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Abstract

The loggerhead turtle is the most common sea turtle species in the Mediterranean Sea. Despite relevant research efforts, in-
formation about its distribution is still scarce, particularly in the open sea where they may be exposed to different threats, among
which marine litter is of great concern.

Here we investigated the distribution of loggerhead turtles and floating marine macro litter (FMML) in the Sardinia Channel
and Strait of Sicily, a key area of the central Mediterranean Sea, by using 7 years of data collected by experienced observers aboard
passenger ferries along commercial routes. The high-risk exposure areas were identified and the influence of upper layer currents
on turtle and FMML distribution was evaluated. Overall, loggerhead sighting rates were higher than those reported from other
Mediterranean routes, but the distribution of turtles within the study area was clearly heterogeneous and influenced by the surface
circulation pattern. Summer sighting rates were significantly higher in the Sardinia Channel with respect to the Strait of Sicily.
Analysis of the co-occurrence of FMML and loggerhead turtles identified a priority risk area in the central Sardinian channel
where the large South-Eastern Sardinia Gyre acts as a trap for both animals and FMML. This study corroborates the effectiveness
of using passenger ferries as platforms of observation to conduct systematic surveys of sea turtles and floating macro litter in off-
shore areas. Results highlighted the importance of the Sardinia Channel and Strait of Sicily for the loggerhead turtle and the areas
of greater risk of exposure to the marine litter threat.

Keywords: Loggerhead sea turtle; Caretta caretta; distribution; Abundance; marine litter; Sicily and Sardinia channels; sea sur-
face currents; risk exposure; monitoring.

Introduction years (Motani, 2009). They exhibit some extraordinary
adaptations to an aquatic existence, possess a surprising

Although there are only seven existent species in the diversity of life history traits, are important components
world, sea turtles are not a relictual group. These animals of marine ecosystems, and occupy unique ecological
have been extremely successful, adapting to the chang- niches (Renous et al., 2000; Wallace et al., 2010; Hoch-
ing environmental conditions over the last 120 million scheid ef al., 2007; Maffucci et al., 2013; Wyneken J. et
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al.,2013,). However, sea turtles are extremely vulnerable
to mankind. Fishery bycatch, habitat destruction, marine
pollution, and climate change pose constant threats to the
survival of these species and have led to their inclusion
on most lists of vulnerable or endangered species world-
wide (Hamann et al., 2010). Over the last few decades,
the impact of marine litter, i.e., man-made waste in the
marine environment, on sea turtles has become a major
concern (Nelms et al., 2016; Galgani et al., 2019; Claro
etal., 2019).

The loggerhead turtle, Caretta caretta (Linnaeus,
1758), is the most abundant sea turtle species in the Med-
iterranean Sea (Casale & Margaritoulis, 2010). Nesting
occurs mostly in the warmer eastern basin, but the num-
ber of nests documented in the Western Mediterranean
has significantly increased over the last decade (Maffucci
et al., 2016; Carreras et al., 2018). Older juveniles and
adults are found throughout the Mediterranean offshore
and coastal waters with abundances that vary across re-
gions and seasons (Bolten, 2003; Casale et al., 2018).
On Mediterranean foraging grounds, individuals from
local nesting beaches mix with juveniles from the Atlan-
tic RMUs (Regional Management Units) that enter this
basin trough Gibraltar and disperse aided by the pre-
vailing surface currents towards both the Western and
Eastern Mediterranean Sea (Clusa et al., 2013). Several
studies showed that significant inter-basin exchange oc-
curs regularly through the Strait of Sicily, the Strait of
Messina, the Strait of Otranto, and the Sardinia Channel
(Casale et al., 2018 and reference therein). Juvenile and
adult loggerhead turtles are accomplished swimmers, but
their movements in the open sea are often associated with
mesoscale oceanographic features that concentrate prey
and may create temporary foraging hot spots that can be
opportunistically used (Bentivegna et al., 2007). Despite
being a very well researched species, information about
the actual distribution and seasonality of loggerhead tur-
tle presence in the Mediterranean oceanic areas are still
scarce and mostly based on bycatch data, satellite telem-
etry, and mark-release-recapture studies (Casale et al.,
2018 and references therein).

Following more than 30 years of conservation ef-
forts, in 2015 the Mediterranean loggerhead sub popu-
lation was listed as Least Concern by the International
Union for Conservation of Nature (IUCN) Red List of
threatened species (Casale & Tucker, 2015), a result that
is completely dependent upon the maintenance of all on-
going conservation activities. Among the many anthro-
pogenic threats, marine litter is an important stressor
(Casale & Margaritoulis, 2010; Gall & Thompson, 2015;
Galgani et al., 2019; Claro et al., 2019). Entanglement in
derelict nets, traps, strapping bands, or plastic bags are
regularly reported and may cause serious injuries leading
to maiming, amputation, altered buoyancy, and restricted
movements which prevent the turtle from behaving nor-
mally and may lead to the death of the individual (Dun-
can et al., 2017). Ingestion of marine litter is also very
common, due to the species’ generalist feeding strategy,
and can cause gastro-intestinal obstruction, internal inju-
ries, a false sense of satiation, and potential absorption of
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xenobiotics; Lazar & Gracan, 2011; Casale et al., 2016;
Nelms et al., 2016; Matiddi et al., 2017). Regular plastic
consumption has been one of the reasons for choosing
the loggerhead turtle as an indicator species for monitor-
ing the amount and composition of litter ingested by bi-
ota in the Mediterranean Sea within the Marine Strategy
Framework Directive (MSFD 2008/56/EC, Descriptor 10
C3; Matiddi et al., 2017). Finally, marine litter may cause
the degradation of key habitats and produce wider eco-
system effects which may have strong implications for
loggerhead turtle survival (Nelms ef al., 2016).

The Mediterranean Sea is one of the areas with the
highest concentrations of marine litter worldwide due to
its limited sea water exchanges with other oceans, heavy
coastal anthropization, intense maritime traffic, and mul-
tiple significant inputs from rivers that cross highly ur-
banized areas (Suaria & Aliani, 2014). Every year, mil-
lions of tonnes of litter, mostly plastics (Barboza et al.,
2019), end up in the sea mainly through storms, water
runoff, recreational activities along the coasts, or by be-
ing dumped directly from ships (Jambeck et al., 2015;
Galgani et al., 2019). Depending on density and compo-
sition, after entering the sea, marine litter items can float
at the surface for variable periods of time until they sink
to the ocean floor, are degraded, fractionated, or washed
ashore (Galgani et al., 2019; Miladinova et al., 2020).
The distribution of this floating marine litter is shaped
by prevailing winds and surface ocean currents that may
carry items very far away from their sources and create
transient accumulation areas corresponding to conver-
gent zones, sea water fronts, and eddies (Galgani et al.,
2015). These areas are also highly productive and may
act as temporary foraging hotspots for loggerhead turtles,
which increases the probability of exposure to floating
marine litter and hence to correlated threats (Nelms et al.,
2016). Nevertheless, empirical data on the spatio-tempo-
ral overlap between loggerhead turtles and floating litter
in the Mediterranean Sea are still scarce (Casale et al.,
2018) mostly because of the high costs involved in at-sea
surveys using dedicated observation platforms (Arcange-
lietal,2019).

Since 2013, the Fixed Line Transect Mediterranean
Network (FLT Med Net, ISPRA) is gathering system-
atic data on sea turtles and floating marine macro-litter
(> 20 cm, FMML hereafter) distribution along specific
trans-border routes in the Mediterranean Sea, using regu-
lar passenger ferries as observation platforms. The meth-
od proved to be effective for long term monitoring on pe-
lagic species (i.e. cetaceans, sea turtle) and the evaluation
of potential threats (i.e. marine litter, maritime traffic)
(e.g. Tepsich et al., 2020; Arcangeli et al., 2017; Cam-
pana et al., 2015; Pennino et al., 2017). A first synop-
tic analysis conducted in the Western Mediterranean and
Adriatic Sea showed a significant seasonal and regional
variability of FMML abundance, distribution, and com-
position (Arcangeli et al., 2019). This study highlighted
also the existence of a previously unreported zone of high
loggerhead turtle presence in the Sardinia-Sicilian Chan-
nels (SSCC), the southern triangle between Sardinia, Tu-
nisia, and Sicily which is coherent with the recent finding
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of an important oceanic foraging areas for juveniles and
adult sized turtles in the southern Tyrrhenian Sea (Blasi &
Mattei, 2017; Luschi et al., 2018; Chimienti et al., 2020).
Individuals from this area have been observed to switch
to neritic foraging when crossing the Strait of Sicily and
reaching the Tunisian Plateau, one of the most important
Mediterranean neritic habitats (Chimienti et al., 2020).
Overall, the SSCC exhibited the highest loggerhead turtle
encounter rates among the surveyed routes in the Western
Mediterranean and Adriatic Sea and a strong seasonality
in the risk of exposure to floating marine litter (Arcangeli
et al.,2019). However, this synoptic study considered the
SSCC as a whole, without taking into consideration the
complexity of the surface circulation patterns (Sorgente
et al., 2011; Pinardi et al., 2015) that may affect logger-
head turtle and floating marine macro litter distribution
in the area whose understanding requires finer scale in-
vestigations.

In this study, we analysed the data collected along
three trans-border transects covering the Sardinian Chan-
nel and the Strait of Sicily with the aim to: 1) describe
the presence and distribution of loggerhead turtles in this
key study area of the central Mediterranean sea over a
seven year period (2013-2019); 2) characterize the ex-
posure risk to FMML; 3) understand the influence of the
high resolution upper layer currents provided by the E.U.
Copernicus Marine Service on the distribution of logger-
head turtles and FMML items in the study area.

10°E

11°E

Material and Methods
Study area

Data were collected along 3 trans-border transects
covering the Sardinia-Sicilian Channels (SSCC), in the
area between Sardinia, Sicily and Tunisia (Fig. 1). The
study area is defined as a key region for understanding
the exchanges between the Eastern and Western Mediter-
ranean basins through the Strait of Sicily and between the
Algerian Basin and Tyrrhenian Sea through the Sardinia
Channel (Astraldi et al., 1998; Onken et al., 2003).

The Strait of Sicily is a geomorphologically complex
area, characterized by several sea mountains composed
of sedimentary and volcanic rocks (Civile et al., 2016).
There is no universally accepted definition of this import-
ant strait that covers a great part of the Central Mediter-
ranean and corresponds to the westernmost part of the
subarea 2.2 of the FAO (Food and Agriculture Organiza-
tion) area 37 (Fig. 1). The topography affects the currents
resulting in substantial upwelling, which increases the
overall productivity and makes the strait one of the most
important biodiversity hotspots in the Mediterranean ba-
sin (Di Lorenzo et al., 2018).

Contrary to the Strait of Sicily, which does not reach
high depths, the Sardinian Channel extends to a depth of
2,500 m and represents an important passage for marine
species, such as large cetaceans, sea turtles, and seabirds
(Coll et al., 2010; Arcangeli et al., 2019). In addition, the
area acquires greater ecological value due to the pres-
ence of two marine protected areas (MPAs) at the two

12°E

39° N-t

Sardinia Channel

Fig. 1: Study area in the Sardinia-Sicilian Channels (SSCC) (top right box) and effort performed along the surveyed transects

(black lines).
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borders of the Sardinia Channel: Capo Carbonara MPA
(south-eastern coast of Sardinia) and the Egadi Islands
MPA (north-western coast of Sicily).

Data collection on sea turtle and marine litter data

Data were collected using ferries as observation plat-
forms, allowing easy repeated sampling along the same
transects in a cost-effective way. The monitored transects
were Cagliari-Trapani (CA-TR) and Cagliari-Palermo
(CA-PA), linking Sardinia and Sicily Islands; Paler-
mo-Tunis (PA-TU), linking Sicily and Tunisia; Tunis-Ci-
vitavecchia (TU-CV), considering the part of the tran-
sect falling within the selected area only (SSCC) (Fig.
1). Data was collected during the summer period along
the CA-PA and CA-TR transects, and over all the secasons
(Winter: January to March; Spring: April to June; Sum-
mer: July to September; Autumn: October to December)
along the PA-TU and TU-CV transects. Two standard
protocols were used for collecting data on cetaceans, sea
turtles, other pelagic species, and maritime traffic (IS-
PRA, 2015a), and for collecting data on FMML over 20
cm size (ISPRA, 2015b; Arcangeli et al., 2020). Sea tur-
tle data were collected from 2013 to 2019, while FMML
data were collected from 2016 to 2019.

The monitoring was carried out in good weather con-
ditions (< 3 on the Beaufort scale for sea turtles and < 2
for marine litter protocols). Two dedicated GPS devices,
one for each subject of monitoring, were used to record
the position of detected animals or litter and the track
line of effort at the finest resolution. The observations
were made by naked eye, using binoculars and camer-
as, when necessary, to confirm species and group size,
or litter composition. The monitoring was carried out by
experienced dedicated observers, which were specifically
trained based on the protocols for both FMML and macro
fauna data collection from ferries. This type of platform
provided an observation point at 20—25 m high, travelling
at a mean speed of 20 Knots. Two observers, one for each
side of the command deck, monitored the macro fauna by
scanning the sea from the bow (considered to be 0°) to a
maximum of 130° in order to avoid recounting animals.
At the moment of sighting, information about animal po-
sition, data on angle and distance from the ferry, animal
orientation, and size classes were recorded. Animal ori-
entation was considered as the direction identified by the
head of the animal at the moment of sighting. Data on sea
turtle size (i.e. approximate straight carapace length) was
recorded whenever visible from the surface along the Ca-
gliari—Palermo route by experienced observers consider-
ing three arbitrarily defined size classes: small juveniles
(20-35 cm), juveniles (35-70 cm), and adults (>70 cm).
The measures were undertaken using the protocol devel-
oped for measuring the size classes for marine litter over
the 20 cm length (Arcangeli et al., 2020).

For the FMML monitoring, an additional dedicat-
ed observer was positioned on the side of the ferry with
better visibility, scanning a fixed strip of 50 m width to
detect all FMML items greater than 20 cm (see Arcangeli
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et al., 2020, for details). Litter items were identified and
categorized by size classes, material (Artificial polymer
material, Glass, Processed wood, Metal, Textile, Paper,
Rubber, Natural debris), and general names, according to
the MSFD master list (Galgani et al., 2013).

Data analysis
Sea turtle abundance, distribution, and size

Based on the availability of the data and the type of
analysis carried out, different routes and/or time intervals
were selected. An abundance index was calculated as
Sighting Per Unit of Effort [SPUE= (N / km) x 10] = SE
(Standard Error), where “N” was the number of animals
sighted and “’km” was the distance travelled in effort in
good weather conditions. SPUE trends over the study
period were analyzed using the summer data alone and
dividing the surveyed ferry routes in two groups corre-
sponding approximately to the Sardinia Channel and the
Strait of Sicily. Given that the PA-TU route crosses both
areas, we used the coordinates of the western most part
of the Island of Marettimo, Egadi archipelago, to split the
transect in two parts, with the northern falling into the
Sardinia Channel (PA-TU SC) and the southern belong-
ing to the Strait of Sicily (PA-TU SS).

Seasonality in SPUE was investigated for the Strait of
Sicily only, for which monitoring data were available all
year round from 2014 to 2019.

Statistical differences were investigated using the
non-parametric Kruskal-Wallis (KW) test with the Bon-
ferroni correction, and the post hoc pairwise comparison
of Mann-Whitney (MW) U-test testing the hypothesis of
equal medians among samples. All analyses were per-
formed using the software Past 2.17c (Hammer et al.,
2001).

Sea turtle spatial distribution was examined by over-
lapping a grid of 5x5 km cells to the study area and by
calculating the SPUE within each cell, using each cell
as the statistical unit. The SPUE cell was calculated as:
[(number of animals sighted per cell / km of effort within
each cell) x 10]. To account for uneven effort, sea turtle
analysis was performed only on cells with a minimum
sample effort of 10 km. SPUE per cell was calculated
over the entire study area, and the Kernel Density Esti-
mation (KDE) was performed based on the SPUE cell,
using a search radius of 30 km to show areas of highest
probabilities of sea turtle occurrence and identify poten-
tial hotspot areas (Arcangeli et al., 2017). Hotspots were
then graphically represented by the 75% isopleths.

To verify the influence of the year and the spatial po-
sition on the abundance of sea turtles, and highlight po-
tential significant patterns, Generalized Additive Models
(GAMs) were performed using the number of individuals
per cell as the response variable and considering year,
km on effort and the cell’s position as the predictor vari-
ables. GAM, extension of generalized linear model, is a
non-parametric regression technique not restricted by lin-
ear relationships and is flexible regarding the statistical
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distribution of the data (Murase et al., 2009; 2014), that
allows non-normal residuals as well as a general links be-
tween predictors and the response variable (Chebana et
al., 2014). In addition, GAMs use a smooth function to
link the dependent variable to the predictors, whose pur-
pose is to highlight significant patterns. Based on the data
structure, two families, Zero-inflated Poisson and Nega-
tive Binomial, and different values of k were tested. The
Explained Deviance (analogous to variance in a linear re-
gression), adjusted 12, AIC and GCV scores were used to
validate the models and identify the best model settings.
Model analyses were performed using the “mgev” pack-
age of RStudio, version 1.2.5042.

Upper layer circulation modelling and influence on sea
turtles

In line with Tintoré et al. (2019), the ocean circula-
tion in the area has been represented by the 2013 — 2019
reanalysis subset extracted from the Copernicus Marine
Environment Monitoring Service (CMEMS) product
(Simoncelli et al., 2019). Along with the other hydrody-
namic variables, the service provides daily ocean current
data with a horizontal resolution of 1/16° (ca. 6.5 km)
over the 72 unevenly distributed vertical levels. The mul-
tivariate data assimilation is maintained for vertical pro-
files of temperature and salinity, and along-track satellite
observations of the sea surface height. The upper layer
kinematics in the SSCC area (Fig. 1) is computed by ver-
tically averaging the currents over the four model levels
of~1.5m,4.6m, 8.0 mand 11.6 m.

Sea turtle orientation data were explored considering
the two investigated channel’s data separately. In the sea
stretch between Sardinia and Sicily, two routes, CA-TR
(2013) and CA-PA (2014-2019), were independently an-
alysed. In the Strait of Sicily, only data from the PATU
route (2014-2019) were analysed.

Upper layer currents were calculated for each point
of the turtle detection by means of bilinear interpolation
of the model dataset described above. After that, the cur-
rents were averaged along the three transects: CA-TR,
CA-PA, and PA-TU, and normalized by the number of
observations per each transect using a percentage scale to
make them comparable for further analysis.

Floating marine litter and risk exposure

Floating Marine Macro Litter was recorded per mate-
rial category, but considering that the artificial polymer
items are a major threat to sea turtles (93% of the total
litter items), the plastic component was used to perform
the risk exposure analysis. The FMML and risk analyses
were performed using the summer dataset from 2016 to
2019 along the CA-PA and PA-TU routes.

The amount of plastic was normalized by accounting
for the effort and calculated as density [(D) =n/(w x 1)]
being “n” the number of items recorded, “w” the width
of the monitored strip and “I” the length of the surveyed
transect (in km) (Matsumura & Nasu, 1997; Thiel et al.,
2003; Shiomoto & Kameda, 2005).
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Spatial distribution of plastic densities was analysed
using QGis 2.14.21. The study area was divided into a
5x5 km grid cell, and only the cells crossed by at least
10 km effort were selected from the entire grid for the
analysis in order to account for bias due to uneven ef-
fort. A buffer was built around each surveyed track corre-
sponding to the value of the transect width. The buffered
tracks were then associated within the intersected cells
and pooled together. The total surveyed area, the number
of plastic items and the density values were calculated
per each cell (Arcangeli et al., 2018). The kernel density
estimation was then performed based on the density value
per cell using a 30 km radius, and the isopleths on 75%
of the total values obtained by KDE of plastic density
were created. To highlight the areas of overlap between
the concentration of litter and high densities of sea turtles,
a KDE analysis was performed based on the SPUE cell
values of sea turtles using the same time period as the
litter data (2016-2019).

The high-risk exposure areas, where sea turtles are
most likely to encounter plastic items (Darmon et al.,
2017), were identified by considering only the cells
where both effort data on plastics and loggerhead turtles
were available. The litter density values and turtle SPUE
values were used to calculate an exposure risk index: con-
sidering that the exposure changes depending on both the
occurrence of the sensitive species and the concentration
of the threat (i.e., plastic items), the risk exposure index
was calculated by multiplying the litter density value and
sea turtle SPUE per cell. For representation, the obtained
values were equally divided into four categories of “no
exposure”, when the sea turtles and/or plastic items were
not present, “low,” “medium,” and “high risk.”

Results
Sea turtle abundance, distribution, and size

From 2013 to 2019, a total of 47,564 km were trav-
elled on effort in standard conditions during 205 surveys
over the entire study area, and 1,392 loggerhead sea turtle
sightings were recorded, with a mean SPUE of 0.23 +
0.025 SE animals per 10 km of effort.

The majority of these surveys were conducted during
the summer period (n = 99, total km travelled on effort =
23,794.76 km) when 1,144 sightings were recorded for a
mean SPUE of 0.38 £ 0.05 SE. The distribution of logger-
head turtles within the SSCC area during summer appears
to be heterogeneous, with a higher presence in the Sar-
dinia Channel with respect to the Strait of Sicily (average
SPUE 0.39 £+ 0.05 and 0.17 + 0.05 SE respectively, KW,
p < 0.05). No statistically significant inter-annual differ-
ence was detected among SPUE summer averages in ei-
ther of these areas (KW, p > 0.05, Fig. 2), with the highest
sighting rates recorded in 2015 and 2017 in the Sardinia
Channel (SPUE index of 0.60 = 0.21 SE and 0.49 + 0.14
SE respectively). The absence of inter-annual differences
was confirmed also by the analysis of the yearly average
SPUE:s available for the Strait of Sicily (KW, p > 0.05).
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Fig. 3: Seasonal variability of sea turtles detected along the Sicilian Strait.

Intra-annual analysis in the Strait of Sicily showed
that the higher sighting rate was recorded during spring
(0.27 £ 0.14 SE) compared to summer, winter, and au-
tumn (0.17 £+ 0.05 SE, 0.10 £ 0.02 SE and 0.08 £ 0.02 SE,
respectively) (Fig. 3), although no significant differences
between seasons were detected (KW, p>0.05).

The spatial analysis showed a patchy distribution of
sea turtles, where cells with higher sighting values were
particularly concentrated in the area of the Sardinia
Channel and towards Sicily, in the stretch of sea around
the Egadi MPA (Fig. 4).

The GAMs were performed considering a total of 851
cells. The chosen model predicted 64.6% (deviance ex-
plained) of the variation in space and time of the logger-
head turtle abundance. The shapes of the functional forms
for selected covariates illustrated that the number of sea
turtles did not change over the years, with only a slight
increase in abundance during 2015 and 2017. Results on
distribution, using the latitude and longitude as covari-
ates, confirmed the importance of the central area in the
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Sardinian channel.

A total number of 294 loggerhead turtles were cate-
gorized in the three arbitrary size classes along the CA-
PA route during the summer season from 2017 to 2019:
the majority of the individuals were juveniles (56%) fol-
lowed by adults (26%) and small juveniles (18%).

Model-based upper-layer circulation and sea turtle ori-
entation

As shown in Figure 5a, the upper layer patterns were
found to be in line with the basin-scale circulation pat-
terns described by e.g., Malanotte-Rizzoli et al. (1997),
Sorgente et al. (2011), and Pinardi et al. (2015).

More specifically, the study area is controlled by the
Atlantic waters moving eastward as the Algerian Current
(AC) that splits in two branches caused by a topograph-
ic effect after crossing the Sardinia Channel. The first
branch penetrates into the Tyrrhenian Sea as the Bifur-
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75% isopleths show the hot spot area of loggerhead turtle identified by the kernel analysis (kernel density estimation; KDE) based

on the index of abundance. All data are pooled together.
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Fig. 5 a: Model upper layer currents averaged over the days of observations with surveyed transects in the Sardinia-Sicilian
Channel area (SSCC). The averaged 2013—-2019 model currents reveal the Algerian Current (AC), Bifurcation Tyrrhenian Current
(BTC), Atlantic-lonian Stream (AIS), Strait of Sicily Tunisian Current (SSTC) and South-Eastern Sardinia Gyre (SESG); b: mod-
el-based mean kinetic energy per unit mass (MKE) in cm?/s? averaged over the days of observations.

cation Tyrrhenian Current (BTC) that flows along the
northern coast of Sicily. The second one moves eastward
representing a two-jet structure that embraces the Atlan-
tic-lonian Stream (AIS), mainly flowing eastward along
the southern coast of Sicily, and the Strait of Sicily Tu-
nisian Current (SSTC) running south-eastward over the
Tunisian continental slope. The central part of the area
is under the influence of the south-eastern Sardinia Gyre
(SESG), a wind curl driven cyclonic gyre, whose diam-
eter varies between 200 km and 300 km (Sorgente et al.,

428

2011).

The model currents averaged over the days of obser-
vations (Fig. 5b) indicate the main basin-scale circulation
patterns including the Algerian Current (AC), Bifurca-
tion Tyrrhenian Current (BTC), Atlantic-lonian Stream
(AIS), Strait of Sicily Tunisian Current (SSTC), and
South-Eastern Sardinia Gyre (SESG). The time-specific
differences from the overall 2013-2019 averaged map
(Fig. 5a) include a seasonal intensification of the Alge-
rian Current that allows the development of the coastal
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currents which flow northward in the Gulf of Tunis and
along the southern shore of the Gulf of Hammamet; the
north-eastern recirculation related to the summer upwell-
ing on the Adventure Bank (western Sicilian shelf); the
westward coastal current in the Gulf of Castellammare;
as well as amplification of the South-Eastern Sardin-
ia Gyre. Additionally, the kinetic energy of mean flow
per unit mass (MKE) was calculated to quantify the en-
ergy levels involved in the upper layer of circulation:
MKEU=1/2meant[uij2(t)+vij2(t)], where meant is the time
average over the days of observations; u,(t) and v,(t) are
the zonal and meridional components of the velocity field
at the (i, j) grid point, respectively. As shown in Figure 5b
(right), all the observational transects (CA-PA, CA-TR,
and PA-TU) were mainly located in the MKE interval of
~ 60-80 cm?/s*> which is typical of the summer season,
with the exception of the transect parts crossing the high
kinetic zones such as the PA-TU segment south-west of
the Egadi Islands.

Considering their geographical location and the dif-
ferent ecological characteristics, the orientation data of
loggerhead turtles were analysed separately for the two
areas. In the area between Sardinia and Sicily, a total of
726 turtles were considered from 2013 to 2019: 143 tur-
tles from CA-TR data (2013) and 583 from CA-PA data
(2014-2019). Regarding the CA-TR route, the results
showed that turtles were orientated predominantly to-
wards the northwest (~39%) and secondly, towards the
southwest (~21%). The upper layer currents along this
transect were directed mainly to the southwest (~50%),
which was associated with a wide western branch of the
South-Eastern Sardinia Gyre, that controlled the water
flow over nearly half of the CA-TR transect. Contribu-
tions of the northeast transport (~29%) was caused by a
relatively narrow jet of the Bifurcation Tyrrhenian Cur-
rent (Fig. 6a) on the Sicilian edge of the transect. Along
the CA-PA route, the turtles mainly oriented towards the
west (~37%), while the north, east, and south sectors
contributed almost equal percentages (Fig. 6b). Like the
aforementioned transect, the currents indicated a domi-

nance of the southwest transport of ~45% on the Sardin-
ian part of the route with a ~35% deflection to the west
due to a northern branch of the South-Eastern Sardinia
Gyre that influenced the Sicilian edge of the transect.
As Figure 6¢ shows, the distribution of the turtles’ spa-
tial orientation along the PA-TU transect (N=195, 2014-
2019) was almost isotropic with a slight elongation from
southwest (21%) to northeast (19%). Each of the north,
northwest, and west directions contributed ~ 9+11%.
Symmetrically, each of the south, southeast, and east di-
rections contributed ~ 8+12%. The upper layer currents
mostly indicated the eastward transport (~56%) caused
by the Algerian Current in the Tunisian part of the tran-
sect and the northeast direction (~22%), when the PA-TU
route was collinear to the Bifurcation Tyrrhenian Current.

Floating marine litter and risk exposure

During the marine litter monitoring in the two chan-
nels, almost 10,800 km were travelled on effort covering
a total area of 694 km?. The total number of plastic items
recorded was 2,756, with an average density that did not
differ significantly over the years (KW, p>0.05). The
KDE performed on plastic distribution, showed areas of
litter accumulation localised near the Cagliari, Palermo,
and Tunis ports, and generally high-density values along
the Sardinia Channel, to the west of the Egadi Islands and
in the southern portion of the Strait of Sicily (black dotted
line in Fig. 7). Sea turtle hotspots highlighted by the KDE
analysis, were also localised in the middle of the Sardinia
Channel and western Egadi Islands (red line in Fig. 7).
The overlap between the 75% KDE isopleths of plastic
and sea turtles highlighted overlapping areas in the cen-
tral Sardinia channel and west of the Egadi MPA (Fig. 7).
The risk exposure index analysis confirmed highest risk
values in the middle of the Sardinia channel, in localized
spots near the Ports of Cagliari and Palermo, and in the
portion of sea west of the Egadi Islands (Fig.7).
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Fig. 6: R-charts represent the average frequency in directions (%) for turtles (in red) and currents (in blue) along the routes of CA-
TR 2013 (a), CA-PA 2014-2019 (b), and PA-TU 2014-2019 (c). N. represents the number of observed turtles.
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Fig. 7: Isopleths corresponding to 75% of the total values obtained by KDE of plastic density (dotted line and area) and KDE of
loggerhead turtle SPUE Index (continuous line). The risk exposure Index is represented by cells of increasing colour gradient.

Discussion

Effective management of marine migratory species,
such as the loggerhead turtle, is a complex endeavour.
These highly mobile animals use several ontogenetic
habitats throughout their life, segregated by hundreds
or even thousands of kilometers, where they may be ex-
posed to different threats. Understanding the spatio-tem-
poral overlap between species distribution and anthro-
pogenic stressors is essential for tackling threats in the
right place at the right time, but it may be complex or
logistically prohibitive, particularly in the highly dynam-
ic and vast open sea (Arcangeli ef al., 2019). Surveys on
dedicated research platforms are considered the most re-
liable approach for collecting empirical data on sea turtle
distribution and abundance over vast regions, but they are
generally unaffordable to carry out regularly (Lauriano
et al., 2011; Casale et al., 2018; Arcangeli et al., 2019).
The use of the so-called platforms of opportunity, such
as passenger ferries or cruise vessels, is a cost-effective
complementary approach that can help monitor marine
megafauna on a long-term basis (Kiszka et al., 2007; Vid-
di et al., 2010; Leeney et al., 2012; Boer et al., 2018).
Although the routes are not designed by the researchers,
which poses some constraints on the statistical analysis,
relating animal sightings to effort can be used to infer rel-
ative abundance indices and to monitor temporal or spa-
tial variation of a species’ presence (Viddi et al., 2010;
Arcangeli et al., 2019).

Here we analysed data from seven consecutive years
(2013-2019) of sea turtle monitoring along commercial
ferry routes in the Sardinia Channel and Strait of Sicily,
which play a crucial role in the circulation of the whole
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Mediterranean Sea. This region is a high-energy site that
dynamically modulates the exchanges between the Medi-
terranean sub-basins. In fact, the Strait of Sicily provides
the direct interface between the Eastern and Western
Mediterranean, while the Sardinia Channel allows the
water exchanges to occur between the Algerian sub-ba-
sin and the Tyrrhenian Sea (Astraldi et al., 1998). The
Tyrrhenian-Sicily-Sardinia area reveals the basin-scale
semi-permanent circulation and mesoscale phenome-
na associated with ocean eddies, meandering currents,
fronts, and upwellings, that are induced by the wind, to-
pography, or instabilities in large-scale circulation (Onk-
en et al., 2003; Béranger et al., 2004). The particular geo-
morphological and hydrodynamic characteristics make
the region extremely interesting from an ecological point
of view, and a key area for understanding loggerhead sea
turtle displacement in the Mediterranean Sea.

Sea turtle abundance, distribution and size

Overall mean sighting rate was comparable to that
reported for this area in the first synoptic survey of log-
gerhead turtle distribution in the Western Mediterranean,
Ionian, and Adriatic Seas (Arcangeli et al., 2019). This
is not surprising considering that the two studies share
a large portion of the dataset. However, our finer scale
analysis revealed a clear heterogeneity in loggerhead tur-
tle distribution within the study area. The conspicuously
high mean SPUE observed in the SSCC was mainly a
result of the higher summer encounter rates observed in
the Sardinian Channel with respect to the Strait of Sicily.
However, this comparison is based on summer data only,
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whereas seasons may affect loggerhead turtle presence
differently in these two areas. Among the many factors
that influence species presence and habitat use, season-
ality plays a key role as the main driver of biological and
ecological processes. Detailed analysis on seasonality
was performed for the Strait of Sicily, where the effort
was consistent during all seasons. The Strait is an import-
ant area used by sea turtles for feeding purposes and as
an inter-basin exchange passage. Indeed, it seemed that
encounter rates in the Strait of Sicily were higher during
spring than during other seasons, confirming observa-
tions recorded by Arcangeli ef al. (2019), albeit it must
be acknowledged that these results were not statistical-
ly significant. To date there is no clear evidence in the
published literature that supports a seasonal use of the
Strait of Sicily. Bentivegna (2002) reported seasonal mi-
grations at the beginning of autumn from the Western to
the eastern Mediterranean, but three out of four turtles
used the Strait of Messina and only one took the route via
the Strait of Sicily. A more recent study by Chimienti et
al. (2020) revealed that four out of eleven large juvenile
turtles tracked in the Tyrrhenian Sea left this basin during
summer and travelled through the Strait of Sicily, while
others remained in the circulation system of the Tyrrhe-
nian Sea including the Sardinian Channel area. Simu-
lation of hatchling dispersal from the southwest Italian
coast showed that most of the small turtles were retrained
in the surface circulation of the Tyrrhenian Sea and even-
tually moving north into the Ligurian Sea, while only a
small percentage leaked through the Strait of Sicily into
the Eastern Mediterranean (Maffucci et al., 2016).

Westward migrations through the Strait of Sicily by
turtles coming from the Ionian Sea are instead far less
documented, although they certainly occur, as was in-
directly shown through mixed stock analysis, which at-
tributed large proportions of turtles found in the Tyrrhe-
nian Sea to Eastern Mediterranean rookeries (Maffucci
et al., 2006; Maffucci et al., 2013; Karaa et al., 2016).
However, it seems that loggerhead turtles move into the
western basin when they are an older age, because the
probability that hatchlings drift with ocean currents into
the western Mediterranean is low (Casale & Mariani,
2014; Hays et al., 2010), whereas the distance from ma-
jor rookeries to the western Mediterranean is less than the
migration ceiling (maximum migration distance: 2150
km) known for the species (Hays & Scott, 2013). In fact,
a few single individuals have been tracked into the West-
ern Mediterranean during post-nesting migration, yet the
majority of adult females remain in the Eastern Mediter-
ranean and show high fidelity to neritic foraging grounds
(Broderick et al., 2007; Stokes et al., 2015; Snape et al.,
2016). Also, turtles foraging on the nearby Tunisian shelf
area and in the deeper waters of the southern Strait of
Sicily (Casale et al., 2008) could move into the northern
part of the strait and contribute to the presences observed
on the Sicily-Tunisian ferry line. Therefore, summing up
this information, there is no clear evidence of seasonal
use of the Strait of Sicily, but rather a constant year-round
presence of loggerhead turtles.

The distribution of loggerhead turtles along the Sici-

Medit. Mar. Sci., 22/2 2021, 422-435

ly-Tunisia line, concentrating more in the northern sector
of the transect, is most certainly driven by the strong Alge-
rian current which transports turtles from both the Western
Mediterranean and those moving with the South-Eastern
Sardinia Gyre (see Fig. 5a and b). The surface current pat-
terns also identify the waters off western Sicily, including
the Egadi Islands, as a highly dynamic area, which may
constantly receive turtles that passively drift with the Al-
gerian current and continue either northwards with the
Bifurcation Tyrrhenian Current or southwards with the At-
lantic-Ionian Stream. The association of turtle distribution
with surface current patterns has been widely documented,
particularly for juvenile oceanic specimens foraging in the
Mediterranean which passively drift within a basin broadly
favourable for developing loggerhead turtles (Cardona &
Hays, 2018; Clusa et al., 2013).

The prevailing surface currents at the time of observa-
tions were also likely responsible for the high turtle en-
counter rates in the Sardinia Channel area. Here, turtles
foraging in the Tyrrhenian Sea and those coming from the
Algerian Sea meet in the South-Eastern Sardinia Gyre, as
some satellite tracking studies have shown (Chimienti et
al., 2020; Eckert et al., 2008) and probably find good for-
aging opportunities. Actually, turtle presence in the SSCC
is higher than could have been expected from these satel-
lite tracking studies, where only a few individuals wan-
dered into this area. The SSCC thus gains a previously un-
recognized importance as an area that aggregates oceanic
foraging loggerhead turtles and has a great potential for
revealing trends in turtle abundance if integrated into long-
term monitoring programs such as the FLT Med Net.

Based on the experience gained in identifying the size
of floating litter items, the observers also estimated turtle
sizes during monitoring and revealed a rough distribution
of'size classes in the SSCC. As could have been expected,
the majority of individuals were juveniles in the typical
size range of oceanic stage loggerhead turtles, but a quar-
ter of the sighted turtles were also adult sized. This is an
interesting result, since adult turtles mostly prefer neritic
foraging areas, and there are no nearby known rookeries
that would explain the presence of adult turtles passing
through during their reproductive migrations. It would be
worth examining the state of maturity and sex ratio of
these large turtles. However, loggerhead turtles are also
known for their foraging plasticity, and many subpopu-
lations, including the Mediterranean, have reported that
even adult turtles continue to forage in the water column,
either opportunistically or over a longer term (Hatase
et al., 2002; Hawkes et al., 2006; Casale et al., 2008).
Therefore, the observed proportion of adult-sized turtles
may in fact be representative of the foraging aggregation
in the western Mediterranean pelagic habitats (Luschi et
al., 2013; Chimienti et al., 2020).

Judging the size of smaller objects and turtles from
almost 20 m above the sea level platform is challenging,
and the proportion of small juveniles observed here could
have been underestimated, while post-hatchling and year-
ling turtles could have been present but passed by entirely
unnoticed. As already discussed above, the area surveyed
here is unlikely to host the youngest individuals of the
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Mediterranean loggerhead subpopulation, so that the bias
in the sampling method may be negligible. Nonetheless,
the methods for assessing turtle size from moving obser-
vation platforms could be refined, so that the proportion
of small juveniles can be estimated more accurately. This
would be particularly useful for future monitoring pro-
grammes in this area, because a recent increase in logger-
head nesting activity in the Western Mediterranean, that
has been attributed to climate warming, may lead to the
development of new nursery areas in this basin (Maffucci
et al., 2016; Abalo-Morla et al., 2018).

Upper layer currents did not appear to have a clear in-
fluence on loggerhead sea turtle orientation. In the Strait
of Sicily, an area with very high kinetic energy and strong
directed currents, turtles were almost isotropic (Fig. Sa
and b). On the other side, in the Sardinia Channel the
overall westward orientation of the individuals was in a
certain agreement with the prevailing current system. It
must be acknowledged that we could not associate infor-
mation about turtles’ orientation with those on their be-
haviour at time of spotting in our analysis and this may
have affected the results. Further data are required in or-
der to understand the relevance of collecting information
about turtle orientation during at sea surveys from pas-
senger ferries.

Floating litter and risk assessment

The observed plastic KDEs at the finer scale of this
study are found to be partially consistent with the model
patterns of sea surface plastic concentration (Liubartseva
et al., 2018), which were simulated statistically based on
the upper layer circulation and static distribution of ma-
rine litter sources. In fact, the observations indicate the
highest densities in the middle of the Sardinia Channel,
and medium accumulation values outside the Ports of
Cagliari and Palermo, and the Gulf of Tunis, while the
model showed the local maximum of plastic in Tunis, fol-
lowed by the Port of Palermo and then by the area close
to Cagliari. Moreover, the Capo Carbonara MPA locat-
ed in the NW part of the CA-PA and CA-TR transects
is found to be one of the least polluted sites in the study
area according to the model. The reason for such incon-
sistency might be due to the absence of seasonality in
the model sources of plastic. Indeed, during peak tourist
season, marine litter increases by up to 40% in the Med-
iterranean (Dalberg Advisors, 2019), which calls for sea-
sonal re-distribution among the model sources of plastic
over the basin. Modeling results might be also improved
by using Lagrangian drifters that statistically characterize
the upper layer kinematics (Poulain & Zambianchi, 2007,
Poulain et al., 2009).

By contemporaneously collecting in situ data on vul-
nerable species and floating plastic, this method identi-
fied areas and seasons in which sea turtles are most ex-
posed to this hazard, which is essential information when
delineating priority mitigation measures (Darmon et al.,
2017; Arcangeli et al., 2019).

The central Sardinian channel is a priority risk area, at
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least during the summer season. The large South-Eastern
Sardinia Gyre appears to act as a trap for both the ani-
mals and floating plastics, increasing the local exposure
risk for sea turtles. Other risk areas were identified, as
expected, near the main ports of Cagliari and Palermo,
but there were not low or “no risk” detected in the Tunis
Gulf. Despite the seasonal intensification of the Algerian
Current over the days of observations, a plastic accumu-
lation area was identified by the kernel analysis outside
the Gulf of Tunis, proving that local input is likely a more
significant driver than oceanographic circulation alone,
especially during peak tourist season. Nevertheless, giv-
en the low number of sea turtles recorded in that area,
the risk was found to be low or absent. On the contrary,
along the western side of the Egadi MPA, correspond-
ing to the Algerian Current bifurcation, the high presence
of sea turtles was found to have a significant, albeit low,
risk index despite the high kinetic energy recorded in the
upper layer flow. Our results showed that the spatio-tem-
poral overlap between sea turtles and floating macro litter
distributions is influenced by a variety of factors related
to the biological cycle of species, sources of littering, and
the variable distribution of both, for which sea surface
circulation plays a major role, and that the analysis of em-
pirical data is essential for validating and further refining
model previsions.

Conclusion

Well identified indicators must be developed to eval-
uate the conservation status of species and their habitats,
as well as the effectiveness of conservation measures.
Given the long and complex life cycle of the loggerhead
sea turtle, and the wide distributional range, long term
studies are needed to gather the required information,
and in particular, to fill the knowledge gaps on the dis-
tribution and abundance in the vast open sea. Linking in-
formation about species presence to the main threats to
which they are potentially exposed is also essential for
identifying those critical habitats where mitigation mea-
surements must be urgently enforced. Our results proved,
once again, that the use of passenger ferries as platforms
for observation can be a useful and effective method to
gather information on loggerhead sea turtles and marine
litter in remote offshore areas and to conduct systematic
long term surveys over the vast and highly dynamic pe-
lagic realm.
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