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Summary

Bycatch, the incidental capture of non-target species in fishing gear, has been recognised as the
most significant global conservation threat affecting seabird species. Geographically, bycatch
rates vary widely, depending on local fishing efforts, environmental features, and seabird
community composition. Regional and local research is essential due to the complexity of
accurately extrapolating general conclusions regarding the impacts of bycatch. Existing
European bycatch research predominantly focuses on northern regions, leaving a significant
knowledge gap regarding bycatch in the Mediterranean Sea. This work presents findings of
wintering diving seabirds as bycatch of small-scale fisheries in a coastal area of the northern
Adriatic Sea, based on data collected between 2021 and 2023. Seabird distribution varied along the
depth profile. The bathymetric range between 3 m and 5 m was the most exploited by fishermen.
Bycatch of seabirds was confirmed in the study area, with five species recorded, i.e. Black-necked
Grebe Podiceps nigricollis, Red-throated Loon Gavia stellata, Black-throated Loon Gavia arctica,
Mediterranean Shag Gulosus aristotelis desmarestii, and Great Crested Grebe Podiceps cristatus.
Our results suggest that bathymetry likely plays a strong influence on bycatch occurrence.
Incidental captures were not widespread but appeared concentrated in the shallowest depths <5
m and the range <2.5 m was identified as particularly susceptible due to the low associated fishing
effort and themajority of bycatch events recorded.We estimate that between 46 and 108 birdswere
incidentally captured during the research period. This study identifies key factors shaping the areas
of bycatch vulnerability and risk, proposing a spatial–temporal mitigation framework within
Natura 2000 sites and highlighting the value of local stakeholders’ engagement.

Introduction

Fishing has many implications for marine megafauna, including birds, mammals, turtles, and
sharks, with varied effects on populations (Lewison et al. 2004, 2014; Pauly et al. 2005; Tasker
et al. 2000; Žydelis et al. 2009), mainly linked to competition for the same resources (Grémillet
et al. 2018). The industrialisation of fishing has drastically increased negative effects on prey
availability due to the growing fishing effort at the spatial–temporal level (Furness 2003; Tasker
et al. 2000). Whilst the sustainable management of fishing activities on a global scale is
challenging, it is critical to ensure the conservation of marine biodiversity (Crowder et al. 2008).

Seabirds are themost vulnerable group of birds globally, having undergone a drastic decline over
recent decades (Dias et al. 2019; Grémillet et al. 2018; Vulcano et al. 2024); approximately 30% of
species are threatened and at risk of extinction (BirdLife International 2022). Bycatch, the incidental
capture of non-target species in fishing gear, is the primary threat to seabird populations. It is
recognised as the main cause of decline among populations worldwide (Anderson et al. 2011;
Croxall et al. 2012; Dias et al. 2019; Paleczny et al. 2015; Pott and Wiedenfeld 2017; Votier et al.
2023). Several factors contribute to the extent of this threat, including the specifics of the local
fishing effort, the composition of the seabird community, and varying foraging anddiving strategies
between species (Martin and Crawford 2015; Northridge et al. 2017; Richards et al. 2022; Sacchi
2021). The bycatch rate can vary significantly at different scales, even with the same seabird species
and fishing gear (see Genovart et al. 2017). Some species are more vulnerable, and it is difficult to
generalise the effects of bycatch on different seabird populations (Genovart et al. 2017). Accurate
assessment of how bycatch occurs and the effective development of bycatch mitigation measures
require standardised data and scientific evaluations of the extent of bycatch at a local scale.
Moreover, many species affected by bycatch are migratory, indicating that its impact can be
substantial not only for local populations but also across broader spatial scales (Courbin et al.
2024). Identifyingwhere bycatch occurs and the spatial–temporal distribution of seabird species are
essential to evaluate seabird–fishery interactions (Grémillet et al. 2018; Le Bot et al. 2018).
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On aEuropean scale, bycatch has been largely investigated in the
Baltic Sea (Bellebaum et al. 2013; Glemarec et al. 2020; March-
owski et al. 2022; Morkūnas et al. 2022) and in the North Sea
(Christensen-Dalsgaard et al. 2019; Cleasby et al. 2022), where it
is estimated that between 100,000 and 200,000 seabirds die annually
in gillnet fisheries (Žydelis et al. 2009). In the Mediterranean Sea,
the estimated annual bycatch is around 8,000 seabirds annually
(Ramírez et al. 2024). Studies highlight that bycatch drives seabird
populations’ decline and adult survival across several Mediterra-
nean areas (Carpentieri et al. 2021) and close to Atlantic areas
(Nascimento et al. 2023). In the western Mediterranean, bycatch
rate by longlines reported for Scopoli’s Shearwater Calonectris
diomedea (Courbin et al. 2024; Genovart et al. 2018), Yelkouan
Shearwater Puffinus yelkouan, and Balearic Shearwater Puffinus
mauretanicus indicates a considerable threat to the survival of these
species (Cortés andGonzález-Solís 2018; Cortés et al. 2017). Accord-
ing to Genovart et al. (2017), bycatch in gillnets is responsible for 9%
of the juvenile mortality of the Mediterranean Shag Gulosus aristo-
telis desmarestii population in the northern Adriatic Sea. Neverthe-
less, there is still a widespread lack of qualitative andquantitative data
on seabird bycatch in the central and eastern Mediterranean
(Ramírez et al. 2024), although there has been an increasing aware-
ness within the fishing industry and authorities of this issue over
recent years (Anderson et al. 2011; Carpentieri et al. 2021).

According to the European Parliament (2014), small-scale fish-
eries are defined as fishing vessels of an overall length of <12 m,
excluding those using towed fishing gear. Small-scale fishing is an
extremely heterogeneous sector in which a wide range of gear,
including gillnets and longlines, can target fish species’ availability
and ecology (Lloret et al. 2018). It is considered one of the most
sustainable fishing activities with a lower impact on marine eco-
systems than industrial fishing (Jacquet and Pauly 2008; Lloret et al.
2020). At the same time, small-scale fisheries play a central role in
the culture, traditions, and socio-economic health and provide
employment opportunities to local European coastal communities
(Guyader et al. 2013; Lloret et al. 2018, 2020). On a Mediterranean
scale, small-scale fisheries are the dominant fishing sector in all
Mediterranean sub-regions, representing approximately 82% of the
total fleet, with the highest proportions observed in the west and
east (FAO 2023). The small-scale fishery of the northern Adriatic
Sea is very complex and diverse (Calò et al. 2023; European Com-
mission 2021; Grati et al. 2018, 2022) and in the Friuli Venezia
Giulia region (north-east Italy) it is widespread throughout the
coastal area; this fishery is the most significant component of the
regional fleet (69.4%), including 343 vessels in 2021, in which
gillnets are commonly employed (ERSA 2022).

Current estimates of bycatch levels may be subject to under-
reporting by national authorities, showing potential inaccuracies
and significant inconsistencies in the data (Merkel et al. 2022;
Morkūnas et al. 2022), likely because small-scale fisheries are often
overlooked and still poorly investigated, leading to a lack of essen-
tial information and basic data (Jacquet and Pauly 2008; Žydelis
et al. 2009). The unique dynamics and features of actual activities in
small-scale fisheries mean it is difficult to monitor and obtain
information from these fleets (Žydelis et al. 2009). Moreover, they
often lack remote navigation control and effective onboard moni-
toring systems as these are small vessels (Carpentieri et al. 2021).
Although these knowledge gaps hamper understanding of the
extent of overall seabird bycatch (O’Keefe et al. 2021), recent works
demonstrate how this fishing sector poses a serious threat to certain
seabird taxa (Cleasby et al. 2022; Morkūnas et al. 2022; Northridge
et al. 2017; Rouxel et al. 2023; Žydelis et al. 2013).

The insufficient coverage of protected areas and the consequent
infringement procedure regarding marine habitats is the stated
priority for Italy’s completion of the Natura 2000 Network
(Baccetti et al. 2018; European Commission 2024). In Italy, 7.79%
of coastal and marine areas are under protection (Claudet et al.
2020). In compliance with the Marine Strategy Framework Direct-
ive 2008/56/EC and the national indications for the expansion of
the Natura 2000 Network at sea, several sites along the Italian
coastline have been identified as potential new Special Protection
Areas (SPAs) for breeding and wintering seabird populations
(Baccetti et al. 2018). The coastal marine area of the Friuli Venezia
Giulia region (northernAdriatic Sea) supports a relative abundance
of wintering seabirds, making it a priority site of international
importance for bird conservation (Baccetti et al. 2018; Zenatello
et al. 2014). In response to the infringement procedure (European
Commission 2024), the coastal area between the mouth of the
Isonzo River and Grado city has been designed as SPA Banco del
Becco, under the “Birds” 2009/147/EC Directive, due to the pres-
ence and consistency of wintering populations of five species:
Black-necked Grebe Podiceps nigricollis, Red-breasted Merganser
Mergus serrator, Velvet Scoter Melanitta fusca, Common Scoter
Melanitta nigra, and Black-throated Loon Gavia arctica (Baccetti
et al. 2018). At the time of writing, no existing research pertaining to
bycatch in this area can be found. The fishing effort, distribution of
fishing activities, and incidental bycatch rate were unknown. The
only information available is from anecdotal reports of incidents
and findings of beached birds within the local harbour whereby
mortality was attributed to fisheries interaction (Biodiversity Office
Friuli Venezia Giulia Region 2023).

Knowledge gaps and a lack of standardised data indicated the
need for a bycatch investigation and scientific and technical assess-
ment in this coastal area of the Mediterranean Sea (European
Commission 2024). Establishing this new protected area with
significant natural and ornithological value prompted the initiation
of the study. Nevertheless, the regional management of small-scale
fisheries and conservation of local seabirds require an accurate
evaluation of the issue. This study investigated the extent of bycatch
by small-scale gillnets and longline fisheries on wintering diving
seabird species in a Mediterranean Sea coastal zone. The main aims
were to analyse the seabirds’ bycatch rate in small-scale fisheries
during ordinary fishing operations and characterise the primary
elements defining high-risk areas to establish a framework for
further mitigation actions to reduce bycatch.

Methods

Study area

The study area is located in the northernmost part of the Mediter-
ranean Sea, within the geographical sub-area GSA17 (FAO 2022) in
the northern Adriatic, between Grado and Monfalcone cities (45°
40’48.9"N 13°22’04.1"E and 45°47’04.7"N 13°32’36.1"E) (Figure 1).
It is specified within the administrative borders of coastal-marine
waters. It includes marine extensions of two Natura 2000 sites, SPA
“Foce dell’Isonzo – Isola della Cona” and SPA “Val Cavanata e
Banco Mula di Muggia”, the recently set up SPA “Banco del Becco”
and the bordering zone, for a maximum of 5 km offshore from the
coastline. The study area covered about 9,355 ha. It is regarded as
one of the most significant areas for wintering and migratory
seabirds internationally (Zenatello et al. 2014). The seabed, which
extends up to -13.5 m, is mainly shallow due to the presence of two
sedimentary bodies, i.e. the Mula di Muggia sandbank and the
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Isonzo River delta. These areas extend up to 2 km seawards and are
bordered by a set of sandy bars within a 2–3 m depth, representing
the upper shoreface’s limit (Bezzi et al. 2021). The marine stretch
between Grado and the Isonzo River mouth has historically served
as one of the primary locations utilised by the local Grado Fisher-
men Cooperative, the central hub for fishermen from Grado. The
fleet operating in the area comprises 19 boats, ranging in length
from 6 m to 12 m. In this coastal area gillnet fishing is prevalent,
whereas longline activities, mainly targeting the European seabass
Dicentrarchus labrax, are carried out by a restricted number of
vessels under specific winter weather conditions, generally consist-
ing of slightly rough sea and moderate winds.

Wintering seabird community

Eleven wintering diving seabirds with regular occurrence in the
study area (Zenatello et al. 2014), and potentially exposed to the
threat of bycatch were studied: Sandwich Tern Thalasseus sandvi-
censis, Mediterranean Shag, Common Scoter, Velvet Scoter, Red-
breasted Merganser, Black-throated Loon, Red-throated Loon
Gavia stellata, Red-necked Grebe Podiceps grisegena, Horned

Grebe Podiceps auritus, Great Crested Grebe Podiceps cristatus,
and Black-necked Grebe. Data collection covered the two winters
of 2021–2022 and 2022–2023. The analysis focused on the period
between 10 November and 10 March, a highly representative
interval for the wintering of the target species. We employed visual
census techniques during ship-based surveys at sea to quantify the
distribution and abundance of wintering seabirds. Observations
were conducted using 10 × 42 binoculars and a high-resolution
camera with a zoom capability of up to 1,000× to facilitate species
identification for distant birds. Monitoring activities were system-
atically conducted along 500-m apart standard transects, with
accurate attention given to minimising instances of double count-
ing, thereby ensuring the accuracy and reliability of the data col-
lection process. The area was separated into two sectors for
logistical and sample purposes (Grado-Isonzo River mouth and
Isonzo River mouth-Monfalcone), possibly monitored on consecu-
tive days. In 2021–2022, we conducted 18 ship-based surveys
totalling 96 monitoring hours and 16 ship-based surveys totalling
71 monitoring hours in 2022–2023. This allowed us to analyse nine
complete sessions in 2021–2022 and eight in 2022–2023 across the
whole study area with an approximate interval of 15 days. Each

Figure 1. Location of the study area in the northern Adriatic Sea.
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individual or flock observed on the water surface was marked as a
punctual data position, estimating the distance from the observer
with a global positioning system (GPS) device. Distance assessment
was calibrated using known seamarks, landmarks, and boat routes
registered by the GPS device.

Fishing effort data

Fishing effort data were collected in collaboration with the
Grado Fishermen Cooperative along the marine stretch between
Grado and the Isonzo River mouth. Data were gathered between
10 November and 10 March during both winters 2021–2022 and
2022–2023. The data set encompassed fishing activity duration (set
and hauling hours), type of gear deployed (gillnet or longline), gear
design (total length, mesh, total number of hooks), gear profile
locations, and eventual resulting bycatch events. A form was devel-
oped, provided to fishermen, and subsequently compiled by them.
The form comprised a map of the study area, an overlaid grid of
500m × 500m and a set of spatial references useful for fishermen to
identify the fishing area. Each fishing gear was spatially digitalised
by as many geographical points as the number of cells occupied by
the drawn gear profile. We based the points positioning inside the
cells on the geographical coordinates provided or the profiles drawn
by fishermen in the corresponding form. The kernel method
was used for the spatial analysis of the Utilisation Distribution
(UD) calculation, which is the distribution probability of a deter-
mined entity/object from geographical position data (Worton
1989). Each fishing activity was assigned a bathymetric value
corresponding to the mean depth of the respective fishing points.
We obtained Exposition (E) by multiplying the Gear length by the
Submersion time. Then, we obtained the overall Fishing Effort (oFE)
by summing the expositions of each gear. Similarly, we calculated
the diurnal Fishing Effort (dFE), extrapolating the diurnal Expos-
ition (dE) component, considering nautical dawn and dusk hours
recorded at Grado (https://albatramonto.com/).

Exposition ðEÞ=Gear length ðkmÞ× Submersion time ðdayÞ

overall Fishing Ef f ort ðoFEÞ = P
Exposition ðEÞ

Sampled fishing effort and bycatch rate

No previous knowledge about fishing effort in the study area was
known to date. Bycatch analysis, which results from directly sam-
pling fishing activities, is considered the most reliable and unbiased
method (FAO 2019; ICES 2024). For accurate and reliable bycatch
estimates, the optimum sampling coverage should range between 2%
and 7% of the total fishing operations completed (FAO 2019; ICES
2024). We closely tracked with our boat the vessels of fishermen
available to participate in the investigation throughout their ordinary
fishing activities. Thus, it was unfeasible to formulate a monitoring
plan in advance; nevertheless, we scheduled a minimum of one
survey per week. During 2021–2022, we conducted 18 ship-based
surveys at intervals of approximately seven days, and 22 ship-based
surveys at intervals of approximately six days in 2022–2023. Eight
boats were involved. We recorded the geographical coordinates of
each bycatch event.We calculated theBycatch Rate (BR) (birds/1,000
m/day) by dividing the total number of Bycaught Birds (BB) by
sampled Fishing Effort (sFE), obtained by summing the sampled
Exposition (sE) of each gear. We estimated potential incidental
catches in the area by multiplying BR and oFE in relation to the

water depth, an environmental factor likely linked to the bycatch rate
(Northridge et al. 2017). In addition, we obtained the bycatch pre-
vision only for the diurnal timeframe. Finally, we calculated the
derived Fishing Effort (deFE) by projecting the characteristics of the
sampled data set, specifically the submersion time, across the entire
length of the gear used by the fleet. The deFE represents a different
scenario of bycatch rate, eliminating the need for daily reports of gear
submersion time by fishermen.

BR =
total number  of  Bycaught Birds BBð Þ

sampled Fishing Effort sFEð Þ

deFE =
sFE

overall sampled lenght of  gears
x overall lenght of  gears

Vulnerability and risk area

We developed maps of vulnerability and risk. Identification and
characterisation of critical bycatch areas were based on the inte-
gration of values of three layers: (1) distribution of bycaught species
(kernel method; Worton 1989), obtained by the combination of
reclassified concentration maps of each species, to align distribution
species regardless of their population size (Kspecies); (2) distribution
of total fishing activities (kernel method; Worton 1989) (Kfisheries);
(3) Bycatch Rate calculated as a function of bathymetry.

The vulnerability map illustrates zones with a potential threat in
the whole study area, as determined by the combined effect of
bathymetry and bird distribution. The risk map depicts the actual
risk spots linking the vulnerability factor to the actual threat posed
by fishing activities. We integrated layers via the Raster Calculator
tool with the following expressions:

Vulnerability = ðBycatch Rate x 100ÞþKspecies

Risk=Vulnerability x Kf isheries

In the vulnerability assessment, a multiplicative factor of
100 was used to align the orders of magnitude of BR and Kspecies,
balancing their numerical value weights.

Data analysis

The statistical analysis was performed in STATISTICA software.
Cartographic analysis was carried out through ArcGis 10.8 and
QGis 3.22.6. We applied the contingency tables tested by the chi-
square test to compare the observation frequencies of species
according to bathymetric ranges of 1 m intervals. Furthermore,
we used a Generalised Linear Model (GLM) to test if the bathy-
metric profiles differ between species. Spearman’s rank correlation
was used to test the spatial correlation between bird and fishing
point distribution with cell analysis. The significance threshold was
set at P <0.05.

Results

We collected 1,754 records of seabirds’ presence. The highest abun-
dance of birds was registered in December. In the 2021–2022 season,
a maximum of 1,425 individuals was recorded in December and a
minimum of 411 inMarch. In the 2022–2023 season, a maximum of
1,493 individuals was registered in December and a minimum
of 361 individuals in March. Great Crested Grebe was the most
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abundant species, with 806 individuals registered during one
single survey (Table 1). Seabird distribution varied significantly
with bathymetric range between species (GLM, R2 = 0.184, F1,1732
= 29.570, P <0.0001). The frequency of species observations
within bathymetric classes exhibited significant differences
throughout the survey period (X2 = 68.29, df = 110, P <0.0001).
Main contributions to the total chi-square were made by four
species, i.e. Red-breasted Merganser, Red-necked Grebe, Black-
throated Loon, and Horned Grebe, among the 11 species moni-
tored. The Red-breasted Merganser’s distinctive coastal habitat
association provided the major contribution (species contribu-
tion/total contribution = 32.0%) followed by Red-necked Grebe,
the most exclusively marine species (species contribution/total
contribution = 14.2%). Other relevant contributions were the
Black-throated Loon’s marine distribution (species contribu-
tion/total contribution = 10.6%) and the Horned Grebe’s coastal
occurrence (species contribution/total contribution = 7.1%). Five
species were spatially correlated with fishing activities: Mediter-
ranean Shag (Spearman’s rank correlation: N = 161, rs = 0.352,
P <0.0001), Red-breasted Merganser (Spearman’s rank correl-
ation: N = 161, rs = 0.234, P <0.001), Black-throated Loon
(Spearman’s rank correlation: N = 161, rs = 0.172, P <0.0001),
Great Crested Grebe (Spearman’s rank correlation: N = 161, rs =
0.331, P <0.0001), and Black-necked Grebe (Spearman’s rank
correlation: N = 161, rs = 0.401, P <0.0001).

We analysed 991 fishing trips, 961 linked to gillnets and 30 to
longlines, collecting 3,095 fishing points to digitalise (Figure 2). The
total gear length deployed was 1,984 km, consisting of 1,939 km of
gillnets and 45 km of longlines. No instances of bycatch were
recorded as a result of completion of the forms by fishermen. The
bathymetric range between 3 m and 5 m was the most used
frequency class for fishing points (Figure 3). We gathered fishing
effort data for all the days with recorded fishing activity by the fleet
(n = 203), accounting for 84.6% of the entire study period; the
remaining non-fishing days were ascribed to bad weather condi-
tions. The highest monthly oFE was registered in December
(Figure 3). The bathymetric range <7.5 m contained 96.0% of the
total length of the fishing gear employed and 98.1% of the oFE.

We completed 40 monitoring surveys of fishing activities and
possible bycatch events along the bathymetric range <7.5 m. A total
of 82.64 km of fishing gear was surveyed, including 67.62 km of
gillnets and 15.02 km of longlines equipped with around 1,400
hooks. Small-scale fisheries correspond to 4% of the total fishing
trips recorded. We recorded nine incidental catches of diving
seabirds, eight in gillnets and one in longlines. Five species were
recorded: Black-necked Grebe (n = 4), Red-throated Loon (n = 2),
Black-throated Loon (n= 1),Mediterranean Shag (n= 1), andGreat
Crested Grebe (n = 1). Each bycatch record included a single
entangled individual with no multiple-catch events. Seven events
were recorded in depth <2.5 m, coinciding with the upper shore-
face, and the remaining two cases were between 2.5 m and
5 m. Given that the oFE and sFE were concentrated below the
7.5 m depth, the limited bycatch events recorded and the specific
morphological features of the area, the estimate of incidental
catches was calculated for three equal bathymetric ranges
(Table 2). The percentage sampling of sFE and BR, reported as
numbers of bycaught birds/1,000m/day to enable comparison with
other studies, are presented in Table 2.

The generated vulnerability map indicates predominantly shal-
low zones throughout the study area, where a dense and notable
concentration of seabirds was evident (Figure 4). The presence of
emerged sandbanks and underwater morphologies characterised
those zones, representing a further element in defining a high
vulnerability area. In conjunction with the actual threat posed by
fishing activities, the risk map delineates limited zones, primarily
along the upper shoreface isobaths, where fishing effort is relatively
more concentrated.

Discussion

Seabird community and bycatch rate

Bathymetry emerges as a highly significant element in the distri-
bution of the wintering diving species studied. Red-breasted Mer-
ganser and Horned Grebe displayed a purely coastal distribution,
while Red-necked Grebe and Black-throated Loon were connected

Table 1. Monthly maximum abundance of the 11 wintering diving seabirds considered in the study area

Species

Study period

2021–2022 2022–2023

Nov Dec Jan Feb Mar Nov Dec Jan Feb Mar

Sandwich Tern 141 148 1 0 1 151 77 44 14 1

Mediterranean Shag 456 66 19 11 9 102 47 8 19 4

Common Scoter 2 4 8 5 3 0 0 0 1 0

Velvet Scoter 0 27 27 54 53 0 9 13 35 43

Red-breasted Merganser 91 140 162 155 94 81 126 143 278 212

Black-throated Loon 87 95 79 26 11 91 284 34 16 7

Red-throated Loon 7 12 6 1 0 0 6 8 1 1

Red-necked Grebe 5 6 2 18 10 2 4 5 2 0

Horned Grebe 1 5 8 0 0 3 4 3 1 0

Great Crested Grebe 252 799 626 521 127 138 806 678 86 67

Black-necked Grebe 97 123 156 259 103 62 130 106 134 26

TOTAL 1,139 1,425 1,094 1,050 411 630 1,493 1,042 587 361
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Figure 2. Distribution of the small-scale fisheries fishing effort in the study area.
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Figure 3. Spatial distribution of fishing points employed to digitally record fishing trips across the bathymetric range (m) within the study area (A) and temporal distribution
throughout the study period, categorised by month (B).
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to deeper waters. This ecological feature might be connected to
resource competition, niche diet portioning or diving efficiency at
different depth ranges (Morkūnė et al. 2016). For instance, Red-
throated Loon tends to forage on pelagic prey across its wintering
distribution range, yet there is evidence of heterogeneity in feeding
strategies (Duckworth et al. 2022; Kleinschmidt et al. 2022), while
the Great Crested Grebe shows a broad prey spectrum as a result of
its benthic to pelagic diving activities (Morkūnė et al. 2016). In the
Adriatic Sea, however, the Mediterranean Shag bottom-foraging
technique has only been investigated (Cosolo et al. 2011; Sponza
et al. 2010). Similarly, the concentration map of fishing effort
appears to be substantially influenced by environmental features.
The combination of depth, submerged and emerged features, such
as sandbars (Bezzi et al. 2021) and tide cycles, shape the areas
suitable for fishing and the appropriate gear.

The bycatch issue for five seabird species has been documented
within the study area. The absence of bycatch records in the
fishermen-forms data highlights the importance of direct visual
sampling methods for a more comprehensive assessment of
bycatch events (FAO 2019). The effectiveness of this approach is
proven by recent studies that revealed significantly higher bycatch
rates from onboard observer programmes than from fisheries self-
reporting data (Bellenbaum et al. 2013; Fangel et al. 2015; Oliveira
et al. 2015). Incidental catches did not occur in a widespread and
homogeneousmanner but were located within specific bathymetric
ranges. The phenomenon, therefore, seems to be strongly influ-
enced by the physical environment (bathymetry) rather than the
ecology or foraging behaviour of species. Bycatch risk appears likely
related to the morphology of the study area and the shallowest
waters. The bathymetric range <2.5 m emerges as the most critical
zone in highlighting the phenomenon of bycatch with the highest
Bycatch Rate [0.22 (birds/1,000 m/day)], even though linked to a
low fishing effort (12.4%). Conversely, only two bycaught birds
were documented within the range 2.5–5 m, despite the maximum
oFE value (Table 2). The adequacy of monitoring efforts following
official guidelines, the frequency, and the temporal pattern of
surveys and regular data collected by fishermen support the reli-
ability of the recorded bycatch rates at the different depth classes
(<2.5 m, 2.5–5 m, 5–7.5 m). Gillnets anchored on the seabed can
span the entire water column throughout tide cycles. Thus, diving
seabirds could fail to detect the gear, leading to entanglement
during underwater foraging. Research on underwater visual acuity
and resolution on the Great Cormorant Phalacrocorax carbo sug-
gests that diving birds have limited capacities at their disposal to
detect prey (Strod et al. 2004; White et al. 2007), although it is not a
totally limiting factor for hunting efficiency (Grémillet et al. 2012).
Consequently, itmay be that diving birds cannot see gillnets inmost
foraging situations, particularly at highwater turbidity levels, unless
they are very close (Martin and Crawford 2015). Fortunately,

forecast catches of 46–108 individuals and reported bycatch rates
(Table 2) over the two-year surveys are more contained than in
other European contexts (Glemarec et al. 2020; Merkel et al. 2022;
Morkūnas et al. 2022; Žydelis et al. 2013), despite the large fishing
effort registered. However, we cannot minimise and dismiss this
issue as irrelevant because it simultaneously involves local conser-
vation concerns andmigratory species, therefore with broader scale
consequences. For example, Red-throated Loon shows a high indi-
vidual site fidelity and low adaptability to abiotic changes
(Kleinschmidt et al. 2019). Consequently, anthropogenic stressors,
such as marine traffic disturbance (Burger et al. 2019; Jarrett et al.
2021), offshore wind farm development (Heinänen et al. 2020) or
bycatch could cause cumulative negative impacts on loons. The
wintering population is locally low, with a fluctuation of only 8–12
individuals in the peak period of occurrence between December
and January. Recorded incidental catch rates might represent a
notable conservation problem for the population and wintering
occurrence in this Mediterranean coastal site. Moreover, longlines
and gillnets bycatch can be combined with other factors that
endanger the already declining Adriatic Mediterranean Shag popu-
lation (Genovart et al. 2017; Karris et al. 2013; Scridel et al. 2023;
Sponza et al. 2013) and the threatened western Mediterranean
population (Satta et al. 2023). This study highlights a spatial cor-
relation between four bycaught species and small-scale fisheries
activity suggesting that the most vulnerable group of species is
piscivorous. The Red-throated Loon was perhaps not spatially
correlated with fisheries due to its low numbers and wide range
of occurrence. Benthic-feeding species such as Velvet Scoter and
Common Scoter seem to be unaffected by the bycatch issue. Their
ecological preference for habitats that do not spatially or temporally
overlap with fishing activities is probably the driving factor,
together with their relatively small population sizes. Despite sig-
nificant spatial correlation and its numerical consistency, it should
be emphasised that the Red-breasted Merganser was not captured
incidentally and has never previously been reported in fishery
interactions in the area. The wintering population is almost entirely
concentrated in the <2 m range. We can likely hypothesise that the
diving behaviour or prey preference enables the Red-breasted
Merganser to avoid unfavourable interactions with fisheries, des-
pite the restricted coastal range.

SPA “Banco del Becco”

Six bycatch events out of nine (67%) were registered within the new
SPA “Banco del Becco”. The SPA includes about 23% of the records
of monitored species, about 51% of the fisheries points analysed, and
63% of those within the critical bathymetric range <2.5m. Therefore,
delineating fisheries management measures within the SPA bound-
aries should represent a useful and practical tool for addressing the

Table 2. The estimated incidental catches in relation to various fishing effort metrics for the whole study period. Data are for the three sampled bathymetric ranges
with the related bycatch rates reported as bycaught birds/1,000m/day

Bathymetry
Bycatch Rates

(BRs)

Estimated incidental catches

% overall Fishing Effort
(oFE)

% sampled Fishing
Effort (sFE)

diurnal Fishing Effort
(dFE)

overall Fishing Effort
(oFE)

derived Fishing Effort
(deFE)

<2.5 m 0.22 28 32 53 12.4% 29.9%

2.5 m–5 m 0.03 18 22 55 61.7% 62.3%

5 m–7.5 m 0 0 0 0 24.0% 7.8%

TOTAL - 46 54 108 98.1% 100%
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problem of incidental catches. Its designation under the Community
Directives “Birds” 2009/147/EC can also be seen as an opportunity
for the protection and conservation of its biodiversity and for the
sustainability of the small-scale coastal fishing sector.

Small-scale fisheries and seabird bycatch mitigation

Nevertheless, studying and testing possible mitigation measures for
the bycatch issue is challenging, the demand for finding mitigation
solutions for seabird bycatch requires many project-testing efficacy

(A)

(B)

Figure 4. Vulnerability map (A) and risk map (B). The graduated scale from 0 to 1 shows the increasing degree of vulnerability and risk, respectively.
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tools. Several studies report experimental analyses of different
mitigation measures to reduce the incidence of incidental catches
(Sacchi 2021). The spatial–temporal restrictions of gillnet and
longline fishing activity in critical areas (Gilman et al. 2023; Merkel
et al. 2022;O’Keefe et al. 2021), and the use of visual deterrents, such
as bird scarer devices or tori lines, are currently the most promising
and recommended methods (Almeida et al. 2023; Lucas and Bergg-
ren 2022; Martin and Crawford 2015; Villafáfila et al. 2024). Never-
theless, some trials failed to reduce bycatch (Field et al. 2019; Rouxel
et al. 2023), indicating the difficulty of generalising the effectiveness
of such measures, as they depend heavily on local variables and
regional fishing activity variations (Richards et al. 2022; Villafáfila
et al. 2024). This research raises one potential effective solution to
mitigate bycatch in the study area, i.e. the reduction of gear expos-
ure time, limiting deployment to the period between dawn and dusk
on deep seabed beyond the 3-m bathymetric line. This measure,
however, may have implications for the fishery. Restricting fishing
to depths beyond 3 m could reduce fish captures and landings.
Hence, compensation schemes or financial incentives should be
considered to address potential economic losses for the affected
fishermen. According to local fishermen, the optimal times for
catching fish are during sunrise and sunset. Their practice of setting
gillnets during daylight hours is primarily driven by convenience
and competition for better fishing areas among fishermen, rather
than by an increase in catch effectiveness. This highlights the
significance of collaborative efforts with fishermen in developing
optimal conservation measures. Secondly, the enhancement of gear
detectability could be implemented, equipping gear with floats,
potentially improving underwater visibility and allowing for active
avoidance by diving seabirds. Given the lack of local research
regarding mitigation strategies (Villafáfila et al. 2024), and our field
experience, this visual underwater solution might need to be evalu-
ated in these shallow water contexts. Participatory actions between
all the project’s components are deemed essential to achieving this
objective. Management decisions should be guided by a balance
between stakeholders (fishermen) with their on-the-ground experi-
ence and the available scientific evidence (Barbato et al. 2021; Grati
et al. 2022). There is no desire by fishermen to capture birds in their
nets. Indeed, fishermen dislike finding entangled birds since it
requires time to untangle, and the fishing gear could be damaged,
causing economic losses. Our experience suggests that local fisher-
men may be apprehensive about potential repercussions, discour-
aging them from accurately documenting bycatch events. This fear
emphasises the need for a more supportive environment that
promotes reporting without the threat of consequences. By so
doing, we could improve data acquisition and ultimately enhance
the management and conservation of marine resources. Another
useful development would be, subject to their approval, to provide
fishermen with GPS tracking systems for recording fishing routes
(Tassetti et al. 2022), and onboard cameras to register fishing
activities and bycatch events. It is worth noting that small-scale
fisheries play a key role in the economy of the coastal community
and constitute a valuable cultural heritage, with years of history and
tradition to be valued and preserved (Calò et al. 2023; Lloret et al.
2018). Addressing this issue requires the multifaceted engagement
and trust-based cooperation of all stakeholders to establish a con-
tinuous collaborative framework that fosters joint responsibility for
monitoring and mitigating the phenomenon (Jenkins et al. 2022;
Vulcano et al. 2024). Integrating scientific research with commer-
cial endeavours and social values is crucial. Finally, vulnerability
and risk maps identify potential and real bycatch hotspots, mostly
in the shallowest waters (<3m). Consequently, they should represent

a valuable tool in planning desirable conservation measures in the
area (Votier et al. 2023; Zhou and Brothers 2021). Rapid access to the
mapswould greatly facilitate prompt evaluation by local and regional
administrative authorities. Furthermore, they can be easily integrated
with other data on fishing effort and seabird distribution to enhance
their value. Such diverse and detailed informationwouldbehelpful in
formulating territorially targeted actions in this area where economic
and conservation efforts overlap significantly. Additionally, themaps
highlight the ecological significance of submerged morphologies
(i.e. sandbanks, sandy bars) as crucial habitats for fishing operations
and seabird diving activities, likely driven by the availability of trophic
resources in these environments.

Conclusions

Environmental features are the likely responsible factors for the
vulnerability of seabirds to the risk of bycatch in the area. This study
provides one of the first comprehensive descriptions and quanti-
tative analyses of small-scale fisheries bycatch in theMediterranean
Sea, with outcomes of significant national and international
importance. It emphasises how crucial it is to develop future links
with the fishing community to give accurate information and raise
awareness of bycatch at the national level (Votier et al. 2023). This
research provides essential information for planning protected
marine areas at the local level. Furthermore, it fosters a method
for analysing small-scale fisheries and their possible impacts that
may be replicated in other sites with similar characteristics. Finally,
it emphasises the relevance of the integrated social-ecological
approach for future studies on interactions between small-scale
fisheries and coastal diving seabirds in the Mediterranean range.
Further investigations will be required to deepen understanding of
the drivers of bycatch in this area. Identifying the most significant
feeding areas, diving behaviour, and diet of wintering species in the
Mediterranean Sea and assessing overlap with fishing activities with
implementing biologging data (Clay et al. 2019), specifically in the
Adriatic Sea, is undoubtedly one of the priorities.
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