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Abstract In the Mediterranean Sea, pelagic
longline fisheries, targeting tuna and swordfish, have
contributed significantly to the bycatch of threatened
chondrichthyan species, such as blue shark (Prionace
glauca). The Mediterranean blue shark population is
assessed as critically endangered, making a timely
implementation of mitigation measures crucial. A
comprehensive understanding of blue shark habitat
use dynamics is essential for deriving appropriate
mitigation measures. This study aimed at evaluating
vertical movement behaviour and investigating factors
potentially influencing the movements of blue sharks
in the Mediterranean Sea. Twenty-six blue sharks,
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bycaught in a longline fishery in the southern Adri-
atic, were tagged with pop-up satellite archival tags.
Analysis of data from thirteen recovered tags revealed
a distinctive diel movement pattern. Blue sharks used
shallower waters during the night and deeper waters
during the day, characterised by steep ascents and
descents during sunset and sunrise, respectively. In
addition, lunar phases were also influencing the depth
of blue shark movements, with sharks using deeper
waters right before and during full-moon. Shark size,
salinity, currents, spatial location and time of the
year were additional factors influencing blue shark
depth use. The observed tendency of blue sharks to
use deeper areas at daytime and prior and during the
full moon period offers possibilities to develop and
test bycatch mitigation strategies. Aligning longline
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fishing schedules and fishing depths with blue shark
behaviour during the fishing seasons could hold
promise to effectively reduce spatio-temporal overlap
between fishing and blue shark distribution and may
ultimately decrease the bycatch impact of the fishery.

Keywords Adriatic - Bycatch - Depth - Prionace
glauca - Pop-up satellite archival tags - Vertical
migration

Introduction

Over the past half-century, global chondrichthyan
populations have declined alarmingly worldwide
(Dulvy et al. 2014; Williamson et al. 2019). Due to
their specific life history traits (i.e., slow growth
rate, late maturation, low fecundity and low egg pro-
duction), chondrichthyans are highly susceptible to
overfishing (Musick et al. 2000; Dulvy et al. 2014;
Williamson et al. 2019). In the Mediterranean Sea,
pelagic longline fisheries targeting tuna and sword-
fish contribute significantly to unwanted bycatches,
with at least 15 shark and ray species affected (Bradai
et al. 2012; FAO 2016). This issue is particularly pro-
nounced in the Alboran Sea (34.3%) and the Adriatic
Sea (15.1%) (Bradai et al. 2012), where a substantial
fleet of 30 commercial fishing vessels operates in the
Southern Adriatic Sea (European Union [EU] Fleet
Register). More than half of Mediterranean shark
species are at a heightened risk of extinction (Dulvy
et al. 2016), prompting the General Fisheries Com-
mission for the Mediterranean (GFCM) to establish
the "International Plan of Action" for sharks in 2000
(FAO 2000). This plan encompasses mitigation meas-
ures, including ad-hoc actions to reduce unwanted
bycatch of pelagic sharks, the prohibition of finning
practices, and the restriction of the capture and sale of
sharks and ray species listed in Annex II of the Spe-
cially Protected Areas and Biological Diversity in the
Mediterranean (SPA/BD) Protocol of the Barcelona
Convention (GFCM 2012; FAO 2022).

The management and protection of elasmobranchs
in the Mediterranean Sea are, however, more com-
plicated than in other regions since the approaches
used are generic and have an “one size solution”,
which does not adequately account for the wide range
of diversity within the group (Dulvy et al. 2017).
There are also additional complex elements in the
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Mediterranean Sea that increase the difficulty of con-
servation, such as the variety of legal frameworks,
including those pertaining to fisheries, the environ-
ment, and social and economic concerns (Cavanagh
and Gibson 2007; Bradai et al. 2018). In response,
scientists and environmental managers are compelled
to investigate other approaches that tackle this conser-
vation issue from the ground up, based on more selec-
tive fishing gears and fisher engagement.

The blue shark, Prionace glauca, L. 1758, is
strongly affected by bycatch in pelagic longline fish-
eries. It is a relatively abundant and widely distrib-
uted pelagic shark species (Compagno 1984; Nakano
and Stevens 2008; Druon et al. 2022), inhabiting
tropical to temperate waters of the Atlantic and Indo-
Pacific Oceans, as well as their adjacent seas, includ-
ing the Mediterranean Sea. It ranks among the most
frequently caught and landed pelagic shark species
worldwide (Gilman et al. 2007; Coérdova-Zavaleta
et al. 2018) and is a primary species in the interna-
tional shark meat and fin trade (Dent and Clarke
2015; Eriksson and Clarke 2015; Niedermiiller et al.
2021). The global population of blue shark has been
classified as “near threatened” by the International
Union for Conservation of Nature (IUCN) (Rigby
et al. 2019), while the Mediterranean population
has been classified as “critically endangered” (Sims
et al. 2016), highlighting the urgency of monitor-
ing this particular population and the need for effec-
tive bycatch mitigation measures. The main cause
of the decline in the blue shark population is fishing
mortality, both in targeted fisheries and as unwanted
bycatch in fisheries targeting other fish species (Sims
et al. 2016). In addition, blue sharks have recently
been listed in the CITES Appendix II. This measure
requires the EU and countries to control the trade
and the landing from international waters (Commis-
sion Regulation (EU) 2023/966). The EU Scientific
Review Group for CITES have recently decided on
a negative opinion for Mediterranean blue sharks’
landings from international waters (https://www.speci
esplus.net/api/v1/documents/16334) and a zero quota
for exports of blue shark from the Mediterranean
stock for the year 2024, calling for urgent mitigation
measures to be identified to support fishers to avoid
blue shark bycatch.

Concrete initiative to reduce the incidental cap-
tures of blue shark, which may still be landed
despite lower commercial value (FAO 2016) and are
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historically fished with longlines, typically involve
modifications to the gear and/or the fishing strate-
gies (Gilman et al. 2016). Changes to longline gear
include adjustments to the distance between floats
(to control the depth at which hooks fish), the selec-
tion of leader or branch line material (e.g., wire or
nylon), bait type, and hook shape and size (Gilman
et al. 2016). Consideration of the consequences on
catch rates of target species is paramount in bycatch
mitigation research, as fishers are more likely to adopt
mitigation strategies that do not result in a reduction
in the target species catch (Hall et al. 2007; Ward and
Hindmarsh 2007; Campbell and Cornwell 2008; Car-
bonara et al. 2023). However, numerous factors, such
as environmental and biotic factors (e.g., Schlaff et al.
2014; Andrzejaczek et al. 2022; Lubitz et al. 2022),
are involved in elasmobranch movements and there-
fore in the interactions between fishing activities and
elasmobranchs, and they must be taken into account
to develop concrete mitigation measures.

The blue shark is in fact an opportunistic preda-
tor (Henderson et al. 2001; Loor-Andrade et al. 2017)
and it exhibits extensive vertical movements, span-
ning from the ocean surface to water depths exceed-
ing 1500 m (Strasburg 1958; Queiroz et al. 2012;
Vedor et al. 2021; Druon et al. 2022), with regular
upward and downward dives (Druon et al. 2022).
These vertical movements are thought to enhance for-
aging success by increasing spatial overlap with their
prey or actively pursuing the vertical movements of
key prey species (Hays 2003; Campana et al. 2011;
Bandara et al. 2021). Temperature changes experi-
enced during the vertical movements may also be
linked to important physiological and metabolic pro-
cesses in the sharks (Campana et al. 2011; Wanatabe
et al. 2021). However, these extensive vertical move-
ments also increase the likelihood of encounters with
fishing gears, operating both within the euphotic zone
and in deeper layers. Therefore, a comprehensive
understanding of elasmobranch habitat use dynam-
ics is essential to explore potential spatio-temporal
mitigation measures to effectively reduce by-catch of
these top predators (GFCM 2012; Williamson et al.
2019).

While the vertical movement behaviour of blue
sharks is well-documented globally (e.g., Stevens
et al. 2010; Campana et al. 2011; Musyl et al. 2011;
Queiroz et al. 2010; 2012; Vedor et al. 2021; Wata-
nabe et al. 2021), observations in the Mediterranean

Sea, characterized by deep, hypersaline and non-tidal
basins adjacent land masses, are lacking (but see spa-
tial movements studied in Poisson et al. 2024). To
address this gap and tailor mitigation measures to the
regional movement behaviour of blue sharks in the
Mediterranean Sea, 26 blue sharks, bycaught in the
southern Adriatic longline fishery targeting swordfish,
were equipped with pop-up satellite archival tags.
The objectives were two-fold: 1) evaluating patterns
in vertical movement behaviour and 2) investigating
possible biological and environmental factors influ-
encing these movements. The results could be instru-
mental in formulating mitigation measures to reduce
interactions with longlines, consequently decreas-
ing the amount of unwanted blue shark bycatch and
improving recovery conditions for blue shark while
improving the sustainability of the swordfish fishery
in the Adriatic Sea.

Material and methods
Studied area

The Adriatic Sea is a semi-enclosed basin in the
north-central Mediterranean Sea, enclosed between
the Italian peninsula and the Balkans. The Adriatic is
divided into two Geographical Sub Areas (GSA sensu
GFCM-FAO), a shallower northern area (GSA17)
and a deeper southern area (GSA18). In general,
the western coast of the Adriatic Sea is flat and
mostly sandy and muddy, whereas the eastern coast
is mostly steep and rocky. In particular, the GSA18
area includes the Italian coasts of the Apulia region,
on the western side, and those of Montenegro and
Albania on the eastern side. The Southern Adriatic
Sea extends from the line between Gargano and Mon-
tenegro coast to the boundary with the Ionian Sea at
the latitude of Otranto (Artegiani et al. 1997). A deep
central depression, known as the “South Adriatic
Pit” (or “Bari Pit”) which reaches a depth of 1233 m,
characterizes the southern part of the Adriatic Sea.
The northern and southern portions of the GSA18 are
different; the first is characterized by a wide continen-
tal shelf (about 45 nautical miles) and a very steady
slope; in the second, the bottom is steeper, with the
shelf edge much closer to the coast (about eight miles
from the Cape of Otranto).
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The prevailing currents in Southern Adriatic Sea
flow counter clockwise from the Strait of Otranto
along the eastern coast and then back to the Strait
along the western coast. As a consequence, the
inflowing water masses from the Ionian Sea are
warmer and saltier than cold waters of the North
Adriatic Sea outflowing along the western shore
(Vilibic and Orlic 2002).

Tagging procedures

In the context of the SafeShark (WWF 2022) and
MedByCatch  (https://medasset.org/portfolio-item/
medbycatch-project/) projects (2019-2021), a total

of 26 blue sharks were tagged with pop-up satellite
archival tags (Wildlife Computers™ pop-up tag) dur-
ing the monitoring of seven fishing trips (28 fishing
days) of pelagic longliners targeting swordfish in the
southern Adriatic Sea in Italian and international
waters (2019-2021) (Table 1).

In more details, the total mainline length was
between 30 and 40 km, and a hook was attached to
a dropline with a length of about 13 m, and each
dropline was attached to the main line every~58 m
(Benoit et al. 2010; Dapp et al. 2016; Carbonara
et al. 2023). Hooks used during the fishing season
were J-type hooks (76 mm long) and were at about
30 m deep. The longline was set in the early after-
noon (15:00-16:00) and the operation was completed

Table 1 Details of the 26 tagged blue sharks (total length, cm; sex; type of tag; release date and days with data) with sPAT and

miniPAT pop-up tags in the southern Adriatic Sea

Tag code  Total length (cm) Sex  Typeoftag  Releasedate = Days with data  Note

180804 158.9 M SPAT 08/08/2019 - Dead

67856 109.3 F SPAT 09/08/2019 - Data transmission failed

67855 121.6 F SPAT 10/08/2019 - Did Not Report

180803 190.0 F SPAT 17/09/2019 - Did Not Report

180805 136.9 F sPAT 17/09/2019 - Did Not Report

67857 158.0 F sPAT 18/09/2019 5

67858 189.0 M sPAT 18/09/2019 5

201524 128.2 F sPAT 07/08/2020 5

201523 131.9 F sPAT 07/08/2020 5

201522 139.0 M sPAT 08/08/2020 5

201526 178.2 M sPAT 11/08/2020 - Did Not Report

201529 165.6 F sPAT 11/08/2020 - Did Not Report

201525 151.1 F sPAT 19/08/2020 - Data excluded due to potential fishing

201530 181.1 F sPAT 19/08/2020 - Data excluded due to likely data
transmission failure

201528 144.1 F sPAT 21/08/2020 5

180808 162.8 M sPAT 21/08/2020 - Data transmission failed

205162 205.6 M sPAT 12/09/2020 5

201527 192.5 F sPAT 12/09/2020 5

205164 168.9 M sPAT 12/09/2020 - Dead

205163 187.8 F SPAT 30/09/2020 5

197076 186.2 M miniPAT 12/09/2020 - Data transmission incomplete

205129 178.3 M miniPAT 13/09/2020 93

205128 187.8 F miniPAT 30/09/2020 126

205126 177.2 M miniPAT 30/09/2020 - Data transmission incomplete

205127 209.8 M miniPAT 30/09/2020 118

215758 207.0 F miniPAT 09/08/2021 121

Sharks are sorted according to the release date

F female, M male
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in about three hours. The longline haul back began at
night and finished in the morning around 7:00-8:00.
The longline hauling started with the last hooks.
Therefore, the hooks remained at sea (soaking time)
for between 10 and 20 h (the time between the last
hook set at sea and the first hook recovered). The bait
used in the study was frozen mackerel (Scombridae),
and an artificial light was attached to the middle of
each dropline.

Upon retrieval, hooked sharks were subject to a
procedural sequence for tagging. Only healthy sharks
were tagged in this study, i.e., sharks in overall good
condition with vigorous movements (Carbonara et al.
2023). Sharks were blindfolded with a cool, wet cot-
ton cloth, and a tube, inserted into their mouths, gen-
tly pumped seawater to simulate normal swimming
behaviour and maintain adequate oxygen flow over
their gills (Poisson et al. 2012). The blindfold induced
a slight sedative effect, keeping the shark calm (Bruce
and Bradford 2013). Immediately before inserting the
tag, the shark was gently rolled into a left or right lat-
eral recumbency ensuring a cataleptic state for ease
of access and tagging (Otway 2020). These calming
measures, crucial for human safety and to minimize
stress of the captured sharks, facilitated a controlled
tagging environment (Otway 2020). The tags were
attached on the exposed side, close to the first dor-
sal fin, by inserting the dart through a 2 cm incision
in the skin covering the epaxial muscle mass using a
stainless-steel applicator (Fig. 1). Concurrently, the
total length (TL) and sex, identified by the presence of
pterygopods, were recorded. To conclude the process,
blue sharks were released by one or two individuals
supporting the pectoral and caudal fins, gently low-
ering the animal over the side of the vessel (AFMA
2014; Poisson et al. 2012; FAO and ACCOBAMS
2018). The entire procedure, encompassing unhook-
ing, taking measurements, and tagging adhered to a
time frame ranging from four to eight minutes.

In this experiment, two types of pop-up tags were
used: survivorship tags (sPAT) and archival tag (min-
iPAT). Each was deployed with a respective pre-set
release time (D-time) of one month (sPAT) and one
year (miniPAT). Depth (resolution of 0.5 m) and
ambient temperature (resolution of 0.05 °C) data
were recorded at 10-min intervals by sPATs for the
last five days of D-time and by miniPATs for the
entire D-time.

Fig. 1 Tagging procedure of the blue sharks bycaught in the
swordfish fishery in the southern Adriatic Seat. Top: Calming
the shark by covering the eyes with a wet cloth, providing con-
tinuous oxygenation of the gills through a seawater hose and
placing it in a rolled lateral recumbency position. The sPAT
anchor was inserted using a stainless-steel applicator at the tag-
ging site. Bottom-left: Releasing the tagged blue shark by care-
fully lowering it by the pectoral and caudal fins over the side
of the vessel by one or two individuals. Bottom-right: A blue
shark swimming shortly after release. Total procedure time:
4-8 min

Data processing

Data processing described below required the use of
the R software version 4.1.1 (R Core Team 2022).
For sharks tagged with miniPATS, coordinate posi-
tions were reconstructed using GPE3 State-space
Wildlife ComputerTM software, incorporating tag
data and environmental variables (current and salin-
ity) from Copernicus products (CMEMS). Twilight
times (HH:MM), sea surface temperature (°C), and
dive depth (m) were used to estimate the positions
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of the specimens via a diffusion-based movement
model, generating time-discrete, gridded probability
surfaces (of 0.25 degrees in latitude and longitude)
throughout the deployment. From these grid surfaces,
the most likely animal location at a given time was
derived (Wildlife Computer 2007). For sharks tagged
with sPATS, tag release position served as a proxy for
shark position.

Diel variations in the behaviour of blue sharks,
were categorised into day and night periods based
on the depth data using the R-package “NightDay”
(Hughes-Brandl 2018). Moreover, in line with pre-
vious studies on diel vertical migration (DVM) of
blue sharks, three behavioral classes were defined
based on individual depth distribution (Campana
et al. 2011; Queiroz et al. 2012; Vedor et al. 2021):
(i) depth-oriented if a shark spent more than 50% of
the night-time in water depths above 60 m, (ii) regu-
lar (i.e., normal DVM; nDVM) was characterised by
spending more than 50% of the night in water depths
above 60 m and more than 50% of the day in water
depths below 60 m, and (iii) surface-oriented behav-
iour was characterised by spending over 50% of both
day and night-time in water depths above 60 m. This
depth threshold was used because it corresponded
to the 75th percentile of the depth data. The moon
phase, categorized into eight steps (New moon, Wax-
ing crescent, First quarter, Waxing gibbous, Full,
Waning gibbous, Last quarter, Waning crescent),
was determined using the “lunar” package (Lazaridis
2022).

Statistical analyses

All statistical analyses were performed using the R
software version 4.1.1 (R Core Team 2022) and car-
ried out at the 95% level of significance. Data are pre-
sented as mean =+ standard error.

The effect of the day/light cycle on the distribu-
tion frequency of shark depth was assessed using the
Kolmogorov—Smirnov test. The vertical movement
pattern of blue shark based on raw depth data was
analyzed using a generalised additive model (GAM)
(Wood 2011). Explanatory variables were evaluated
for autocorrelation using the variance inflation fac-
tor (VIF) and Pearson correlation matrix. The final
model, using the Gaussian family distribution and
link function identity, included continous explana-
tory variables: 1) longitude (X), 2) latitude (Y), 3)
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sea surface temperature (temp), 4) salinity, 5) current
as vector of combination northing (cury) and easting
(curx) components (cur), 6) total length (TL), 7) tem-
poral combination by tensor (ti) of hours and months.
Thin plate smoothers were used as default for each
spline except for the hours variables where the cyclic
“cc” smoother was used. Month was used as a facto-
rial explanatory variable. Interactions between vari-
ables were included in the model for the geographycal
coordinates using bidimentional thin plate smooth-
ers, while the interaction between hours and month
variables was included as a tensor #i product of cyclic
smoother (for hours) and thin plate smoother (for
month). Model overfitting was controlled by using the
gamma= 1.4 parameter in the GAM parametrization.
The residuals of the models were tested with the Sha-
piro—Wilk normality test. The models were estimated
using the “mgcv” library (Wood 2006, 2017). The
resulting formula of the final model was:

depth ~ s(X,Y) + s(hours,bs = “cc”, k = 16)
+ s(temp, k = 4) + s(cur, k = 4) + s(salinity, k = 4)
+ factor(month) + s(TL,k = 4)

+ ti(hours, month, bs = c(“cc”, “tp”))

Finally, the effect of moon phase on average blue
shark depth use was assessed using a linear model
with the moon phase as a fixed factor and the individ-
ual as a random factor. Depth was log-transformed to
respect assumptions of model application (normality
and homescadasticity). A pairwise post-hoc test with
a Bonferroni correction was used to assess differen-
tiation between mon phases.

Results
Tagged blue sharks

The shark tagging was performed in summer
(August—September; Table 1) during the swordfish
fishing season. The sPAT tags recorded data during
September—October (last 5 days of D-time), while
miniPAT tags covered a wider time window between
August and the following January (93-126 days)
(Table 1).

Overall, data analysed in this study were obtained
from a subset of 13 individuals, out of the 26 tagged
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blue sharks (50%). The duration of data availability
for individuals ranged from 5 to 126 days (Table 1),
resulting in a total of 503 days monitored, yielding
approximately 72,400 temperature and depth data
points. Out of the 13 tagged blue sharks without valid
data: two individuals were deceased (in accordance
with the tag features, the tag releases from the fish
before the D-time if the depth registered is the same
for two consecutive days); five individuals did not
report (no signal was registered from the tag); two
individuals’ transmission of data failed (only the tag
position was transmitted); two individuals’ data was
incomplete (< 10% of the full data recorded); and two
individuals’ data was excluded because of potential
fishing of the shark or likely data transmission failure
(Table 1).

The 13 blue sharks with functional tags exhibited
a total length range of 128 cm to 210 cm and con-
sisted of nine females and four males (Table 1). Most
sharks captured and released in the southern Adriatic
Sea remained in this area until the tag release, corre-
sponding to the end of the monitoring period (Fig. 2).
Seven of these sharks swam into deeper Ionian
waters, one remained in shallower waters (<200 m)
in the northern part of the Southern Adriatic, and the
remaining sharks stayed around the deeper waters of
the Bari Pit (Fig. 2).

Depth distribution

Dive behaviour was recorded in detail (10-min inter-
val) during the last five days of the tagging period for
nine of the 13 blue sharks (sPAT id tag 67857, id tag
67858, id tag 201522, id tag 201523, id tag 201524,
id tag 201527, id tag 201528, id tag 205162, id tag
205163) (Fig. 3). For the remaining four sharks (id
tag 205127, id tag 205128, id tag 205129, id tag
215758), diving data were successfully transmitted
in high detail for a period ranging from 93 (id tag
205129) to 126 days (id tag 205128) (Table 1, Fig. 4).
During these recorded periods, the sharks overall
performed diel vertical movements—surfacing or
remaining in shallower waters at night and diving to
depths of up to 1188 m during the day (Fig. 3). These
diel vertical movements are clearly visible in Fig. 3
for fish with five days of monitoring (e.g., id 201522,
id 201523, id 201528; Fig. 3).

The depth frequency distribution by time period
(night and day) revealed significantly different

distribution patterns (K-S p<0.05; Fig. 5). Blue
sharks used greater depths during the daytime and
stayed in shallower waters during the night time, with
an average day-time depth of 268.4+2.1 m and an
average night-time depth of 71.6+1.0 m. The 75th
percentile of depth frequency distribution at night
was 60 m, while during the day, it was 546 m.

“Regular” (nDVN) was the most abundant behav-
ioural class (eight blue sharks; Fig. 6), followed by
surface-oriented (four blue sharks; Fig. 6) and depth-
oriented (one blue shark; Fig. 6).

GAM analysis

The covariates tested for collinearity showed no VIF
values greater than 3 and none of the Pearson cor-
relation coefficients was greater than 0.5 (Fig. S1),
indicating no collinearity. Consequently, none of
the covariates were excluded from the model analy-
sis. In the Gaussian GAM model, the splines of both
continuous and categorical variables were signifi-
cant (p<0.05) (Fig. 7, see also Fig. S2), explaining
94.7% of deviance. Among the current explanatory
variables, month showed the best results in terms of
Aikake information criterion (dropping month covari-
ate from the final model increased AIC of 12770.04).
Although the residuals of all models were not nor-
mally distributed (Fig. S2), they were considered
sufficiently symmetric with skewness indices falling
within the + 1 range (Hair et al. 2010).

Dive depth of the sharks varied with time of day,
temperature, salinity, month, and size of sharks (TL)
(Fig. 7). The shallowest depths were reached between
approximately 18:00-4:00, with minimum depths
occurring right before the descent in the morning
and right after the ascent around sunset, each lasting
approximately four hours. Consequently, the high-
est depths were usually explored between approxi-
mately 7:00 and 15:00, peaking at 13:00 (Fig. 7A).
The highest ambient temperatures (about 28 °C,
Fig. 7B) were observed in surface waters. Depth dis-
tribution of blue sharks appeared to be inversely cor-
related with current (i.e., stronger currents in shallow
waters; Fig. 7C). The salinity showed a general posi-
tive correlation with water depth of blue shark, with
a slight decrease occurring between 38.75 and 39 %o
(Fig. 7D). The smaller sharks (< 140 cm TL) used to
occupy shallower waters than larger sharks (> 180 cm
TL) (Fig. 7E). Moreover, the tensor time/month
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«Fig. 2 Release positions of the 13 tagged blue sharks (circles)
with valid data and the respective sPAT (dashed triangle) and
miniPAT (triangle) release sites in the southern Adriatic and
Ionian Seas. Different colours represent the different tagged
sharks

(Fig. 7F) and geographical coordinates (Fig. 7G)
significantly influenced the blue shark depth distri-
bution. Based on months, diving behaviour varied
between the summer/autumn (August, September,
October and November) and winter (December and
January), with the shallowest dives occurring during
winter (Fig. 7H).

Moon phase effect

The blue sharks tended to swim at significantly
greater depths during or right before the full moon
period (Waning gibbous) (p<0.05; Fig. 8). Blue
sharks were at a median depth of 44.92 m during
Waning gibbous and 47.33 m during full moon while
they were at a median depth comprised between
21.58 and 29.50 m during the rest of the moon cycle.

Discussion
Tag performance

One of the most probable causes of failed or incom-
plete data transmission affecting four tagged sharks,
as well as the failure to report of some tags (five
sharks), is low battery charge and satellite coverage.
Indeed, if a tag has a low battery charge, it is unable
to transmit all the data and/or position during satellite
passages, which in the case of low coverage occurs
at intervals of several hours or days, or it transmits
data only partially before completely running out of
battery charge (Musyl et al. 2011). Failure to report
may also be attributed to other factors such as recap-
ture, tag destruction by fishers, or malfunction of the
tag, all of which could result in a failed or incom-
plete data transmission. Data obtained for two spe-
cific sharks, namely 201525 and 201530, were also
excluded from the study. This decision was based on
the likelihood of the first shark (201525) being fished,
as indicated by a very low depth range correspond-
ing to longline depths before surface records during
the last two recording days (Fig. S3). In addiction the

tag got released 5 days before D-time. Moreover, the
exclusion of data for the second shark (201530) was
due to the probable failure of transmission, poten-
tially caused by temporal transmission misalignment,
according to the manufacturer’s experience. This is
supported by almost the same depth being recorded
for four out of the five days (Fig. S3). For these two
sharks, it was not possible to distinguish between
potential unexpected natural behaviour and technical
issues that could result in artifact data. Therefore, this
data was excluded from the analyses. Despite the loss
of data from half of the tagged blue sharks, the final
number of individual sharks studied falls within the
typical range of individuals examined in the scien-
tific literature (e.g., Campana et al. 2011; Musyl et al.
2011; Queiroz et al. 2012; Vedor et al. 2021).

Vertical movements

Our data indicate that blue shark movements in the
Central Mediterranean cover a wide vertical range,
reaching as shallow as the surface and diving to
depth up of 1188.5 m (e.g., shark 205162, dated
10/10/2020). Similar patterns of depth range have
been observed in other ocean regions. In the North
Atlantic, for instance, a maximum depth of 1704 m
was recorded (Vedor et al. 2021). This is consistent
with data from the North-East Atlantic, where depths
of 1160 m and 1706 m were reported (Queiroz et al.
2012; 2016), as well as in the North-West Atlantic,
where depths of 1000 m were documented (Campana
et al. 2011). However, narrower depth ranges were
recorded in other regions, such as in South-Eastern
Taiwan, Pacific Ocean (up to 422 m; Watanabe et al.
2021), or in the Central Pacific (up to 581 m; Musyl
et al. 2011) and the Indian Ocean (up to 445.5 m;
Rochman et al. 2021).

The 13 blue sharks with transmitted data exhib-
ited a clear diel pattern in vertical habitat use, staying
closer to the surface during the night and in deeper
waters during the day. Diel cyclical vertical move-
ments have often been described for sharks associ-
ated with coastal and shelf areas, where the diurnal
movements of zooplankton trigger a cascade of verti-
cal movements among of predators at higher trophic
levels (Shepard et al. 2006; Rodriguez-Cabello et al.
2016). However, to the best of our knowledge, this
behaviour has not been previously described in the
Mediterranean Sea for a pelagic shark like the blue
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Fig. 3 Depth distribution of nine blue sharks (six females in

red and three males in blue) tagged with sPATs (specimens id tag

codes: 67857, 67858, 201524, 201523, 201522, 201528, 205162, 201527, 205163) across time

shark, neither in shelf nor open sea areas. The day/
night pattern in movements of Mediterranean blue
sharks, described here for the first time, appears to be
remarkably consistent and repetitive in both time and
location.

The pronounced day/night vertical movement pat-
terns of blue sharks may be related to several fac-
tors, among which there is foraging. Blue sharks are
opportunistic predators with a wide-ranging diet,
including teleosts, cephalopods and pelagic crus-
taceans, which they target within the water column
(Kubodera et al. 2007; Lopez et al. 2010; Markaida
and Sosa-Nishizaki 2010). This contrasts with other
pelagic fish species, such as bigeye tunas (Thunnus
obesus) and ocean sunfish (Mola mola), which exhibit
more specialised diets and primarily forage in deeper
waters (Nakamura and Sato 2014; Lin et al. 2020).

@ Springer

Interestingly, in our study, the nDVM and surface-
oriented behaviour of sharks observed were frequently
associated with areas where preys tend to aggregate
near the surface, such as upwelling zones (Sims et al.
2006; Campana et al. 2011). Indeed, bathymetric
characteristics (Genin 2004; Cotté and Simard 2005)
may facilitate the ascent of plankton from the bathyal
zone to shallower waters, creating upwelling regions
that attract pelagic predators (Rykaczewski and
Checkley 2008; Eisele et al. 2021), including sharks
(Sims 2003; Ryan et al. 2017). In the Southern Adri-
atic, a vortex generates water upwelling from its cen-
tre, and the water masses in the Southern Adriatic pit
contribute to the circulation of deep and nutrient-rich
waters throughout the Mediterranean (Vilibi¢ and
Orli¢ 2002). In these areas, sharks optimize their time
in shallow layers with high chlorophyll a concentra-
tion, where prey densities are expected to be higher
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(Ainley et al. 2005). Vertical movements, driven by
the pursuit of prey, could explain the observed depth-
oriented behaviour. Prey aggregations (e.g., squid)
at depth have been documented (Clarke et al. 1996;
Bianchi et al. 2013; Galvan-Magaiia et al. 2013), and
those can vary with environmental conditions (Cones
et al. 2022). Other top predators that feed on similar
vertically migrating prey, such as tuna, fin whales and
swordfish, also displayed consistent cyclical patterns
of tracking deep water, likely to maximise forag-
ing success (Schaefer et al. 2009; Dewar et al. 2011;
Sepulveda et al. 2018). Shifts in diel behaviours (e.g.,
transitioning from regular nDVM to a depth-oriented
behaviour) in response to increases in the abundance
of deep-water prey, like cephalopods or mesopelagic
fish, have been previously observed in blue sharks
in the North Atlantic (Campana et al. 2011; Queiroz

et al. 2012; Braun et al. 2023) but remain to be inves-
tigated for the Mediterranean population.

Another factor that could explain daily vertical
migration is the sharks’ need for thermoregulation.
Despite their ectothermic physiology, blue sharks can
dive to great depths, occasionally exceeding 1000 m
(Queiroz et al. 2017; 2012; present data), and venture
through a wide range of water temperatures (Stevens
et al. 2010; Campana et al. 2011; Queiroz et al. 2012;
Watanabe et al. 2021), spanning from 13.3 to 28.7 °C
in our case (Fig. 8). Watanabe et al. (2021) argued
that blue sharks exhibit a distinct thermoregulatory
behaviour compared to other pelagic fish (e.g., bigeye
tunas, ocean sunfish). Indeed, blue sharks appear to
avoid both excessive decreases and increases in mus-
cle temperature by engaging in semi-diel alternating
descents and ascents, whereas other species studied
to date avoid overcooling by rewarming at shallow
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Fig. 5 Frequency distribu-
tion of depth of all 13
tagged blue sharks during

the day (white distribution) o
and the night (dark grey
distribution)
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depths after the excursions to deep cold waters, with
a different pattern than day/night (Watanabe et al.
2021). Therefore, the thermoregulation behaviour of
blue sharks seems to be linked to foraging behaviour.
The main prey of blue shark are squids and teleost
(Markaida and Sosa-Nishizaki 2010) and the preda-
tion/feeding activity corresponds to a burst swim-
ming event (Watanabe et al. 2021) that is supported
by warm/superficial water. Moreover, the study of
Watanabe et al. (2021) reported that the feeding
burst-swimming occurred over a wide depth range
(5—-293 m) in superficial water, suggesting that blue
sharks maximise prey encounter rates by moving
vertically. A semi-diel/diel migration pattern can be
observed at a global scale, from plankton to top pred-
ators (Longhurst and Harrison 1989; Zhang and Dam
1997), being possibly associated with thermoregula-
tory movements and/or as an optimisation of foraging
(e.g., Sims et al. 2006; Last et al. 2016; Hafker et al.
2017).

@ Springer

frequency of occurence

The diel movement pattern in blue sharks may
additionally create an energetic advantage. Firstly,
conserving metabolic expenditure, by spending day-
time in deep, cold waters and foraging at night in
shallow, warm waters as found in catsharks, may
enhance their energetic efficiency (Sims et al. 2006).
Secondly, passive gliding behaviour during the
descending phases of dives followed by active ascents
with negative buoyancy has been found to provide
substantial energy savings when compared to con-
tinuous horizontal swimming (Watanabe et al. 2019;
2021). Extended gliding behaviour during descents
has been reported in white sharks and whale sharks
(Gleiss et al. 2011a, 2011b), suggesting a widespread
strategy among large-bodied sharks. Furthermore,
large sharks, moving near the surface, inevitably
generate waves and incur increased drag, which may
lead to increased body movements and higher energy
consumption, even while fully submerged (Alexan-
der 2003). Additional studies need to be performed
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to assess if these behaviours apply to Mediterranean
blue sharks. Overall, vertical movement patterns are
likely linked to a complex strategy of thermoregula-
tion, feeding and energetic expenditure (Watanabe
et al. 2019; 2021). After making deep dives, blue
sharks exhibit a behaviour where they spend time
at the surface until their bodies have time to fully
rewarm (Watanabe et al. 2021; Vedor et al. 2021),

Depth class bars are represented at the upper value of each
range, depth being negative values. Tags coloured in red indi-
cate the sharks with “regular” behavioural class (n=8), in
green indicate the “surface-oriented” class (n=4) and in blue
indicate the “deep-oriented” class (n=1)

hunting and feeding at the same time (Watanabe et al.
2021).

Lunar phase influence
The vertical movements of blue sharks were closely
linked with the light cycle, with ascents around sun-

set and descents during sunrise. Similar twilight-
induced movements patterns also characterised
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vertical changes in habitat use of blue sharks in other
areas (e.g., Campana et al. 2011; Musyl et al. 2011;
Queiroz et al. 2012; Rochman et al. 2021; Vedor et al.
2021; Watanabe et al. 2021). The role of illumina-
tion is also highlighted by the significant influence of

@ Springer

combination by tensor (ti) of hours (cyclic spline) and month;
G combination of longitude (X), latitude (Y); H months as
factorial explanatory variables (8: August; 9: September; 10:
October; 11: November; 12: December; 1: January)

the lunar cycle on blue shark depth use. Blue sharks
exhibited a preference for deeper waters immediately
preceding the full moon phase (waning gibbous) and
during the full moon, both during the day and night,
compared to the rest of the lunar cycle. This finding
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Fig. 8 Boxplot representing the depth (m) of tagged blue
sharks (n=13) during the night according to the moon phase
(new, waxing crescent, first quarter, waxing gibbous, full,
waning gibbous, last quarter, waning crescent). Different let-

may contradict initial expectations, as highly mobile
pelagic shark species and other apex predators are
assumed to benefit from increased light intensity and
duration (Midway et al. 2019). However, blue sharks
are thought to be adapted to low light, their visual
abilities enabling them to hunt at night (Sciarrotta and
Nelson 1977). Indeed, due to its diel vertical migra-
tion patterns, blue shark is able to navigate in the
water column from the surface to more than 1000 m
in a short time, which exposes the eye to big changes
in light intensities (Cohen 1990; Collin 2018).

In fact, our data align with previous findings from
the open ocean (North Atlantic, Pacific), indicating a
deeper distribution of blue sharks associated with the
full moon (Campana et al. 2011; Vedor et al. 2021;
Elliott et al. 2022). The influence of lunar phases
on vertical movement has been documented in sev-
eral oceanic fish species (e.g., Poisson et al. 2010;
Afonso et al. 2014), including target species of fish-
eries in which blue sharks are incidentally caught,
such as swordfish and bluefin tuna (Campana et al.

ters indicate significant differences for depth (m) between
given moon phases (linear model followed by a post hoc test,
p<0.05)

2005; Abascal et al. 2010; Eveson et al. 2018; Car-
bonara et al. 2023). This lunar effect extends to other
elasmobranchs, such as whale sharks (Graham et al.
2006), basking sharks (Shepard et al. 2006), and tiger
sharks (Lowry et al. 2007). Beyond an internal light-
intensity-induced control of depth use, the presence
of blue sharks in deeper waters before and during
nightly full moon periods may be related to a prey-
predator relationship pattern (Prihartato et al. 2016):
planktivorous organisms exhibit a phototactic behav-
iour during the full moon, avoiding the surface layer
due to higher luminosity at night, as a predator avoid-
ance mechanism (Prihartato et al. 2016). As a result,
higher trophic level taxa (i.e., zooplankton, fishes like
cod (Giske et al. 1990) and cephalopods) are also
found in deeper waters during the full moon period,
and likely also during waning gibbous, in contrast to
the dark new moon period night (Lerner et al. 2013).
Consequently, apex predators like blue sharks or dol-
phins exploit these deeper waters (Benoit-Bird et al.
2009).
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Generalised additive model

The GAM analysis here carried out showed that time
of day is a fundamental factor in the vertical migra-
tions of blue sharks (Campana et al. 2011; Musyl
et al. 2011; Queiroz et al. 2012; Rochman et al. 2021;
Vedor et al. 2021; Watanabe et al. 2021). The diel
pattern observed is associated with the temperature
structure of the water column in the Mediterranean.
Generally, temperatures at depth are relatively sta-
ble, varying+2 °C from 13 °C throughout the year.
However, surface waters are more season-depend-
ent and may heat up to 28 °C. While the monitor-
ing period covered only six months, an avoidance of
overheating may explain GAM results showing blue
sharks tend to use greater depths in warmer months
(i.e., August, September), than colder months (e.g.,
December, January) (Musyl et al. 2011; Watanabe
et al. 2021). In contrast, during winter, when surface
waters are cooler, there might be less need to dive to
great depths to avoid overheating. As previously men-
tioned, diel vertical movements are linked to differ-
ent factors (e.g., Sims et al. 2006; Last et al. 2016;
Hafker et al. 2017; Braun et al. 2023) and seen across
trophic levels (Longhurst and Harrison 1989; Zhang
and Dam 1997; Braun et al. 2023), including deep-
sea communities (Aguzzi et al. 2010; 2018). Such
movements have been observed in deep-sea commu-
nities at depths exceeding 1000 m, influenced by the
strength and direction of deep-water currents (Uiblein
et al. 2002; Trenkel et al. 2004; Lorance and Trenkel
2006), temperature fluctuations, and salinity changes
(Ratsimandresy et al. 2017). Similarly, the results
here reported indicated a general positive correla-
tion between salinity and the depth of blue sharks in
the Mediterranean. In the Southern Atlantic, salinity
appears to be one of the parameters influencing the
distribution of blue sharks (Rondon-Medicci et al.
2023), similarly to what was found in other regions
for other shark species (Heupel and Simpfendorfer
2008; Ubeda et al. 2009). This correlation could be
explained by the fact that most sharks are stenohaline
and that individuals may move across depths to seek
for optimal salinity ranges in order to lower ener-
getic costs of osmoregulation (Schlaff et al. 2014).
This effect may also be indirectly linked to the pro-
ductivity of areas with higher salinity (Carvalho et al.
2011). The results of the GAM analysis also revealed
that blue sharks encounter weaker water currents at
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greater depths, while in shallower waters, they expe-
rience stronger currents. This behaviour could be
linked to more intense swimming activity at the sur-
face (Watanabe et al. 2011), potentially linked to pre-
dation (see the previous section).

The spline analysis between size and depth
revealed a positive trend in blue sharks up to approxi-
mately 170 cm in size, after which the trend became
relatively flat. Blue sharks, lacking a swim bladder
and being negatively buoyant, expend swimming
energy to descend/ascend from a particular depth.
Due to the limited hydraulic lift relative to their
body size, smaller blue sharks may face challenges
in reaching greater depths (Rochman et al. 2021). In
various regions, including the Atlantic (Fitzmaurice
et al. 2005; Carvalho et al. 2011; Coelho et al. 2018)
and the Indian (Coelho et al. 2018) oceans, blue
sharks exhibit size-based segregation. In the Atlan-
tic, juveniles tend to aggregate in more coastal areas
while adults can frequent both offshore and inshore
regions (Coelho et al. 2018). The northernmost part
of the study area is characterized by shallow waters
and high productivity (Maiorano et al. 2019; STECF
2019), which may influence juveniles to remain in
the Southern Adriatic, while adult specimens migrate
from this area. Similar cyclic migrations linked to
reproduction (Kohler et al. 2002; Hazin et al. 1994)
and feeding activities (Carey et al. 1990) have been
observed in adult blue sharks in the Atlantic (Cam-
pana et al. 2011; Coelho et al. 2018; Queiroz et al.
2012; Carvalho et al. 2011), Indian (Coelho et al.
2018), and Pacific (Kai and Fujinami 2020) oceans.
While it is plausible to hypothesize a similar behav-
iour for blue sharks in the Mediterranean sea, con-
firming spatial segregation between juveniles and
adults and the presence of migration patterns requires
additional spatial and temporal data from tagged
animals to establish a more extensive space/time
database.

Implications for by-catch mitigation

In the Southern Adriatic, blue sharks are frequently
captured as bycatch in longline fishing operations tar-
geting swordfish (Carbonara et al. 2023). In general,
in fisheries, the full moon period, characterised by
brighter nights, is traditionally considered a favour-
able time to catch swordfish (DeBruyn and Meeuwig
2001; Poisson et al. 2010; Ceyhan et al. 2018). The
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observed behaviour of blue sharks, staying at deeper
depths before and during the full moon period, pre-
sents an opportunity as an effective mitigation meas-
ure. The surface longline fishing method employed
in the southern Adriatic operates at shallower depths
(approx. 30 m; Carbonara et al. 2013) than those
frequented by blue sharks during the well-lit nights.
Successful bycatch mitigation measures generally aim
to minimize bycatch while preserving the catch of
targeted species, such as swordfish in this case. This
finding supports the idea that concentrating fishing
efforts immediately before and during the full moon
period in near-surface layers could have a substantial
impact on reducing blue sharks’ bycatch (Orbesen
et al. 2017). However, eventual consequences on
other top-predators bycatch (e.g., rays, turtles) should
be investigated since blue shark is not the only spe-
cies a risk in the area investigated (Carbonara et al.
2023).

In addition, the pelagic longline setup typically
consists of a mainline, which can extend up to 40 km
in length. The mainline is suspended in the water col-
umn, with baited hooks attached to droplines at inter-
vals of about 60 m. The longline is lowered/recov-
ered in the sea following a timing that allows fishing,
mostly during the night hours (Carbonara et al. 2023).
Based on the findings of our study, it is apparent that
blue sharks predominantly inhabit near-surface waters
of the southern Adriatic during the night time, par-
ticularly within the first 60 m. This overlap between
the longline fishing effort and the vertical habitat
of blue sharks occurs both spatially and temporally,
contributing to explain high by-catch rate for this spe-
cies. In order to minimize the capture of blue sharks,
it may be beneficial to consider alternative timing
for setting and retrieving the longline. These mitiga-
tion measures should, however, not go in detriment
of the economic performance of the activity and has
to be discussed with fishers. The study highlighted
how direct fisher engagement can be fundamental in
the experimentation and application of novel fishing
techniques, stressing once again how concrete miti-
gation measure for blue sharks must be based on a
concrete fishers’ participation in the management of
the marine biodiversity by a bottom-up processes,
as recommended by the EU Marine Strategy Frame-
work Directive (Directive 2008/56/EC) and by the
General Fishery Commission for the Mediterranean

Sea (Recommendation GFCM/42/2018/2, Regulation
(EU) 2015/2102).

Overall, the introduction of novel manage-
ment measures, such as the adjustment of the fish-
ing schedule to periods when blue sharks show a
lower catchability, could be effective to reduce blue
sharks unintended capture and prevent their decline
in the Mediterranean Sea (Tolotti et al. 2015). This
approach, focusing on conservation-oriented habi-
tat targets for blue sharks, may also be applicable to
other pelagic shark species (Vedor et al. 2021; Quei-
roz et al. 2012), especially in a controversial maritime
scenario like the Mediterranean Sea (Katsanevakis
et al. 2015).
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