2019 for the fin whale and in 2010, 2018
and 2019 for the sperm whale. The highest number of hotspots was
recorded in 2013 for the fin whale and in 2014 for the sperm whale.

Concerning the fin whale, a strong interannual variability is
confirmed, with years showing few and restricted areas of presence of
the species compared to years when the species is more widespread over
the route (Fig. 2). The interannual variability is more evident along the
SB route, where years with no regular cells are present (e.g. 2009 and
2016). Lower variability is present along the NC/NI route, where the
species is regularly present and numerous hotspots are recorded. 2014
emerges as a negative record year, as previously evidenced in the area
for this species (Cominelli et al., 2016; Morgado et al., 2017; Tepsich
et al., 2020).

The sperm whale is generally less present, being almost absent in
2018, and regularly sighted during the other years, yet in small and well-
defined areas (Fig. 3). Species presence along all the considered routes is
scattered with hotspots located closer to the coast as well as in the
deepest portion of the basin. Interestingly, hotspots, regular and occa-
sional presence cells are found right outside main ports, such as Savona
(2012, 2013 and 2015), Nice (2012, 2014 and 2017). Hotspot Index,
indicating Persistent presence for fin whale along shipping lanes is
shown in Fig. 4.

The highest values, corresponding to areas with high persistence of
hotspots along the considered period, are located in the central-western
part of the study area and particularly along two shipping routes: the
NC/NI and the SC/SI. These two routes cross the center of the study area
where the depth is greater than 2000 m, known to be the preferred
habitat for the species. (Moulins et al., 2005; Panigada et al., 2005; Aissi
et al., 2008; Laran and Gannier, 2008). Similarly, the highest values of
HI along the NB route, are found in the central part, which covers the
same area of the abovementioned routes. The SB route shows an overall
lower persistence for species presence, with a well localized highest HI

Table 2

Summary of all the surveys from 2009 to 2019, from 21.05 to 30.09, with
conditions: sea state <4 for fin whale, < 3 for sperm whale, and only “on-effort”
part taken in account. BP = fin whale; PM = sperm whale.

No. of surveys No. of sightings Surveyed 5 km-cells

BP PM BP PM BP PM
2009 58 56 26 10 149 148
2010 72 72 151 10 166 163
2011 65 65 90 8 146 143
2012 62 61 223 31 152 141
2013 74 74 329 13 241 222
2014 60 60 17 12 222 219
2015 59 59 175 17 256 249
2016 45 45 49 11 167 159
2017 38 36 76 14 172 164
2018 25 25 59 2 195 194
2019 34 34 45 8 183 177
Total 592 587 1240 136 2049 1979
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Table 3
Summary of the yearly frequency of Occasional, Regular and Hotspot cells
throughout the 11-years period. BP = fin whale; PM = sperm whale.

Years  No. of cells No. of Occasional ~ No. of Regular No. of

where SPUE = presence cells presence cells Hotspot cells

0 (NO) (NR) (NH)

Bp Pm Bp Pm Bp Pm Bp Pm
2009 115 128 20 11 9 6 5 3
2010 64 146 72 14 13 1 17 2
2011 86 126 43 12 11 3 6 2
2012 42 90 69 39 28 7 13 5
2013 72 190 97 17 45 10 27 5
2014 187 195 20 12 9 2 6 10
2015 111 219 92 20 38 4 15 6
2016 105 140 34 12 20 2 8 5
2017 84 136 57 14 18 10 13 4
2018 125 191 39 2 16 0 15 1
2019 103 157 55 14 7 0 18 6

area over the seamount region. Occasional presence of hotspots is also
shown in correspondence of the Nice and Bastia ports. In this latter case,
it must be stressed how the area outside the port of Bastia, is not a
preferred habitat for the species, being over the continental shelf at
depths less than 100 m.

Fig. 5 represents HI for sperm whale over the study period.

A well-defined area confirming the importance of the seamount re-
gion, is evidenced along the SB route. Along this corridor, moreover,
lower but still important HI areas are evidenced in correspondence of
the Savona port and of the north-eastern part of Corsica, in relatively
shallow areas. No highest HI areas are found along the NC/NI corridor
nor along the NB one. The SC/SI lane shows two high HI cells in the
southern part of the route.

3.2. Modelling

Distance from continental shelf was excluded by the models as
correlated with 5 out of 8 considered variables. The climatological
bloom concentration resulted highly correlated with the climatological
mean SST (0.79), the distance from the continental slope (0.72) and the
bathymetry (0.75). This variable was excluded by the model, together
with the climatological mean SST, which was still correlated with the
bathymetry (0.78) and the distance from the slope (0.76). A summary of
the selection of the variables and of the models is presented in the
Supplementary Material.

The results of the best fitted models are showed in Table 4. The
deviance explained by the final model is 32.2% for the fin whale and
4.85% for the sperm whale, respectively. The parameters bathymetry
and distance to the continental shelf proved to be very significant for
both species. Distance from sea mount and Sea surface temperature
standard deviation were retained by the final model for fin whale.

Fig. 6 and Fig. 7 represent GAM—predicted smooth splines of the
persistence of fin whale and sperm whale presence respectively, as a
function of the explanatory variables.

As it can be seen from the plots, the behavior of all retained pa-
rameters was linear. Areas with higher persistence values for fin whales
are characterized by greater depths, long distances from the edge of the
continental slope, proximity to the seamount and higher variability of
the sea surface temperature during summer. For sperm whale, only
static variables were included in the final model, highlighting higher
persistence for species presence in both areas characterized by greater
depths and areas closer to the continental shelf. Nevertheless, consid-
ering the lower deviance explained by this model, these results should be
interpreted with caution. For the same reason, no further analysis has
been implemented for the sperm whale.

Prediction of persistence of fin whale over the entire Pelagos Sanc-
tuary is shown in Fig. 8.

The model correctly identifies the known distribution for the species,
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Table 4

Summary of best-fitted models. Significance codes: p < 0.001 “***’, p < 0.01
“% p < 0.05 “*’. Bath_mean = bathymetric mean value of the 5 km-cell; dcs =
distance from the edge of the continental slope; dsm = distance from the edge of
the seamount; SST_sd = climatological SST standard deviation.

FIN WHALE Estimate SE t p

Intercept —8.4608338 1.4139994 —5.984 4.97e-09 ***
Bath_mean —0.0005673 0.0001063 —5.338 1.60e-07 ***
des 0.0179927 0.0040437 4.450 1.13e-05 ***
dsm —0.0047347 0.0015755 —3.005 0.00283 **
SST_sd 3.3701590 0.8369889 4.027 6.81e-05 ***
Deviance explained 32.2%

SPERM WHALE Estimate SE t P

Intercept —4.1392600 0.3113253 —13.296 <2e-16 ***
Bath_mean —0.0007246 0.0001709 —4.240 2.8e-05 ***
des —0.0197318 0.0085275 —2.314 0.0212 *
Deviance explained 4.85%
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identifying the western-central area of Pelagos as the main area for the
species, and excluding the eastern and shallower area. Here, neverthe-
less, an area with low persistence is identified off eastern Corsica, con-
firming what had been shown by other studies in that area (Arcangeli
et al.,, 2013). Highest persistence values are reached in the deepest
portion of the basin at the extreme western boundary of the protected
area.

4. Discussion

Ferries are widely used as platforms for collecting valuable data on
cetaceans (Kiszka et al., 2007; Arcangeli et al., 2012; Morgado et al.,
2017; Matear et al., 2019; Robbins et al., 2020; Tepsich et al., 2020), as
well as on other marine megafauna (Zampollo et al., 2018; Arcangeli
etal., 2019). In this study, the use of such platforms allowed us to collect
data on species presence directly along some of the main shipping lanes
crossing the Pelagos Sanctuary area. The identification of hotspots areas
and above all of areas showing persistent presence of the species over the
study period, can be directly translated into an effective assessment of
risk of collision with large vessels. In order to deal with the sampling
biases arising by the use of ferries, we developed a novel method, based
on a strict filtering process aimed to effectively reduce the effect of
under-sampling of cells only seldom crossed by the surveys, as well as
the over-sampling of the more often surveyed ones. The final presence
grids obtained on a yearly basis allowed the identification of yearly
occasional, regular and hotspots areas within the traffic corridors.

The majority of traffic in the Pelagos Sanctuary is due to passenger
vessels, whereas the proportion of cargo and tanker ships transits are
lower compared to the rest of Mediterranean Sea (Coomber et al., 2016).
At the same time, the regular routes of ferries constitute a series of
maritime corridors between the continent and the islands of Corsica and
Sardinia, forming a dense network of traffic within the whole Pelagos
Sanctuary (Di-Méglio et al., 2018). Cargo and tanker traffic follows
separate corridors, extending the risk of ship strike for both species over
more areas. At this end the model we developed aim to map persistent
areas of species presence also along corridors not specifically sampled
during this study. This represents a first step to identify possible risk
corridors, where to address specific investigation.

Our results showed a strong variability in the distribution and
quantity of hotspots for both species among the years (Figs. 2 and 3). Fin
whale occurrence in the area is known to be affected by a strong inter-
annual variability (Azzellino et al., 2017; Laran et al., 2017; Tepsich
et al., 2020), with consequences not only in the number of individuals
present (Panigada et al., 2011; Laran et al., 2017) but also the main
aggregation areas (Cominelli et al., 2016; Morgado et al., 2017). The
species is known to prefer habitat characterized by depths exceeding
2000 m; while the SB corridor is entirely laying over the steep slope and
continental shelf areas, the SI/SC, NI/NC and NB corridors all cross a
large portion of bathyal plan. As expected then, species cannot be
considered as regular along the SB lanes. Still occasional, regular as well
as some hotspots are present every year during the summertime. These
areas are even more important considering that they are located in areas
of intense shipping densities, such as in the canyon outside Savona
harbor (hotspots in 2012 and 2016) and the continental shelf area in
front of Bastia (occasional in 2013, 2014, 2015, 2017 and 2019).
Increasing awareness among ferries and commercial ships crews about
species presence along this corridor and especially in relatively unex-
pected areas, could be a first measure to reduce ship strikes risk. Along
the western corridor and namely the NC/NI routes, species presence is
regular, with yearly hotspots consistent with species known habitat
preferences. Also here, some occasional, regular and hotspots cells are
found in correspondence of the Nice (2011, 2012 and 2018) and Cal-
vi/Ile Rousse harbors (in 2013 and 2015).

Concerning the sperm whale, little is known about the interannual
variability of species presence in the area, consequently this is one of the
few studies showing the distribution pattern of this species over a longer
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Fig. 6. Model function plots of the final GAM of fin whale (BP). y-axis represents the fitted function. x-axis is in the units of the environmental variable being
represented. Bath_mean = bathymetric mean value of the 5 km cell; dcs = distance from the edge of the continental slope; dsm = distance from the edge of the

seamount; SST_sd = climatological SST standard deviation.
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Fig. 7. Model function plots of the final GAM of sperm whale (PM). y-axis represents the fitted function. x-axis is in the units of the environmental variable being
represented. Bath_mean = bathymetric mean value of the 5 km cell; des = distance from the edge of the continental slope.

timeseries (11 years). Indeed, for this species the perception bias caused
by longer diving time affects our ability to catch species presence,
especially when using platforms of opportunity, and only visual
methods. Nevertheless, species regular as well as hotspots cells in cor-
respondence of the Savona (2012, 2013 and 2015) and Nice (2012, 2014
and 2017) ports indicate the need for direct conservation measures in
these areas.

For both species, the highlighted variability stresses the importance
of long-term dataset for an effective analysis of presence and distribu-
tion. Moreover, it underlines the possible limits of the application of
static traffic management schemes, which would not suit the highly
dynamic situation evidenced. Nevertheless, dynamic management of
maritime traffic is difficult to achieve, and more accurate research
should be done to better identify temporal and spatial scales of such
variability. In this work we propose the identification of static persistent
areas needing priority actions, as an intermediate and complementary
action with the dynamic measures. For both species, urgent

conservation actions are needed, considering the impact of ship strikes
and the conservation status of Mediterranean populations.

Along the SB shipping lanes, the seamount area and surroundings,
including the Genoa canyon system, emerges as an important area for
both species. This area is also known to be a biodiversity hotspot and
already impacted by human activities (Bo et al., 2020). The persistent
presence of both species in correspondence of two of the main com-
mercial and touristic ports of Pelagos (Savona and Bastia), where the
highest traffic densities are present, points out the presence of important
risk areas. Considering that this area is also interested by the other two
big traffic corridors for passengers and cargos, one connecting Savona
and Genoa to the western part of the basin towards the Atlantic, and the
one connecting Genoa with the southern Mediterranean area (Coomber
et al., 2016), these shall be identified as a ship strike risk hotspots for
Pelagos (Panigada et al., 2006; Di-Meglio et al., 2018). While some
measures have already been implemented in the Savona area, such as
the installation of a real time automated passive acoustic monitoring
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Fig. 8. Map of the probability of distribution of hotspots obtained with the best-model of the fin whale.

system for sperm whale (Sanguineti et al., 2021), no measures have been
implemented in the Bastia area. Moreover, a multi-species approach is
needed in the area, which demonstrated to be important for the fin
whale as well.

Along the NC/NI corridor species persistent presence is generally
higher; at the same time, this corridor is specific for passenger ferries
(Coomber et al., 2016) and traffic density is lower than in the other
corridors. Specific conservation measures, addressing companies navi-
gating in the area could directly help in minimizing ship strike risk. As
an example, training courses on ship strike risk for crews or the presence
on board of marine mammal observers (Flynn and Calambokidis, 2019).
These considerations well apply also to the SC/SI and NB corridors, with
the exception of the northern part of the SC/SI corridor which lays in the
high-risk area previously evidenced.

Results obtained by both models, well agree with the known habitat
preferences already evidenced for both species in the area. Specifically,
bathymetric features were extremely significant in predicting species
persistent areas with preference for the deepest portion of the basin
(Moulins et al., 2008; Panigada et al., 2008; Aissi et al., 2015; Morgado
et al., 2017). Despite the lower power of the sperm whale model, our
results still catch the known bimodal distribution for the species, high-
lighting the importance of both deeper areas as well as the areas of the
steep slope closer to the continental shelf (Gordon et al., 2000; Gannier
et al., 2002a; Tepsich et al., 2014). For the fin whale, the model is also
capable of identifying an area outside coverage of our surveys, specif-
ically the area eastern of northern Sardinia. There, a cyclonic gyre
known as the Bonifacio gyre (Artale et al., 1994) generates an inter-
mittent bloom region, as evidenced by D’Ortenzio and Ribera d’Alcala
(2008), resulting in an area where fin whales are present, according to a
strong interannual variability (Arcangeli et al., 2013). Oceanographic
features did not result significant, exception for the climatological SST
standard deviation for the fin whale, which indicates a preference for
more dynamic areas. The lower power of oceanographic/dynamic var-
iables is probably due to the aggregated values used in the analysis,
which then do not allow to catch differences arising from intra-seasonal
and interannual variability in oceanographic conditions. Nevertheless,
the prediction is in line with results obtained applying satellite telemetry

data (Cotte et al., 2011; Panigada et al., 2017), and habitat model which
consider dynamic variables at smaller spatial and temporal scales
(Panigada et al., 2005; Laran and Gannier, 2008; Druon et al., 2012;
Laran et al., 2012).

Our aim in modelling persistent areas was to provide a tool for an
early assessment of risk collision areas, looking at the main traffic cor-
ridors present in the Pelagos Sanctuary. Our results highlight persistent
areas for the species where, when crossed by traffic corridor, specific
conservation actions, should be implemented. The western area is more
interested by traffic from mainland France to Corsica. The French decree
of the March 8, 2017 (Décret, 2017) requires the mandatory use of
systems to signal in real time the presence of cetaceans in the PELAGOS
sanctuary. This is the only conservation action currently in act in the
area and only by vessels flying the French flag. Though main traffic
along those routes is probably due to French maritime companies, that
area is also crossed by corridors (passengers and commercials) con-
necting the Italian port of Genoa and Savona to southern Mediterranean.
Some Italian companies have decided to voluntarily equip their vessels
with a system to signal cetacean presence and this conservation measure
has been recently integrated in the Marine Strategy Directive Frame-
work by Italy (DPCM 10 ottobre, 2017). Given the importance of the
area for both species the use of such systems should be advisable for all
vessels navigating in the area, regardless the nationality.

Our study enhances the necessity of an integrated risk assessment
strategy, based on long term dataset and which should take into account
a multi species approach as well as the integration of static and dynamic
measures.
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