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Mahmoud, Ligas, Idrissi, Moramarco,
Panayotova, Petetta, Sacchi, Tsagarakis, Virgili
and Lucchetti. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 24 September 2024

DOI 10.3389/fmars.2024.1411033
Assessing the vulnerability
of sensitive species in
Mediterranean fisheries:
insights from productivity-
susceptibility analysis
Daniel Li Veli 1, Jose Carlos Baez Barrionuevo2,3,
Giada Bargione1, Giulio Barone1, Marouene Bdioui4,
Pierluigi Carbonara5, Reda Magdy Fahim6,
Maria Cristina Follesa7, Gökhan Gökçe8,
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Mortality resulting from interactions with fishing gears represent an important

threat to sensitive species globally. In this study, we address this issue by defining

five species groups of marine megafauna (marine mammals, seabirds, demersal

and pelagic elasmobranchs, and sea turtles), and conducting a productivity-

susceptibility analysis (PSA) within the context of data-limited fisheries in the

Mediterranean and Black Sea. Although there are significant differences among

species within each group, this approach has been considered much more direct

and functional for management purposes. The productivity (P) of each species

group was determined by evaluating a set of attributes averaged across

representative species within each group. Species groups’ susceptibility (S) to

bycatch was assessed through a comprehensive review of existing literature and

expert judgment, considering a series of semi-quantitative attributes. Our analysis

identified areas and fishing gears posing potential risks to the species groups

assessed, highlighting that sea turtles and elasmobranchs face the potential risk of

incidental captures from various fishing gears operating in both neritic (bottom

trawls, set nets and bottom longlines) and pelagic (drifting longlines) environments.

Marine mammals exhibit moderate risk across most fishing gears, with particular
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concern for the harbour porpoise Phocoena phocoena relicta in the Black Sea,

primarily due to the interaction with set nets, which can severely impact entire

population even capturing few specimens due the species low productivity.

Seabirds face reduced impact with fishing activities, irrespective of the type of

gear examined or the specific area under investigation. Overall, our study highlights

the specific basins and fishing gears requiring focused management measures,

mitigation strategies, and enhancedmonitoring activities tomitigate the impacts of

bycatch on vulnerable marine megafauna.
KEYWORDS

risk assessment, data-limited fisheries, pet species, bycatch, management measures,

Mediterranean and Black Sea
Introduction

The incidental capture of sensitive species in commercial

fishing, termed bycatch, poses an important threat to marine

biodiversity and the conservation and welfare of megafauna on a

global scale, with potential unexpected impacts on the functioning

and resilience of entire ecosystems (ICES, 2022; Komoroske and

Lewison, 2015). Bycatch of long-lived species with relatively low

productivity, which includes many marine mammals, seabirds,

elasmobranchs and sea turtles, as well as some finfish and

cartilaginous fish, is a serious problem to their conservation

(Lewison et al., 2014). Many of these species, classified as

vulnerable and/or threatened (Protected, Endangered, and

Threatened species, commonly known as PETs), provide essential

marine ecosystem services, influencing the dynamics and

community structure of multiple marine ecosystems (Lew, 2015).

Effective management measures to minimize the impacts of fishing

activities on marine biodiversity and PETs necessitate a

comprehensive understanding of the extent of the problem.

Therefore, monitoring programs, mandated by regional and other

fisheries management bodies, have become increasingly common

and mandatory in most countries worldwide and are essential steps

towards minimizing these interactions and, more generally,

conserving the marine ecosystems, as well as ensuring a

sustainable fishery sector that provides long-term biological and

socioeconomic benefits.

These programs employ various methods for data collection,

including at-sea observers, port observers, vessel crew observers,

fishers’ logbooks, and remote electronic monitoring (REM).

However, in many regions, including the Mediterranean and

Black Seas, knowledge gaps persist regarding the extent of

bycatch levels across different fishing gear. This is partly due to

limitations in existing detection methods; for instance, logbooks

may suffer from biases, such as consistent reporting from the same

vessels and under-reporting by fishers, possibly due to perceived

negative consequences (Moore et al., 2021; Wade et al., 2021; Virgili

et al., 2024). Additionally, fishers frequently release animals alive,
02
with unknown post-release survival rates, or discard them dead at

sea despite regulations, making control and surveillance at landing

sites ineffective for bycatch recording. Addressing these challenges

is essential to develop more effective strategies for mitigating the

impacts of bycatch on marine ecosystems and PETs.

The most reliable method for collecting bycatch information is

represented by on-board observers and, recently, by the adoption of

new technologies such as on-board cameras (Basran and

Sigurðsson, 2021). In the Mediterranean, comprehensive

programs for monitoring incidental catch using on-board

observers with statistically robust sampling designs are not

consistently implemented across all fisheries (Ligas, 2019).

Additionally, to ensure data reliability, it is crucial to conduct a

sufficient number of trips to achieve representation and an adequate

level of certainty. Typically, coverage should fall within the range of

2 to 7 percent (FAO, 2009; Northridge and Fortuna, 2008), but the

costs, in terms of personnel, vessels etc., to reach this threshold are

often unaffordable. Therefore, a minimum level of 0.5 percent is

often accepted (James, 2016; FAO, 2019). However, bycatch, while

common in certain fisheries (Lewison et al., 2014), remains

relatively rare, necessitating large-scale and much frequent

monitoring to accurately assess magnitude, frequency and risks.

Consequently, these observations are often integrated with

interviews and logbooks.

For over three decades, a series of GFCM Recommendations,

monitoring programs (e.g. Marine Strategy Framework Directive -

MSFD, European Commission 2008; Data Collection Framework

(DFC), European Commission, 2017), research projects (e.g.

Medbycatch project, LIFE projects, etc.), and initiatives by NGOs

and companies have been implemented with varying levels of

commitment across different countries and regions.

More recently, scientists have developed new Ecological Risk

Assessments (ERAs) as an alternative to conventional stock

assessments (Saldaña-Ruiz et al., 2022). ERAs aim to quantify the

ecological risks for species or stocks exposed to fishing pressure and

highlight specific issues that require enhanced management within

harvest strategies. The risk assessment framework for data-limited
frontiersin.org
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fisheries includes Productivity and Susceptibility Analysis (PSA), a

semi-quantitative methodology used to evaluate the overall

vulnerability of target, non-target and vulnerable species to

fishing activities (Milton, 2001; Griffiths et al., 2006; Faruque and

Matsuda, 2021; Good et al., 2023). PSA relies on a set of pre-set

measurable attributes and score rankings to estimate two important

parameters: 1) Productivity, which considers the species’ capacity to

sustain or recover from fishery-related impacts, and it is based on

life history traits such as natural mortality rate and age at maturity;

2) Susceptibility, which evaluates the species’ exposure to impacts

from specific fishing activities (Hobday et al., 2011). PSA is widely

used to advise research priorities and management of bycaught

stocks and populations needs (Hordyk and Carruthers, 2018).

This study aimed to identify areas representing a potential risk

for five species groups of PET species (i.e. marine mammals,

seabirds, pelagic and demersal elasmobranchs and sea turtles), in

the Mediterranean and Black Seas, by calculating their vulnerability

to the different fishing gears.

The fundamental question we want to answer is: “Is the current

level of knowledge truly insufficient to begin considering management

measures to protect sensitive species?”
Materials and methods

Data sources

The study area was defined as the entireMediterranean and Black

Sea (Figure 1). To enhance management guidance, we further

subdivided the Mediterranean Sea into distinct sub-regions as
Frontiers in Marine Science 03
outlined by the FAO-GFCM: Adriatic Sea, Central Mediterranean,

Eastern Mediterranean, Western Mediterranean, and Black Sea

(Carpentieri et al., 2021). According to the FAO list of vulnerable

species in these areas (FAO, 2021), we selected a total of 78 relevant

species to be assessed (Supplementary Material S1). We opted not to

perform the Productivity and Susceptibility Analysis (PSA) at the

level of individual species. Instead, we categorized them into specific

species groups. These groups include sea turtles (ST), seabirds (SB),

pelagic elasmobranchs (PE), demersal elasmobranchs (DE), and

marine mammals (MM). We felt that this approach was much

more general, direct and easy to understand, and could produce

results directly useful for management purposes.

The main Mediterranean fishing gears having a potential effect

on the bycatch of these groups of species were considered: bottom

trawl (OTB), pelagic trawl (TM), drifting longline (LLD), set

longline (LLS), set nets (GEN), and purse seine (PS). Other

professional fishing gears (e.g. dredges, hand and underwater

fishing, hand lines, etc.) were deemed to pose minimal or

negligible risk in terms of catching PET species (Lucchetti et al.,

2023), hence were excluded from the analysis.
Productivity and susceptibility analysis

The overall Vulnerability (V) is calculated as the combination of

the Productivity (P) and Susceptibility (S).

Productivity is a parameter essentially related to the life-history

characteristics of the species concerned. In order to establish

dependable productivity scores, we focused on selecting the most

prevalent and representative species, particularly those frequently
FIGURE 1

Study area. The map shows the division of the Mediterranean Sea and Black Sea into FAO-GFCM subregions (adapted from https://www.fao.org/
gfcm/data/maps/gsas/en/).
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interacting with fishing activities. We excluded those species whose

presence in certain areas is doubtful and those whose spatial

distribution is uncertain. We considered it speculative to make

assumptions about the susceptibility of those species for which

there are only sporadic “sightings.” Within each group, given the

thresholds established for each attribute, similar productivity values

were obtained for the different species, which supported the idea of

creating homogeneous groups.

Productivity attributes, which differ depending on the four

relevant taxa (Elasmobranchs, Marine Mammals, Sea Birds, Sea

Turtles), were selected following the methodology described by the

MSC Fisheries Standard Toolbox (Good, 2019; MSC, 2023). Table 1

provides a summary of the selected attributes for each species

group. Attributes were then scored for each species on a three-

point risk scale using the cut-offs provided by MSC (2023): low (3),

medium (2) or high (1) productivity. The scored life history data

were compiled from scientific literature (peer-reviewed papers),

technical reports or theses, and online databases i.e. FishBase and

SeaLifeBase (Froese and Pauly, 2000). When multiple data were

available, the median value was selected. In those cases, where a

range of values was found, the most conservative value was chosen

for scoring. If information for a given species was limited or absent,

data was collected from a closely related species used as a proxy. If

no proxies were available, a more conservative score of 3 (indicating

low productivity and high risk) was assigned for missing attributes.

The species productivity score (PS) was calculated as the

arithmetic mean of the attribute scores, while the overall

productivity of the groups (PT) was determined as the arithmetic

mean of the PS scores within each species group of vulnerable

species.
Frontiers in Marine Science 04
(PS) =
on

i=1Xi

n
=  

X1 + X2 + X3 +⋯Xn
n

Where X1, X2 …Xn are the different attributes and n the number

of attributes.

(PT ) =
on

i=1Pi
n

=  
Ps1 + Ps2 + Ps3 +⋯ Psn

n
Where Ps1, Ps2… Psn are the productivity scores for the different

species within a species group.

Susceptibility is a parameter that highlights the degree to which

the fishery can negatively impact the species. In the current study, we

developed a two-fold approach to semi-quantitatively assess the

susceptibility. First, the review on the bycatch of megafauna species,

recently published by the FAO-GFCM (Carpentieri et al., 2021), was

considered, gaining information on the bycatch estimates/rates (or the

levels of bycatch reported in the document) considered as a proxy for

susceptibility (susceptibility by bibliography= SB) and classified from1

to 3 (Low=1;Medium=2;High=3) according to themaximumbycatch

level found for a specific species group in the Mediterranean basin

(Table 2). The maximum bycatch level was chosen with a

precautionary approach to the issue, in order to not exclude any

potential risk of bycatch. The complementary method, consisted in

determining susceptibility by experts’ judgement. For this purpose, at

least 2 authors per FAO-GFCMsubregionwere involved in the scoring

of the susceptibility attributes for each species group. These attributes

are reported in Table 2 and were considered for Susceptibility as a

three-level score: low (1), medium (2) or high (3). Assuming that each

attribute (y) had the same weight, the overall susceptibility calculated

for each species group with this method (SE) was calculated using the

geometric mean of the obtained values for the different attributes.
TABLE 1 Productivity attributes and corresponding scoring thresholds assessed for each group of species according to MSC Fisheries Standard
Toolbox (2023).

Species group Productivity attribute
Scores

High (1) Moderate (2) Low (3)

Elasmobranchs
(Both pelagic and demersal)

Average age at maturity <5 years 5-15 years >15 years

Average maximum age <10 years 10-25 years >25 years

Fecundity >20000 eggs per year 100-20000 eggs per year <100 eggs per year

Average maximum size <100 cm 100-300 cm >300 cm

Average size at maturity <40 cm 40-200 cm >200 cm

Reproductive strategy Broadcast spawner Demersal egg layer Viviparous/Ovoviviparous

Marine mammals

Trophic level <2.75 2.75-3.25 >3.25

Average age at maturity <6 years 6-8 years >8 years

Fecundity (Mysticetes only) >0.40 0.30-0.40 <0.30

Fecundity (Odontocetes only) >0.58 0.23-0.58 <0.23

Sea Birds
Average ‘optimal’ adult survival probability <0.81 0.81-0.94 >0.94

Fecundity >1 chick/year 1 chick/year <1 chick/year

Sea turtles
Average age at maturity: <15 years 15-25 years >25 years

Fecundity >150 100-150 <100
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Susceptibility by experts (SE) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y1*y2*y3*… *yn

n
p

The final susceptibility value (ST) was calculated as the

arithmetic mean of SB and SE.

Final susceptibility (ST ) =  
SB + SE

2

Vulnerability is the result of combining productivity (P) and

susceptibility (S) attributes to build a specific score that quantifies

the potential risk of bycatch associated with a stock, species or

group of species.

The vulnerability score (V) was estimated from the Productivity

score (PT) as:

Vulnerability (V) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
T + S2T

2

q

This relationship can be represented graphically to show that, at

each point, V represents the graph’s Euclidean distance from its

origin. Potential risk scores can range from 1 (all scores are equal to 1)

to 4.24 (all scores are equal to 3). The PSA plot was divided into three

equal thirds, representing rank categories; low risk (Rank 1, V< 2.64),

moderate risk, (Rank 2, 2.64 < V < 3.18), and high risk (Rank 3, V >

3.18) (Hobday et al., 2011; MSC, 2023). We assessed the data quality

for each attribute of P and S on a scale from 1 (indicating the best

data) to 5 (representing no available data). This scoring was based on

the principles outlined in Table 3. Additionally, we visually depicted

this data quality in the PSA plots, where each vulnerability
Frontiers in Marine Science 05
combination of group-fishing gear was linked to its corresponding

relative data quality.
Results

The analysis of the review conducted by FAO-GFCM

(Carpentieri et al., 2021) yielded SB (Supplementary Material S2)

values for the different species groups based on 268 papers for sea

turtles, 166 for seabirds, 334 for elasmobranchs, and 292 for marine

mammals. Along with the expert judgement, who contributed to

estimating the SE (Supplementary Material S3), this analysis allowed

identifying the relative vulnerability for each species group within

the FAO-GFCM sub-regions (Supplementary Material S4).

In the Adriatic Sea (Figure 2A), demersal elasmobranchs

resulted highly susceptible to various fishing gears. These include

bottom trawls (V = 3.81), set nets (V = 3.64), and set longlines (V =

3.28). Additionally, sea turtles could face the risk of incidental catch

from both bottom trawls (V = 3.37) and pelagic trawls (V = 3.21).

Notably, also demersal elasmobranchs emerge as high vulnerable

group in the Adriatic Sea, with a vulnerability score equal to 3.21 for

set longlines. In contrast, sea birds consistently exhibit low

vulnerability (V < 2.64), irrespective of the fishing gear

used (Figure 2A).

In the central Mediterranean (Figure 2B), three groups of species

are classified as high-risk (V > 3.18). Among these, demersal
TABLE 2 Attributes used to estimate the susceptibility of each species group (modified and extended from MSC, 2023; ad hoc attributes developed).

Scores

Susceptibility attribute Low (1) Moderate (2) High (3)

Areal overlap (Availability)1

Overlap of the fishing effort and the species group distribution
<10% overlap 10-30% overlap >30% overlap

Vertical overlap1

The position of the species group within the water column
relative to the fishing gear, and the position of the group within

the habitat relative to the position of the gear

< Low overlap with fishing
gear (low encounter rate)

Medium overlap with fishing gear
High overlap with fishing
gear (high encounter rate)

Catchability1

The probability of any species group to be incidentally captured
by fishing gear. It is influenced by the selectivity of the gear and

the behaviour of the species.

Low probability of being
captured by the fishing gear

Moderate probability of being
captured by the fishing gear

High probability of being
captured by the fishing gear

Species presence1

Abundance of a group of species in the assessed area, based on
bibliography and expert judgement.

Most of the species in the
group are rarely present in

the area

Most of the species in the group
are occasionally present in

the area

Most of the species in the
group are widespread in

the area

Fishing effort1

Fishing effort level of a specific gear
The area is not exploited by

fishing gear
The area is moderately exploited

by fishing gear
The area is extensively
exploited by fishing gear

Bycatch rate2 Group

The bycatch rate by species
group derived from the

FAO review

Sea turtles < 5000 ind./year/subregion
5000 – 15000

ind./year/subregion
>15000

ind./year/subregion

Seabirds < 0.5 ind/survey effort 0.5 – 20 ind/survey effort >20 ind/survey effort

Pelagic elasmobranchs <5 ind./year 5 – 50 ind./year >50 ind./year

Demersal elasmobranchs <5 ind./year 5 – 50 ind./year >50 ind./year

Cetacean < 0.02 ind./year 0.002 - 0.1 ind./year >0.1 ind./year
1attributes used to estimate SE;
2attributes used to estimate SB.
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elasmobranchs are of utmost concern due to their elevated

vulnerability to set nets (V=3.69), bottom trawls (V=3.65), and set

longlines (V=3.46). Pelagic elasmobranchs exhibit similar sensitivity,

particularly to fishing gear targeting large pelagic fish (e.g., tuna-like

species or swordfish), such as pelagic longlines (V=3.69) and purse

seines (V=3.21). Notably, pelagic longlines pose the highest potential

risk to sea turtles in this region (V=3.27). Marine mammals

consistently fall within the medium-risk category, regardless of the

specific fishing gear under consideration. Additionally, similar to the

evaluation conducted for the Adriatic region, seabirds exhibit

the lowest level of risk. In fact, across all fishing gear types—except
Frontiers in Marine Science 06
for pelagic trawl, which is categorized as medium risk (V=2.82)—the

final vulnerability value remains below 2.49 (Figure 2B).

In the eastern and western Mediterranean, most group-gear

combinations fall into the medium-risk category (with values

ranging from 2.71 to 3.17; Figures 2C, D), while Elasmobranchs

are a major area of concern. Demersal species face pressure from

bottom trawling, set longlines, and nets, with V values ranging from

3.19 to 3.78. In the eastern Mediterranean, sea turtles, along with

elasmobranchs, constitute the sole group that result in a high risk of

incidental catch due to trawling activities (V=3.19). Interestingly,

seabirds constitute the only group categorized in the lowest risk

level in both basins, with the exception of drifting longlines, which

present a moderate risk to this population in the Western

Mediterranean (V=2.73).

In the Black Sea, demersal elasmobranchs were identified as being

at elevated risk of incidental catch, primarily due to bottom trawling

(V=3.72) and the impact of set nets (V=3.72), which also affects

marine mammals’ population (especially the harbour porpoises,

Phocoena phocoena relicta, Figure 2E). The potential risk level

associated with this group consistently falls within the medium

range concerning the remaining fishing gear under consideration.

The vulnerability of sea turtles was not evaluated due to their

infrequent occurrence in the study area. Similarly, pelagic

elasmobranchs were excluded from assessment because of the

limited available information regarding these species in the Black

Sea. In line with assessments across all Mediterranean areas, marine

birds demonstrate a comparable trend.
FIGURE 2

PSA in the FAO-GFCM sub-regions (Adriatic Sea, A; Central Mediterranean Sea, B; Eastern Mediterranean Sea, C; Western Mediterranean Sea, D;
Black Sea, E) given different gear types. Sea turtles (ST), sea birds (SB), pelagic elasmobranchs (PE), demersal elasmobranchs (DE), and marine
mammals (MM). Bottom trawl (OTB), pelagic trawl (TM; both pair trawl and single boat trawl), drifting longline (LLD), set longline (LLS), passive set net
(GEN), and purse seine (PS). The size of external rings refers to the data quality: the larger the radius of the circle, the worse the data quality.
Isopleths (dashed lines) delimit areas of equal relative Vulnerability: low risk (Rank 1, V< 2.64, green shaded), moderate risk, (Rank 2, 2.64 < V < 3.18,
shaded), and high risk (Rank 3, V > 3.18, yellow shaded).
TABLE 3 Assessment criteria for data quality in the present study
according to Patrick et al. (2009).

Data
quality score

Description

1
Best Data. Information based on collected data for the
stock of interest.

2
Adequate Data. Information based on limited coverage
and corroboration.

3
Limited data. Estimates with high variation and limited
confidence. Species in other regions of the world.

4
Very Limited Data. Information based on expert
opinion or on general literature reviews from a wide
range of species (similar taxa).

5 No data
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As concerns the quality of the collected data, marine turtles

exhibited good data quality, while marine mammals demonstrated a

lesser extent of data reliability (Figure 2). This discrepancy is attributed

to the extensive conservation efforts focused on these species. Reliable

estimates of bycatch or bycatch rates are available for these groups.

The situation for elasmobranchs is more fragmented, as high-quality

information is accessible only for specific regions. Regarding seabirds,

a clearer understanding emerges primarily in theWest Mediterranean,

where standardized methodologies have been employed in several

studies, providing valuable insights into bycatch rates.

To enhance accessibility, we visually summarized all these

findings, including gear, species group, and sub-region details, in

maps (Figure 3).
Discussion

Ecological Risk Assessment (ERA) methods, such as the PSA,

are widely applied in data-limited fisheries to assess the potential
Frontiers in Marine Science 07
vulnerability of species or groups of species impacted directly or

indirectly by fisheries, and prioritize future research and

management needs. Here we performed an ERA study using

semi-quantitative Productivity-Susceptibility Analysis (PSA) to

analyse the relative vulnerability of five species groups of species

in the Mediterranean and Black Seas.

The study revealed how different fishing gears imply a different

potential risk of bycatch for different vulnerable species groups in

relation to the different areas considered. Bottom trawling has been

identified as one of the most potential impactful gear, as it poses a

high vulnerability risk to many of the species groups here

investigated, over different areas of the Mediterranean and Black

Seas. These gears, being towed on the bottom at high speeds usually

with small netting meshes, are non-selective and very efficient in

catching all the species living near the bottom, including sea turtles,

demersal sharks, rays, etc. (Casale et al., 2004; Lucchetti et al., 2021).

In particular, loggerhead sea turtle, Caretta caretta, is known to

concentrate in the shallow waters of the continental shelf during its

demersal life stage, for feeding and wintering (Lucchetti et al.,

2016a; Lucchetti et al., 2019; Vasapollo et al., 2019), thus
FIGURE 3

Spatial representation of the Productivity Susceptibility Analysis scores in the Mediterranean Sea sub-regions for each of the species groups (Sea
turtles, ST; seabirds, SB; pelagic elasmobranchs, PE; demersal elasmobranchs, DE; and marine mammals, MM) and gears (Bottom trawl, OTB; paired-
and single-boat pelagic trawl, TM; drifting longline, LLD; set longline, LLS; passive set net, GEN; and purse seine, PS). The white colour indicates
those areas with no available data, or zero risk of interaction, whereas the other colours are described by the figure legend.
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explaining the high risk to bottom trawls here detected for the

species. Demersal sharks and rays, instead, can be affected by the

gear in any time of their life stage (Di Lorenzo et al., 2022).

Pelagic trawl nets (TM) pose a potential risk to certain groups as

ST and PE due to their operational methods (trawling in mid-water

and close to the seabed, large water surface filtered during the

towing etc.) coupled with the species behaviour. For example, sea

turtles during their pelagic life stage (i.e. juveniles or migrating

adults to egg-laying sites) can accidently enter inside the net during

hauling and die by drowning (Lucchetti et al., 2017a; Pulcinella

et al., 2019). Nonetheless, TM are mainly used only in the Adriatic

Sea, where the assessments of bycatch are notably high, especially

for sea turtles (Pulcinella et al., 2019; Bonanomi et al., 2022).

Drifting longlines pose a potential risk to all the investigated

groups of sensitive species, wherever this gear is used. Since it is

used at the surface or in mid-water, the gear can pose a risk to those

groups that migrate or swim along the water column (especially PE,

ST, and to a lesser extent to MM). A longline hook swallowed with

the bait induces severe injuries in the bycaught species, since it

pierces the oesophagus or penetrates even deeper, tearing the

internal tissues. Once again, for sea turtles the interaction with

this kind of fishing gear can occur during the pelagic life stage

(Lucchetti et al., 2017b; Virgili et al., 2024), while for PE and MM in

any time of their life cycle. The most potential at-risk area, we

detected, is represented by the Western Mediterranean, where even

seabirds are at risk with this type of gear, being attracted to longline

as a source of food. For this group of sensitive species, however, a

significant limit is represented by the shortage of available

information and studies; therefore, the moderately high levels of

risk observed in the Western Mediterranean could be linked to the

fact that this is the only area where several studies have been

conducted (Garcıá-Barcelona et al., 2010; Carpentieri et al., 2021).

However, the risk of seabird bycatch with longlines is well-

documented in other parts of the world (see Anderson et al., 2011

for a review); therefore, it is reasonable to expect that the extent of

the problem may be underestimated in the Mediterranean.

Bottom longlines represent, according to our findings, a

potential risk for demersal and pelagic elasmobranchs as well as

for sea turtles in all the areas. The combination of bait presence

attracting species, coupled with the small size of hooks used in these

gears, makes them particularly effective and non-selective. As

explained above for drifting longlines, hooks ingestion can have

lethal consequences on the bycaught species, and in the case of sea

turtles this interaction can occur during the demersal life stage of

the species (Álvarez de Quevedo et al., 2010; Lucchetti et al., 2017b).

Set nets pose a potential risk to various groups of sensitive species, in

particular to demersal elasmobranchs in all the investigated areas, and to

marine mammals in the Black Sea, especially to P. phocoena relicta

(Kratzer et al., 2021; Popov et al., 2023). However, the interactions

(mainly depredation) between passive nets and marine mammals are a

cause of concern throughout the Mediterranean basin, especially in the

central sub-region (Li Veli et al., 2023), because the individuals trying to

depredate the nets risk to get entangled and die by drowning.

Purse seine fishing is generally considered environmentally

sustainable, because it does not damage the seabed and is

selective for the schools of targeted fish. Indeed, a study
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conducted in the Western-Mediterranean Sea concluded that

purse-seine fishery has only a slight impact on the main species

of the pelagic ecosystem, due to the purse-seine slipping practices

(Ruiz et al., 2021). However, the PSA analysis here showed that this

gear poses a potential risk especially for pelagic elasmobranchs (the

spatial and vertical overlap between this group of species and this

fishery is high), while for all the other groups, the relative risk is

generally low. By contrast, in the Western-Mediterranean Sea other

authors found that the mainly affected species groups were instead

seabirds and marine mammals (Wise et al., 2019; Ruiz et al., 2021).

Demersal elasmobranchs have emerged as the highest-risk

group throughout the Mediterranean and Black Sea basins across

nearly all the considered fishing gear types. This is ascribable to the

presence of numerous species of demersal sharks and rays, which

have broad geographic distributions and often have commercial

value (Ragonese et al., 2013), thereby exposing them to intense

fishing pressure. Because of the potential high risk posed by these

gears to this groups, it would be necessary to identify key areas (e.g.

nurseries area for demersal sharks) to be closed to fishing at least

during certain times of the year, as it is being investigated for

commercial species in the North Mediterranean (e.g. Colloca et al.,

2015), but also as already investigated for sharks in different parts of

the world (Heithaus, 2007; Kinney and Simpfendorfer, 2009;

Barnett et al., 2019).

The identification and establishment of areas closed to fishing,

such as marine protected areas (MPAs) and fisheries restricted areas

(FRAs), could help reduce susceptibility by reducing the areal

overlap between all species groups here considered and fishing

effort. This could seem a good solution to reduce vulnerability of

these species, which usually have high productivity values, meaning

that they are particularly vulnerable to fishing activities due to

intrinsic biological traits and thus less resilient. However, it is

known that for socio-economic reasons, this solution is only

feasible for small areas, which does little to resolve issues with

species capable of long migrations. Also, when dealing with highly

migratory species, a static approach is not always the best option. In

fact, for some species, it would make sense to modulate the fishing

closure periods only during specific times characterized by a high

concentration of individuals of that species (Lewison et al., 2015).

Furthermore, a dynamic management approach could also be more

easily accepted by the fishing communities. For example, in some

areas of the northern Adriatic, Sites of Community Importance

have been established due to the presence of bottlenose dolphins

and sea turtles (Fortuna et al., 2018). In these cases, a dynamic

management of the areas and fishing activities could allow for

greater compliance from fishers and increased effectiveness. But to

implement such management, it is necessary to rely on a solid

scientific foundation that is periodically updated, especially

considering the significant climate changes underway that can

rapidly alter both the global and local scenarios. Alternatively,

measures could be introduced to reduce fishing effort, such as

reducing the number of fishing vessels or decreasing the number of

fishing days. Socio-economic factors make this solution impractical

due to the implications for income and job losses.

As reducing the vertical overlap or species presence in an area is

impossible, the only possible solution is to reduce catchability and
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species mortality (even after release at sea), for example, through the

development of alternative and more sustainable gears (Petetta

et al., 2020, 2021) or through the use of mitigation systems (i.e.

Bycatch Reduction Devices - BRDs) (Sartor et al., 2018; Lucchetti

et al., 2019; Swimmer et al., 2020; De Santis et al., 2024; Virgili et al.,

2024). In this sense, there are different initiatives such as the use of

Turtle Excluder Device (TED) in trawler (Lucchetti et al., 2019), or

the use of circle hooks in surface longline (Patterson et al., 2014)

that could reduce bycatch and/or mortality on some PETs groups.

In addition, the combination of mitigation systems, together with

measures to avoid fishing during the species’ peak activity hours,

can significantly reduce catchability. For example, the use of tori-

line, together with night setting, has been shown to significantly

reduce seabird bycatch (Jiménez et al., 2020). Therefore, similar

measures need to be developed to reduce bycatch from demersal

sharks and further research is needed.

Concerning sea turtles, there are different BRDs suitable for

different gears, which help mitigate the current high bycatch rates

observed in most of the fisheries of the Mediterranean basin

(Carpentieri et al., 2021; Virgili et al., 2024). The loggerhead sea

turtle, C. caretta, is the most widespread sea turtle species in the

basin, thus the most impacted; in contrast, data related to green

turtle, Chelonia mydas, is more limited due to the narrower

distribution range of the species (mainly Central and Eastern

Mediterranean). The use ofTEDs in bottom trawls should be

mandatory in areas where the vulnerability of sea turtles reaches

the highest values. The PSA analysis revealed that these areas are the

Adriatic Sea, the Central and Eastern Mediterranean. In longline

fisheries, one solution resides in the use of circle hooks that are less

likely ingested by large bycaught animals (also including pelagic

elasmobranchs), thus decreasing bycatch or increasing survivability

after release (Piovano et al., 2009; Virgili et al., 2024). The increase

in fishing depth in the water column has significantly decreased the

bycatch of sea turtle on surface longlines (Báez et al., 2019). In set

nets fisheries, one promising solution to minimize sea turtle bycatch

was found to be the use of lights, particularly UV-LED (Virgili

et al., 2018).

Some BRDs developed for sea turtles are also useful to avoid the

catch of large pelagic elasmobranchs, such as exclusion grids in

bottom trawl (with some modifications compared to TED as

narrower bar spacing (e.g. Brčić et al., 2015; De Santis et al.,

2024), and circle hooks in longlines (Bull, 2007; Godin et al.,

2012; Swimmer et al., 2020; Carbonara et al., 2023). The drifting

longline was found to be the most impacting gear for this group,

especially in the Central Mediterranean, where some large sharks

(e.g., genus Carcharhinus) are still being targeted by specific

fisheries (Echwikhi et al., 2014; Lucchetti et al., 2023). Urgent

management actions are here required to reduce the effort on

these species and/or introduce BRDs.

Concerning seabirds, in Western Mediterranean, bycatch

mortality, especially due to longline fisheries, is reducing adult

survival and affecting both sexes unequally, which may intensify

bycatch impact on population viability (Cortes and Gonzalez-Solis,

2018). In a recent development, taking into account the high

bycatch rate of the Balearic shearwater (Puffinus mauretanicus),

the GFCM issued a crucial recommendation aimed at enhancing
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the conservation status of seabirds (GFCM, 2021). This

recommendation outlines specific measures to reduce undesired

interactions between fishing activities and seabirds, including i) the

use of weighted lines that help sink hooks beyond the dive depths of

seabirds, ii) streamer (tori) lines to scare them during longline

deployment, iii) change in fishing practice such as night setting to

reduce interactions with diurnal foraging seabirds or avoiding the

discharge of offal and discards during the shooting and hauling of

fishing gear. This guideline is applicable to all commercial fishing

operations conducted in the entire Mediterranean Sea, where

incidental capture of seabirds occurs during fishing activities.

Marine mammals have moderate vulnerability to all fishing gears

except to set nets, especially in the Black Sea. Some BRDs are being

investigated in relation to this gear, such as the use of acrylic glass

spheres to improve acoustical visibility (Kratzer et al., 2021) or

acoustic deterrents, namely pingers. The latter have been

extensively tested in several fisheries of the Mediterranean and

Black Seas (FAO, 2021) but, despite citizen science campaigns, their

uptake by fishers is limited, while their effectiveness is controversial,

with positive results in some areas e.g. (Monaco et al., 2020; Ceciarini

et al., 2023) and less in others e.g (Cox et al., 2004; Buscaino et al.,

2021). Some authors suggest that pingers may not be successful

bycatch mitigation devices for all cetacean and pinniped species

(Dawson et al., 2013). Concerning bottlenose dolphins (Tursiops

truncatus), which is the most commonly observed species

interacting with fisheries due to its wide and coastal distribution (Li

Veli et al., 2023), pingers were found to deter depredation only in the

short term, with null or opposite effect in the long term (Buscaino

et al., 2021). In fact, they can act as ‘dinner bell’, with individuals of T.

truncatus observed depredating set nets equipped with pingers (Snape

et al., 2018). This might have discouraged fishers to use pingers

available in the market. To this end, new pingers are being developed

in the Life DELFI project (LIFE18 NAT/IT/000942), which are based

on automatic recognition of dolphins approaching to fishing gears

and they are planned to be more effective in producing alarming

sounds that avoid dolphins’ habituation.

Bycatch monitoring through on board observers only makes

sense if a good percentage of the overall effort is monitored.

Without intensive monitoring it is impossible to perceive

whether, from year to year, there is an improvement or reduction

of bycatch in the various fisheries. Over the last 10 years, megafauna

monitoring techniques have evolved and bycatch risk assessment is

now also conducted by cross-referencing megafauna observation

data (e.g. from satellite tags or aerial surveys; e.g. (Pierantonio et al.,

2023; Panigada et al., 2024) with fishing effort data (e.g. from AIS or

VMS; Ferrà et al., 2018; Armelloni et al., 2021). However, aerial

surveys provide a picture of the situation at a specific time (usually

only one survey per year is carried out), thus they are not able to

intercept individuals while they are submerged, etc.; on the other

hand, VMS and AIS data are generally only available for large

vessels, and by-catch information from small-scale coastal fisheries

is largely lost. This information can also be supplemented by the

Local Ecological Knowledge (LEK) i.e. gathering data by

interviewing fishers (Goetz et al., 2014). Recently, machine

learning algorithms have been suggested as a way to address

some of the analytical challenges in estimating bycatch of
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protected species. This approach has the potential to enhance

bycatch estimates, particularly for rare species (Long et al., 2024).

For this study, the FAO-GFCM subregions have been considered

as reference areas, in order to maintain consistency with the

management approach adopted in this area. These regions provide

strategic and technical assistance to help countries effectively meet

their commitments to the GFCM. However, due to the ecological and

biogeographical characteristics of the different areas, the study of the

vulnerability of various species to different fishing gears should be

addressed in a more detailed manner at the level of GSAs

(Geographical Sub-Areas), even though this would entail further

fragmentation, including in any management measures.

The quality of the data collected is rated at level 2 (Adequate

Data) only for two groups (marine turtles and mammals). For other

groups, information derived from literature is fragmented and often

linked to bycatch rates indicated by specific studies, rather than true

estimates of bycatch. For elasmobranchs, for example, information

is scattered across many sources, but a comprehensive basin-wide

synthesis highlighting species-specific bycatch rates is lacking.

Numerous scientific articles report on local issues with specific

species and gear (see the review by Carpentieri et al., 2021). Here,

we summarized bibliographic information and integrate it with

expert input, but it is undeniable that the quality of the data needs to

be improved. In such cases, with a precautionary approach, we

described the worst-case scenario. For instance, regarding seabirds,

the quality and quantity of available data are very poor, with the sole

exception of the western Mediterranean. This is certainly due to the

limited monitoring of this taxonomic group, but in this case, it may

have created a bias in data analysis, highlighting a serious problem

only in the area that is actually monitored. Expert input has only

partially mitigated this issue. Therefore, the recommendation for

this taxonomic group is to significantly increase monitoring efforts.

A final consideration should be made regarding the values of

Productivity. Here, we used a scale and method proposed by MSC

and internationally accepted. However, it should be considered that

elasmobranchs exhibit a wide range of reproductive strategies,

which should be considered when determining the fecundity

cutoff. The number of eggs is positively correlated with increased

mortality, reflecting the differences between r-selected and K-

selected species. Viviparous species produce fewer eggs, but with

significantly higher survival rates, making fecundity a less reliable

indicator than suggested here. Therefore, for this group, we believe a

revision of the scales and attributes proposed by MSC is necessary.

These results show that much still needs to be done in terms of

data collection. Nevertheless, the path in the Mediterranean is being

paved by the standardization initiatives of data collection

undertaken by FAO-GFCM (FAO, 2019).
Conclusions

Over the past two decades, escalating concerns surrounding

fisheries’ bycatch have catalysed numerous conservation initiatives

and scientific endeavours. Despite these efforts, achieving a

comprehensive understanding of the extent, magnitude, and spatial
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distribution of bycatch has proven challenging, hindering the

development of effective management strategies. We are aware that

the approach of using five broad species groups, which differ in

biology and ecology, has its limitations (there is variability even among

species within the same group). However, we believe that the results

presented this way are much more direct and useful for management

purposes (providing management recommendations at the level of

individual species would be less practical). Beginning with the

fundamental query “Is the current level of knowledge truly

insufficient to begin considering management measures to protect

sensitive species?”, we advocate for a precautionary approach to

safeguard Mediterranean biodiversity and advocate for the

conservation of vulnerable species. We assert that actionable steps

can be taken using available data, with Productivity and Susceptibility

Analysis (PSA) serving as a versatile tool to integrate region-specific

insights into fisheries and management activities. PSAs may assist in

identifying potential risks in data-limited circumstances and in

prioritizing actions, such as data collection or management

measures, to mitigate those risks. While there is scientific evidence

regarding the impact of different types offishing gear onmarine turtles

and marine mammals in various areas, this is not as clear for

elasmobranchs and seabirds. For elasmobranchs, the main task will

be to systematize the available information to derive bycatch rates by

gear type and area. For seabirds, the available information is mostly

qualitative, making it essential to increase data collection efforts. A

crucial second step will be to identify not only the areas but also the

seasonality of interactions between fishing gear and various groups of

vulnerable species. This would allow for the development of dynamic

management measures that could significantly reduce the problem

without completely disrupting fishing activities. An additional and

fundamental step will be to refine and finally introduce the use of

bycatch mitigation systems in Mediterranean fisheries. It will be

necessary to make a significant leap from solutions predominantly

used in scientific research to concrete measures to be adopted in

professional fishing practices. Some technical solutions, such as the use

of circle hooks in longline fishing, or changes in fishing practices (such

as the night setting; Swimmer et al., 2020) represent a minimal change

to standard fishing practices and should be evaluated over the long

term (Swimmer et al., 2020). In some cases, simple technical solutions,

such as avoiding the use of very large mesh sizes or trammel nets (at

least during certain times of the year), could reduce bycatch with

minimal effort (Lucchetti et al., 2017a). Other solutions, such as the

use of TEDs in trawl nets, represent a substantial but very promising

change, at least in certain areas (Lucchetti et al., 2016b; Lucchetti et al.,

2019; Vasapollo et al., 2019). These could be introduced at least in

areas where turtle-fishing interactions are evident or in regions where

restrictions are already in place, such as Fishery Restricted Areas

(FRAs). Regarding seabirds, the use of relatively simple solutions, such

as bird lines in longline fishing, should definitely be tested and

encouraged. For dolphins, there are no solutions that are 100%

effective; therefore, a multi-faceted approach should be adopted, and

systems of alert (or new pingers) based on dolphin recognition

through artificial intelligence should be promoted (Li Veli et al., 2023).

Thus, PSA can serve as a decision-making tool for progressively

enhancing the sustainability of seafood products as exemplified by this
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study.Althoughmonitoring activities can and shouldbe improved and

increased, all the information to be able to “decide” already exists. Our

study, synthesising data fromnumerous sources acrossMediterranean

and Black Sea regions, unequivocally identifies areas and fishing gears

posing risks of bycatch for various species groups.Thus, attentionmust

be directed toward these areas and gears tominimize species mortality

and enhance the survival of discarded individuals while ensuring

fisheries profitability. This involves investing in a) technological

innovations in fishing gears and BRDs, especially critical areas and

gears, b) management efforts enforcing technical measures on gears,

fishing closures and time closures to be implemented dynamically,

based on the seasonality, the presence of species, and actual

emergencies, and c) new monitoring techniques such as Remote

Electronic Monitoring (REM).
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