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Ocean highways in the Western
Mediterranean: Which are the
areas with increased exposure
to maritime traffic for
loggerhead turtles?

Eugenia Pasanisi 1, Marianna Chimienti2,
Monica Francesca Blasi3, Fulvio Maffucci1

and Sandra Hochscheid1*

1Marine Turtle Research Group, Department of Marine Animal Conservation and Public
Engagement, Stazione Zoologica Anton Dohrn, Napoli, Italy, 2Centre d’Etudes Biologiques de
Chizé, UMR 7372 CNRS - La Rochelle Université, Villiers-en-Bois, France, 3Filicudi Wildlife
Conservation, Lipari, Italy
Many marine megafauna taxa are tied to the sea surface for breathing which

makes them vulnerable to vessel collisions. Sea turtles have developed efficient

mechanisms to reduce surface time for breathing to a few seconds, but they

can extend their surface periods to rest or to rewarm after diving into deep and

colder waters. However, knowledge of collision occurrences is limited to data

of turtles stranded along the coastline worldwide, whereas events occurring

offshore go likely underestimated due to the sinking of carcasses. Here we

performed a spatially explicit assessment to identify, for the first time, oceanic

areas of higher exposure for sea turtles from maritime traffic in the Tyrrhenian

Sea, Western Mediterranean. Satellite-tracking data were used to estimate

utilization distributions of loggerhead turtles using Brownian bridge kernel

density estimation. Maritime traffic density maps based on Automatic

Identification System (AIS) data were extracted from open-access data layers,

provided by the European Maritime Safety Agency, summarized, and used for

the exposure analysis. Turtle occurrences were also investigated in response to

vessel densities and seasonal patterns by fitting a generalized additive model to

the data. Our results demonstrated that loggerhead turtles are potentially

exposed to maritime traffic across the entire basin, especially in the

easternmost part. The exposure varies among spring/summer and autumn/

winter months. Highest turtle occurrences were found in regions primarily

subjected to cargo, tanker, and passenger transportation. This study represents

the first-ever effort to characterize the exposure of oceanic loggerhead turtles

to maritime traffic and highlights oceanic areas of higher exposure where
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research and conservation efforts should be directed to understand the

effective impact of this stressor on the species.
KEYWORDS

Sea turtle, vessel collisions, Mediterranean Sea, satellite tracking, marine traffic, home
range, exposure analysis
Introduction

The Mediterranean Sea is among the world’s busiest

waterways. It accounts for 15% of the world’s maritime

activity and 20% of seaborne trade, with approximately

200,000 merchant vessels of more than 100 t crossing the

Mediterranean Sea each year (Leone, 2017). Maritime activity

has steadily increased since the end of the 1990s and during the

2000s in the Mediterranean Sea (Plan Bleu, 2014) and is

expected to increase in the coming years in the number of

routes, traffic intensity, and vessel size, according to the global

seaborne trade growth (Union for the Mediterranean, 2021). The

expansion of the maritime transport sector will result in the

intensification of several associated impacts on marine

biodiversity such as chemical and noise pollution, accidental

oil spills, marine litter, the introduction of non-indigenous

species, and collisions between ships and marine fauna (di

Pepe and Tribe, 2009; Piante and Ody, 2015; Randone

et al., 2019).

Vessel collision is a recognized significant threat for large

whales (Laist et al., 2001; Panigada et al., 2006; David et al., 2011;

Campana et al., 2015; Campana et al., 2017; Cates et al., 2017;

Pennino et al., 2017; Winkler et al., 2020; Grossi et al., 2021), but

there is increasing evidence that other marine species are affected

as well, including dolphins, porpoises, dugongs, manatees,

sharks, seals, sea otters, fish, penguins, and sea turtles

(Schoeman et al., 2020). Like cetaceans, sea turtles surface or

stay close to the surface to breathe, bask, forage, rest, and, in the

case of shallow waters, mate; they may also remain at the surface

for a prolonged time to reoxygenate and rewarm after deep dives

below the thermocline (Hochscheid et al., 2010; Hochscheid

2014), hence becoming exposed to the risk of vessel collisions.

When the ship hull or propeller hits a sea turtle, the collisions

usually cause major, life-threatening injuries such as massive

carapace fractures or deep cuts on the head, flippers, and

carapace (Hazel and Gyuris, 2006; Work et al., 2010).

To date, information regarding the impact of vessel

collisions on sea turtles is restricted to data derived from

stranding events (Cannon, 1998; Jepson, 2005; Orós et al.,

2005; Hazel and Gyuris, 2006; Chaloupka et al., 2008; Tomás

et al., 2008; Work et al., 2015; Meager, 2016; Foley et al., 2019;

Belmahi et al., 2020). In the Mediterranean Sea, a study based on
02
30-year stranding records reported injuries possibly due to vessel

collisions in 6.4% of turtles recovered/stranded along the Italian

coast (Casale et al., 2010a). Furthermore, according to the

mentioned study, this trend increases during warm seasons

when traffic is generally higher, and sea turtles spend more

time at the surface and are more susceptible to vessel encounters.

However, stranding data are potentially biased. The probability

that a dead or distressed sea turtle will drift ashore and become

reported is influenced by several factors such as decomposition

and scavenging rates, carcass buoyancy, oceanographic and

atmospheric conditions, shoreline characteristics, and

detection probability, which are highly variable by location

and time of year (Cook et al., 2021; Dimitriadis et al., 2022).

In this respect, the number of reported onshore strandings may

only represent a minimum measure of the overall mortality and,

most importantly, may not reflect events occurring in oceanic

areas (Hart et al., 2006), where fatal collisions likely go unnoticed

due to the sinking of the carcasses. Consequently, the vessel-

related impact in oceanic habitats, where turtles are likely to

spend more time near the surface (Hochscheid et al., 2010), is

largely unknown. Furthermore, large vessels (i.e., cargo,

passenger, tanker, cruise ships, etc.) transit the open sea

generally at high speeds increasing the probability of collisions

and lethal injuries on animals. Indeed, higher speeds may result

in a decreased probability that an approaching vessel is perceived

by the animal, and in a higher impact force (Schoeman et al,

2020). During systematic monitoring of marine megafauna on

board of passenger vessels performed in the open waters of the

Mediterranean Sea within the Fixed Line Transect

Mediterranean Monitoring Network, sea turtles were observed

vanishing under the ship’s hull without reemerging behind, or

apparently being taken by the water vortex (A. Arcangeli, Pers.

Com., April 15, 2022), indicating a likelihood for collision events

in these areas due to high-speed traffic.

In summary, given the intrinsic difficulty of quantifying the

mortality rate due to vessel collisions on turtles, especially in

oceanic environments, the extent of this human pressure on sea

turtles likely goes underestimated. Risk assessment approaches,

such as those already implemented in the study of collision

events between vessels and large cetaceans (Williams and

O’Hara, 2010; Nichol et al., 2017; Pennino et al., 2017;

Blondin et al., 2020; Smith et al., 2020; Grossi et al., 2021;
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Silber et al., 2021; Awbery et al., 2022), or more recently on the

study of multiple anthropogenic pressures that potentially

impact sea turtles (Dimitriadis et al., 2022), may improve our

understanding of maritime traffic consequences in oceanic areas.

However, the assessment of collision risk requires preliminary

information on animal and vessel distribution patterns and

vessel- and animal-related factors, which in the case of

Mediterranean sea turtles are still unknown and require

targeted research. In this process, one of the key steps is the

identification of high-exposure areas, where a high number of

vessels and a relatively high number of animals overlap (Cates

et al., 2017).

The loggerhead turtle (Caretta caretta) is the most common

sea turtle species in the Mediterranean Sea. This species is widely

distributed in all the areas of the basin (Casale et al., 2018; Luschi

et al., 2018; Almpanidou et al., 2021; Loisier et al., 2021),

including the northernmost ones (Hochscheid et al., 2010),

and frequents a wide range of habitats throughout its life cycle

(Luschi and Casale, 2014). Although the Mediterranean

loggerhead population was categorized as “Least Concern” by

the last IUCN Red List assessment (Casale, 2015), several

rigorous conservation measures are needed to maintain this

status and ensure their protection from human activities

(Camiñas et al., 2020). Marine turtle populations are

acknowledged as a conservation concern in the Mediterranean

and have been the subject of Action Plans for their protection,

compiled under the direction of the Barcelona Convention, since

1989. According to the updated UNEP MAP Action Plan for the

Conservation of Mediterranean Marine Turtles (UNEP/MAP-

SPA/RAC, 2019), the most critical threats to sea turtles include

the deterioration of critical habitats, incidental captures in

fisheries, intentional killing, consumption, egg exploitation,

pollution, and vessel collisions (Casale and Margaritoulis,

2010b). Therefore, identifying the spatial and temporal use of

the Mediterranean Sea by loggerhead turtles (Casale et al.,

2012a) and its overlap with anthropogenic pressures could be

crucial to set up proper conservation-related management

interventions. In this context, satellite tracking is a promising

approach for acquiring detailed knowledge of habitat utilization

and supporting conservation measures of these highly migratory

species. Thanks to many technological advances in satellite

telemetry, our knowledge of loggerhead turtles’ spatial patterns

has considerably improved (Casale et al., 2018), and key oceanic

and neritic areas for sea turtles have been identified in the

Algerian Sea, the Sicilian Strait, the Western and Central Ionian

Sea, the Aeolian Archipelago, the North Adriatic, Southeast

Turkey, and Egypt (Bentivegna, 2002; Margaritoulis and

Demetropoulos, 2003; Zbinden et al., 2008; Schofield et al.,

2010; Zbinden et al., 2011; Hays et al., 2014; Blasi et al., 2016;

Mingozzi et al., 2016; Blasi and Mattei, 2017; Casale et al., 2018).

Furthermore, the Tyrrhenian Sea (Western Mediterranean) has

recently been recognized as an important foraging and

overwintering area for Mediterranean loggerhead turtles
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(Luschi et al., 2018; Chimienti et al., 2020; Chatzimentor et al.,

2021). In these studies, turtles were tracked while moving in the

oceanic waters for extended periods, often close to seamounts

and volcanic islands (Fiori et al., 2016) or in the proximity of

fishing areas (Blasi et al., 2016; Blasi and Mattei, 2017).

In the current study, we analyzed satellite tracking data

collected over a 15-year period on loggerhead turtles primarily

moving within the oceanic habitats of the Tyrrhenian Sea to

determine their main patterns of movement in the oceanic

realm. Then, we performed a spatially explicit assessment of

exposure for the species to maritime traffic by using published

vessel density data. Our main goals were i) to identify and map

high-use oceanic areas frequented by loggerhead turtles in the

Tyrrhenian Sea; ii) to investigate vessel density distributions in

the basin according to different vessel categories; and iii) to

assess the exposure to the risk of collision for sea turtles from

maritime traffic and identify high-exposure areas.
Materials and methods

Study area

The geographical area considered in this study is the

Tyrrhenian Sea (TYS hereafter), in the Western Mediterranean

Sea, from 8.6° to 16.2° E and from 37.8° to 44.1° N. This

triangular basin has a surface of 275,000 km2 (or 182,000 km2

if we exclude the neritic zones from 0- to 200-m depth). It has a

complex structure and bathymetry, with a mean and a

maximum depth of 2,000 and 3,780 m, respectively. The TYS

large-scale circulation is strongly affected by the complex

exchanges which take place through the three main openings:

the Corsica and Sardinia channels (to the north and southwest,

respectively), connecting the TYS to the westernmost part of the

Mediterranean Sea, and the Sicily Strait (to the south), through

which the TYS communicates with the eastern basin (Danovaro

and Boero, 2018).
Turtle tracking

Tracking data of 22 loggerhead sea turtles were collected

over 15 years, from 2006 to 2021 (T1 to T22, Table 1) using both

ARGOS- and GPS-derived locations. Turtles with IDs T1 to T4

corresponded to individuals published in Luschi et al. (2018), T5

to individuals in Uçar et al. (2018), and T6 to T16 to individuals

in Chimienti et al. (2020) and Hochscheid (2010). Turtles from

T17 to T22 were presented here for the first time. Some turtles

considered in this study (n = 7) were recovered from various

TYS areas after being accidentally caught by bottom trawlers,

found floating or entangled in nets, kept in captivity for a

variable period to be rehabilitated, and then released at

different locations. Other turtles (n = 15) were deliberately
frontiersin.org

https://doi.org/10.3389/fmars.2022.924532
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Pasanisi et al. 10.3389/fmars.2022.924532
caught, equipped with satellite tags, and then released

immediately at the same location where they were caught. The

overall mean curved carapace length (CCL) was 66 ± 7.2 cm

(range 55–81 cm). According to the approximate size at maturity

reported for loggerhead turtles in the Mediterranean, which

is >70 cm CCL (Margaritoulis and Demetropoulos, 2003; Casale,

2005), our turtles can be assumed to be primarily large juveniles

with some adults (n = 7) (Table 1). All turtles were equipped

with satellite tags just before their release, by gluing the tag

directly on the second vertebral scute of the carapace, as

described in detail by Chimienti et al. (2020). Over the years

that the data for this study were collected, various models of

telemetry tags operating with different data relay platforms and

geolocation methods were used (see Table S1). Depending on the

platform and method used, location data were subject to

different measurement errors, temporal irregularity, and

space–time resolutions. ARGOS error estimates are assigned to

one of seven location classes (LC 3, 2, 1, 0, A, B, Z in descending

order of quality) or characterized by ellipsis errors (semi-major

axis, semi-minor axis, and orientation). The accuracy of Fastloc

GPS positioning depends on the number of receiving satellites,

ranging from 10 to 70 m when more than five satellites are used

to calculate the location (Dujon et al., 2014). The QFP (Quick
Frontiers in Marine Science 04
Fix Pseudoranging) error estimate is virtually the same as

standard GPS (typically better than 25 m). It varies according

to number and spatial arrangements of GPS satellites and is

assigned to four quality classes (“Succeeded,” “Resolved QFP,”

“Resolved QFP-Uncertain,” and “Unresolved QFP”). The data

analysis presented in this study was performed in both R

statistical computing software (version 4.0.4, R Development

Core Team, 2009) and QGIS (version 3.10.11).
Preparing tracking data and
standardizing locations

Prior to any analysis, locations were visually inspected and

the first 24 h after the release of the turtle was omitted. For

ARGOS tags, locations with no estimable location accuracy (i.e.,

location class Z) were excluded. In order to also eliminate the

low-accuracy locations (location classes A and B) associated with

unrealistic speeds, a 200-km/day speed filter (Dujon et al., 2017)

was also applied to raw ARGOS datasets. Filtering was

performed by using the function “vmask” (algorithm by

McConnell et al., 1992) within the “argosfilter” package

(Freitas, 2012). For QFP positioning, only the quality classes
TABLE 1 Turtle ID, sex, curved carapace length (CCL) and weight, and total days of tracking and number of days tracked in the Tyrrhenian basin.

ID Sex CCL
(cm)

Weight
(kg)

Date of
release

Site of release History prior to
release

Days in
rehabilitation

Total days of
tracking

Days in
TYS

T1 n.a. 67.7 37.16 20/10/2006 Capri (NA) Rehabilitated 60 192 192

T2 n.a. 69.8 34.71 17/10/2009 Capri (NA) Rehabilitated 463 312 165

T3 n.a. *75.3 59.10 23/09/2011 Pisciotta (SA) Rehabilitated 109 190 190

T4 Male *81.0 58.10 17/06/2011 Agropoli (SA) Rehabilitated 119 120 120

T5 n.a. 58.8 24.90 09/10/2014 Ventotene (LT) Rehabilitated 23 813 84

T6 n.a. 64.5 30.92 13/10/2016 Procida (NA) Caught at sea – 194 194

T7 n.a. 59.5 n.a. 04/11/2016 Filicudi Island (ME) Caught at sea – 173 173

T8 Female 65.5 n.a. 04/11/2016 Filicudi Island (ME) Caught at sea – 265 22

T9 n.a. 62.0 n.a. 04/11/2016 Filicudi Island (ME) Caught at sea – 216 194

T10 Male *70.5 n.a. 04/11/2016 Filicudi Island (ME) Caught at sea – 195 27

T11 n.a. 61.0 n.a. 09/06/2017 Filicudi Island (ME) Caught at sea – 22 6

T12 n.a. 59.0 n.a. 09/06/2017 Filicudi Island (ME) Caught at sea – 35 15

T13 n.a. 55.0 n.a. 09/06/2017 Filicudi Island (ME) Caught at sea – 6 6

T14 n.a. 58.0 n.a. 09/06/2017 Filicudi Island (ME) Caught at sea – 48 48

T15 Female *75.0 n.a. 09/06/2017 Filicudi Island (ME) Caught at sea – 36 36

T16 n.a. 62.0 28.60 08/07/2018 Filicudi Island (ME) Caught at sea – 116 116

T17 n.a. 57.0 54.50 07/08/2019 Ventotene (LT) Caught at sea – 74 74

T18 Male *71.5 n.a. 23/07/2020 Ventotene (LT) Caught at sea – 124 124

T19 n.a. 65.0 n.a. 23/07/2020 Ventotene (LT) Caught at sea – 65 65

T20 Female *78.0 58.45 10/07/2020 Eboli (SA) Caught at sea – 198 87

T21 n.a. *72.9 41.60 06/06/2016 Battipaglia (SA) Rehabilitated 105 306 306

T22 n.a. 63.8 23.45 04/10/2019 Marina di Ascea (SA) Rehabilitated 328 507 507
fro
*Possibly adult. n.a, not available.
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“Succeded” and “Resolved QFP” were considered. Finally, for

Fastloc-GPS, only positions calculated with more than five

satellites were included in the analysis. “The “CrawlWrap”

function from the momentuHMM R package (McClintock and

Michelot, 2018) was then applied to speed-filtered data to fit

continuous-time-correlated random walk models (CTCRW),

predict temporally regular locations at 12-h steps, and improve

location estimates considering location errors. The function was

called separately for locations including the ARGOS location

quality classes, or ARGOS location ellipse errors, or GPS errors,

in order to incorporate different measurement errors into the

analysis. For ARGOS data, we referred to the “bearded seal” or

“harbor seal” examples of Johnson et al. (2008) assuming a

bivariate normal measurement error model that accounts for

ARGOS estimated error ellipses or the errors associated with

ARGOS location quality classes. On the other hand, for Fastloc

GPS and QFP-GPS, we followed the “harbor seal” example of

McClintock et al. (2013) by assuming an isotropic error ellipse

with a 50-m semi-major error and including it in the function.

Turtle positions were then merged into a single data frame with

turtle IDs, relocations, and errors associated with the estimates.

Loggerhead turtles showing a marked preference for coastal

habitats and with a tracking duration of less than 28

consecutive tracking days in the TYS (n = 6) were discarded

and not included in the following analysis.
Utilization distribution estimates

Animals’ utilization distributions (UDs) were estimated using

the Brownian bridge approach of the Kernel method for auto-

correlated relocations (Bullard, 1991; Horne et al., 2007) applying

the function “kernelbb” within the AdehabitatHR R package

(Calenge, 2006; Calenge, 2019). Instead of simply smoothing

the relocation pattern as the classic kernel function does, the

method considers that the animal has moved through a

continuous path, which is not necessarily linear, between two

successive relocations. The Brownian bridge model estimates the

probability density that this path passed through any point of the

study area, given that the animal was located at the point r1 at

time t1 and at the point r2 at time t2, with a certain amount of

inaccuracy. The estimation relies on two smoothing parameters,

sig1 and sig2: the first measure is based on the inaccuracy of the

relocations, and the second was computed following the

maximum likelihood approach described in Horne et al. (2007)

by using the function “liker” of the package. The function’s

output is the probability density to relocate the animal at a

given place (UD) which was then multiplied by cell area (1 km2)

to standardize it over the area of interest, so that the volume

under the UD is equal to 1. The function “getvolumeUD” was

then used to estimate the home range distributions (HRs) of

individuals and function “rasterize” of the raster package to

compute the mean HR and the mean UD for all animals.
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The same procedure was followed to estimate densities over

different periods of the year, partitioning data in two semesters

in order to allow the comparison with ship density data: from

October to March (autumn/winter, n. relocations: 2,904) and

from April to September (spring/summer, n. relocations: 1,781).

It is worth clarifying that such a division of the year was done to

be able to compare turtles’ distribution with vessel density data;

hence, by using the term “season” here onward, we refer

essentially to the seasonality based on dynamics of human

activity and not of turtles. The seasonal kernel analysis

excluded turtles with a tracking duration of less than 28 days

for season. We were obligated to consider turtle T22 monitored

for two successive semesters as two different animals since the

kernel function does not permit the partitioning of an animal

trajectory into sub-tracks.

To exclude potential differences in spatial use between

rehabilitated turtles (n = 6) and those caught at sea (renamed

as “wild” from now onward, n = 10), we used Bhattacharyya’s

affinity (BA) (Bhattacharyya, 1943). The affinity index ranges

from 0, meaning no overlap, to 1, meaning identical UDs. This

was done using the “kerneloverlap” function in the R package

“adehabitatHR” (Calenge, 2006) to measure the overlap of the

two populations (wild versus rehabilitated) in both core (50%

kernel) and general use (95% kernel) areas. Due to the different

sample sizes between the two subgroups, we considered all the

six rehabilitated turtles and randomly selected six out of ten wild

turtles and repeated this procedure 10 times. According to our

results for randomized samples (BA index 95% = 0.82 ± 0.03; BA

index 50% = 0.33 ± 0.02) and for observed samples (BA index

95%: 0.84, BA index 50%: 0.33), we concluded that there is no

evidence of spatial segregation between rehabilitated/wild turtles

in our sample (see Supplementary Material for more details,

Figures S1, S2). Therefore, we decided to include them all in our

exposure analysis.

To display in a map the overall utilization distribution of

turtles with respect to the presence of Tyrrhenian seamounts, the

shapefile of these submerged structures was retrieved at the

EMODnet Geology website (Geology Submerged Landscapes,

h t t p s : / /www . emodne t - g e o l o g y . e u / ) and u s e d i n

GIS environment.
Summarizing maritime traffic
AIS-based data

Vessel density maps were provided by the European

Maritime Safety Agency (EMSA) and retrieved at the

EMODnet Human Activities website. Here, data are provided

as the density (h/km2) of vessels of certain type (cargo,

passenger, fishing, etc.) in a given period (month or year)

within a grid cell of 1-km2 resolution, from January 2017 to

2020. Vessel density maps were based on Automatic

Identification Systems (AIS) data. AIS is an automatic tracking
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system that uses transceivers installed on vessels by

automatically broadcasting critical information, including the

vessel’s identity and real-time position, course, and speed, using

VHF frequencies. European law requires AIS to be fitted aboard

all ships of 300 gross tonnage and upward engaged on

international voyages, cargo ships of 500 gross tonnage and

upward not engaged on international voyages, and all passenger

ships irrespective of size. Furthermore, since May 2014, all

European fishing vessels exceeding 15-m length overall are

required to carry and operate an AIS device (EU Dir 2011/

15/EU).

Traffic densities were gathered and manipulated with the

“raster” package to obtain both total and seasonal (October–

March and April–September) average maps for the period 2017–

2020 sorted by four selected vessel types (Cargo, Fishing,

Passenger, Tanker, and an additional category combining

“All traffic”). Due to the lack of data anterior to 2017, it was

not possible to match the entire tracking period (2006–2021).

Yearly vessel densities were compared to understand the

degree of the yearly variation. Kruskal–Wallis tests were

performed to identify significant differences in (i) total ship

density among subareas, (ii) total ship density among two

seasons, and (iii) total densities among ship categories. In case

of statistical significance in group medians, post-hoc testing was

conducted using the “Bonferroni” p-adjusted method to

determine which groups are different from others and avoid

potential errors.
Maritime traffic exposure analysis

In order to identify oceanic areas with relatively high exposure

to maritime traffic, we estimated separately both the probability of

turtle occurrence and the probability of vessel occurrence across

all grid cells of 1 km2 and relatively to the oceanic TYS (>200-m

depth) utilizing the above-described yearly and seasonally

averaged maps. The assessment was performed adapting the

approach followed by Vanderlaan et al. (2008) and Nichol et al.

(2017). For the estimate of the relative turtle occurrence

probability [Prel(Turtle)], we used the output from the Kernel

analysis (UD) and standardized it over the area of interest

(oceanic area), so that the volume under the UD and over the

area is equal to 1. We likewise standardized the ship traffic

intensity values to determine the relative probability of vessel

occurrence [Prel(Vessel)] in the area. All the computations were

executed on raster layers using the Raster Calculator tool in QGIS

for all the considered vessel and seasonal categories on a grid of

1 × 1 km2 and then rescaled to 15 × 15-km2 resolution using the

“r.resamp.stats” function in QGIS and setting the new values as

the sum of the values in the original cells. Finally, we multiplied

Prel(Turtle) by Prel(Vessel) and standardized the resulting value

over the area to estimate the probability of a turtle being exposed

to maritime traffic [Prel(Exposure)]. High-exposure thresholds
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were defined as the 90th percentiles of the Prel(Exposure)

distributions and used to identify most exposed areas.
Generalized Additive
Model (GAM) analysis

The aim of the GAM was to investigate relationships between

loggerhead turtles and vessel occurrence in the oceanic TYS. In

this regard, we fit the GAM to our data using the “mgcv” package

(Wood, 2011). The dataset was obtained by rescaling from 1- to

15-km2 resolution the raster of turtles’ seasonal UDs and vessel

densities and setting the new values as the sum of the values in the

original cells using the “r.resamp.stat” function. A grid of points of

15 km2 was then used to sample raster values using the “Point

Sampling Tool” in QGIS. This grid size was chosen among other

resolutions (5 km2, 10 km2, and 30 km2) as the best option to

reduce spatial autocorrelation effects to acceptable level and

maintaining the finest possible scale. The model used the

seasonal UD as the response variable (UD_season) and the log-

transformed vessel density (logVD_season) as the explanatory

variable. To test whether Season had an effect on the shape of the

relationship, we modeled the log-transformed vessel density with

and without the “by” term within the spline. Location data

(latitude and longitude) were added to account for spatial

autocorrelation and season ID (spring/summer vs. autumn/

winter) as fixed effect (Season).

We also considered the null model and selected the best

model using the model.sel() function of the “MuMIn” package.

The formula used for each model is reported below.

mod _ null =  UD _ season
e

1

mod0  =  UD _ season
e  s(logVD _ season) + s(lon, lat) + Season

mod1  =  UD _ season
e  s logVD _ season,  by = Seasonð Þ +

s lon, latð Þ + Season

Models were run using the gamma distribution family and

checked for violations of model assumptions in terms of residual

autocorrelation, heterogeneity, and normality using the

gam.check(), acf(), and pacf() functions. The model with the

lowest Akaike information criterion (AIC) was selected as best.
Results

Turtle utilization distribution analysis

The majority of turtles (n = 14) remained in the TYS or its

adjacent waters throughout transmission (range: 6–507 days)

(Table 1; Figure 1). Only eight turtles moved to other areas of the

Mediterranean Sea, such as Northern Tunisia (T9), the Balearic
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Sea (T20), or the central and eastern parts of the basin (T2, T5,

T8, T10, T11, T12, T5). The overall UD analysis was performed

on 16 out of the 22 loggerhead turtles monitored (4,979 location

data), as six turtles (T2, T8, T10, T11, T12, T13) were excluded

(see Section 2.3). Similarly, the seasonal UD analysis was

performed on 11 turtles for the spring/summer (1,781

locations) and 12 for the autumn/winter (2,904 locations),

excluding turtles with less than 28 consecutive tracking days
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per season. As a result, the period of tracking in the TYS was on

average 152 ( ± 116 std. dev.) days in total or 74 ( ± 41 std. dev.)

days during the spring/summer and 132 ( ± 51 std. dev.) during

the autumn/winter season. The average home range distribution

referring to the overall dataset indicated three main core areas

(75% HR) in the southeastern and partially the central-eastern

parts of the TYS (Figure 2) sized 909, 488, and 261 km2. Seasonal

mean home ranges indicated that the overall area used is greater
A

B

FIGURE 2

(A) Average home range distribution of 16 loggerhead turtles during the whole period of tracking (4,979 observations) and (B) location of major
seamounts in the Tyrrhenian Sea (right panel referring to the area confined by the red rectangular in the left panel).
FIGURE 1

Overview of the fixed-time trajectories of 22 large juvenile and adult loggerhead turtles in the Tyrrhenian Sea, obtained by fitting the CTCRW
model to satellite location data.
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over autumn/winter, with core areas identified again in the

eastern TYS (the largest sized 1,247 km2), whereas during the

spring/summer (Figure 3A) turtles seem to use smaller patches

and disperse more widely over the basin, without a common

core area (Figure 3B).
Maritime traffic distributions
and composition

No large variations in vessel density were observed in the

TYS over 4 years (mean values ± SD for 2017: 0.34 ± 1.98 h/km2/

month; 2018: 0.34 ± 1.71 h/km2/month; 2019: 0.40 ± 4.05 h/

km2/month; 2020: 0.33 ± 2.79 h/km2/month). Densities varied

significantly among sectors (Kruskal–Wallis chi-squared, H =

27,708, df = 4, p-value <0.001), and all of the pairwise tests of

mean rank difference were statistically significant after

controlling for multiple tests (adjusted p-value <0.001). The

northern Tyrrhenian Sea and the central-eastern and south-

eastern Tyrrhenian (N-TYS, CE-TYS, and SE-TYS, respectively,

hereafter) were the sectors with the higher mean values of total

traffic densities (Figure S3; Table S2). Seasonal average vessel

densities were significantly higher during spring/summer than

during autumn/winter months (Kruskal–Wallis chi-squared, H

= 44,796, df = 1, p-value <0.001). Density also significantly

differed with respect to the vessel type (Kruskal–Wallis chi-

squared, H = 95,595, df = 3, p-value <0.001) in all pairwise

comparisons (adjusted p-value <0.001). Mean densities in the

basin were 0.10 ± 0.23, 0.08 ± 0.52, 0.06 ± 0.42, and 0.03 ± 0.23

h/month/km2 for Cargo, Fishing, Passenger, and Tanker vessels,

respectively. Mean vessel densities were also reported according

to vessel type and different TYS sectors (Figure S4).
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High-exposure areas

The SE-TYS and CE-TYS presented the highest mean values

of relative probability of turtle-vessel co-occurrence (exposure)

(Table S3). The overall cumulative probability of exposure over

the entire TYS was approximately 60% for the SE-TYS alone

(Figure 4). Notably, during the spring/summer semester, three

main high-exposure areas were identified: off the Campanian

continental shelf, at the center of the eastern basin, and off the

continental shelf of Sicily (north of Palermo) (Figure 5, at the

bottom center). During autumn/winter, in contrast, a main area

of high exposure extends from the Strait of Messina (Figure 5, at

the bottom right) up to the central part of the eastern TYS.

Probabilities of turtle exposure to specific vessel categories

(passenger, cargo, tanker, fishing) were also computed

(Figure 6). In particular, we found areas of relatively high

exposure to passenger ships along the route connecting Naples

(Campania) and Palermo. In contrast, the exposure distributions

for cargo and tankers were spatially similar, with the highest

values along the corridors connecting northern and southern

parts of the TYS, and in the proximity of the Port of Gioia Tauro.

Finally, oceanic areas with relatively high exposure to fishing

vessels were in the proximities of Ustica Island, off the northwest

coast of Sicily and off the Gulf of Salerno.
GAM output

The best model selected the formula accounting for seasonal

differences within the spline (see Table S4). The seasonality had a

significant effect on turtle distribution (R-adj sq = 0.474, p-value

<0.001, Table 2). The higher probability of turtle occurrences
A B

FIGURE 3

Seasonal average home range distributions of loggerhead turtles during (A) autumn/winter (n = 11) and (B) spring/summer (n = 12) semesters
(number of observations of 2,904 and 1,781, respectively).
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A

B

C

FIGURE 5

The oceanic TYS study area divided into cells of 15 km2 (688 cells); colors indicate the relative probability of (A) loggerhead turtle occurrence
(obtained through the application of the Brownian bridge kernel method to satellite data, see methods for details), (B) vessel occurrence,
(C) and total vessel and turtle co-occurrence (exposure), calculated over the yearly average (1) or according to spring/summer (2) or autumn/
winter (3) averages.
A

B

FIGURE 4

Bar plots of summed values (A) and mean values with error bars (B) of relative probabilities of vessel-turtle co-occurrences (prel(Exposure))
according to TYS subareas; N-TYS, northern Tyrrhenian Sea; CW-TYS, central-western Tyrrhenian Sea; CE-TYS, central eastern Tyrrhenian Sea;
SW-TYS, southwestern Tyrrhenian Sea; SE-TYS, south Eastern Tyrrhenian Sea.
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was also associated with higher vessel density for the spring/

summer period (Figure 7A), up to values of 100 h/cell/month.

Within the same range, the probability of turtle occurrences was

lower for the autumn/winter period at increasing vessel densities

(Figure 7B). Most of the data points are within 200 h/cell/month

value; hence, prediction above these values is highly uncertain.

Outliers (>200 h/cell/month) were associated with vessel density

hotspots in the oceanic proximity of both mainland and islands,

particularly off the Messina Strait, the Aeolian Islands, and

Campania. Diagnostic and autocorrelation plots of the fitted

GAM are reported in Figures S5 and S6. The model with the

lowest AIC was selected as best.
Discussion

Maritime activity poses serious threats to sea turtles by

potentially killing or injuring them in case of vessel collision.

Our study shows that loggerhead turtles are extensively exposed

to maritime traffic in the oceanic areas of the TYS, particularly in
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its eastern side, where we identified the main high-exposure

areas. We also found that the exposure (co-occurrence) varies

spatially according to different periods of the year and that it is

mainly due to passenger ships, cargo, and tanker traffic. These

vessel categories, due to their large size and high traveling

speeds, are indeed worthy of particular concern in the area.
Movement patterns of sea turtles

The data presented in this paper confirmed that loggerhead

turtles are regular habitants in the TYS, because tracked turtles

spent a significant amount of time in the area across different

seasons and years. In fact, most of them (>70%) remained in the

TYS for the whole tracking period comprising even 2

consecutive years for one individual, which thus highlights the

importance of TYS as foraging and overwintering area. This

result is coherent with previous findings, already indicating the

presence of sea turtles in the eastern TYS, which emerged in our

study as the most frequented sector (Figure 2). Chimienti et al.
TABLE 2 Summary of the selected GAM model; edf=estimated degrees of freedom. Results -> log scale.

Coefficients of parametric terms

Estimate Std. error P-value

Intercept (SeasonSummer) 265.06 51.90 < 0.001

SeasonWinter 147.54 53.16 < 0.01

Approximate significance of smooth terms
edf P-value

s(VD_summer): SeasonSummer 2.833 < 0.05

s(VD_winter): SeasonWinter 1.344 < 0.001

s(lon,lat) 27.359 < 0.001
frontie
A

B

FIGURE 6

The oceanic TYS study area divided into cells of 15 km2 (688 cells); colors indicate the relative probability (A) vessel occurrence, (B) total vessel
and turtle co-occurrence, calculated over the yearly average sorted by the type of vessel (Cargo, Passenger, Tanker, and Fishing). The
loggerhead turtle occurrences included in the risk analysis correspond to that already reported in Figure 5 and referred to the whole year.
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(2020) reported high-intensity diving and movement patterns

characteristic of “area-restricted search” for loggerhead turtles in

the same area evidenced also by our kernel analysis, suggesting

that the utilization of this site is likely linked to foraging

activities. Loggerhead occurrences within the oceanic TYS

significantly differed according to the two semesters of the

year. Indeed, during spring/summer small patches are used by

sea turtles over a wider area, without a main identifiable spatial

pattern, whereas during the autumn/winter turtles mainly

frequent the eastern TYS. The strong seasonality of the TYS

circulation, and the formation of more active anticyclonic eddies

during summer months (Iacono et al., 2021), could play a role in

determining loggerhead movements by influencing the

availability and distribution of prey in different TYS sectors.

Intriguingly, in our study, the areas with the higher mean

values of turtle occurrences were in the northwestern

surroundings within 50 km from the peak of the Marsili

volcano (Figure 2), the biggest seamount of the TYS

characterized by active hydrothermal activity (Italiano et al.,

2011). Frequent occurrences of sea turtles in the proximity of

Tyrrhenian seamounts were also reported by other previous

studies (Luschi et al., 2018; Sparks and DiMatteo, 2020).

Seamounts have been recognized as possible biodiversity

hotspots for pelagic predators (Morato et al., 2008; Morato et

al., 2010), including cetaceans and sea turtles. The attraction

exerted by seamounts may be associated with their possible role

in shaping local or mesoscale water circulation through eddy

formation, local upwelling or downwelling, or closed circulation

patterns called Taylor columns which form when water is

trapped over the crest of a seamount, creating turbulence and

mixing the upper layers of water. All these oceanic features, in

turn, may determine the accumulation or flow of nutrients and
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increase offshore ecosystems’ overall productivity (Boehlert and

Genin, 1987). Improving our understanding of how seamounts

influence sea turtle movements may be critical for successful

conservation plans. Therefore, further research is urgently

needed in the area.

We acknowledge that the analysis of loggerhead turtle

distribution implemented in this study did not account for the

interannual environmental variability. Other approaches such as

ecological niche and spatial distribution modeling (Melo-Merino

et al., 2020; Smith et al., 2020; Chatzimentor et al., 2021; Zampollo

et al., 2022) should be enhanced to further investigate the

distribution of this species in the area in response to

environmental variables (i.e., sea surface temperatures,

chlorophyll-a concentration, distance to seamounts, bathymetry,

etc.), in order to identify mechanisms and variability in habitat

utilization, and to predict future distribution patterns.
Maritime traffic and its composition

Our study provided evidence that the TYS is a busy

waterway with maximum vessel densities in the oceanic

proximity of both mainland and islands. Overall traffic

densities were greater than 0 across almost every cell in the

study domain and seasons, indicating that the whole area was

intensively used by vessels of all kinds. Contrary to the global

trend toward increasing vessel traffic (Union for the

Mediterranean, 2021), mean total vessel densities did not vary

significantly between 2017 and 2020, possibly due to the short

time window considered. The higher densities in spring/summer

across all the subareas of the basin are consistent with the

seasonal trend observed in the Western Mediterranean Sea
A B

FIGURE 7

GAM plots show the effect of the smooth terms (vessel densities) and linear terms (seasonality) in the model, with reference to Spring/summer
(A) and Autumn/winter (B) seasons. Results are in log scale. The blue shades show the 95% confidence interval for the mean shape of the effect.
Data points are represented by the black vertical lines at the bottom of the plot.
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(Campana et al., 2015). The fact that the eastern TYS emerged as

the busiest sector is not so surprising considering the presence of

some of the major landing harbors for cargo and passenger

transportation in the area, such as Naples, Salerno, and

particularly Gioia Tauro, the largest transshipment terminal in

Italy and one of the most crucial cargo container traffic hubs in

the whole Mediterranean basin (Lloyd’s Marine Intelligence

Unit, 2008). Indeed, looking at the detailed traffic composition

(Figure S4), cargo was the vessel type contributing most (38%) to

all-traffic densities, presenting the highest values in the northern

and southeastern parts of the basin due to the important global

route passing through the Messina Strait that connects the

western and eastern areas of the Mediterranean. Fishing can

also contribute considerably to the overall traffic in the oceanic

TYS (28%, in our dataset) (Coomber et al., 2016). However, we

acknowledge that fishing activity is not represented completely

in our analysis, as we excluded areas on the continental shelf

where most of the fishing activity, including artisanal fishery, is

expected to occur (Mangano et al., 2014).
High-exposure areas

Relatively high-exposure areas for loggerhead turtles to

maritime activity are concentrated in the SE and CE TYS,

along main shipping routes for cargo, tanker, and passenger

transportation. Higher loggerhead turtle occurrences are

associated with higher vessel densities during the spring/

summer semester with high-exposure areas localized along the

passenger transport linking the Campania Region to Sicily

(Figure 5). This is likely due to the general increase in marine

traffic and the fact that many passenger companies double their

runs during the spring and summer months. In autumn/winter,

turtles use areas with lower associated traffic, being mostly

exposed to cargo and tanker transportation.

Hence, passenger, cargo, and tankers are vessel types of

particular concern as they generally travel at high speeds,

especially when moving in the open sea. Indeed, higher speeds

potentially reduce the chance for the animal to notice the

approaching vessel and dive or move away from its course and

imply heavier consequences in case of collision (Schoeman et al.,

2020). Studies in coastal regions suggested that green turtles are

unlikely to take effective evasive action when approached by

small-medium vessels at speeds exceeding 4 km/h (Hazel et al.,

2007), and that vessels had to slow down to decrease the

probability of severe injuries also on loggerhead turtles (Work

et al., 2010). It is possible to expect that passenger ships, cargo,

and tankers, which travel approximately around 28, 21, and 16

km/h, respectively (Coomber et al., 2016), have a greater

likelihood for collision events compared to other vessels.

Additionally, larger vessels have deeper drafts which may

exceed 10 m (for cargo vessels, data from Marine Traffic–
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Global Ship Tracking Intelligence), implying a large potential

collision zone for turtles, which might be easily pulled

underneath the vessel by the suction of the huge propeller. A

study based on whale vessel collisions indicated a drawing of the

animal toward the hull and an increased probability of propeller

strikes when the animal is below the surface at one to two times

the ship’s draft at the time of the encounter (Silber et al., 2010).

These forces are likely of more significance for small and slow-

moving species, such as sea turtles, although details of these

interactions with sea turtle species were poorly investigated, and

to our knowledge reported only the study by Work et al. (2010).

Important knowledge is still missing to be able to complete a

collision risk assessment of sea turtles in the Mediterranean Sea.

Our seasonal exposure maps are aggregated over several years not

taking into account interannual variability. Therefore, it would be

appropriate to gather further long-term tracking data on sea turtle

distributions to enhance the spatiotemporal analysis. Our

exposure analysis illustrated where loggerhead turtles are most

likely to be exposed to maritime traffic. However, it did not

consider the probability that loggerhead turtles are at the

surface when a vessel passes and that they are injured or killed

by the collision. The dynamics of surfacing behavior in sea turtles

are influenced by several factors such as life stages, habitats, and

feeding strategies. Oceanic turtles which sometimes use the

surface for extended periods (Hochscheid et al., 2010), may be

more prone to vessel collision risk compared to turtles foraging on

benthic prey in shallow waters. Interestingly, turtle C06 in

Hochscheid et al., (2010), i.e., turtle T1 in this study, showed an

extended surface behavior in many areas we identified as highly

frequented by turtles and more exposed to vessel traffic. In this

regard, a detailed surface interval assessment on a vast number of

oceanic loggerhead turtles is required to investigate whether there

are periods and areas of increased surface activity that might lead

to a greater collision risk assessment.
Conclusions and final remarks

Our study represented a first important step to increase our

knowledge of the consequences of maritime activity on oceanic

loggerhead turtles in the Mediterranean Sea. Further research is

urgently needed to characterize the risk of collision and the

probability that collision results in lethal injuries in the high-

exposure areas evidenced by our analysis.

The novelty of our study resides on the estimates of vessel

exposure for sea turtles in oceanic areas where the problem has

not been addressed before. In contrast, for some Mediterranean

coastal areas, vessel collision incidence was already assessed by

analyzing stranding data (Casale et al., 2010a), which however

may contain certain biases as already explored in the

introduction. Therefore, a similar approach based on tracking

data could be very useful if extended to coastal areas. Indeed,
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coastal areas are crossed by many vessels (e.g., recreational boats

and artisanal fishing boats <15 m), which are not required to

carry AIS. Therefore, AIS data alone would not be adequate to

describe coastal marine traffic data.

The core areas highlighted by our KDE analysis may be

suitable candidates as Important Marine Turtle Areas (IMTAs)

due to its role as oceanic foraging area for both large juveniles

and adults, which are considered a priority conservation target

for their high reproductive value (Casale et al., 2012b). Indeed,

IMTAs were defined by the IUCN Marine Turtle Specialist

Group as “discrete areas within existing marine turtle regional

management units that are of particular biological significance

for the persistence of sea turtles” (Bandimere et al., 2021).

Finally, our study also outlined the remarkable power of bio-

logging technology and animal movement modeling in

identifying high-use areas and potential risks for their

conservation. By combining further knowledge of individual

behavior and energetics, with higher-resolution environmental

data (both biological and human derived), these types of

modeling techniques can be used to detect individual

responses to environmental disturbance and their

consequences at the population level. Indeed, quantifying how,

where, when, and why marine megafauna are exposed to

potential threats from anthropogenic activities is considered a

key goal for research to optimize management and conservation

strategies (Hays et al., 2016).
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