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ABSTRACT
1. Interaction with fishing gears represents the main anthropogenic threat at sea for sea turtles worldwide, and identifying the 

hotspots of turtle bycatch is a priority knowledge gap.
2. Turtle stranding data represent a source of information about mortality areas at sea that are not fully exploited. This study 

aims to infer turtle mortality areas of turtles stranded along the Italian Adriatic Coast in the period 2019–2021 (1432 records), 
through backtrack modelling of carcasses. Specifically, the decomposition process of eight loggerhead carcasses was moni-
tored, and the relationship between floating period (FP), turtle size and sea temperature was modelled through a generalized 
additive model. Oceanographic information was then used to track the routes of floating carcasses back, knowing their size 
and decomposition stage, and finally estimate the likely area of mortality. A complementary numerical experiment of con-
nectivity between coastal and offshore areas gave indication that areas of potential mortality are relatively close to the coast, 
particularly in the northern Adriatic.

3. Stranded turtles probably represent just a small fraction (17%–25%) of total at- sea mortalities in the study area (Italian Adriatic 
waters), with decomposition rates, season and distance from shore influencing their stranding likelihood. Hence, strandings 
can inform only about spatio- temporal variability of coastal mortality hotspots.

4. Inferred areas of turtle mortality were most likely located in the North and Central Adriatic all over the year and overlap with 
heatmaps of fishing effort, obtained from vessel monitoring system (VMS) and automatic identification system (AIS) data, in 
the Gulf of Manfredonia and in the North- West Adriatic in the cold (September–December) and warm (May–August) periods, 
respectively.
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1   |   Introduction

Marine species and ecosystems face a multitude of anthro-
pogenic threats. Fishing represents one of the most import-
ant threats to marine animals (i.e., sea birds, Tasker  2000; 
Lewison et  al.  2012; marine mammals, Read et  al.  2006; 
turtles, Wallace et  al.  2013; sharks Dulvy et  al.  2008; gen-
eral: Lewison et  al.  2014) and the main threat at sea for sea 
turtle populations worldwide (Hamann et  al.  2010; Wallace 
et al. 2013; Lewison et al. 2014). This impact extends beyond 
direct interactions, as sea turtles are also threatened by entan-
glement in abandoned or lost nets and lines (i.e., ghost gears, 
Duncan et al. 2017).

Assessing the impact of fishing on sea turtle populations is a 
key for designing appropriate conservation measures but is also 
challenging due to scarce monitoring of turtle encounters by 
fishing vessels and the lack of consistent bycatch data, which 
lead to reporting only bycatch estimates from underreported 
fishing effort (1%–5%; Wallace et al. 2010, 2013). For instance, 
identifying marine areas with high interaction between tur-
tles and fishing boats still represents a major knowledge gap 
(Casale et  al.  2018; Fuentes et  al.  2023). Various approaches, 
as well as their combinations (e.g., cumulative pressure inten-
sity, Lucchetti et al. 2016; Dimitriadis et al. 2022), can be em-
ployed to infer hotspots of sea turtle death events and areas at 
high risk of fishing interactions at regional and global levels. 
The most direct approach is represented by obtaining the loca-
tion of turtle bycatch events, either from onboard observation 
(Fortuna et al. 2010; Cambiè et al. 2013) or from fishers (Casale, 
Simone, et al. 2012; Cambiè et al. 2020; Casale et al. 2020; Baldi 
et al. 2022). Alternatively, hotspot areas may be inferred by com-
paring areas frequented by turtles (e.g., through satellite track-
ing; Roe et al. 2014; Cuevas et al. 2018) and the distribution of 
fishing effort (Pikesley et al. 2018; Almpanidou et al. 2021; Baldi 
et al. 2022). Since many stranded turtles are assumed to be the 
result of bycatch, their distribution can also be used to infer 
areas with high fishing- induced mortality (Adimey et al. 2014; 
Tagliolatto et al. 2020; Mihaljević et al. 2024).

Specifically, stranding data were commonly used as an index of 
turtle abundance and at- sea mortality both quantitatively and 
spatially (i.e., the extent of distribution ranges and turtle bycatch, 
Tomás et al. 2008; Casale et al. 2010). Unfortunately, the identi-
fication of the cause of death of stranded sea turtles represents a 
significant challenge due to the decomposition state of the car-
casses and the possible absence of evident physical injuries (Hart 
et al. 2006; Phillott and Godfrey 2019). For instance, trawl fishing 
(with long haul duration and fast net retrieval) leads sea turtles 
to drown after forced apnoea (Lutcavage and Lutz 1997) or to a 
delayed death due to decompression sickness and gas embolism 
(García- Párraga et al. 2014; Fahlman et al. 2017; Crespo- Picazo 
et al. 2020; Franchini et al. 2021), leaving no external injuries or 
marks on animals (Caillouet et al. 1996). Nevertheless, fishing 
gear interaction is suspected to be a significant factor contribut-
ing to sea turtle stranding (Epperly et al. 1996; Casale et al. 2005; 
Tomás et  al.  2008; Casale et  al.  2010; Mihaljević et  al.  2024). 
Stranding records can provide additional and valuable informa-
tion through the approach of backtracking, not fully exploited 
so far, with just a few studies published (Koch et al. 2013; Nero 
et al. 2013; Santos, Friedrichs, et al. 2018; Nero et al. 2022). It 

consists of reconstructing at- sea trajectories of turtle carcasses 
before stranding and allows to elucidate the mortality spatial dis-
tribution and patterns. The numerical method employs ocean-
ographic descriptors (i.e., sea currents) and their spatial and 
temporal variability to determine the fate of floating bodies at 
sea (e.g., Quattrocchi et al. 2019). The reliability of this approach 
is crucially based on the estimates of the floating period (FP) 
that can be obtained by monitoring movements and/or floating 
of carcasses either freely drifting at sea (Nero et al. 2013; Santos, 
Kaplan, et  al.  2018; Cook et  al.  2021), in delimited space (e.g., 
plastic or metal nets and cages at sea; Santos, Kaplan, et al. 2018; 
Cook et  al.  2020) or in a controlled environment (e.g., indoor 
laboratory; Cook et al. 2020).

In the Mediterranean Sea, more than 100,000 turtles are esti-
mated to die annually due to bycatch by several types of fish-
ing gear (one of the highest bycatch rates globally, Lewison 
et al. 2014), of which bottom trawlers represent the most impact-
ing one (around 40,000 annual deaths) with a high potential to 
cause mortality (Casale 2011; Lucchetti et al. 2017), particularly 
in loggerhead sea turtles (Caretta caretta, Casale et  al.  2018). 
Specifically, the Adriatic Sea is subjected to one of the highest 
trawl fishing efforts in Europe (Casale 2011; Eigaard et al. 2016), 
largely due to the Italian and Croatian fleet, especially in its shal-
low northern waters (Russo et al. 2020; Mihaljević et al. 2024). 
On the other hand, the relatively shallow waters of the Adriatic 
represent important foraging grounds for sea turtles (Haywood 
et al. 2020) exposing them to a high likelihood of fishery inter-
action. The matching of size of turtles caught by bottom trawlers 
and turtles stranded in the same area (Casale et al. 2004, 2010) 
suggests that stranding data may be a valuable proxy for inter-
actions with trawlers. Thus, for its crucial biological role as de-
velopmental and year- round foraging ground (Lazar et al. 2004; 
Schofield et al. 2010; Zbinden et al. 2011; Baldi et al. 2023), the 
Adriatic represents a critical area for assessing the impact of 
trawling on sea turtles, especially on loggerhead turtles origi-
nating from Greek rookeries (Clusa et al. 2014; Tolve et al. 2018), 
and possibly for setting up specific conservation strategies 
(Lazar and Tvrtkovic  1995; Casale et  al.  2015). The relatively 
small and semi- closed Adriatic Sea with extended sea turtle 
stranding networks is an excellent candidate to set up and im-
plement a backtracking simulation of trajectories of stranded 
turtles as a tool for identifying and providing information on 
potential mortality areas.

The present study aims to implement the backtracking ap-
proach in a case study about the Italian coast of the Adriatic Sea 
where a large dataset of sea turtle stranding records is available. 
Specific objectives are as follows: (i) infer marine areas within 
the Adriatic Sea where sea turtle mortality events occur and (ii) 
identify possible spatio- temporal overlaps with fishing hotspots.

2   |   Methods

2.1   |   Strandings Data

Data of loggerhead turtles stranded along the Italian Adriatic 
coast in 2019–2021 were collected from the databases of four 
organizations (Centro Recupero Tartarughe Marine [CRTM] 
Molfetta; Fondazione Cetacea; CRTM Manfredonia; Centro 
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Studi Cetacei). Each stranding record included geographical lo-
cation and date. For a subset of the records, the following data 
were also available: size, reported as CCL (i.e., curved carapace 
length; Bolten 1999), carcass state (reported as freshly dead or 
decomposed), geographical coordinates and photos.

For records with a photo, a decomposition code (see Section 2.2) 
was assigned to the record. If missing, geographical coordinates 
of the stranding location were assigned. Seasonal and latitu-
dinal trends in CCL and total counts of stranded turtles were 
evaluated by rounding the stranding latitude to the 0.01 deci-
mal degree and running a GAM (generalized additive model, 
gamlss package; Rigby and Stasinopoulos  2005) in R (R Core 
Team  2023), using Weibull and Poisson distribution, respec-
tively, with the following formulas:

where counts is the number of strandings, LAT the latitude and 
MONTH the month of stranding event, smoothed by pb function 
to account for the cyclic nature of months.

2.2   |   Modelling the Carcass FP

To obtain the maximum possible displacement of the car-
casses at sea and infer their original mortality areas, the 
maximum FP of a carcass was modelled as a function of the 
body size and the water temperature, taking into account its 
decomposition stage at stranding. To model it, the decompo-
sition process of carcasses of loggerhead turtles was moni-
tored with warm and cold environmental conditions to be 
representative of a wide range of water temperatures. Eight 
carcasses were deployed in welded mesh cages (1 × 1 cm 
mesh) of different sizes (≈ 1 m3; Figure S1): six carcasses from 
CRTM Molfetta in cold period (November 2021–April 2022) in 
Bisceglie (Gulf of Manfredonia, Italy) and two carcasses from 
Lampedusa Rescue Center in warm period (June–July 2022) in 
Lampedusa (Pelagian Islands Archipelago, Italy). Cages were 
semi- floating, being laterally equipped with empty tanks, 
and installed in a sheltered place connected to the sea. Water 
temperature, carcass floating (yes/no; floating being any por-
tion of the animal surfacing), decomposition state (e.g., tis-
sue degradation) and presence of other organisms (e.g., fish, 
invertebrates, algae) were periodically monitored. Carcasses 
were deployed freshly dead in Bisceglie and still frozen in 
Lampedusa, as the frozen state does not affect the decomposi-
tion/floating process (Cook et al. 2020). Once sunk, carcasses 
were removed and replaced. To increase data regarding the 
warm period, published data about two carcasses of logger-
head turtles (Santos, Kaplan, et  al.  2018), conserved frozen 
and then thawed in a freshwater bath before deployment in 
July–September 2015, were added to our dataset. The size of 
Santos, Kaplan, et al.'s (2018) carcasses, measured as straight 
carapace length (SCL), was converted into CCL with the equa-
tion provided by Bjorndal et al. (2000).

A decomposition stage index was created from carcass mon-
itoring data, ranging from stage 0 (alive) to stage 6 (skeleton; 
Table  S1). The beginning of stage 2 and the end of stage 5 

coincided with the start and the end of the carcass floating. 
Thus, the duration of each stage, the FP reached at the end of 
each stage and the mean water temperature (mT) relative to 
FP were calculated, within the 2–5 stage range. Carcasses by 
Santos, Kaplan, et al. (2018) were classified through the same 
stage, by comparing photos and descriptions of the reported 
stages, and relative FP was calculated. The mean temperature 
reported in the study was considered mT, given the short FP 
and supported by the small temperature standard deviation 
(sd). The CCL, FP and mT data were then subset by stage, 
forming four training subdatasets.

Given mT and CCL as independent variables and FP as the 
dependent variable, the best fitting model (GAMs; mgcv 
R package, Wood  2011) was selected by (i) selecting the k 
value of smoothed variables through the GCV.cp method, (ii) 
smoothing one or both variables, (iii) checking for overfitting 
by comparing model training error with leave- one- out cross- 
validation (loocv) error (loocv_gam function) and comparing 
the resulting models through the lowest AIC (AIC function). 
The fittest GAM had the formula FP ~ s (mT, k = 4) + s (CCL, 
k = 4) (Gamma distribution; log linked) and was run on the 
four training sub- datasets (one for each of the four decomposi-
tion stages 2–5). The surface plot derived from the fittest GAM 
described the relationship between CCL, mT and FP, where 
FP increases both at the increasing of the CCL and the de-
creasing of mT (Figure 1; for only decomposition stage 2, as 
example).

2.3   |   Mortality Areas

Mortality areas were identified as the initial locations of car-
casses at the start of their FP. Before floating due to the internal 
decomposition gas (Epperly et al. 1996), dead sea turtles sink 
and are presumably subjected to limited movements due to the 
generally low velocities of bottom currents and the possible 
body interaction with bottom sediments (e.g., displacement 
of 1.4 km in 4.8 days in the Gulf of Mexico, Nero et al. 2013; 
Santos, Kaplan, et  al.  2018). Consequently, stranded turtles 
with decomposition stage 1 (freshly dead, obtained from a 
photo) or turtles with no photo but reported as freshly dead 

CCL∼LAT + pb (MONTH)

counts∼LAT + pb (MONTH)

FIGURE 1    |    The 3D surface plot derived by the relationship between 
the carcass floating period (FP), the mean water temperature (mT) and 
the carcass size (CCL) for the decomposition stage 2, modelled by the 
best fitting GAM model.
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were considered to have died at 2 km off the stranding loca-
tion, perpendicular to the coast. Stage 6 turtles were supposed 
to sink and not be moved by currents; therefore, they were 
excluded from the following analyses. For turtles with de-
composition stage 2–5 and within the size range of cage car-
casses, the death area was estimated through a backtracking 
approach, requiring an FP value for each record. FP was esti-
mated through the model outlined above (Section 2.2), where 
three independent variables are needed: size, decomposition 
stage and water temperature. While the first two variables 
were available from the turtle records, water temperature 
needed to be estimated as follows.

First, daily data on sea surface temperature (SST) were gath-
ered by Copernicus Marine Service (https:// data. marine. coper 
nicus. eu/ ) for the years 2018–2021. Second, a preliminary value 
of SST was estimated by averaging the SST of the stranding 
event's month within a 50- km buffer from the stranding point. 
Third, a preliminary FP was predicted (predict function) for 
each record through the FP model (see Section 2.2.). Fourth, the 
mean of SSTs (mT) of the period from the floating start date (i.e., 
stranding date–initial day of FP) to the stranding date, within 
the same 50- km buffer, was calculated. This temperature was 
then used to predict a final, more accurate, FP. Records with 
5% top FP values were considered outliers and removed. The 
remaining final FP values were used to identify the location of 
death, as follows.

Trajectories of stranding records were reconstructed through the 
adoption of a particle tracking numerical model (North et al. 2008) 
that runs with stored sea current fields, derived by hydrodynamic 
modelling. The turtle carcasses were tracked back using a 20- min 
time step with a 4th- order Runge–Kutta scheme for particle ad-
vection and a random displacement model for turbulent motion.

The adopted sea current fields, between 2018 and 2021, refer to 
the uppermost surface layer of the modelled sea and have hori-
zontal spatial resolution of about 4 km and hourly temporal fre-
quency. They were distributed, along with a quality assessment 
report, by Copernicus Marine Service (www. coper nicus. eu) and 
produced via the implementation of a coupled wave- current nu-
merical model system including tides, and assimilation of sea 
observations. European Centre for Medium- Range Weather 
Forecasts (ECMWF, www. ecmwf. int) provided a complemen-
tary hourly dataset of 10- m wind fields, at 12 km of spatial reso-
lution, that was used to estimate the wind- induced drift.

Using these datasets, a drifter path, by chance found in the 
study area, was compared with the modelled trajectories (see 
supporting information; Figure S2) through the computation of 
the trajectory absolute error (TAE; e.g., Cucco et al. 2016). This 
metric defines the separation distance between the drifter posi-
tion and the modelled particles trajectories at hourly intervals. 
The TAE values were found to be below the drifter dispersion 
length indicating a tolerable divergence between observed and 
modelled trajectories. Specifically, after 240 h, the TAE is lower 
than 50 km, which is in line with the results obtained by similar 
applications (e.g., Amemou et al. 2020; Cucco et al. 2023). The 
application of a wind- induced drift along the modelled trajec-
tories did not provide homogeneous improvements when com-
pared with the observed trajectory and it was not considered.

Virtual particles representing carcasses were released from two 
points of the model grid closest to the strandings location (distance 
range in between 1 and 7 km), at 6- h intervals (00:30, 6:30, 12:30, 
18:30) of the stranding day, as strandings were assumed to be regis-
tered within 24 h of the stranding event. Particles were backtracked 
for the predicted FP, likely resulting in overestimating the allow-
ing for the longest possible displacement. The model provided the 
coordinates of the final position of particles (8 positions per record) 
that were merged to at sea position of stage 1 strandings and used 
to generate heatmaps of particle aggregation with 0.1 degree of in-
fluence and 0.01 degree of resolution for each fishing period (see 
Section 2.4) through QGIS (QGIS.org, version 3.24.1- Tisler). The 
final positions were identified as death locations.

To complement the backtracked reconstruction of stranding 
trajectories and the relative identification of mortality hotspots, 
a forward simulation was conducted as follows. Between the 
latitudes of about 42.0° N and 45.0° N virtual particles were 
released at 15, 30 and 45 km offshore the Italian Adriatic 
coast (Figure S3) during a cold (N particles: 7038) and a warm 
(N particles: 6072) season, considered as periods with maxi-
mum and minimum FP values and displacement, respectively. 
These FP values for the warm and cold seasons were the me-
dian FP values of records belonging to those seasons. Seasons 
were identified by clustering (kmeans function) records by 
mT and rounding their cut- off dates to the nearest half- month 
(15th or 30th day of the month). The proportions of particles 
reaching the area within 12 km from the coast (i.e., stranding 
probability) were estimated for each distance of release and for 
the area comprised between 12 and 45 km (i.e., mean stranding 
probability), by interpolating the curve through a GAM with 
Gamma family (gam and predict function in R).

2.4   |   Fishing Effort Hotspots

Distribution of fishing vessels was obtained from two different 
sources: automatic identification system (AIS) and vessel moni-
toring system (VMS). VMS has been mandatory in the EU since 
2009 (Council Regulation [EC] No 1224/2009) for all fishing ves-
sels with length > 15 m (and for vessels 12–15 m in length fishing 
outside national waters or for more than 24 h) and provides ves-
sel positions, course and speed with a temporal resolution of 2 h 
by transmitting information via satellite. AIS is an autonomous 
tracking system compulsory in the EU in 2014 for fishing vessels 
with length > 15 m (EU Dir 2011/15/EU), used for exchanging 
real- time navigation status between equipped stations/ships and 
for monitoring vessel movements, by transmitting information 
at regular intervals (2–180 s).

VMS data, represented by ‘pings’ consisting of vessel coor-
dinates, date, speed, EU ID and heading, were provided by 
the General Command of Coast Guard for all vessels that in 
2018–2021 visited the Adriatic Sea (lat 39.8° N–45.7° N; long 
12.3° E–19.4° E), with the gear list for each vessel. Only ves-
sels having trawl as gear were selected. Pings with coordinates 
on land or near the harbours (≤ 3 nm), heading outside com-
pass range, speed > 20 kn and duplicates were removed by 
using the vmstools R package (Hintzen et al. 2012). Pings with 
speeds between 0 and 4 knots were then selected, as these 
speeds are assumed to be indicative of fishing activity. Fishing 
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periods were visually identified by changes over months of 
the median longitude of VMS pings grouped by a latitudinal 
range of 0.01 degrees. Heatmaps with 0.1 degrees of influence 
and 0.1 degrees of resolution were generated for each period 
through QGIS.

Daily AIS data for years 2018–2020 and the vessel registry were 
gathered by Global Fishing Watch (GFW). Data consisted of 
vessel ID (MMSI, Maritime Mobile Service Identity), fishing 
hours spent in a cell of 0.1 resolution degree and cell coordi-
nates. The gear type used inferred by GFW (‘vessel_class_gfw’ 
parameter), and MMSI in the vessel registry allowed the selec-
tion of daily AIS data of only trawl fishing boats (vessel_class_
gfw = ‘trawler’). Only cells within the Adriatic Sea (lat 39.8° 
N–45.7° N; long 12.3° E–19.4° E) were selected. Fishing peri-
ods detected by VMS pings were assigned to AIS data accord-
ing to the date and the total amount of fishing hours per cell 
per period was estimated. To identify the distribution of fishing 
activity, heatmaps with 0.1 degree resolution were generated 
through QGIS.

3   |   Results

3.1   |   Strandings

A total of 1432 records of turtle carcasses (Figure 2) stranded 
on the Adriatic Italian coast were collected (FC: 699; CSC: 
513; MOL: 178; MAN: 42), of which 795 with measured CCL 
(range: 8.1–107 cm; mean: 58.6 ± 16.1). A total of 706 records 
included photos. Strandings were denser in the North Adriatic 
Sea (median latitude = 43.73 N; IQR = 2.39 degrees; range: 
40.23–44.81 N) with important aggregation also in the Central 
Adriatic coast and the Gulf of Manfredonia. CCL showed a sig-
nificant negative correlation with latitude (est: −0.029, p < 0.01, 
n = 795), while the number of total strandings per month was 
significantly positively correlated to the latitude (est: 0.097, 
p < 0.01, n = 916). No significant effect of month on both CCL 
(GAM; n = 795) and number of strandings (GAM; n = 916) was 
detected. Turtles stranded with decomposition stage 2 were 
the most abundant overall and over months (Figure 3).

3.2   |   Modelling FP of Carcasses

The FP of carcasses monitored in the present study and by 
Santos, Kaplan, et  al. (2018) (total N = 10, CCL range: 39.0–
80.7 cm) ranged from 0.5 to 140 days within a water temperature 
interval between 11.61°C and 28.69°C, respectively. The vari-
ability of FP values was wider with cold temperatures compared 
to warm temperatures. Decomposition stage 2 had the longest 
duration. Duration, FP and temperatures for each decomposi-
tion stage (2–5) are reported in Table S2.

3.3   |   Mortality Areas

The predicted FP of the 313 stranding records (within the CCL 
range and with decomposition stages 2–5) ranged from 1.24 to 
91.14 days, with a median of 8.25 days. Median FPs for decompo-
sition stage 2–5 were 6.5 (IQR: 14.4; n = 226), 17.11 (IQR: 22.95; 
n = 63), 28.03 (IQR: 40.31; n = 17) and 6.54 (IQR: 7.69; n = 7) 
days, respectively. A total of 16 records (with FP > 39 days) rep-
resenting 5% of top outliers were excluded from the backtrack-
ing analysis. Mortality areas were estimated for the remaining 
297 stranding records. The median FP and the median mT of 
the three fishing periods identified (A, B, C, see below) were re-
ported in Table 1.

Heatmaps of stranded turtles with decomposition stage 1 and 
2–5 combined (n = 797; Figure 4) showed that the highest ag-
gregation of backtracked particles occurred in the North and 
Central Adriatic coasts for all seasons. In particular, par-
ticles were concentrated close to the coast (< 30 km) of the 
Northwest and Central Adriatic Sea with only some spots at 
> 30 km from the Italian coast in periods B and C. The parti-
cles converged to the centre in season C, to a lesser extent in 
the Gulf of Manfredonia, and dispersed up to 50 km offshore. 
However, the hotspots of mortality events always occurred 
within 15 km of the coast. The mortality areas of freshly dead 
turtles spread all over the coastal area with the highest con-
centration in the Northwest Adriatic Sea and some spots along 
the Apulian coast.

The proportion of virtual particles released offshore and reach-
ing the coastal area (0–12 km from the coast) decreased with the 
distance from the coast, both from 1 December to 15 May (cold 
season) and from 15 June to 15 October (warm season). Particles 
released at 15 km reached the coastal area with a proportion > 
0.4 in both seasons (warm: 0.451; cold: 0.415). Proportions of 
particles released at 30 and 45 km were 0.096 and 0.009 in warm 
season and 0.174 and 0.103 in cold season (Figures 5 and S4). 
The estimated proportion of turtles dying in the area 12–45 km 
from the coast and drifting until 12 km from the coast was 0.25 
and 0.17 in the cold and warm season, respectively.

3.4   |   Fishing Effort Hotspot

A total of 5,631,165 VMS pings were collected. After process-
ing, 2,054,112 pings of 740 trawlers generated seasonal heat-
maps. VMS data showed a high occurrence of trawler activity 
all along the Adriatic Sea (Figure 4). Three fishing periods were 
visually identified: A (January–April), B (May–August) and C 

FIGURE 2    |    Distribution of 1432 total strandings of loggerhead sea 
turtles collected in 2019–2021 along the Italian Adriatic coast.
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(September–December). High fishing activity occurred in dif-
ferent 30 km offshore areas along the North and South Adriatic 
Sea in period A and more coastal in the centre, spreading and 
diluting in medium- high fishing activity areas in the North- 
East, the Strait of Otranto and the Central Adriatic Sea (up to 
the neritic edge) in period B. Trawling mainly occurred in more 
coastal areas (around 15 km offshore) all along the Adriatic Sea 
in period C, especially in the central part of the basin.

A total of 2,204,180 AIS daily data were gathered about fishing 
hours of 865 trawlers fishing within the Adriatic Sea. The total 
fishing hours per season was estimated for 2175 cells (5947 total 
fishing hours data: 1845, 2118 and 1984 data for period A, B and 
C, respectively) and ranged from 0–13765.2 h. Areas with high 
fishing hours showed a shift, as being concentrated in the North 
and Central Adriatic Sea and the Gulf of Manfredonia in sea-
son A and spreading up to the neritic edge and offshore areas 

in season B. Hotspots of fishing activity were located all along 
the basin at around 15 km from the coast in season C (Figure 4).

4   |   Discussion

This study provides first indications about hotspots of sea 
turtle mortality, probably determined by fishery interaction, 
in the Adriatic Sea. Results highlight the challenges in fully 
determining the extent of offshore deadly interaction with 
fisheries.

4.1   |   Stranding Patterns

Present results show that stranding events occur throughout 
the year and all along the Italian Adriatic coast, although 

FIGURE 3    |    Frequency of decomposition stages (see Table S1 for details) within total stranded loggerhead turtles (N = 1432; a) along the Italian 
Adriatic coast in 2019–2021 and over months (b).

TABLE 1    |    Number of backtracked loggerhead turtles stranded along the Italian Adriatic coast in 2019–2021, median floating period (FP), median 
temperature (mT), and relative interquartile ranges (IQR) of the three fishing periods identified by vessel monitoring system (VMS) data.

Fishing period Months N strandings FP (median; IQR) mT (median: IQR)

A Jan–Apr 32 30.8; 10.4 14.2; 2.08

B May–Aug 140 3.68; 3.37 25.9; 2.26

C Sep–Dec 125 13.7; 13.6 18.1; 6.46
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7 of 12

increasing toward the northern areas where the highest den-
sity was observed. This pattern aligns with previous findings 
that observed a higher density of stranded turtles in the north-
ern part of the Adriatic Sea (Casale et al. 2010), with a high 
aggregation near the Po River delta (Marisaldi et  al.  2023). 
Assuming that a good part of stranding events is caused by 
human activity (Casale et al. 2010), the present results confirm 
the North Adriatic to be the most affected area in Italy and 
one of the most impacted sub- basins in the Mediterranean Sea 
(Tomás et al. 2008; Casale et al. 2010; Türkozan et al. 2013; 
Hama et  al.  2020; Dimitriadis et  al.  2022). The shallow wa-
ters (< 50 m) and the diverse and abundant benthic commu-
nity make the North Adriatic area an important foraging 
ground and overwintering area for juvenile and adult sea tur-
tles (Casale et al. 2004; Lazar et al. 2004; Zbinden et al. 2011; 
Casale and Mariani 2014) that here migrate or reside (Casale, 
Affronte, et al. 2012; Luschi and Casale 2014; Baldi et al. 2023), 

and these factors may play a crucial role in aggregation of tur-
tles in the whole area. A similar latitudinal gradient was ob-
served along the Croatian coast (Hama et al. 2020; Mihaljević 
et al. 2024). However, the coastline morphology and the acces-
sibility of shores may significantly affect the carcass discover-
ability, impacting the number of strandings observed (Cook 
et al. 2021).

Turtles with a moderate level of decomposition (stage 2) were 
the most common, suggesting they have a higher probability 
of landfall, even in adverse marine conditions, compared to 
severely decomposed turtles (stages 4–5) and leading to ex-
pect a higher presence of mortality areas closer to the coast. 
The observed turtle size was smaller in the North Adriatic 
than in the South. This might be due either to a higher sus-
ceptibility of small turtles to cold stunning in the colder wa-
ters of the North Adriatic or an actual preference for this area 

FIGURE 4    |    Heatmaps of mortality areas of 797 stranded loggerhead turtles in the Italian coast of the Adriatic Sea (a, d; 0.01 degree resolution), 
vessel monitoring system (VMS) pings (b, e; 0.1 degree resolution) and automatic identification system (AIS) fishing hour data (c, f; 0.1 degree 
resolution) in the Adriatic Sea. Only the periods with maximum and minimum extension of the spatial range of fishing effort (considered the most 
representative) are shown: periods B (May–August, warm period; left side) and C (September–December, cold period; right side). These periods also 
have the highest and similar number of backtracked turtle strandings (see Table 1). The thicker black line parallel to the shoreline defines a 30- km 
distance from the Italian Adriatic coast. The thin black line represents 200- m bathymetry.
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by small turtles. The prevalence of small individuals in the 
North compared to the South aligns with other findings show-
ing that stranded and floating carcasses of loggerhead turtles 
in the region are significantly smaller than southern speci-
mens (Hama et  al.  2020). Given the presence and fidelity of 
juvenile individuals in both the North and the South Adriatic 
(Casale, Affronte, et al. 2012; Casale and Simone 2017; Baldi 
et  al.  2023), the latitudinal difference in stranding size may 
therefore suggest the concurrence of additional environmen-
tal, biological, and behavioural factors (i.e., SST, age, habitat 
use) to the landfall chances.

4.2   |   Mortality Areas

Results indicate that stranded turtles predominantly die 
close (< 15 km) to the coast, and only during colder periods, 
turtles dying more offshore can reach the coast. Therefore, 
the distribution of mortality areas closely reflects the strand-
ing patterns observed along the coast, with relatively short 
post- mortem displacement, and these areas are notably con-
centrated in the North- Central Adriatic region. The comple-
mentary results of forward tracking show that turtles dying 
offshore rarely reach the coast, even during the cold period 
with longer FPs (i.e., higher stranding potential). This implies 
that stranded turtles represent only a small fraction (17%–
25%) of total turtles dying in the wider area. Other factors may 
reduce the chances that offshore carcasses reach the coast. For 
instance, Nero et al. (2022), supported by findings in Schultz 
et  al.  (2022) elucidated that turtles sinking in water deeper 
than 30 m are unlikely to resurface due to the pressure effect, 
further reducing the stranding probability. Seasonal variation 
also could play a crucial role: turtles dying during warmer pe-
riods exhibited higher decomposition rates, decreasing their 
period of positive buoyancy (FP) and their chances of strand-
ing, compared to turtles dying in colder seasons. The seasonal 
effect resulting from the present study complements similar 
observations elsewhere about great variability regarding both 
season and distance from shore (7%–13%, Epperly et al. 1996; 
20%, Hart et al. 2006; 5%–80%, Koch et al. 2013; 4%–90%, Cook 
et  al.  2021). These findings therefore provide quantitative 
insight into how distance and seasonal variations influence 

stranding probabilities and emphasize the importance of con-
sidering a range of environmental and biological factors when 
interpreting stranding data.

Due to its inherent limitations, the present approach can pro-
vide just general patterns like those described above, while more 
fine- scale estimates of mortality areas should be regarded with 
caution. Both the tracking model and the FP model are affected 
by limitations. For instance, the initial particle distance from the 
coast/stranding point deployed for simulations is constrained 
by the resolution grid of the model, and the FP estimation was 
influenced by several factors, including water temperature data 
missing for intermediate seasons, a limited sample size of car-
casses and logistical constraints related to cage experiments. 
These experiments may not accurately reflect the natural float-
ing dynamic of the decomposition process as they were not con-
ducted in open sea conditions, not allowing for carcasses to sink 
to the seabed and enabling the evaluation of whole water column 
shifts (Santos, Kaplan, et al. 2018; Nero et al. 2022). In addition, 
organisms- induced decomposition effect, scavenging events, sea 
state and other parameters potentially affecting and influencing 
both the decomposition process and the FP (Hart et al. 2006; Cook 
et al. 2021; Aoki et al. 2023) were not considered. However, it is 
noteworthy that the estimated FP for high temperatures, as well 
as the FP predicted by the model, are similar to those reported 
in previous literature for other turtle species (Cook et al. 2020). 
Due to the lack of a specific decomposition rate for loggerhead 
turtles and the general paucity of comparable FP data, mostly 
expressed as ADH (accumulated degree hours: ‘hourly sum of 
ambient temperatures a carcass experienced’; Nero et  al.  2013; 
Reneker et al. 2018; Cook et al. 2020; Nero et al. 2022), assessing 
the validity of FP estimates for low temperature is challenging. 
Nevertheless, the longer cold FPs (up to 140 days) may be explained 
by the decreasing effect in the decomposition rate of the greater 
CCL values and the lower SSTs in the present study, compared to 
the other ones (Nero et al. 2013; Santos, Kaplan, et al. 2018; Cook 
et al. 2020), as well as the slower decomposition rate of carnivo-
rous species (i.e., Caretta caretta) compared to herbivorous turtles 
(e.g., Chelonia mydas) involved in other studies (Santos, Kaplan, 
et al. 2018; Cook et al. 2020), possibly associated to a different diet 
and physiology of gut and intestine (Cook et al. 2020).

4.3   |   Implications for Conservation: Fishing Effort 
Pattern and Overlaps With Mortality Areas

VMS and AIS data revealed similar distribution patterns over 
seasons/time, despite inherent differences in the datasets (i.e., 
VMS data available only for Italian trawlers; AIS data rep-
resenting fishing hours of trawlers from several countries). 
Fishing efforts showed seasonal variations. In the cold period, 
fishing effort was concentrated along the coastal waters across 
the Adriatic Sea from the North- West and North- East (adjacent 
to the Istrian Peninsula) to the Gulf of Manfredonia. In the 
warmer period, fishing effort was more spread out and extended 
offshore up to the continental shelf edge (200 m of depth) and 
concentrated at Otranto Strait. These findings were in accor-
dance with bycatch studies (Fortuna et  al.  2010; Casale  2011; 
Casale et al. 2015; Lucchetti et al. 2016), such as the strong sea-
sonality of bycatch observed in the Gulf of Manfredonia, with 
a decreasing rate of incidental capture from winter to summer 

FIGURE 5    |    Stranding probability of virtual particles deployed in the 
forward simulation for warm (15/06–15/10; N = 6072) and cold (1/12–
15/05; N = 7038) seasons according to distance released from the Italian 
Adriatic coast, after being floating 3.7 and 27.7 days respectively.
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(Baldi et al. 2022), and the longitudinal and seasonal differences 
in capture rate by trawl fishery in the North Adriatic (Casale 
et al. 2004; Lucchetti et al. 2016).

Both fishing activity and mortality events exhibited seasonal 
patterns. Comparisons between fishing and mortality hotspots 
are difficult because turtles dying offshore are unlikely to strand 
to the coast. Thus, comparisons of fishing and turtle stranding 
data are probably appropriate only in coastal areas (< 30 km). 
Overlaps were identified in the Gulf of Manfredonia and in the 
North- West (Po River delta) in both cold and warm periods, 
respectively. The marine area offshore to the Po River delta is 
both a nursery for fishing commercial species and a eutrophic 
foraging zone for sea turtles especially in warm months, due to 
Adriatic counter- clockwise circulation (Poulain 2001; Spillman 
et  al.  2007). However, information on stranding events in the 
Southern Adriatic regions remained scarce, suggesting a po-
tential underestimation of fishing impact on turtle mortality in 
these areas.

5   |   Conclusion and Recommendation

The present study indicates that stranding densities represent 
a reliable index of coastal hotspots of mortality events, yet re-
vealing limitations in capturing the full scope of mortalities. 
Strandings cannot provide a comprehensive understanding of 
the broad impact of offshore fishing, leaving a significant knowl-
edge gap in fishery interactions. Despite these limitations, the 
application of both backward modelling from stranding events 
and forward modelling from identified fishing effort hotspots 
can provide valuable insights. This dual- modelling strategy en-
hanced the capability to detect mortality events, both in terms of 
quantity (how many turtles are affected) and spatial distribution 
(where these events are occurring). Furthermore, the present re-
sults combined with novel insights about high- density strand-
ing areas following seasonal patterns along the Croatian coast 
(Hama et al. 2020; Mihaljević et al. 2024) highlight the potential 
value of conducting further investigations to assess the spatio- 
temporal patterns of turtle- fishing interactions, encompassing 
various gear types and the stranding dynamics of different ma-
rine areas.

Improving models and enhancing the accuracy of FP estimates 
are recommended to increase the detection accuracy of mor-
tality events. Moreover, efforts should be undertaken to collect 
more comprehensive and valuable stranding data. Improving 
the quality and completeness of stranding records (especially 
photos for determining the decomposition stage) as well as 
post- mortem investigations aimed to assess their death causes 
are crucial for better analysis and interpretation. Furthermore, 
decomposition models can be improved by (i) increasing the 
sample size of carcasses, (ii) testing the decomposition process 
across a wider range of temperatures and (iii) testing carcasses 
in open sea environment to account for both temperature and 
pressure effects on decomposition rates and carcass buoyancy 
(FP). We recommend replicating similar studies in other areas 
to take advantage of the available large datasets provided by 
stranding networks worldwide and the recent availability of 
open- source AIS data.
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