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Chapter 1

Introduction



General overview

Human footprint now pervades even the most remote corners of our planet and, in an era now defined
as Anthropocene, human society emerges as one of the most important drivers of global change, able
to quickly transform the Earth system (Ellis, 2015).

Nowadays, it is not possible to understand and forecast ecological processes not considering the also
the human role in these (Barnosky et al., 2012; Ellis & Haff, 2009; Ellis & Ramankutty, 2008).
Human presence and actions affect the distribution of species and habitats through a wide range of
drivers and processes, ranging from climate change to biological invasions.

Globalization now implies that local anthropogenic impacts may actually be caused by activities or
demands developed hundreds of miles away (Marques et al., 2019). The threats to the environment
deriving from human activities are indeed increasingly recognized at global levels. For example, at
the European level the EU Biodiversity Strategy for 2030 addresses the five main drivers of
biodiversity loss (IPBES 2019) (e.g changes in lands and sea use, overexploitation, climate change,
pollution and invasive alien species), sets out an enhanced governance framework to fill the
remaining gaps, ensures the full implementation of EU legislation and pulls together all existing
efforts. This strategy recognizes that legislation alone is not enough to assure the most reliable and
effective protection and restoration of nature: citizens, businesses, social partners and research should
be work together at local, national and global levels. Also, the United Nations 2030 Agenda for
Sustainable Development has the goal of protecting the Planet from degradation by taking urgent
actions to support the needs of the present and future generations. Systems and services of paramount
importance for humankind are driven and provided by the world oceans, therefore how they are
managed are crucial: Goal 14 “Life below water” intentions are the protection of marine and coastal
ecosystems from pollution and acidification, as well as the sustainable use of ocean-based resources
through international laws and measures.

Nowadays, the unceasing improvements of technologies supply the instruments for acquiring the
high-quality data requested not only to guarantee a thorough knowledge of the pressure acting on
species and ecosystems, but also to monitor progress, inform governance and assess alternative

options for different decision-making processes (Chen et al., 2011; Mirtl et al., 2018).

Study aims and thesis outlines

The safeguard of biodiversity is one of the key objectives to be achieved to ensure the survival of our
Planet. Nevertheless, in certain cases, it is still difficult to obtain the very basic information needed
for conservation purposes, such as species presence and distribution through space and time. Missing
but fundamental information is often also the real entity and diffusion of the anthropogenic threats
to which species are vulnerable.

Moreover, while the marine environment is highly dynamic (Kavanaugh et al., 2016), until now in

most of the cases protection areas are fixed and static, not considering shifting habitats or spatio-
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temporal changes in the distribution of anthropogenic threats and marine fauna. The situation become
even more complicated if the conservation efforts regard highly mobile species, which are only
partially protected by static management strategies (Dunn et al., 2016; Hazen et al., 2018).

Therefore, this study aims to face the problem of protection and conservation of highly vagrant
species of marine megafauna, meaning cetaceans and marine turtles, from two of the most pervasive
anthropogenic threats: marine litter and maritime traffic. Aim of the study was to investigate the up-
to-date analytical tools to detect changes in species distribution and assess the risk of exposure of

these group of species to these threats, ultimately discussing the effectiveness of static conservation

measures (Figure 1).

Vulnerable, vagrant and elusive species
Investigate changing distribution through space and
time

Figure 1 — Context of the thesis.

VULNERABLE, VAGRANT AND ELUSIVE SPECIES

Vagrant megafauna is the trophic top-level component of marine ecosystems playing important roles
in transporting nutrients within and between habitats, connecting ecosystems with their long-
distances migrations, consuming large amounts of biomass and modifying habitats through feeding,
locomotion and mortality (Doughty et al., 2016; Hammerschlag et al., 2019). Nonetheless, habitat
loss, ocean warming, pollution and human exploitation menaced them, causing a decline in their
population and local extinction around the world (Estes et al., 2016; McCauley et al., 2015).
Nowadays, according to the International Union for Conservation of Nature (IUCN), one-third of
marine megafauna is a risk of extinction on the basis of species’ rate of population decline and size,
geographic distribution or rarity (IUCN, 2012). Therefore, efforts should be made to protect it with
the best possible measures and regulations.

The sound basis on which to build them should consist of deep knowledge about the spatio-temporal

distribution of vulnerable species or group of it. In this context, Species Distribution Models (SDMs)
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are a solid tool capable of I) identifying critical environmental variables for species/community (Droz
et al., 2019); II) interpolating/extrapolating potential spatial distributions (McShea, 2014) from
available species/community observations; III) provide possible past and future scenarios of species
spatial distribution. These predictions, if treated as hypotheses and then tested with independent data
(Lee-Yaw et al., 2022), can be used to plan conservation actions, to minimize the impacts of human
development (Guisan et al., 2013), to identify the natural resources to be maintained and to assess
the effects of environmental policies regarding the distribution of threatened/rare/invasive species
(Charbonnel et al., 2023; Cianfrani et al., 2018; Esselman & Allan, 2011; Stirling et al., 2016). These
models have the potential to become more and more accurate if they are fed by high resolution spatio-
temporal data of environmental variables and human pressures. Currently, several platforms like
Copernicus and EMODNet allow the free and open download of georeferenced information (from
both satellites and in-situ sensors) about them at several scale of resolution, greatly expanding the
analyses potential by the different users.

To achieve more refined predictions and to better understand and predict the current and future
impacts of global change drivers on biodiversity, a close integration between remote sensing,

modeling and in situ monitoring is now indispensable and of paramount importance.

Vulnerable, vagrant and elusive species

e Testing indicators for trend assessment of range and habitat of low-
density cetacean species in the Mediterranean Sea (chapter 2)

Figure 2 — The three main integrated topics developed in this thesis. The corresponding chapter is
reported in brackets.

The first step of this thesis (Chapter 2) dealed with the spatio-temporal distribution of three vagrant,

elusive and low-density species of cetaceans i.e. Risso’s dolphin (Grampus griseus), long-finned

pilot whale (Globicephala melas) and Cuvier’s beaked whale (Ziphius cavirostris) (Fig. 2).

Using a 12-years dataset gathered in the field in the framework of the Fixed Line Transect

Mediterranean Network (FLT Med Net), this study aimed to improve the knowledge on these species,
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evaluating potential approaches to support legislative requirements of the main European nature
legislative framework. In particular, using the dataset collected during the third Habitat Directive six-
years reporting cycle as a baseline, the study aimed to assess potential changes in the range and
habitat of the three species over the subsequent periods (short-term trend) testing four potential
indicators: 1) Observed Distributional Range, ODR: changes in the extent of ODR detected within
the area covered by monitoring effort; 2) Ecological Potential Range, EPR: change in the extent of
Ecological Potential Range predicted by means of SDM; 3) Range Pattern: percentage of overlap,
and shifts of ODR and EPR between the two time periods; 4) ODR vs EPR: changes in the proportion

of observed distributional range vs the ecological potential range between the two periods.

ANTHROPOGENIC THREATS AND RISK ASSESSMENT

Spatially evaluating hot spots of risk is of paramount importance for the conservation and
management of marine megafauna (Nelms et al., 2016). Hazard areas for vulnerable species are
where animals are likely to interact with the threat: studies highlighting these have spread only in
recent years (Darmon et al., 2017; Matiddi et al., 2017; Soto-Navarro et al., 2021), because of they
require comprehensive information about animals and threats spatial distribution which are often
difficult to collect on large spatial scales (Darmon et al., 2017).

Usually, simulation-based approaches are mostly used (Schuyler et al., 2016; Wilcox et al., 2015),
but observational, empirical and real data directly collected in field (e.g. ship or aerial surveys)
provide valuable insights for the evaluation and location of sensitive zones (Darmon et al., 2017).
Therefore, in the second step of this thesis, long-term datasets collected on the field (Fixed Line
Transect Mediterranean Network, ISPRA) were used in integration with remote sensing information
and modeling to evaluate the (potential) risks posed by two of the main threats menacing the overall

marine biodiversity, with a focus on vagrant megafauna: (plastic) marine litter and maritime traffic.

Why marine litter is today considered the major threat for biodiversity?

Major environmental, social and economic problems in the world include marine litter (Derraik,
2002; Rochman et al., 2016; Thompson et al., 2004), defined as any waste originating from human
activity and discarded, disposed or abandoned into a coastal or marine environment (UNEP 2009). It
is estimated that between 4.8 and 12.7 million tons of land-based plastic waste enter marine
ecosystems every year (Jambeck et al., 2015). To these, must be added the contribution of fishing,
aquaculture, shipping and mining (Andrady, 2011; Kershaw, 2015).

Currently, it is estimated that about 60-80% of marine litter is made of plastic, constituting a global
environmental problem (Eriksen et al., 2014; Van Sebille et al., 2015) primarily due to the longevity
of plastic materials and their slow d deterioration rate. Moreover, approximately 50% of all plastics
are less dense than water, and therefore they float over the sea surface (Geyer et al., 2017). Plastic
objects often contain trapped air which enhance their buoyancy and windage, facilitating their spatial

diffusion.



With no advances in the context of waste management, the overall plastics quantity potentially
entering in the marine environment could increase by three times up to 2025 (Jambeck et al., 2015).
Water masses movements and atmospheric agents action make it a threat without spatio-temporal
boundaries (Figure 3) and, although it tends to accumulate mainly in densely populated coastal areas,
bays and gulfs, at the mouth of rivers and in estuarine systems, scientific evidence demonstrate its
presence even in remote areas such as the Poles (Suaria et al., 2020; Tirelli et al., 2020).

Five large accumulation areas of marine litters stable over time have formed in the world’s oceans
(Eriksen et al., 2014; Law et al., 2010; L. Lebreton et al., 2018); a separate case is represented by the
Mediterranean Sea, as its hydro dynamism does not allow the formation of such structures (Mansui
et al., 2015). However, given its peculiar characteristics, it is one of the marine areas most affected
by marine litter issue (Mansui et al., 2015). In particular, plastic pollution, a category that is always
the most represented regardless of the seasons, from the different areas of study and water column
level considered is the major concern (Arcangeli et al., 2018; Chevalier et al., 2023; Cézar et al.,
2015; Fossi et al., 2017; L. C. M. Lebreton et al., 2012; Scotti et al., 2021; Suaria et al., 2016; Suaria
& Aliani, 2014). The Mediterranean is in fact a semi-closed and heavily urbanized basin, whose
highly trafficked waters have been the site of a variety of human activities for centuries. Several and
diversified are the plastics deleterious effects on marine ecosystems, biodiversity, economy and
human heath (Figure 4). Considering its complex path in the environment and the different chemical-
physical modifications it can encounter, litter can have many types of interactions with the systems
it comes into contact with. Impacts on marine organisms has been described from the upper pelagic
part of the water column to the deeper benthic habitats (Salerno et al. 2021; Berlino et al. 2023) and
depend on the type and size of the objects as well as, of course, the species considered (Roman et al.,

2021).



Littoral Continental Shelf Offshore PHYSICAL PROCESSES
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Figure 3 — Schematic of the physical processes that affect the transport of plastic (pink items) in the
ocean (top panel). The table (lower panel) identifies in which regions different processes are
important. Thick pink lines in the table mean that the process is among the most important in that
water depth, while thin pink lines mean thet the process is only of secondary importance. Transport
by organisms is not a physical process and therefore represented with a green line instead of a pink
one (from Van Sebille et al., 2020).

Plastic marine litter has negatively impacted more than 1400 marine species, mainly through
ingestion and entanglement phenomena (Kiihn et al., 2015; Wilcox et al., 2015; Claro et al., 2019;
Salerno et al., 2021; Berlino et al., 2021). Large-scale dispersion of organisms - and therefore also
of alien species - can be facilitated by floating plastic litter (Aliani & Molcard, 2004; Rech et al.,
2016), that can also promote the transport of toxic substances (Endo et al., 2005; Mato et al., 2001;
Teuten & Reddy, 2007). Benthic habitats can be altered due to plastic accumulation (Consoli et al.,
2020). Moreover, the fragmentation of different materials leads to the production of microparticles
and toxic compounds that can accumulate through trophic nets, leading to bioaccumulation and
biomagnification phenomena that particularly affect top predators and filtering species (Davison &

Asch, 2011; Fossi et al., 2012, 2014; Wright et al., 2013).
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Direct risks and impacts of marine litter and plastics

Presentation of selected information and numbers . . S =
Direct risks from lost and leaked litter and plastics

e T

MARINE LITTER AND MACROPLASTICS o MICROPLASTICS

. \ Ingestion
Rafting & e.g. drinking water
380 taxa recorded on floating debris,
potentially leading to invasion of distant
habitats, e.g. damage to coral reefs and
adverse impacts on human health

Rafting
Transport of
pathogens into
coastal areas

Entanglement @ Leading to physical damage,

smothering or death Pathogenic agents

e.g. Aeromonas sp. can
populate floating plastics
v Ingestion Turtles
Plastics are found in
Marine mammals
Seabirds

" Physical contact
/(» The disease rate in

g corals increases from
5% to 8% whenin ——w
contact with plastics
Death

-

e gliaorlfl'lzg: Propellers and shafts
-9 % entangled by marine Physical damage
with floating debris. Over 2 300 4 g

containers Biodiversity reduction
Alteration of species assemblage

Creation of microbial habitats (the plastisphere)

reported cases from
201010 2015

Blockage

Chemicals/additives
Functional, fillers, colourants,
reinforcement in plastic products

NANOPLASTICS

Limited research
@ Apply

precautionary

approach

Benthic habitats

Considerably larger
concentrations in sediments
compared to the water column

BIOLOGICAL IMPACTS

Human health

Biological activity reduction
Disturbance of ecosystem processes
Increasing spread of bacteria
Reduction of fish population

Invasive species
v
ECONOMIC IMPACTS
Productivity reduction

Reduced confidence in products
Waste management issues

Mental health

.5

Physical health

Maritime workers
Spending time at littered injured on sharp
coasts and ocean. litter, entangled, Gender i ii
G and exposed to enderinequality —v1u o SOCIETAL IMPACTS

Experience of animals

Working conditions
affected by marine litter

unsanitary items Human well-being reduction

Reduced recreational experience
Heritage loss
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Figure 4 — Lethal and non-lethal effects of marine litter on organisms and impacts on ecosystems
(from UNEP, 2021; illustration by GRID-Arendal).

Moreover, the enormous amount of plastic debris entering marine habitats every year cause a wide
range of negative economic effects (Jambeck et al., 2015) Mouat et al., 2017): fisheries, aquaculture,
navigation and tourism are just some of the factors negatively impacted by this threat.

Currently, most of the information about plastic dispersion are from Eulerian and Lagrangian
numerical models (Eriksen et al., 2014; Guerrini et al., 2021; L. C. M. Lebreton et al., 2012;
Maximenko et al., 2012; Mountford & Morales Maqueda, 2019) based mainly on virtual particles
released from different sources. This is principally because, in general, observational and field data
are sparse and difficult to analyze as a whole due to differences between collection protocols (Van
Sebille et al., 2020).

Consequently, our understanding about plastic fluxes and pathways in the environment is still
fragmentary (Van Sebille et al., 2020) even if several national, European and global action plans
(OSPAR Regional Action Plan; G7/G20 Marine Litter Action Plan; Marine Strategy Framework
Directive Descriptor #10; UNEA-4 2019) have as objectives marine litter monitoring, management
and reduction. Tracking and understanding plastic litter movements and distribution, hence filling
the data gaps, is of pivotal importance (Chassignet et al., 2021; Molina Jack et al., 2019), as it can be

found in areas far away from its source and in general from human activities.
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As the problem, the (potential) solutions to mitigate and manage plastic marine litter are widespread

and complex and nonetheless, it still persists despite the existing efforts.

Chapter 3 aimed to characterize the spatio-temporal variability of plastic Floating Marine Macro
Litter (FMML) dispersion modelling three years of consistent and long term fine-scale field data
within the conceptual framework of “Risk” resulting from the combination of hazards and
vulnerability. This concept was applied on plastic pollution in Marine Protected Areas (MPAs) and
Fisheries Restricted Areas (FRAs), for defining their vulnerability to this threat (Fig. 2).
Considering the relevance of marine megafauna (e.g. cetaceans and sea turtles) as indicator to assess
the risk deriving from marine litter pressure on marine ecosystems, Chapter 4 focused on the review
of the current scientific literature on spatial Risk Exposure Assessment (REA) related to the floating
micro and macro marine litter in order to: I) identify, at global level, the main geographic areas where
risk exposure studies were conducted; II) describe the typology of datasets currently available and
the methodologies used for data collection on species and threats; III) investigate the approaches
applied to carry out REA; and IV) highlight the main research findings and areas of high exposure
risk to prioritize mitigation measures in the Mediterranean Sea. The main objective of this review
was to identify key information gaps on REA, in order to highlight areas and topics that require
further research (Fig. 2).

In Chapter 5, field observational data on cetaceans and marine litter over a 7-year time series were
integrated to build a risk index over the different seasons. Moreover, the long-time dataset allowed
the modeling of cetacean suitable habitat for the two most sighted species (striped dolphin Stenella
coeruleoalba and bottlenose dolphin Tursiops truncatus), in an understudied and impacted area.

In Chapter 6, occurrence data on sea turtle Caretta caretta collected in the same area were analyzed
to describe the presence and distribution of the species over a seven-year period, to characterize the
exposure risk to floating marine macro litter and to understand the influence of upper layer currents

on the distribution of both species and threat.

Maritime traffic: a not secondary threat for marine biodiversity

Maritime traffic, in its entirety and complexity, is one of the constantly increasing human activities
in the marine environment since World War II. Over the last few decades, many efforts have been
made to ease the burden on four-wheeled transport by sea (EC, 2004) and, at present, most of the
world’s trade uses maritime transport.

Despite being only 1% of the world’s oceans, one of the busiest "motorways of the sea" is the
Mediterranean Sea (Figure 5). About 30% of maritime traffic passes through this basin, and
particularly the central-western part, where 80% of ports are located (Dobler, 2002).
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Figure 5 — Example of ship traffic density in the Mediterranean Sea (from marinevesseltraffic.com).

Most of the shipping consists mainly of cargos, tankers and merchant ships. These kinds of big
vessels usually maintain regular routes and constant speeds throughout the year. In addition to these
must be considered also the contribution of fishing, ferries, cruise ships and pleasure boats, that can
be seasonal or limited to certain areas (David, 2002; Vaes et al., 2013).

In the last decades, an increase of the transit capacity (58%) and of the vessel size (30%) has been
recorded and it is expected to continue to increase even more, looking at the growing trend in
container port traffic development and the doubling of the Suez Canal (UNEP Mediterranean Action
Plan 2017).

As a result, the concern for its potential impact on the marine environment and biodiversity grows
too.

To date, there are different knowledge gaps about the negative consequences that maritime traffic
can have on the environment, especially if coupled with other anthropogenic threats with whom can
act in synergy (Jagerbrand et al., 2019).

Several international institutions reviewed the environmental impacts of maritime traffic (e.g. the
European Commission, the European Union, the OSPAR Commission) but summaries on broad
ecosystem assessment are still scarce in the scientific literature (Andersson et al., 2016; Walker et
al., 2018), even if specific case studies can be found within specific impact areas (Bax et al., 2003;
Neuparth et al., 2012; Peng et al., 2015; Yebra et al., 2004).

Although vessels must adhere to different standards of compliance (SOLAS, MARPOL 73/78),
accidents, collisions and shipwrecks are the order of the day. To these, must be added also more
"regular" sources of disturbance or stress (see Figure 6). For example, ballast waters and hull fouling
can enhance the transfer of alien and non-indigenous species (Hulme, 2021). Maritime traffic is also
responsible of underwater noise production (Duarte et al., 2021). In the last half-century, the low-
frequency noise recorded along major shipping routes has increased by 32 times (Malakoff et al.,

2010), being present also in many ocean regions even far away from the principal lanes due to long-
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range sound propagation underwater. The effects of this underwater noise on animals can range from
single individual to population, comprehending temporal annoyance, behavioral changes, temporary
or prolonged avoidance of an area (leading to changes in the usage of important feeding or breeding
areas), protracted stress, hearing loss, barotrauma and ultimately death (Kight & Swaddle, 2011).
Another form of pollution is, of course, air contamination (Firlag et al., 2018; Hassellov et al., 2013):
since the Nineties, shipping is in fact acknowledged as one of the main contributors of SO, and NOx
to the atmosphere on local to global scales. Maritime traffic is also one of the contributors to (plastic)
marine litter: whilst discharge at sea is forbidden from many years (MARPOL, 1998) losses or illegal

behavior still occur.

Ozone-depleting substances

Sulfur oxides
Greenhouse gases ‘ SO,
GHG
YY
Particle matter
PM

Nitrogen oxides
NO,

Volatile organic compounds
voC

Physical
impacts

Figure 6 — Classification of main impacts of shipping on aquatic environments (from Jagerbrand et

al., 2019).

Maritime traffic negative effects can act directly on single individuals, or indirectly by — for example
— destroying a habitat. They can be also diversified spatially, being at local, regional or global scales.
Nowadays, improved technology allows to have detailed information — in some cases in real-time —
about the distribution of maritime traffic (see for examples AIS (obligatory for certain categories of
shipping) and the density maps of maritime traffic available on EMODnet platform). This data should
be increasingly considered and integrated with conservation and management measures to mitigate

shipping for making it as “environmentally-friendly” as possible.

Within this context, Chapter 7 investigated the fin whale (Balaenoptera physalus) risk of collision
with vessels in the Pelagos marine mammals Sanctuary and adjacent areas. Long-term data were
used for I) identifying the spatial and temporal occurrence of Near Miss Events (NME) of the species;
II) quantifying NMEs occurring during summer in different parts of the Pelagos Sanctuary and the
adjacent western area; [I1) understanding the context of NMEs through the analysis of the behaviors

of animals; and IV) mapping the high-risk areas of exposure to ship strikes.
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Chapter 8 combined maritime traffic data collected in the field with remote sensing information to
investigate the potential impact through studying I) the influence of different type of vessel traffic on
bottlenose dolphin presence along the routes; II) identify the spatial footprint of 11 different
categories of maritime traffica and III) spatially represent and characterize the seasonal density of
the 11 different categories of maritime traffic in the study area. The final goal of the study was to
assess the risk of exposure of bottlenose dolphin to maritime traffic by building an index that

considers the habitat preferences of the species and the spatial distribution of the threat.

CONSERVATION MEASURES

Identifying management policies that guarantee the protection of biodiversity while allowing the
development of human activities is surely one of the biggest challenges of the modern world. In the
last decade, Marine Spatial Planning (MSP) has become a useful tool to face it (Foley et al., 2010;
White et al., 2012). Proper planning of marine space obviously requires the spatial identification of
ascertained areas of exposure risk (Maritime Spatial Planning Directive, 2014/89/EU), as well as
ecologically important areas for vulnerable species. Their spatially explicit contextualization is also
one of the key Principles of the Integrated Monitoring and Assessment Program (principle 5, UNEP-
MAP 2016).

In this perspective, Chapter 9 aimed at evaluating the coexistence of cetacean vulnerable species
and high levels of maritime traffic in a restricted and transboundary area (e.g. the Strait of Gibraltar),
together with the existing mitigation and conservation measures. Their coherence was qualitatively
discuss taking into account cetacean hot-spots, risk areas from maritime traffic and the recorded

NME:s.
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Introduction: Conservation of cetaceans is challenging due to their large-range,
highly-dynamic nature. The EU Habitats Directive (HD) reports 78% of species in
‘unknown’ conservation status, and information on low-density/elusive species
such G.griseus, G.melas, Z.cavirostris is the most scattered.

Methods: The FLT-Net programme has regularly collected year-round data
along trans-border fixed-transects in the Mediterranean Sea since 2007. Nearly
7,500 cetacean sightings were recorded over 500,000 km of effort with 296 of
less-common species. Comparing data across two HD 6-years periods (2013-
2019/2008-2012), this study aimed at testing four potential indicators to assess
range and habitat short-term trends of G.griseus, G.melas, Z.cavirostris: 1)
change in Observed Distributional Range-ODR based on known occurrence,
calculated through the Kernel smoother within the effort area; 2) change in
Ecological Potential Range-EPR extent, predicted through Spatial Distribution
Models; 3) Range Pattern, assessed as overlap and shift of core areas between
periods; 4) changes in ODR vs EPR.

Results: Most ODR and EPR confirmed the persistence of known important sites,
especially in the Western-Mediterranean. All species, however, exhibit changesin
the distribution extent (contraction or expansion) and an offshore shift, possibly
indicating exploitation of new areas or avoidance of more impacted ones.

Discussion: Results confirmed that the ODR could underestimate the real
occupied range, as referring to the effort area only; it can be used to detect
trends providing that the spatio-temporal effort scale is representative of species
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range. The EPR allows generalising species distribution outside the effort area,
defining species’ Habitat and the Occupied/Potential Range proportion. To
investigate range-trends, EPR needs to be adjusted based also on the
Occupied/Potential Range proportion since it could be larger than the
occupied range in presence of limiting factors, or smaller, if anthropogenic
pressures force the species outside the ecological niche.

Conclusion: Using complementary indicators proved valuable to evaluate the
significance of changes. The concurrent analysis of more species with similar
ecology was also critical to assess whether the detected changes are species-
specific or representative of broader trends. The FLT-Net sampling strategy
proved adequate for trend assessment in the Western-Mediterranean and
Adriatic basins, while more transects are needed to characterize the Central-
Mediterranean and Aegean-Levantine ecological variability.

KEYWORDS

monitoring, conservation, habitat modeling, Risso’s dolphin, long-finned pilot whale,

Cuvier's beaked whale, habitat directive 92/43/EEC, MSFD Descriptor 1

1 Introduction

The conservation of cetacean species is extremely challenging
due to the large extent of their range and their highly dynamic
migratory nature. The European Environmental Agency (EEA)
Report (No 10/2020) states that “marine mammals (including
cetaceans) are among the species with the highest proportion of
unknown assessments (over 78%)”. Data deficiency is mainly due to
the fact that most cetacean species inhabit remote offshore areas
which are more difficult to monitor due to logistical reasons linked
to both the organisation of surveys and political barriers as
coordinating effort in areas overcoming socio-political borders
requires a functional international cooperation. Moreover, the
high costs generally required for carrying out regular large-scale
surveys limit the ability to gather sufficient information, especially
on rare species.

1.1 Low-density cetacean
species conservation status in the
Mediterranean Sea

In the Mediterranean Sea, Risso’s dolphin (Grampus griseus,
Gg), long-finned pilot whale (Globicephala melas, Gm), and Cuvier’
beaked whale (Ziphius cavirostris, Zc), are considered low-density
elusive species. Their assessment status under the IUCN Red list of
threatened species recently changed from ‘Data Deficient’ to,
respectively, ‘Endangered’ (Gg, Lanfredi et al., 2021), and
‘Vulnerable’ (Gm, Gauffier and Verborgh, 2021; Z¢, Canadas and
Notarbartolo di Sciara, 2018). A distinct subpopulation of long-
finned pilot whales, limited to the Strait of Gibraltar area, and listed
as ‘Critically Endangered’, was also identified during the last
assessment (Verborgh and Gauffier, 2021). The three species are
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listed in Annex IV of the EU Habitats Directive (HD, Directive 92/
43/EEC) as species requiring a special protection regime across their
natural range, both within and outside the Natura 2000 sites, to
enable their Favourable Conservation Status (FCS) to be maintained
or, where appropriate, restored, in their natural range. The core
areas of their habitat must be identified, designated as Sites of
Community Importance, included in the Natura 2000 network, and
managed in accordance with their ecological needs. Moreover,
Member States must regularly report to the EU on their
conservation status. Cetaceans are also a target species of
Descriptor 1 (Biodiversity) of the Marine Strategy Framework
Directive (MSFD, Directive 2008/56/EC), which aims at achieving
a Good Environmental Status (GES) of EU marine waters by
establishing a common approach and objectives for the
prevention, protection and conservation of the marine
environment. Thus, information about the preferred habitats of
cetacean species and the early detection of potential changes in their
distribution is essential to identify needed conservation measures.

1.2 Overview of approaches for assessing
range and habitat trends

Despite the fact that the HD focuses on the conservation status
of the species (i.e., the effects), and the MSFD on eliminating the
causes (i.e., the threats) through mitigation measures that will
restore the GES (Palialexis et al.,, 2019), the HD and MSFD have
strong synergies. Under the MSFD, Member States are required to
establish threshold values for each species through regional or sub-
regional cooperation and, for species covered by the HD, these
values shall be consistent with the Favourable Reference Values
(FRV) established under the HD. Both HD and MSFD directives
require reporting every six years equivalent parameters/criteria for
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the assessment of the species conservation status such as ‘Range’
(i.e., HD ‘The natural range of the species is neither being reduced
nor is likely to be reduced for the foreseeable future’y MSFD D1C4
‘the species distributional range and, where relevant, the pattern, is
in line with prevailing physiographic, geographic and climatic
conditions’) and ‘Habitat’ (i.e, HD ‘There is, and will probably
continue to be, a sufficiently large habitat to maintain its
populations on a long-term basis’; MSFD D1C5 ‘The habitat for
the species has the necessary extent and condition to support
the different stages in the life history of the species’). Similarly,
the EO1 assessment within the Barcelona Regional Sea Convention
(UNEP-MAP, EO1) is based on the Common Indicators (CI) 3
(‘Species distributional range’) and 1 (‘Habitat distributional range’).
The IUCN Guidelines for the assessment of the conservation status
of threatened species also foresee the assessment based on the
criteria A2¢ (‘A decline in Area Of Occupancy-AOO, Extent Of
Occurrence-EOO and/or habitat quality’) and B (‘Geographic
range’). Specifically, the AOO is defined as ‘the area contained
within the shortest continuous imaginary boundary that can be
drawn to encompass all the known, inferred or projected sites of
present occurrence of a taxon, excluding cases of vagrancy’ (IUCN,
2001), where ‘Projected sites’ are considered as the sites spatially
predicted on the basis of habitat maps or models (area of potential
habitat, also called Extent of Suitable Habitat, ESH). A suspected
decline in the AOO could consequently be estimated based on the
reduction of suitable habitat. In addition, also the Reporting
Guidelines of the Habitats Directive (2017) suggest to evaluate the
FRV as the AOO, or as the potential range in relation to available
suitable habitat (‘Ecological potential’, the potential extent of range
considering physical and ecological conditions).

Within such legal requirements, Species Distribution Modelling
(SDM) is a promising approach to support the assessment of
cetacean species. Indeed, as long as the amount/quality of input
data is reasonably adequate, SDM can be used to support regulatory
decision-making for conservation, i.e., by informing on spatial
prioritisation through the identification of biodiversity hotspots,
important areas for vulnerable species, or valuable habitats,
overcoming the problems related to coarse or incomplete
knowledge (Franklin, 2010; Maiorano et al., 2019). Time series of
comparable data with sufficient statistical power, coupled with
standardised SDM analyses, can help identify changes from a
reference period. A significant reduction in the extent or a shift of
species geographical distribution can then be related to
environmental variability, habitat conditions or changes in
population size, or to the effect of anthropogenic pressures.
Moreover, the comparison of the suitable habitat predicted
through SDM with the distributional range observed indicate
potential suitable areas that are not used by the species.

However, relevant indicators or threshold values for assessing
species range and habitat have not yet been developed (Palialexis
et al, 2019), and some recommendations were only recently
provided through an international scientific cooperation to define
indicators, assessment methods, and data requirements for the
assessment of marine turtles under the MSFD (Girard et al,
2022). Moreover, despite an increasing research effort, a limited
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number of studies attempted so far to infer temporal changes in
cetacean distributional range or habitat use, and the ‘trend’ criterion
for these parameters/criteria is still considered ‘unknown’ for
almost all cetacean species in the Mediterranean Sea (last HD
report 2013-2018), likely due to the lack of comparable data and
standard methodological approaches.

1.3 Aim of the study

The Fixed Line Transect monitoring Network (FLT Med Net)
has been operating in the Mediterranean basin since 2007 collecting
cetacean data along fixed trans-border transects regularly surveyed
throughout the years. Using the dataset gathered across twelve
years, this study aims to improve the knowledge on three low-
density cetacean species of the Mediterranean basin Risso’s dolphin
(Grampus griseus, Gg), long-finned pilot whale (Globicephala melas,
Gm), and Cuvier’s beaked whale (Ziphius cavirostris, Zc), and
evaluate potential approaches to support legislative requirements.
In particular, using the dataset collected during the third HD six-
years reporting cycle (2008-2012) as baseline, the study aims to
assess potential changes in the range and habitat of the three species
over the subsequent periods (short-term trend) testing four
potential indicators: 1) Observed Distributional Range, ODR:
changes in the extent of ODR detected within the area covered by
monitoring effort; 2) Ecological Potential Range, EPR: change in the
extent of Ecological Potential Range predicted by means of SDM; 3)
Range Pattern: percentage of overlap, and shifts of ODR and EPR
between the two time periods; 4) ODR vs EPR: changes in the
proportion of observed distributional range vs the ecological
potential range between the two periods. Overall, the study aims
to test and evaluate such methodological approaches and indicators
to contribute to the species assessment under the requirements of
the main European nature legislative framework.

2 Material and methods

2.1 Study area

Cetacean monitoring was carried out from passenger ferries
travelling along 11 trans-border transects, covering the
Mediterranean Sea within the latitudes 43.6° N - 35.8° S and
longitudes -5.5° E - 20.8° E, and connecting Italy, France, Spain,
Greece, Tunisia and Morocco. These transects are included in the
Fixed Line Transect Mediterranean Network (FLT Med Net,
Arcangeli et al., 2019), and are representative of a large
proportion of the Western-Mediterranean, the Adriatic
Subregions, and two portion eastern and western of Ionian Sea in
the Ionian-Central Mediterranean Subregion. Transects considered
for the baseline period (2008-2012) covered the effort area shown in
gridded grey in Figure 1. In the second period (2013-2019)
monitoring was also extended to the area in light grey along the
east Spanish coasts and Gibraltar Strait on Western Mediterranean,
and in the Adriatic-eastern Ionian Sea.
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FIGURE 1

Study Area with the survey effort performed by the FLT Med Net during 2008-2012 (I baseline period, gridded grey only) and 2013-2019 (Il period,
plain grey). The four Mediterranean MSFD Subregions are shown in the figure: Western-Mediterranean (WMED), central-Mediterranean (Central
MED), Adriatic, Aegean-Levantine Sea (downloaded from the European Environment Agency www.eea.europa.eu). LS, Ligurian Sea; CLP Basin,
Corso-Ligurian-Provencal Basin; SB, Sardinian-Balearc Basin; TS, Tyrrhenian Sea; SC, Sardinian Channel.

2.2 Data collection

The monitoring activity was performed on a seasonal basis with
at least three surveys per season along each sampling transect.
Seasons were defined as winter (January to March), spring (April to
June), summer (July to September) and autumn (October to
December). Data on cetacean species were systematically collected
following a standard protocol applied from large vessels (ISPRA,
2015) (FLT Net data, Supplementary Table 1). Ferries provided an
observation point at 20-29 m above sea level and travelled at a
mean speed in the range of 19-25 knots. Two experienced observers
were positioned on the two sides of the command deck scanning
both sides of the ship within an angle of 130° ahead in order to
avoid re-counting the animals; observations were performed by
naked eye and binoculars; binoculars and cameras were used to
correctly identify the species and the number of animals. A
dedicated GPS was used for automatically recording the survey
track at the finest resolution, marking the beginning/ending points
and the locations of cetacean sightings. Monitoring was carried out
during daylight hours only in optimum weather conditions (<3 on
the Beaufort scale).

2.3 Data analysis

All the analyses performed for this study considered the
sighting as the statistical unit, regardless of the number of
animals within the sighted group. However, the mean group size
was also examined to assess differences between the two periods.
Data were analysed considering the different Mediterranean
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Subregions of the MSFD (https://www.eca.curopa.eu/): Western
Mediterranean (WMED), Ionian Sea and Central Mediterranean
(Central MED), Adriatic, Aegean-Levantine Sea (Figure 1). As data
were homogeneously collected within the same set of conditions,
detection probabilities were assumed the same across all surveys
and between the two survey periods.

2.3.1 Observed distributional range, ODR

As suggested by the HD Guidelines (DG ENV, 2017), the Kernel
Density Estimator (KDE) was used to spatially generalize the
distribution of the species occurrence and identify the extent and
the core areas of species within the region covered by effort. After an
initial testing, the KDE analysis was set with a resolution cell of
500 m and search radius of 50,000 m. The 95% isopleth was used to
define the extent of ODR, calculated in km?.

After calculating the area covered by the effort for each time-
period (EffortArea), the proportion of species ODR inside the effort
area was calculated per each Subregion and time-period. Then, the
ODRSs of the two periods were displayed and overlapped, and the
temporal trend in the ODR extent was estimated as: A distribution =
[(ODR/EffortAreang periody = ODR/EffortAreacist period)) X 100].
Following the OSPAR indicators for seals (Palialexis et al., 2019),
threshold values were defined as: if index > 10% = increase, if
index < -10% = decrease, otherwise = no change.

2.3.2 Ecological potential range, EPR

The changes in the EPR between the two periods were assessed
based on projected sites of species occurrence using spatially
predicted sites based on the habitat map models (also called
Extent of Suitable Habitat) (IUCN Guidelines, 2001; TUCN,
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2022). The following criteria were applied: i) use of adequate spatial
resolution for the species knowing their range in the Mediterranean
Sea, key variables, and appropriate model validation; ii) validation
of suitable maps with independent datasets not used to build
models; iii) estimate of the proportion of suitable habitat likely
occupied by the species (within the area of effort).

Maximum Entropy (MaxEnt version 3.3.3, http://
www.cs.princeton.edu/~schapire/maxent/) was applied to model
the relationships between environmental predictors and the
occurrence records and to build the Suitable Habitat Maps for
each of species over the two periods. MaxEnt was chosen as it
provided more consistent results than the most common modelling
approaches (Arcangeli and Orasi, in prep), and it is generally
considered more appropriate than other SDM methods for low
presence records or deep divers or elusive species where the
probability of detection is unknown. MaxEnt is a machine
learning method commonly used in systems with restricted
information based on a probability distribution with maximum
entropy (the most spread out closest to uniform) subject to known
constraints (Phillips et al., 2006). MaxEnt generates a probability
distribution of suitable habitats over pixels in the grid starting from
a uniform distribution and repeatedly improving the fit to the data.
Since MaxEnt accounts for sampling biases via correction features
that consider area of sampling effort used to generate pseudo-
absences points (‘background points’), a bias file of effort was built
using the Minimum Convex Polygon (MCP) around the surveyed
sites (Figure 1). The model was built based on heterogeneously
distributed effort in the Western-Mediterranean Sea and Adriatic-
eastern Ionian region, largely representing the variability of the
environmental parameters in these areas and adequate for the
species distribution and their known ranges. The projection was
performed at a Mediterranean basin-wide scale, and the outputs
were successively tested for reliability. Two dataset were used: 1) the
dataset obtained from the systematic long-term monitoring along
the FLT routes including the effort track lines to build the
background file and sightings as presence points; 2) sighting data
gathered by ORCA NGO during cruises in the Mediterranean basin
(2016-2018), ACCOBAMS Survey Initiative at Mediterranean scale
(2018), and local scale data from Ketos-MareCamp organisations
(Catania Gulf - east Sicilian Ionian coast) as independent dataset
for the validation of the model results. The preparation of data for
modelling included: 1) a Bias file (background file) built as
Minimum Convex Polygon (MCP) around the tracklines of effort;
2) presence data per each species with information on Species,
Longitudes, and Latitudes; 3) environmental variables prepared as
raster files with same scale, extension and resolution. Nine key
predictor variables, known to be relevant for the biology of the
species (e.g. Fullard et al., 2000; Moors-Murphy, 2014; Breen et al.,
2020; Dede et al., 2022), were included in the model (i.e., Depth,
Standard Deviation of Depth, Distance from the coast, Distance
from seamount, Distance from Canyon, Slope, Aspect North,
Aspect South, mean chlorophyll-a concentration - Chl-a, mean
Sea Surface Temperature - SST) and used as proxies of the factors
that could affect species presence and distribution. Depth and
canyons were obtained from the GEBCO portal (GEBCO
Compilation Group, 2020) while vector layer of seamounts was
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obtained from Wiirtz and Rovere (2015). Standard deviation of
depth was derived with the Zonal statistic tool in ArcGIS, and the
rasters of the Euclidean distances from the nearest features were
computed using the Distance tool after projecting all rasters using
the Universal Transverse Mercator coordinate system. Slope was
derived from Depth through Spatial analysis tool in ArcGIS. The
aspect parameter was derived from depth through the Slope tool
and converted into two linear components to be included in the
analysis: Aspect Easting (sine of the aspect value) and Aspect
Northing (cosine of the aspect value). SST (°C) and Chl-a (mg/m-
3) Aqua-MODIS high-resolution data were downloaded from
NASA satellite data (https://oceancolor.gsfc.nasa.gov) on 4-km-
grid cells and clipped to the study area. Seasonal composite
rasters based on daily data were averaged for each of the two
periods using the ‘Mosaic to new raster tool’ in ArcGIS. For the
MaxEnt modelling, all the environmental layers were prepared in
order to match to the same extension and resolution. After a
preliminary test to verify correlation among variables, the
standard deviation of depth was excluded as correlated with slope.

MaxEnt was run splitting the dataset into two periods using
2008-2012 as a reference baseline for comparison to the more recent
2013-2019 period (almost corresponding to the third and fourth
HD reporting cycles). The effort area was consistent between the
two periods, except for the Adriatic-eastern Ionian region, the
Barcelona-Tanger route and the Strait of Gibraltar route, which
were only surveyed during the second period (light grey area in
Figure 1). Thus, two bias files were used to define the area from
which to extract the background points. For each period, distinct
MaxEnt models were run using the same settings and set of
variables. After preliminary runs with different setting parameters,
default recommended feature classes (hinge, linear, quadratic) and
regularisation parameters (i.e., = 1) were used with 10,000
background points and maximum iterations up to 500 to reach
convergence at a threshold of 0.00001. Duplicates were removed to
reduce problems of pseudo-replication and spatial autocorrelation
of samples. Random seeds bootstrap replication type over 34% test
samples (Efron and Tibshirani, 1997) and 100 iterations were used
to obtain a summary output and response curves with statistical
indication on standard deviation and error bars. A Jackknife test
was conducted to obtain alternative estimates of the variable
contribution to the MaxEnt run. The logistic format was used to
improve model calibration, displaying output maps that better
highlight the continuum of differences in the suitable maps
produced, so that large differences in output values correspond
better to large differences in suitability (Phillips and Dudik, 2008).
As suggested by Pearson et al. (2007), more than 15 presence points
were used for each model (Figure 2 left): 86 presence points were
used for Gg (N period = 27; N4 period = 59), 68 for Gm (N4
period = 16; N4 period = 52), 142 for Zc (N period = 27; Nypq
period = 115). The descriptive power of each model was evaluated
by the Area Under the receiver operating characteristic Curve, a
threshold-independent metric of overall accuracy (AUC; Thorne
et al,, 2012), and by the ‘omission rate’, i.e., the proportion of test
localities falling outside the prediction. The AUC metric determines
model discriminatory power by comparing model sensitivity (i.e.,
true positives) against model specificity (i.e., false positives). The
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Dataset used for model building (left) and independent dataset used for validation (right)

AUC values range from 0 to 1, with values below 0.5 indicating
worse model predictions than random, and values over 0.5
indicating improved model precision. The output maps were
visually inspected by expert judgement to check for overfitting
problems and the general reliability of results. The suitable output
maps of the whole study period were first visualised as continuous
colour scheme of suitable-unsuitable prediction and then
reclassified in binary suitable-unsuitable predictions under three
threshold scenarios (i.e., Minimum training presence logistic
threshold, Equal training sensitivity and specificity logistic
threshold, Maximum training sensitivity plus specificity logistic
threshold). The three thresholds were chosen among the most
commonly used by MaxEnt (e.g., Merow et al., 2013), considering
the balance between the proportional predicted area (proportion of
pixels that are predicted as suitable for the species) and the extrinsic
omission rate (proportion of test localities that fall into pixels not
predicted as suitable for the species). The best threshold method
was then chosen based on expert considerations, after visual
inspection of the suitable maps, in order to include the area that
likely reflects the range of the species, knowing the biology and
ecology of the species, the confirmed sites of occurrence, and the
species dispersal capability. An independent dataset of sighting data
coming from different research projects (Supplementary Table 2;
Figure 2 right) was also used to validate the predictive ability of the
resulting binary maps.

To calculate the extent of suitable area (Ecological Potential
Range, EPR), the output binary suitable-unsuitable predictions
rasters were converted into polygon layers including the highest
suitable class for each species and period and were then used to
measure the EPR in km®. Then, the percentage difference in the EPR
between periods was calculated for each species as: [(EPR(na

period) ~ EPR(lst period))/EPR(lst period))]-

2.3.3 Range pattern

The trend in distributional pattern was calculated in terms of
shift either in the surface or in the centre of gravity (centroid) of
range areas (ODR, EPR), assessing the: a) overlapping area between
the two periods (for the ODR considering only the common effort
area between the two periods); b) percentage of overlapping area
compared to the first period calculated as [(Overlapping area/Area
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Ist period)*100] and c) direction and magnitude of shift in the
centroids of the range area between the two periods (calculated
through the geometric spatial zonal statistic in GIS).

2.3.4 Observed distributional range vs ecological
potential range, ODR/EPR

The proportion of the suitable habitat effectively occupied by
the species (ODR vs EPR) was calculated for each period
considering only the areas covered by the effort identified by the
MaxEnt bias files. Within these areas, the extent of suitable habitats
(Ecological Potential Range, EPR) was estimated in km®. The
percentage proportion of the predicted EPR occupied by the
species (ODR) was calculated as: [(ODR/EPR) * 100],
differences between periods were computed as: [(%nd period) - %

and

(1st period))/%( 1st period))]

3 Results

During the twelve years between 2008 and 2019, the FLT Med
Net covered almost 500,000 km of effort and recorded 296 sightings
of Gg (86), Gm (68) and Zc (142). Group sizes of the species were
not significantly different between the two periods, but they differed
among species: Gg groups were composed by a mean of 5
individuals (5.7 + 5.1 SD1 period/4-7 £ 4.3 SDong period)s While Gm
groups were generally larger (7.0 £ 9.5 SDi perioa/7-0 £ 6 SDspq
period)> and Zc smaller (mean group size of 1.67 + 1.0 SD 15 period/
1.87 + 1.2 SDjpnd period)-

3.1 Observed distributional range, ODR

The area covered by the effort was the largest in the WMED
Subregion, while very limited in the Central MED during the first
period (i.e., eastern Sicily), and increased during the second thanks
to the inclusion of new Adriatic routes covering also the Northern
Hellenic Trench (Figure 1). No effort was performed in the Aegean-
Levantine Subregion (Table 1).

Between 10 to 37% of the effort area overlapped with the species
observed range (ODR) in the WMED. In the Central MED instead,
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TABLE 1 Distribution and extent (in km?) of the area of effort per each Mediterranean Subregion, extent of observed species range calculated within
the 95% KDE isopleth, and percentage of overlap between observed species range and effort area.

WMED Central MED Adriatic Aegean-Levantine Sea
1 period 191,658 1,579 NoEffort NoEffort
Effort Area
2 period 208,088 9,126 19,165 NokEffort
Gg 1 38,415 1,568 NoEffort NoEffort
Gg 2 77,173 0,0 2,595 NoEffort
Observed Distributional Range Gm_1 19,664 0,0 NoEffort NoEffort
2
(KDE, km’) Gm_2 32,818 0,0 0,0 NoEffort
Zc 1 29,169 0,0 NokEffort NokEffort
Zc 2 37,496 632 0,0 NokEffort
Gg_1 20% 99% NA NA
Gg 2 37% 0% 7% NA
Observed Distributional Range Gm_1 10% 0% NA NA
vs
Extent of Effort area (km?) Gm_2 16% 0% 0% NA
Zc 1 15% 0% NA NA
Zc 2 18% 2% 0% NA

NA, Not Available.

99% of the effort area overlapped with Gg ODR during the first
period (i.e., in the eastern Sicily), and a limited percentage with the
ODR of Zc (2%) during the second period (i.e., in the Northern
Hellenic Trench). In the Adriatic, 7% of the effort area intercepted
the Gg ODR in the southern part.

ODR areas were mostly located in the northern part of the
WMED Subregion for all the species (Figure 3) with ODR for Gg
also located in the westernmost MED, the Tyrrhenian-Sardinian
channel and the southern Adriatic, Gm in the westernmost MED,
and Zc in the eastern Ionian (i.e., Northern Hellenic Trench). In the
northern area, the ODR generally overlapped between the two
periods, with a tendency to shift towards offshore in the
Sardinian-Balearic basin for all the three species, and in the
Ligurian Sea for Gg (Figure 3, left).

Considering only the common area of effort between the two
periods, the trend calculated over the ODR extents revealed an
expansion in all the three species with a significant delta index
>10% for Gg (+16%).

’%"g \‘\"’
Chaen S G o e
s R Q N
> F e 2 o
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FIGURE 3

3.2 Ecological potential range, EPR

Based on AUCs, validation data, and well-known sites of
species presence, model outputs showed strong predictive skill
at the basin wide scale. The ROC plots exhibited high average
AUCs for both training and test datasets and small Standard
Deviation and overfitting values for all models (Table 2), which
indicates consistency and reliability. In general, performance of
the prediction maps of the second period was higher compared to
those of the first period when validated by the independent dataset
collected during the same period. Performance was also higher for
prediction maps for Gm2 (over 90% of correct prediction), while
performance of Gg and Zc maps was fair-good in the WMED
Subregion only (over 70% of correctly predicted sites).

In general, the areas of suitable habitats highlighted by the
MaxEnt output maps were consistent with previous knowledge on
the species (Figure 4) with the highest incongruence noted for the
Gm_2 prediction in the Aegean-Levantine Subregion. Standard

Core areas highlighted by the 95% KDE isopleth within the area covered on effort during the two periods (in grey), used to define the Observed

Distributional Range, ODR (Gg left, Gm centre, Zc right).
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TABLE 2 MaxEnt Results for the first and second periods considered.

10.3389/fmars.2023.1116829

Minimum Equal training Maximum training
training pre- sensitivity and sensitivity plus
#Training #Test AUC AUC AUC sence logistic  specificity logistic specificity logistic
Species  samples  samples Train overfitting threshold threshold threshold

Gm_1 11 5 0.94 0.90 0.04 0.04 0.18 0.42 042
Ze_1 18 9 097 0.92 0.03 0.05 0.06 0.27 0.30
Gg 2 39 19 0.90 0.81 0.05 0.09 0.08 0.38 0.29
Gm_2 32 15 0.96 0.92 0.03 0.04 0.06 0.17 0.14
Zc 2 75 38 0.95 091 0.02 0.04 0.01 0.16 0.16

Deviations were generally low (<0.4), especially for the unsuitable
areas. However, uncertainty was highest in general in the Aegean-
Levantine Subregion and in the central and southern areas of the
Central MED Subregion for the Gg_1 and Zc_2 outputs.

The ‘Minimum training presence’ threshold produced binary
maps restricted to the most suitable habitat only excluding a large
number of presence sights. The values identified through the ‘Equal
training sensitivity and specificity’ and ‘Maximum training
sensitivity plus specificity’ thresholds resulted similar (Table 2),
but the first approach was chosen as being more conservative and
was then used to define the EPR.

Some differences in the EPRs were found between the two
periods (Table 3) in the WMED, where the EPR of Gg decreased by
almost -7%, while Gm increased by 57% and Zc by 4%. Results for
the other Subregions were not reliable as they were based on very
small probability of presence in those areas (<5000 km?).

In general, Distance from Canyon, Chl-a, and depth were the
most important predictors for all the three species, followed by
seamount distance and SST, but only for Gm and Zc (Table 4). Chl-
a was the most important parameter for the definition of Gg
habitats, either as percent contribution or permutation
importance, in both periods, followed by canyon distance during
the first period and depth during the second. Distance from Canyon
was the most relevant parameter for Gm during the first period,
while Chl-a strongly contributed during the second period, followed
by the distance from seamounts. Chl-a and distance from canyon
were the most significant parameters also for Zc during the first
period, while depth and distance from seamounts were the
parameters that most affected the distribution of the species
during the second period.

3.3 Range pattern

In addition to the investigated changes in the extent of range
areas, the analysis of spatial pattern revealed some shifts in the
location of the main range areas. Indeed, the percentage of
overlapping spanned 40-70% for ODR for the three species
reaching the maximum overlap for Zc¢, and 30-50% for EPR.
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The location of overlapping areas for ODR (Figure 3) and EPR
(Figure 5) showed the permanence over the time of some well-
known areas for the three species.

In particular for Gg, some well-known areas of the WMED were
predicted in both periods (e.g., Alboran Sea, Balearic Sea, Corso-
Ligurian-Provengal basin, several spots in Tyrrhenian Sea including
the Pontine Archipelago, and eastern Sicily). The offshore waters of
the Gulf of Lion were no longer identified as the most suitable
during recent years, while some new areas emerged (Figures 4, 5). A
general reduction of suitable habitat was identified in the Pontine
Archipelago and around the Sicilian coasts. Other widespread spots
of potential suitable habitat appeared dispersed in the WMED from
the recent model. Outside the more reliable area of the WMED,
some suitable areas with higher uncertainty emerged in the eastern
Mediterranean basin such as the southern Tiirkish, the northern
Aegean during the more recent period and the coasts between
Lebanon and Egypt.

Suitable Gm habitats were predicted in the WMED Subregion,
in the Alboran Sea and along the continental shelf of Balearic, Gulf
of Lion and the Corso-Ligurian-Provengal basin. A small area was
highlighted in the Pontine Archipelago, and other patch areas were
predicted around Sardinia Island. During the second period, new
ODR areas were identified over the Alboran Sea and the Strait of
Gibraltar due to the added effort in this region which intercepted
the known important areas for the species identified by the large
EPR. Outside the WMED, the large prediction stretching from the
Aegean to Libya seems unreliable given the current knowledge on
the species distribution.

Some well-known suitable areas were highlighted in both
periods for Zc in the WMED such as the Alboran Sea, Ligurian
Sea, northern Tyrrhenian Sea, and Balearic Sea. In the Central MED
and Adriatic Subregions, the Hellenic Trench, northern Ionian Sea,
and southern Adriatic Sea were predicted during the second period
only with higher uncertainty.

A shift of centroids’ core areas between the two periods was
detected for the ODR and the EPR predicted over the WMED
Subregion (Figure 6). The shift on EPR for the other Subregions or
at all MED scale was not considered as based on a very limited
predicted area in one or both periods (Table 3).
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FIGURE 4

Output of the Suitable Habitats predicted based on 2008-2012 (Gg_1, Gm_1, Zc_1) and 2013-2019 (Gg_2, Gm_2, Zc_2) FLT Med Net data (left) with
the relative Standard Deviation (right). The partition of suitable habitat is shown under three threshold scenarios defined by: ‘Equal training sensitivity
and specificity logistic threshold (red), ‘Minimum training presence logistic’ and ‘Maximum training sensitivity plus specificity logistic threshold’
(values in Table 2). Blue colour displays the predicted unsuitable habitat. Striped lines identify the Subregions where the prediction must be
considered with caution as based on limited or no effort.
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TABLE 3 Extent area of potential range (EPR, km?), based on Equal sensitivity plus sensitivity logistic threshold and percentage of change in the
extent of suitable area (2008-2012: Gg_1, Gm_1, Zc_1; 2013-2019: Gg_2, Gm_2, Zc_2).

WMED Central MED Adriatic Aegean-Levantine Sea
Gg_ 1 182,910 12,859 0 87,212
Gg 2 170,028 4,581 50 1,785
Gm_1 101,305 20 0 1,275
Extent of Ecological Potential Range (km?)
Gm_2 159,226 48,888 4,724 88,960
Zc_1 92,218 591 0 0
Zc 2 96,136 1,781 2,310 5,879
Gg 2/Gg 1 7% ° ° °
% change Gm_2/Gm_1 57% ° ° °
Zc_ 2]7c_1 4% °© ° °

In Italic are indicates the very small extension of predicted suitable habitat (less than 5,000 km?); ° not reliable results as based on very limited predicted area in one or both periods.

TABLE 4 Measures of environmental variables contribution to the ecological models for the target species.

Gg_1 Gg_2 Gm_1 Gm_2 Zc_1 Zc_ 2
% cont. Perm. % cont. Perm. % cont. Perm. % cont. Perm. % cont. Perm. % cont. Perm.

Aspect-E 8.6 6 1.9 2.9 33
Aspect-N 47 3.6
Canyon dist. 15.2 8.6
Chl-a 1.6 15.1 7.4
Dist. coast 6.1 33 7.2 7.1 2.7 6.4 11.1 42 4.6 4.6 3.7 6.2

Depth 135 7.8 18.2 26.8 2.8 12 134 152 20.7 8 _
Slope 11.1 34 6.1 33 2.7 0.9 33 22 7.6 6.3 33 1.6
Seamount dist. 48 10.3 9.7 134 1.8 22 19.9 25.3 4.8 6.5 17.3 117
SST 5.8 10.3 44 3.7 22.4 33 0.8 1 0.4 0.7 145 21.3

Percentage contribution (% cont) and permutation importance (Perm) derived from Maximum Entropy models. In dark and light grey respectively the first and second contributing variable.
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FIGURE 5
Overlap of EPRs over the two periods. Points EPR of the first period, strips EPR second period, and in black the overlapping areas.
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Direction and magnitude shift of the centroids of the distributional area respectively of ODR, and EPR WMED. Gg red, Gm green, Zc black lines.

3.4 Observed distribution range vs
ecological potential range, ODR/EPR

Results showed that all the species regularly occur in almost
the same areas or in a smaller proportion of their ecological
potential habitat during both periods (ODR equal or smaller than
EPR), with the only exception of Gg, whose ODR in the second
period was larger than the EPR (Table 5, SM Figure 1). In the
WMED, the proportion of suitable habitat effectively occupied by
the species ranged between 62% for Gm_1 and 158% of Gg_2. No
significant changes were detected in the proportion of occupied vs
potential habitat over the two periods for the Zc (-1%), while for
Gg and Gm increased this proportion by 59% and 46%
respectively. Limited area was predicted for Gg and Zc in the
Central MED, effectively occupied by the Zc by 50%, while the Gg
was recorded largely outside the predicted potential area. Gm was
never detected either in the surveyed areas of the Central MED or

in the Adriatic Subregions. The spatial pattern of observed and
predicted potential areas showed large overlap, but with some
local differences (SM Figure 1). Both the areas of observed and
predicted range of Gg in the northern part of the WMED
expanded mainly towards offshore waters and stretched in
patchy suitable areas in the centre. However, the shift in ODR
detected in the more recent years in the western portion of the
Corso-Ligurian-Provengal basin brought Gg outside predicted
suitable areas. A contraction in suitable areas was instead
detected in the south Tyrrhenian, where the species was no
longer present, while new areas emerged in the Sardinian
channel. A suitable area was confirmed in eastern Sicily in both
periods. Gm observed range was almost similar across periods in
the northern WMED, except for an enlargement towards offshore
waters in the Sardinia-Balearic basin, which almost corresponded
with the predicted potential range despite the latter being more
scattered and fragmented during the more recent years. On the

TABLE 5 Percentage of the extent of Real Distribution (km?, 95% KDE isopleth) over the Ecological Potential Range (km?, based on Equal sensitivity
plus sensitivity logistic threshold) calculated within the area performed on effort.

WMED Central MED Adriatic Aegean-Levantine Sea
Gg_1 99% 114% NoEffort NoEffort
Gg_ 2 158% ° ° NoEffort
Gm_1 62% ° NoEffort NokEffort
Gm_2 90% ° ° NokEffort
Zc_1 115% ° NokEffort NokEffort
Zc 2 112% ° ° NoEffort

2008-2012: Gg_1, Gm_1, Zc_1; 2013-2019: Gg_2, Gm_2, Zc_2. ° not reliable results as based on very limited predicted area in one or both periods.
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other side, a relevant area potentially suitable for Gm was revealed
in both periods not overlapping any ODR in the central
Tyrrhenian Sea. No noteworthy changes in observed and
predicted range were detected for Zc in the northern part of
WMED, while a new area emerged in the Sardinian channel both
for the observed and predicted range.

4 Discussion
4.1 Sampling strategy

The sampling strategy of the FLT Med Net was set in order to
homogeneously cover large portions of the Mediterranean basin,
with regular monitoring of the sampled areas during all the seasons
(Arcangeli et al, 2019). A recent study revealed that sampling
designed along multiple fixed ferry routes detected more species
and were able to recover known patterns in species richness and
distribution at smaller sample sizes better than unconstrained
sampling points (Boyse et al., 2023). Results of this study confirm
that the sampling design of the FLT Med Net proved adequate for
catching the known distribution of the species, providing high
modelling performance, and allowing trends analysis even for rare
or elusive cetacean species such as Risso’s dolphin, long-finned pilot
whale and Cuvier’s beaked whale. This was particularly the case for
the WMED Subregion, and especially during recent years when new
monitored transects also covered the westernmost portion of the
basin, the Alboran sea and the Strait of Gibraltar area (roughly 80%
of WMED covered by the effort). In the Adriatic Subregion, the
effort strategy resulted in coverage of almost the whole region
although with still some uncertainty in the northernmost area, as
also assessed by Zampollo et al. (2022). The Central MED was
instead only represented by the effort in the eastern Sicilian coast
and the Greek Ionian portion, and no effort was performed in the
Aegean-Levantine Subregion, which leaves open opportunities for
improvement. Indeed, an adequate proportion of the effort area
intercepted the main distributional range and suitable habitats of
Gg, Gm and Zc in the WMED Subregion (between 10-37% for the
observed distributional range, over 46% of the predicted ecological
range), and a more limited proportion in the Central MED and
Adriatic Subregions, in correspondence with some known
important areas for Gg (i.e., eastern Sicily. e.g, ACCOBAMS,
2021) and Zc (i.e., Northern Hellenic Trench, e.g., Frantzis et al.,
2003). Therefore, in the WMED the sampling design of FLT Net
proved to be adequate to intercept the ecological variability of the
area, producing reliable results also outside the area of effort,
whereas more transects are instead required to improve reliability
in understudied Subregion (e.g., Central and Aegean-Levantine
Subregions). Moreover, as the distributional range and habitat use
of species varies seasonally, the seasonal based temporal resolution
of sampling strategy allowed including the potential seasonal
displacement of the species and thus the entire species range. The
approach was also effective in terms of monitoring costs vs.
acquired information, and these methods and indicators are
suitable to be replicated across all seas.

Frontiers in Marine Science

12

10.3389/fmars.2023.1116829

4.2 Main findings on species distributional
range and habitat

Most of the Observed Distributional Range (ODR) of the
species highlighted by the Kernel analysis and the Ecological
Potential Range (EPR) predicted on the basis of suitable habitat
modelling were consistent with previous knowledge on the species,
especially for the WMED Subregion, further confirming the
importance of the north-western Mediterranean for Gg, Gm and
Zc (ACCOBAMS, 2021). Consistency in these areas was also found
across periods, with a general enlargement in the areas of
distribution, and a shift towards more offshore areas in the
Sardinian-Balearic basin for the three species, and in the Ligurian
Sea for Gg. Outside the WMED, some known important areas for
Zc such as the Ionian Sea and the deep Hellenic Trench were
predicted, even if for a limited extent, during the second period
only, when monitoring effort was added in the Adriatic-eastern
Ionian region. Higher uncertainties or unreliable areas were
revealed, as expected, in unsurveyed areas of the Central or the
Aegean-Levantine Subregion.

Findings of this study on both ODR and EPR of Risso’s dolphin
(Gg) confirmed the permanence across the two investigated periods
of some well-known important areas for the species in the WMED
Subregion. The species is mostly found in the Western-
Mediterranean Sea from the Alboran Sea, including deep offshore
waters (Canadas et al., 2002; Canadas et al., 2005), to the south of
the Provengal basin, with high values along the Algerian coast and
the Balearic Islands (ACCOBAMS, 2021; Lanfredi et al., 2021).
However, findings of this study no longer identified the offshore
areas of the Gulf of Lion as most suitable during recent years, while
highlighting new distributional areas in the offshore waters of the
Sardinian-Balearic basin and Ligurian Sea. The species was
considered favoured by the proximity of the continental slope,
primarily in the north-western basin (Bearzi et al., 2011), with a
very specialised niche and a habitat spatially restricted on the upper
part of the continental slope (Praca and Gannier, 2008). A high
fidelity for the Provencal continental slope, without strong seasonal
pattern in abundance (Laran et al., 2010; Laran et al., 2017), and a
transient use of the offshore area was also confirmed on a long-term
basis between 1989-2012 by Labach et al. (2015). Nonetheless,
during recent years Gg was sighted in more offshore
environments than previously reported in literature
(ACCOBAMS, 2021). This is also in line with the trend observed
by Azzellino et al. (2016), who reported a significant decrease in Gg
abundance between the early ‘90s and 2014 in coastal and
continental slope areas of the Ligurian Sea, with stable occurrence
in pelagic areas. The result was assumed as a loss of coastal group or
a shift in animal distribution (Azzellino et al., 2016). Moreover,
apart from the more defined sites, widespread spots of potential
suitable habitats appeared dispersed in the WMED in the current
study. A general reduction of suitable areas was also detected in the
Pontine Archipelago, and around the Sicilian coasts and Ionian Sea,
where only a portion of suitable habitat persisted eastern of Sicily
and Taranto Gulfs where strong side fidelity was found by other
studies (e.g., Monaco et al., 2016; Carlucci et al., 2020a; Cipriano
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et al,, 2022). Relatively large groups of Risso’s dolphins were
reported further east in the southern Adriatic and Ionian Seas
and the deep Hellenic Trench from ASI visual surveys, but no
sightings were reported from acoustic surveys (ACCOBAMS, 2021)
in line with the uneven prediction produced by this study. During
the first period, some suitable areas emerged in correspondence of
the Turkish Mediterranean, Palestinian and Israeli coasts consistent
with the few contemporary reports (Oztiirk et al., 2011; Kerem et al.,
2012). The absence of effort in this area prevents any conclusion on
whether or not the predicted reduction reflects a true species
negative trend. The few encounters of Gg in mixed-species groups
with striped dolphins and short-beaked common dolphins in the
deep waters of the semi-closed Gulf of Corinth (e.g., Frantzis and
Herzing, 2002; Frantzis et al., 2003), and for the unique stranding
record in the 2012 in the Marmara Sea (Dede et al., 2013) appear to
confirm the minor prediction in these areas.

Findings of this study confirmed some of the existing
knowledge on the long-finned pilot whale (Gm). The species is
known to be found almost exclusively in the WMED (Verborgh
et al, 2016; ACCOBAMS, 2021) with a strong preference for deep
pelagic waters. Relative higher densities were reported in the Strait
of Gibraltar and Alboran Sea (Canadas et al., 2005; De Stephanis
et al., 2008) and lower in Balearic and Corso-Ligurian-Provencal
Seas (Raga and Pantoja, 2004; Gomez de Segura et al., 2006;
Azzellino et al., 2008; Praca and Gannier, 2008). The
ACCOBAMS survey of 2018 (ACCOBAMS, 2021) also observed
larger groups of Gm in the Alboran Sea, along the coast of Morocco
and in the Gulf of Lion, and relatively smaller pods in the Ligurian
Sea. The species was never recorded in the central Tyrrhenian Sea
(Arcangeli et al,, 2013; Arcangeli et al., 2017), but a stable pod has
been recurrently sighted in the Pontine Archipelago since 1995
(Mussi et al., 2000). In accordance with the literature, the ODR in
this study for Gm was exclusive of the WMED, but with a tendency
to shift towards offshore waters during recent years, especially in the
Sardinian-Balearic basin. Suitable habitats were also mostly
predicted in the Alboran Sea and along the continental shelf of
the Balearic Archipelago, Gulf of Lion and the Corso-Ligurian-
Provengal basin with a similar shifting trend towards offshore as the
Observed Range. Smaller areas were predicted in the Pontine
Archipelago, supporting the stable presence reported by Mussi
et al. (2000), and around Sardinia Island. In the Tyrrhenian Sea
instead, a relevant potentially suitable area was highlighted during
both periods, although no sightings have been reported either from
this study or by literature (e.g. Arcangeli et al, 2017). Further
investigation could be directed to determine whether anthropogenic
activities or other pressures are operating there as limiting factors
for the species. During the second period, a reliable enlargement of
suitable habitat was predicted in the WMED Subregion, especially
over the Alboran Sea and the Strait of Gibraltar, most likely as a
result of the new added monitored transects representative of the
westernmost part of the basin and intercepting the Strait of
Gibraltar sub-population (Verborgh and Gauffier, 2021). A large
Ecological Potential area stretching from Gibraltar towards the
northern African coast was indeed predicted by this study in the
second period, consistent with the ACCOBAMS (2021) sightings of
large pods and by some reported strandings in Morocco (Bayed,
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1996; Masski and De Stephanis, 2018), Algeria (Boutiba, 1994;
Bouslah, 2012) and Northern Tunisia (Attia El Hili et al., 2010;
Karaa et al, 2012). The species was never detected either in the
Central MED and in the Adriatic Subregions, and no EPR was
predicted here, while the large prediction stretching from the
Aegean to Libya seems unreliable given the current knowledge on
the species distribution.

Known habitats of Cuvier’s beaked whale (Zc) were highlighted
by the study in the WMED Subregion, while the south Adriatic and
Hellenic Trench of the eastern Ionian Sea were only predicted during
the second period likely due to the effort performed in those areas
that allowed including some environmental features not considered
by the environmental variability of the WMED effort area only. Zc is
considered to inhabit both the western and eastern basins of the
Mediterranean Sea (Podesta et al., 2016), and this species is mostly
found in canyon areas in the Ionian Sea, the Hellenic Trench, the
deep southern Adriatic Sea (Frantzis et al., 2003; Carlucci et al,
2020b), the central Tyrrhenian Sea (Gannier, 2015; Arcangeli et al,
2016), the Balearic and the Alboran Seas (Canadas and Vazquez,
2014; Canadas et al., 2018), and the Ligurian Sea (Moulins et al., 2007;
Azzellino et al., 2008; Tepsich et al., 2014). The ACCOBAMS survey
of 2018 confirmed the existing knowledge on the basin wide presence
of the species and at the same time showed how Zc occur in relatively
small patches at low densities (ACCOBAMS, 2021). In accordance
with literature, this study highlighted the importance in particular in
the WMED of the Alboran Sea, the central Tyrrhenian Sea and
Ligurian Sea and also a permanent area of suitable habitat in
correspondence with the Spanish-French continental slope coast
and stretching offshore. However, despite being recognised by some
studies (Raga and Pantoja, 2004; Gannier and Epinat, 2008; Praca and
Gannier, 2008; Podesta et al., 2016; Arcangeli et al., 2017) and the
records of the Accobams survey (ACCOBAMS, 2021), this latter area
was not considered among the important areas for the species. This
discrepancy could indicate either an underrepresentation of scientific
literature or a minor occupancy of Ecological Potential habitat for
the species.

4.3 Interpretation of trends

In general, the persistence over time of presence and suitable
habitat of Gg, Gm and Zc in the WMED confirmed the importance of
this Subregion for the species. However, the changes in the extent
(whichever a contraction or expansion) and the shift highlighted on
both the observed distribution and the suitable areas indicate changes
in spatial distribution of the species across time periods (Table 6).
This could be the result of exploitation of new potential suitable areas
or an adaptation forced by existing pressures or changes in the
distribution of habitat over time. In particular Gg enlarged the
proportion of occupied area over the ecological potential by almost
50% distributing also outside the predicted suitable areas (i.e., in the
Corso-Ligurian-Provengal basin). In addition, the new areas that
emerged in the centre of the Sardinian Balearic basin or eastern
Corsica coast, together with the contraction of the areas in the south
Tyrrhenian Sea and around the Sicilian coasts, revealed changes that
need further investigation. Moreover, results highlight a concurrent
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enlargement of the area of distribution of Gm and Zc, even if for a
minor extent, that is not yet reported by other studies. If confirmed,
this would be a signal of a general tendency towards a more dispersed
distribution that surely deserves attention.

4.4 Methodological approach
and indicators

The indicators here tested helped to describe the main
consistencies or changes in short-term range trends between
periods. Results highlighted the advantages and weaknesses of
each indicator and of the approach tested.

The Observed Distributional Range (ODR) indicator has the
advantage of preventing difference biases by data processing,
analysis settings or approximations and is closely related to the real
observed distribution of the species. On the other hand, results are
only representative of the area where the effort is performed,
introducing the need for specific planning of the sampling design of
the data collection if used as representation of species distributional
range. Spatially extensive surveys covering the whole range of species
would deliver an adequate baseline for detecting ODR, but they are
cost-expensive and may lack the temporal resolution needed to detect
the natural species variability avoiding output linked to occasional or
seasonal fluctuations. Continuous local scale surveys could provide
long-term series but lose the spatial representativeness. Local and large
scale surveys could be merged to increase the spatial representation of
outputs providing that appropriate metric is used to match data
collected with different methodologies. Time extensive large-scale
monitoring data collected in sampled areas spatially representative
of regional ecological conditions could represent a suitable balance and
can be used as an index of the real species range. A prior assessment of
the ecological variability representativeness of monitored transects is
needed to avoid bias in underrepresented regions.

With regard to the methods to represent the distributional
range, if compared to the species occurrence mapped in a 10 x10
km?* grid as suggested by HD and MSFD, the Kernel density
smoother proved to be a feasible tool to spatially generalize the
distribution of species and define the area where the species is
found. It is adaptable to the spatial scale (grain) and resolution of
data through the adjustment of search radius and cell size resolution
while still remaining relatively simple to apply. Moreover, when

TABLE 6 Summary results on assessed trends for the WMED Subregion.

Gg
ODR Extent 1
EPR Extent -
ODR Shift \
EPR Shift \
ODR/EPR )
ODR > EPR \

N
N

10.3389/fmars.2023.1116829

using high quality spatial data as those of this study, the use of KDE
could be considered as more accurate than other coarser methods
such as grid of occurrence or the Minimum Convex Polygon used
by some EU Member States. Other approaches such as the Kriging
could also apply to the same purpose and are worth exploring.

Finally, care must be taken when calculating the trend in the
extent of ODR in cases when the monitored area changed between
time periods. In this study, the trend was calculated as percentage of
change of ODR vs Extent of Effort (i.e., it was normalised by the
Effort), and the percentage of change didn’t vary if considering the
entire effort areas for each period or the common area only. However,
the second approach was chosen as more conservative. Indeed, a
change in the investigated area could produce a bias if, for example, an
area completely outside, or, vice versa, in the core of the species range,
is surveyed during one period only. Given the long-term monitoring
required by the legislative framework at the large-range spatial scale
needed for cetacean species, changes in the monitored areas over time
could occur for example in the case of new organisations or countries
joining an international effort. This aspect should be carefully
considered, and the trend detected should be investigated with a
conservative approach within the common effort area only.

The Ecological Predicted Range (EPR) based on sites of known
occurrences and extrapolated through habitat maps models proved
to be able to generalize the spatial distribution of the species also
outside the area of effort providing meaningful outputs especially in
the WMED Subregion where sampling was spatially representative
of regional ecological conditions. Results of this study further
confirm that sampling effort must be designed in order to assure
representativeness of the regional ecological variability, and the
SDM outputs in not surveyed regions (e.g., as in the case of the
Aegean-Levantine basin in this study) should be taken with caution.
In addition, predictions and extrapolations should be validated
whenever possible by independent datasets as soon as new data
become available. Results of this study indicate a general
correspondence of trends detected in the Observed and Predicted
Range both in terms of shifts (e.g., towards offshore areas in the
Western-Mediterranean Subregion for all the species) and extent of
areas (e.g., enlargement recorded for Gm in both ODR and EPR).
These results confirm the potential for using the EPR to indirectly
determine the AOO as suggested by the IUCN Guidelines (IUCN,
2001). However, some differences were also detected such as the
new areas detected by the ODR in the Sardinia channel for Gg that

Gm Zc
6] () not significant
1 Positive
- \Attention
| Negative
< Stable

N
N

“—

The term ‘Attention’ refers to situations, such as a shift in distribution or where the ODR is larger than the EPR, that could indicate a displacement of the species outside the suitable areas.
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were not predicted by the EPR in the corresponding period. Thus,
careful consideration is needed to correctly discriminate the
meaning of the range predicted on the basis of SDM to
investigate the species conservation status, as the Potential Range
does not always correspond to the actual distributional range of the
species. Output must be carefully validated and adjusted using the
estimated proportion of ODR/EPR as suggested by TUCN (2001).
On the other hand, Suitable Habitat Maps can be directly used
to define the extent, trend and pattern of the suitable habitats to
answer the parameter/criteria ‘Habitat’ for the species (e.g., for HD
and MSFD). By including information on the main ecological
factors that drive their distribution, these models can also be used

10.3389/fmars.2023.1116829

to investigate the “Habitat conditions” requirement if the pressures
are added to the models.

Provided SDMs accurately reflect potential ranges, EPR can also
be used to compare the Observed versus the Potential Range
(IUCN, 2001; IUCN, 2022) as they indicate the area of occupied
habitat and describe unoccupied habitats of suitable quality
allowing the long-term survival of the species (DG ENV, 2017). If
appropriate data are available, the comparison between the
Observed and the Potential Range can also help to identify
potential suitable areas that are not used by the species due to the
influence of anthropogenic pressures or other limiting factors.
Alternatively, EPR can also be used to determine if the species is

TABLE 7 Summary of limits/weaknesses of the indicators and approach tested, and recommendations.

Limits/weaknesses Recommendation

Results only representative of the effort area, can underestimate the real
occupied range

Can be used as an index to detect trends given that there is a sufficient coverage
of sampled range consistent over time.

ODR
Spatial generalisation method (e.g., KDE) could better define the range
Needs to be adjusted for spatial scale (grain) and resolution of data.
that other coarser methods (e.g., grid, MCP) but needs to be fit to data. o pati (grain) utt
Test for the best SDM approach over the specific type of data/sampling strategy/
Potential bias linked to data processing . . p,p v P P ping 2
species. Validate also by independent dataset
Sampling design representative of regional ecological conditions. Extrapolation
Representativeness of prediction outside the surveyed region considered with caution and validated by independent dataset and as soon as
EPR new data become available.
Could be larger than the occupied range or smaller by effect of Investigate potential limiting factors. Adjust e.g., using the estimated proportion
anthropogenic pressures. of ODR/EPR (IUCN, 2001).
SDM approaches set, tested, and chose for the dataset used through reliable
Not ‘one-for-all’ SDM approach. . .pp ¢
validation process.
Potential bias linked to ch; i itored if e.g., i
N el,l 1a bias linke K 0c anges. 10 monitored area It €8, a core species Calculate trend within the common area of effort. Normalize ODR by the effort.
ODR area is surveyed during one period only.
& EPR s . . .
The observed distribution can be driven by different ecological and o
. Parallel use of complementary indicators.
anthropogenic factors.
Range The extent of range could remain equivalent but shifted in different Contemporary investigation as either the trends in extent (surface range) and
Pattern areas over time. shifts (range pattern)
Six- M t be adequate for cet : biological variabili Id b
X 'year ay notbe & eq}1a e tor .ce aceans: biological variability could be Test shorter periods (e.g., moving average) or longer time series.
periods revealed under different time scales.
Synopti I ies with simil 1 Id hel, i
. Higher uncertainty if trend is based on only one species per species YROPUC analyses on m?re SPeCleS With st 'ar eco Og},’ cou K ? p assessing
Species ou whether a detected modification refers to a single species or is likely
sroup- representative of a more general change.
Spatial resolution:
Sampling design in order to b tative of speci d ecological
Potential bias linked to underrepresentation of surveys. am;? %ng esign n order to be representative of species range and ecologica
conditions.
Potential bias due to change in investigated areas e.g., if a species core Design of sampling to be representative of known species key areas (or take it
area is surveyed in one period only. into account during the assessment)
Temporal resolution:
Sampling Potential bias due to species variability such e.g., seasonal-related L . .
design Yearly or biennial surveys including all seasons or at least two seasons

displacements, intra-period occasional change in distribution, early-sign
of climate-related changes.

Difficulties in delivery homogenous data in the long term (e.g.,
monitoring programmes can vary in methods, timing, area investigated)
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representative of main species migratory/displacement distribution.

International coordination for the harmonisation of all the phases of the
information chain.

Cost-effective approach that can endure over time.

Deal with uncertainty (e.g., enhance metrics able to deal with integrated
heterogeneous data)
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pushed outside of the preferred suitable habitat as a consequence of
a pressure, change in the distribution of habitat or the exploitation
of new resources. Trend in the ratio between Observed vs Potential
range could then be used to correlate the detected changes with
other environmental or anthropogenic parameters and/or assess the
effectiveness of mitigation measures.

5 Conclusions

Our results highlighted the strengths and weaknesses of the
analysed indicators and approach as summarised in Table 7. In
general, the ODR based on known occurrence can underestimate
the real occupied range and needs to be referred to the area of effort,
but it can still be used as an index to detect trends. Conversely, the
EPR could be larger than the occupied range in presence of limiting
factors, either environmental or anthropological, or even smaller in
the case of pressures that force the species outside the ecological
niche so that careful validation of output is required. Therefore, the
parallel use of complementary indicators, such as the Observed and
Ecological Potential Range, may be preferable to using a single
indicator to disclose the significance of a change.

Based on our results, we also recommend the contemporary
investigation of the Range Pattern as either the trends in extent
(surface range) and shifts (range pattern). In this study, for example,
the enlargement of the Observed surface Range could have been
interpreted as positive, but it was associated with a shift towards
offshore less suitable or unsuitable areas which instead deserve
attention. Moreover, synoptic analyses performed on more species
with similar ecology are suggested to assess whether a detected
modification refers to just a single species or is likely representative
of a more general change.

This study tested and discussed the most common approaches for
assessing six-year trends, as required by the HD and MSFD, on range
and habitat of rare cetacean species using the longest dataset available
at large scale in the Mediterranean Sea. It should be noted that the
comparison between two six-year periods may not be adequate to
highlight biological and ecological trends for such long-lived species
as cetaceans. Biological variability could indeed be revealed under
different time scales, and further investigation, such as a moving
average of shorter periods or longer time series, might be necessary to
confirm the usefulness of the six-year time frames required by the
legislative framework or to propose more appropriate time periods.

Overall, our analyses also contribute to assess the most effective
methods to evaluate the Range and Habitat indicators in
compliance with the international legislative requirements of,
among others, the HD, MSFD, and Barcelona Convention.
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Abstract

Plastic production have increased greatly in the last fifty years, and by consequence enormous
amounts of this material enter the marine environment. The Mediterranean Sea is one of the marine
areas most affected by plastic litter, that represent one of the major threats for its variegated
biodiversity. Aim of this study was then to characterise the spatio-temporal variability of plastic
Floating Marine Macro Litter dispersion modelling 3 years of consistent fine-scale field data
collected in the central Mediterranean Sea using the Java tool Ichthyop/Roms3D. The conceptual
framework of risk assessment was then applied on plastic pollution in Marine Protected Areas
(MPAs) and Fisheries Restricted Areas FRAs), to define their vulnerability to this threat.

After a year of travelling, the modelled particles covered a large portion of the Western and Central
Mediterranean Sea. Almost all particles did not reach the seafloor, continuing to be suspended in the
upper levels of the water column for at least the first 200 days. Twenty-eight MPAs from Italy, Malta
and France, were involved in the plastic FMML particles flow especially during the summer season.
Moreover, all the three FRAs located in the Sicilian Channel were at risk from plastic pollution with
seasonal differences.

Applying the concept of risk, as well as using fine-scale field data, offer a valuable approach to
assessing the implications of the vulnerability of MPAs and FRAs to plastic FMML. This study
demonstrates the high potential of modelling techniques based on in-situ continuous field data and
the crucial needs of considering different temporal and spatial scales when dealing with this kind of
“no-border” heterogeneous threat such as FMML. Plastic pollution management requires a
coordinated effort between Mediterranean countries to develop effective and harmonised strategies

addressing the transboundary challenges posed by plastic pollution in MPAs and FRAs.

Keywords: Plastics, field-modelling data, Trans-boundary management

Introduction

Plastic production has increased enormously in the last 50 years, so much so as to define these times
as "the age of Plastics" (Avio et al., 2017). By consequence, enormous amounts of this material enter
the environment. Between 4.8 and 12.7 million tons of plastics enter the marine environment from
land-based sources every year and, with no advances in the context of waste management, the overall
plastics quantity could increase by 3 times up to 2025 (Jambeck et al., 2015). Even if its composition
may vary, plastic debris is the most abundant fraction of marine litter, constituting a pervasive threat
with no spatio-temporal borders (Eriksen et al., 2014; Van Sebille et al., 2015) primarily due to the
longevity of plastic materials and their slowly deterioration rate (Andrady 2005). Moreover,

approximately 50% of all plastics are less dense than water, and therefore they float over the sea
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surface (Geyer et al., 2017). Plastic objects often contain trapped air which enhance their buoyancy
and windage, facilitating their spatial diffusion.

In the world’s oceans there are five large and stable accumulation areas of marine litter (Eriksen et
al.,2014; Lebreton et al., 2018; Law et al., 2010). A different case is represented by the Mediterranean
Sea, as its hydrodynamics does not allow the formation and persistence of such aggregations (Mansui
et al.,, 2015, 2020; Liubartseva et al., 2018; Cozar et al., 2015). However, given its particular
characteristics, it is one of the marine areas most affected by marine litter problem (Mansui et al.,
2015) and in particular by plastic pollution, a category that is always the most represented regardless
of the seasons, the different geographic areas and the water column level considered (Lebreton et al.,
2012; Cozar et al., 2015, Suaria et al., 2016; Suaria & Aliani, 2014; Fossi et al., 2017; Arcangeli et
al., 2018; Scotti et al., 2021). The Mediterranean Sea is in fact a semi-closed and heavily urbanised
basin, hosting on the coasts more than 500 million people whose highly busy waters have been the
site of a variety of human activities for centuries.

At the same time, the Mediterranean Sea stands out as a biodiversity hotspot, host more than 8% of
the world's biodiversity, with an exceptional wealth of marine species adapted to its unique
environmental conditions. From Posidonia oceanica seagrass meadows to deeper coralligenous
reefs, the Mediterranean Sea provides essential habitats for remarkable biological diversity, thanks
to the presence of a large number of Marine Protected Areas (MPAs) and Fisheries Restricted Areas
(FRASs). These areas are of fundamental importance as they supply ecosystem services, increase
ecological and socioeconomic resilience and mitigate the effects of environmental threats on marine
biodiversity, safeguarding it from pollution, habitat loss and resources overexploitation (Coll et al.,
2010). Nevertheless, MPAs and FRAs are particularly endangered by plastic litter because it, unlike
other anthropogenic stressors, can’t be managed only locally and they often work as final sink.

To counter the problem of plastic pollution, multi-disciplinary studies integrating geographical,
ecological and socio-economic aspects are essential to understand the scale of the impacts and design
effective management strategies to reverse the alarming trend of plastic pollution in this unique and
precious sea (Suaria et al., 2016). Plastics harmful effects on ecosystems and marine biodiversity are
manifold and diverse. Considering its complex path in the environment and the different chemical-
physical modifications it can encounter, there are many interactions it can have with the systems it
comes into contact with. Impacts on marine biodiversity depend on the type and size of the objects
as well as, of course, the species considered (Roman et al., 2021, Chevalier et al., 2023).

It is estimated that more than 1,400 marine species have been negatively impacted by plastic marine
litter, mainly through ingestion and entanglement phenomena (Kiihn et al., 2015; Wilcox et al., 2015;
Claro et al., 2019; Peng et al., 2020). Benthic habitats can be altered due to plastic accumulation
(Consoli et al., 2020). Floating plastic litter can facilitate the large-scale dispersion of organisms -
and therefore also of alien species (Barnes 2002; Derraik 2002; Aliani & Molcard 2003; Rech et al.,
2016; Sara et al., 2018) - and promote the transport of toxic substances (Mato et al., 2001; Endo et
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al., 2005; Teuten et al., 2007). Finally, the fragmentation of different materials leads to the production
of microparticles and toxic compounds that can accumulate through trophic nets, leading to
bioaccumulation and biomagnification phenomena that particularly affect top predators and
suspensivores (Davison and Asch 2011; Fossi et al., 2012, 2014; Wright et al., 2013).

Plastic marine litter monitoring, management and reduction are goals of several national and
international legislations and action plans (OSPAR Regional Action Plan; G7/G20 Marine Litter
Action Plan; MSFD descriptor #10; UNEA-4 2019). Nevertheless, our understanding of plastic
fluxes, pathways and fate is still incomplete (Van Sebille et al., 2020). This may be due to the time
delay between plastic fluxes through the water masses and their arrival in the study areas where most
of the measurements are made (Lebreton et al., 2019), but also to biological, physical and chemical
processes (e.g. ingestion, beaching, sedimentation, fragmentation) that must be taken into account to
at least partially eliminate these discrepancies (Van Sebille et al., 2020).

Since plastic litter is found also in areas far away from human activities (Chiba et al., 2018), tracking
its movements is of paramount importance (Chassignet et al., 2021). Plastics distribution and
pathways across the oceans are mainly driven by currents, and at this moment the majority of
information about them has been achieved via Eulerian and Lagrangian numerical models, or through
an integration of them (Guerrini et al., 2021; Mountford et al., 2019; Van Sebille et al., 2015; Eriksen
et al., 2014; Maximenko et al., 2012; Lebreton et al., 2012). This is mainly because generally
observational and field data are sparse and difficult to analyse as a whole due to differences between
collection protocols (Van Sebille et al., 2020).

Here, we characterise the spatio-temporal variability of plastic Floating Marine Macro Litter
(FMML) dispersion modelling 3 years of consistent and long term fine-scale field data observed
along the Palermo-Tunis route (FLT Med Monitoring Network, ISPRA) within the conceptual
framework of “Risk” (Kumpulainen, 2006; Gilard, 2016), where it is defined as the result of damages
caused by interactions between disruptive (probability that an hazardous event take place) and
vulnerability factors (exposure of individuals to it, in a given time and place) according to the

following formula:
Risk = hazard x vulnerability

In this study, we applied the Risk concept on plastic pollution in Marine Protected Areas (MPAs) and
Fisheries Restricted Areas (FRAs), defining their vulnerability to this threat (Figure 1).
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Figure 1: Conceptual diagram representing the framework of the risk assessment of plastic FMML
at different scales, combining field monitoring and Lagrangian modelling.

Materials and Methods

Protocol for plastic FMML monitoring: define the real risk

In the conceptual framework of “Risk assessment”, this study focused on FMML as the disruptive
element (or hazard). On the other hand, “Vulnerability” is characterised by a greater or lesser
exposure of MPAs and FRAs to the hazard (Figure 1). To start defining the real risk based on the
FMML pollution, field observations were recorded during dedicated surveys connecting Palermo to
Tunis performed all year round from 2017 to 2019 using passenger ferries as platforms of observation
(Figure 2). Following a dedicated protocol (ISPRA, 2015b, Technical Annex II; Arcangeli et al.,
2018) developed in the framework of the Fixed Line Transect Mediterranean Monitoring Network
project (leaded by ISPRA since 2007), the plastic FMML monitoring (objects of size > 20 cm) was
carried out by the side of the ferry with the best visibility and inside a fixed strip 50 m wide defined
at the beginning of the activities (Thiel et al., 2003; Pyle et al., 2008; Arcangeli et al., 2018). For each
plastic object, specific information was monitored as the type of object, colour, dimension and

buoyancy, and GPS point recorded.

Tracking the plastics movement: define the vulnerability
To define the vulnerability of the Mediterranean MPAs, FRAs and seafloor substrates, plastic FMML
trajectories were studied along both time and spatial scales using a Lagrangian model based on the

field observations (Figure 2).
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Figure 2: Left panel: Marine Protected and Fisheries Restricted Areas of the study area, alphanumeric
codes indicate the MPAs and FRAs interested by the potential plastic presence: 01=Bouches de
Bonifacio, 02=Cape Corse et Agriate, 03=Capo Carbonara MPA, 04=Capo Gallo e Isola delle
Femmine MPA, 05=Costa degli Infreschi e della Masseta MPA, 06=Grigal, 07=Grigal ta’ Malta,
08=Lapsi u ta’ Fifla, 09=Lbic, 10=Lvant, 11=Madwar Fifla, 12=Madwar Ghawsex, 13=Majjistral,
14=Nofsinhar, 15=Parco Nazionale Arcipelago La Maddalena, 16=Parco Nazionale Arcipelago
Toscano, 17=Pelagie MPA, 18=Plemmirio MPA, 19=Punent, 20=Punta Campanella MPA, 21=Regno
di Nettuno MPA, 22=Riserva Naturale Marine Isole Egadi, 23=S. Maria di Castellabate MPA,
24=Secche di Tor Paterno MPA, 25=Tramuntana, 26=Ustica MPA, 27=Ventotene e S. Stefano MPA,
28=Xlokk, FRA 1=East of Adventure Bank, FRA 2=West of Gela Basin, FRA 3=East of Malta
Bank. Right panel: monitoring effort and field observations used for modelling.

Hydrodynamic data were extracted from the Copernicus Marine Project database

(https://marine.copernicus.eu, MEDSEA MULTIYEAR PHY 006 004) with a spatial resolution

grid of 1/24° (~4.4 km) and 141 vertical levels with higher resolution at the surface. Particle tracking
simulations to study plastic litter transportation were performed using the free Java tool

Ichthyop/Roms3D (Version 3.3.3) (http://www.ichthyop.org/). Ichthyop is a Lagrangian particle

tracking model initially created for studying ichthyoplankton dynamics (Deschepper et al., 2020;
Martins et al., 2020), even though recently it was used also to model the fate and transport of invasive
species (Marchessaux et al., 2020; 2023), solid particles from Wastewater Treatment Plants (Millet
et al., 2018), microplastics (Frere et al., 2017; Collins et al., 2019), and applied to link propagules
dispersion and population genetics (Reynes et al., 2021).
The modelling was performed over the three same years of the plastic FMML monitoring activities
(e.g. 2017, 2018, 2019), setting for each particle a transport simulation of 365 days tracked every
day. GPS positions of each plastic object observed on the field were integrated in Ichthyop, and the
29
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modelling started from the day and hour of observation on the field (for example the 28 January 2017
at 12:00). Virtual plastic particles behave as a Lagrangian drifter under the effect of horizontal and
vertical advection, horizontal and vertical dispersion, and also a buoyancy force due to the difference
between the particle and surrounding water density. In order to simulate a realistic scenario, the
model was set to avoid a coastline barrier but to ensure the natural water movements and therefore
the exchanges of particles between the sea and the shore. As in the data recorded during the
monitoring at sea the object typology was specified, it was possible to associate to every particle its
material and corresponding density. Then, in the software a medium buoyancy (density) value of 1.1
g/cm’ was setted (Schwarz et al., 2019).

A total of 77 netcdf (.nc) format files (including 2,552 plastic objects) corresponding to each field
monitoring day were produced at the end of simulations. For each particle the daily longitude,
latitude, and depth were extracted using the software RStudio (version 4.0.5), package “RNetCDF”
(Michna and Woods 2023). Trajectories (daily GPS positions) and distances (km) covered were also
extracted. Trajectories data were uploaded in the software QGIS (version 3.22.4) and maps were
produced for each field starting day. Distances covered were combined by seasons by year and
boxplotted using the software SIGMAPLOT (version 12.5). To test the differences between years for
each season, an ANOVA and Bonferroni post-hoc tests (significant difference = p < 0.05) were
performed using R Studio (version 2021.09.0).

For each trajectory’s ending point, the sinking depth was extracted and compared to the
corresponding bathymetry in order to check if, after a year of modelling, the particles might reach
the seafloor. The frequencies of plastics particles were calculated for each 10 m depth section from
0 to 1800 m depth to define the areas of concentration of plastics in the water column, and the plastics
diffusion across time for 365 days for each year of simulation (e.g. 2017, 2018, 2019). Based on the
results showing the highest frequencies in the first 40 m, plots for each year for the first 40 m depth
were performed. The particles’ depth frequencies across time and depth were plotted using the

software OceanDataView (version 5.1.7; Schlitzer and Reiner, 2021).

Risk, hazard, vulnerability in MPAs and FRAs
To assess the potential pollution pressure by plastics in MPAs and FRAs, a risk index (%) was
calculated following the equation:

Nb time (hazard)

Risk (R) = 100
isk (R) Sum of events per area (vulnerability) x

with “Nb time” corresponding to the number of times a plastic particle entered an area, and “Sum of
event per area”, the sum of the total particles observed in an area for each simulation starting day
(corresponding to each field day).

The information needed to perform the calculation was obtained using the function “Count points in
polygon” in QGIS. The MPAs and FRAs spatial layers used were obtained respectively from the
EMODnet platform (https://emodnet.ec.europa.cu/en) and the GFCM Web Map.
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MPAs and FRAs risk was averaged for each season (winter, spring, summer, autumn) and for the
entire dataset. MPAs and FRAs Risk was plotted using the software SIGMAPLOT and mapped using
the QGIS “heatmap” function. Moreover, it has been checked (i) what is the seabed substrate
(EMODnet_Seabed substrate EUSeaMap) corresponding to each trajectories ending points, and (ii)

if any trajectories ending point was situated inside an MPAs or FRAs.

Results

Overall, 2,552 plastic objects observed on the field were used as particles for the modelling exercise
(Tab. 1, SM). After a year of travelling, the modelled particles starting from the Palermo-Tunis route
area were able to move covering a large portion of the Western and Central Mediterranean Sea, from

the Sicilian Strait heading north to the Ligurian Sea and south to the Sirte Gulf (Figure 3).

2017-04-02 2018-09-30
) ¥

Sinking depth B Sinking depth
458.8 - 29 4 556.5 - 40.1

40.1-13.9
13.9-45
45-1

Figure 3: Trajectories examples showing the eastern (first)/ southern (third)/ northern and
westernmost (second and fourth) points of the study areas reached by the particles.

Plastics covered long distances, overall between 200 and 800 km. The space crossed by the particles
observed during winter time resulted to be statistically lower than the distances travelled in other
seasons (ANOVA, Bonferroni post-hoc test, p<0.05) (Figure 4, panel B). Almost all of the plastic
litter (99.9 + 0.1 %) after a year of modelling did not reach the seafloor, continuing to be suspended

in the water column (Figure 4, panel A).
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Figure 4: Distances covered by plastic particles (km) for the 3 years of study across the seasons.

For the 3 years of study, the same pattern of depths reached by the particles was observed, with few
differences (Fig. 5, panel A). The maximum particle sinking depth reached 1800 m, but the majority
of particles (75.0 = 2.1 %) was concentrated in the first 200 meters of the water column for most of
the year (please note that 200 m is usually the farther margin of the continental shelf, which develop
from the coast up to 200 m worldwide). As observed on Figure 5, panel B, the particles were
concentrated in the first 10 m depth showing the highest frequencies (65.9 £+ 2.7 %) for about 200

days. After this time, particle diffusion was observed and distributed throughout the water column.

32



A | Plastics trajectory

B | Plastics frequency

Depht [m]

Depht m)

Depht m]

B E R R R R T T
Time (days]

Figure 5: (A) Daily variations (days) of depth (m) for each particle along a year, the colour bar
represents the sinking depth (m); (B) frequency (%) of particles according to the time and the depth
for the first 40 m depth where the maximum frequencies were recorded, the colour bar represent the
frequency (%). Results are presented for each year of study.

Twenty-eight Mediterranean MPAs from Italy, Malta and France, were involved in the plastic FMML
particle flow (Figure 6; Table 2, SM) and this was translated into risk assessment showing seasonal
differences in the % Risk and in the number of MPAs. The largest number of MPAs at risk was
reported for the summer season, with Maltese MPAs showing the highest values of the index.
Conversely, during the other seasons the Southern Tyrrhenian MPAs (Sicily, Italy) were the most
potentially impacted (see Fig. 7 for the global average, and Fig. 1 of SM for the seasonal graphs and
maps). After a year of modelling, 32 trajectory ending points were situated inside a MPA. The
majority was located inside different Maltese MPAs, followed by Ustica MPA (Sicily, Italy).
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apo Gallo - Isola delle Femmine |}
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Figure 6: Index of Risk (global average) of Marine Protected Areas (on the left) and country averages
(on the right). The colours represent the countries: blue = France; green = Italy; red = Malta.
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Figure 7: Heatmap (global average) of the risk index of Marine Protected Areas.

Through the four Mediterranean FRAs considered in this study, the three located in the Sicilian
Channel were at major risk from plastic FMMLs with seasonal differences (Fig. 2, SM). For FRA 1
and FRA 2, winter and spring were the most at risk seasons, while autumn for FRA_3. After a year
of modelling, 3 ending points were situated inside FRA 1, and one in FRA 2 and FRA 3. At the
seafloor level, the largest ending points were found in correspondence of “Fine mud” and “Sandy

mud” bottoms (Tab. 1).

Table 1 - EMODnet substrate types and correspective Risk index percentages.

Substrate types Risk index (%)
Fine mud 40.6
Sandy mud 37.0
Sand 11.2
Muddy sand 9.4
Coarse and mixed sediment 0.9
Rock or other hard substrata 0.4
Posidonia oceanica meadows 0.4
Fine mud/Sandy mud/Muddy sand 0.1
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Discussion

In situ measurement of macroplastic pollution is of crucial importance in understanding and
mitigating the devastating impacts of this waste on aquatic ecosystems (Smith and Jones, 2020).
Field surveys provide direct, location-specific data, enabling an accurate assessment of the scale of
the problem. /n sifu measurement methods, such as collection nets and visual surveys, provide in fact
detailed information on the spatial distribution of plastic FMML, their size, type and persistence in
the environment (Smith & Jones, 2020; Chevalier et al., 2023). These data are essential for designing
appropriate solutions, minimising impacts on local flora and fauna, guiding clean-up efforts and
facilitating the implementation not only of targeted management strategies, but also the formulation
of informed environmental policies.

After a year of modelling, plastic particles travelled for long distances throughout the Western-
Central Mediterranean. Nevertheless, the space covered during winter-time resulted lower in
comparison to the other seasons, indicating that the travelled distance can depend on the time of
observation of each plastic particle (Chevalier et al., 2023). The central Mediterranean Sea and the
Sicily Channel are highly dynamic areas, with processes that cover the full range of the spatio-
temporal scale (Sorgente et al., 2011). In particular, the circulation is strongly influenced by
mesoscale signals ranging from 3 to 10 days (Manzella et al., 1988). The superficial waters enter the
Basin passing through the Gibraltar Strait and become warmer and saltier moving along the African
coast, eastern ward. This Modified Atlantic Water (MAW) is then divided into 3 branches, one that
flows along the Sicilian coast and two through the Sicilian Strait (Astraldi et al., 1999) with
significant seasonal differences. The southern one reaches its maximum during late autumn (Astraldi
et al., 1996), while the northern one is more abundant during summer and autumn. Such a kind of
hydrodynamic variations caused by global factors can lead to different trajectories and resulting
distances travelled, therefore making the whole process difficult to predict. Moreover, also the
object’s size can greatly determine the distance potentially travelled by plastics from their sources:
the larger the debris, the longer the travelling distance (Fazey and Ryan, 2016). According to this
extrapolated observation, the management of larger plastic debris can be more complicated
(Hatzonikolakis et al., 2022).

Almost all the modelled plastic FMML particles, after a year of travelling, are still situated near the
sea surface: only after 200 days they begin to sink. During this period of time, macroplastic objects
are subjected to the bio-physico-chemical forces that enhance the formation of secondary
microplastics, contextually increasing fouling colonisation inducing the process of sinking due to
burdening (Fazey et al., 2016; Amaral-Zettler et al., 2021). Scientific literature underlines the
abundant presence of microplastics at the sea surface, and especially within the neustonic habitat
(Ryan et al., 2009). For example, in the case study of Chevalier et al. (2023) who model the
distribution of microplastics in the water column of the bay of Marseille, microplastics concentration

is higher at the surface layer and decreases exponentially towards the bottom. This distribution does
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vary with seasons, under the forces of wind and stratification. The presence and permanence of
(micro and macro) plastics at the sea surface or in the few meters immediately below represent a
great threat for all the organisms that live at this level of the water column or that reach it for specific
purposes (e.g. breathing, feeding) (Davison and Asch 2011; Fossi et al., 2012, 2014; Wright et al.,
2013; Abreo et al., 2023). More than 80% of the impacts generated by marine litter on marine species
is caused by plastic items (CBD 2012) and, between plastic FMML, net fragments, ropes and lines,
and various kinds of packaging items were identified as the objects most frequently associated with
entanglement of marine fauna (Butterworth et al., 2016).

Applying the concept of risk offers a valuable approach to assessing the implications of the
vulnerability of MPAs and FRAs to plastic FMML. Vulnerability in these sensitive ecosystems is
linked to the sensitivity of marine habitats, local biodiversity and the economic dependence of the
human communities that depend on them. The danger, meanwhile, is represented by the quantity,
size and persistence of the FMML plastic present. Studies have shown that these areas, which are
supposed to be ecological refugia (Ban et al., 2016), are also exposed to high levels of plastic
pollution, compromising the health of marine ecosystems and the sustainability of fishing activities.
For example, Johnson et al. (2019) highlighted the increased risk of mortality among marine fauna
and the deleterious effects on fish stocks in areas where ecological vulnerability and the presence of
macroplastics are higher. Soto-Navarro et al. (2021) reinforced this concept showing that the risk
associated with marine litter pollution in MPAs is usually dependent on their location and it is site-
specific. Due to their location in regions with high biodiversity, MPAs exhibit “naturally” high levels
of exposure and vulnerability from plastic FMML making them very sensitive to this threat. All
Mediterranean countries hosts at least one MPA with more than 55% of macroplastics originating
from sources beyond their borders, emphasising the trans-boundary nature of this anthropogenic
threat. From this study twenty-height Italian, French and Maltese MPAs resulted potentially at risk
from the passages, within their boundaries, of plastic FMML (Hatzonikolakis et al., 2023). In our
study, the highest number of MPAs at risk was found during the summer season because of a greater
transportation of macroplastics by currents on long distances, with especially Maltese MPAs showing
high levels of potential risk.

Mediterranean biodiversity, in all its complexity and variety, is at risk by plastic marine litter.
Accumulation of marine litter can be found at all level of the water column, (Barnes et al.,
2009; Galgani et al., 1996; Galgani et al., 2000; Ryan et al., 2009; Schlining et al., 2013). Biota and
habitats of all areas characterized by low hydrodynamism, are particular at risk by marine litter
(Galgani et al., 1996; Pham et al., 2014; Schlining et al., 2013; Dameron et al., 2007; Kiihn et al.,
2015): here, the accumulation probability is higher due to the low intensity of the oceanographic
forces that enhance its movement. Geomorphology can also affect the abundance of marine litter in
the seafloor (Galgani et al., 1996; Galgani et al., 2000; Pham et al., 2014; Ramirez-Llodra et al.,
2013; Watters et al., 2010). Here, as showed by diverse authors (Consoli et al., 2018; Oliveira et al.,
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2015), the majority of marine litter is represented by lost or discharged fishery equipment (e.g.
longlines) that can be entangled in rocky ledges damaging the complex aggregation of sessile fauna
colonizing this habitat.

In our study, after a year of modelling, almost none of our plastic FMML particles reached the
seafloor. Nevertheless, the majority of the trajectory’s ending points correspond to fine mud and
sandy mud substrates. Plastics in various forms, from macro to microplastics, infiltrate these habitats
with harmful consequences. The physical entanglement of marine species in plastic debris, combined
with the ingestion of plastic particles, directly threatens the survival of many marine organisms. In
addition, plastic pollution can alter the chemical composition of marine environments, affecting
water quality and disrupting essential ecological processes. Microplastics can penetrate deep into
sediments, altering the chemical and physical composition of marine habitats (Phuong et al., 2021)
and have been associated with adverse effects on benthic fauna, disrupting the reproductive cycles
and health of marine organisms (Horn et al., 2020). The vulnerability of marine habitats to plastic
pollution demands urgent attention, underlining the need for global initiatives to mitigate plastic litter
and protect the complex balance of life within these vital ecosystems. Even if Mediterranean MPAs
are regulated by multiple site-specific restriction measures that manage their protective status, they
are still subjected to different anthropogenic threats. Considering the marine litter problem, studies
demonstrate that in certain cases (e.g. MPAs in semi-enclosed gulfs) it can be successfully managed
locally: for example, applying technologies that aim to reduce the amount of litter directly from its
source (Gkanasos et al., 2021). Other protected areas, meaning the ones receiving plastic from
different and distant sources, cannot obviously be managed locally (Hatzonikolakis et al., 2023). For
these cases, it is important to consider the connectivity in the distribution of (micro and macro)
plastics across the Mediterranean Sea based on field observations and monitoring.

Results has shown that it is important to consider several spatial and temporal scales. The first was
to measure the real risk on the field at a small scale. The second was to show that the local plastic
problem is actually a problem on a larger spatial scale, and especially on an international scale.
Particularly in marine environments, currents play a key role in the distribution of plastics on local,
regional and global scales, as well as on an international scale.

Plastic pollution management has to be transboundary, requiring a coordinated effort between
Mediterranean countries. A thorough understanding of these factors would enable the design of
appropriate management measures aimed at reducing vulnerability, mitigating hazards and ensuring
the preservation of these crucial areas for marine biodiversity and fisheries-dependent communities.
To achieve this, comprehensive studies addressing the transboundary nature of plastic pollution in
the Mediterranean are essential. Longitudinal assessments of plastic transport and deposition patterns
across borders would provide valuable insights into the regional dynamics of plastic pollution.

In this collaborative framework lies the Marine Strategy Framework Directive (MSFD), that in the

descriptor #10 advocates the achievement of marine waters’ Good Environmental Status (GES). This
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will be reached through the development of monitoring plans that allow the evaluation of trends in
the amount of marine litter, including analysis of its composition, spatial distribution, and where
possible, source.

In 2020 (one year after the period considered for this study), with the support of several research
institutes, Italy started the asked monitoring in different areas of the Mediterranean using the same
protocol and sampling strategy applied here. This modelling approach employed can therefore be put
into system using the existing datasets from different areas, obtaining increasingly solid results about
marine litter spatio-temporal dispersion.

Other collaborative initiatives, such as those examining the efficacy of existing waste management
practices and policies in different Mediterranean nations, could inform the development of
harmonised strategies. Studies focusing on the socio-economic impacts of plastic pollution on coastal
communities would contribute to the identification of vulnerable populations and the design of
targeted interventions (Lebreton et al., 2017; Beaumont et al.; 2019). By fostering international
cooperation and conducting interdisciplinary research, the Mediterranean countries can develop
effective and harmonised strategies to address the transboundary challenges posed by plastic

pollution in MPAs and FRAs.
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Supplementary materials

Tab. 1 - Number of plastic particles used for the modelling exercise subdivided for day/season/year.

Year Season Month/Day Ne drifters
01/28 5
01/29 86
02/11 32
Winter
02/12 42
03/18 12
03/19 41
04/01 21
04/02 46
04/29 89
04/30 74
Spring 05/20 10
2017 05/21 12
06/18 13
06/24 63
06/25 133
07/01 17
Summer 07/02 38
09/30 57
10/01 116
11/04 12
Autumn 11/05 24
11/25 15
11/26 5
01/13 14
01/14 42
01/28 39
2018 Winter 02/10 13
02/11 35
03/10 20
03/11 42
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04/07 33

04/08 24

04/21 35

04/22 81

05/05 11

Spring

05/06 29

05/19 12

05/20 11

06/23 8

06/24 30

07/07 17

07/08 57

07/21 4

Summer

07/22 50

09/29 31
09/30 169

10/06 17

10/07 50

10/13 15

10/14 32

11/10 21

Autumn

11/11 71

11/24 15

11/25 5

12/01 11

12/02 37

01/19 7

01/20 11

03/09 22

Winter

2019 03/10 25
03/23 12

03/24 25

Spring 04/13 11
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04/14 18
05/11 17
05/12 5
05/18 9
06/08 25
06/09 31
06/22 9
06/23 69
09/21 10
09/22 21
Summer
09/28 57
09/29 98
10/12 14
Autumn
10/13 12

Tab. 2 - MPAs potentially endangered by plastic FMML.

Code MPA name

01 Bouches de Bonifacio

02 Cape Corse et Agriate

03 Capo Carbonara MPA

04 Capo Gallo e Isola delle Femmine

MPA

05 Costa degli Infreschi e della
Masseta MPA

06 Grigal

07 Grigal ta’ Malta

08 Lapsi u ta’ Fifla

09 Lbic

10 Lvant

11 Madwar Fifla

12 Madwar Ghawsex

13 Majjistral
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14 Nofsinhar
15 Parco Nazionale Arcipelago La
Maddalena
16 Parco Nazionale Arcipelago
Toscano
17 Pelagie MPA
18 Plemmirio MPA
19 Punent
20 Punta Campanella MPA
21 Regno di Nettuno MPA
22 Riserva Naturale marina Isole
Egadi
23 S. Maria di Castellabate MPA
24 Secche di Tor Paterno MPA
25 Tramuntana
26 Ustica MPA
27 Ventotene e S. Stefano MPA
28 Xlokk
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Abstract

Marine litter is a main threat for marine life, although the assessment of the associated risks has not
yet been fully incorporated into area-based management tools. Floating litter is detrimental to
cetaceans and sea turtles and thus, these organisms are considered an effective indicator of areas
where litter accumulates. Increasing our ability to predict high exposure risk locations, i.e., where
and when marine megafauna is exposed to the potential negative impacts of litter, is important for
prioritizing smart-conservation planning and is an essential first step in characterizing the risk of real
injury/damage. However, Risk Exposure Assessment (REA) is still underrepresented as a
standardized procedure.

Here, a literature review framed the state-of-the-art of REA approaches for cetaceans and sea turtles
from floating litter supporting the standardization of metrics and procedures. Of the 415 papers
resulting from the literature search, the 23 selected (2011-2022) showed that 57% of the studies were
conducted in the Western-Mediterranean Sea, evidencing inconsistent geographical applications.
While a variety of REA methodological approaches revealed high informational heterogeneity, main
limits and future recommendations were identified regarding raw data availability, information bias,
geographical gaps, target species selection, lack of standard protocol needed to assess trends to
evaluate the effectiveness of mitigation measures. Ultimately, the study showed that a spatial-
contextual approach (possibly functional trait-based) is needed to effectively support long-term year-

round monitoring programs, especially in still un-surveyed regions.

Introduction

Marine litter and main impact on species

Marine Litter (ML) is a major form of pollution in the marine environment, and is defined as any
persistent, manufactured or processed solid material discarded, disposed of, or abandoned in the
marine and coastal environment (UNEP 2009). ML, and in particular the accumulation of plastic
debris, has been identified as a global problem alongside other key issues of our time, including
climate change, ocean acidification and biodiversity loss (Sutherland et al. 2007, Moore 2015).

ML itself contributes to biodiversity loss affecting many free-swimming and sessile animals (Moore
& Barco 2013). The complex path of ML, from the source to dispersal, fragmentation and
accumulation, determines interactions with marine life at various levels, causing mostly negative
effects (Coe & Rogers 1997). Its impacts on species vary, according to its type and size and depending
on the organisms that encounter it (Vegter et al. 2014, Poeta et al. 2017, Bucci et al. 2020).

Species can be exposed to ML litter via a variety of exposure pathways, including entanglement,
ingestion, chemical and biological transfer. Entanglement can cause direct harm (physical injuries)
or death to individuals, as well as restricting natural movements, while affecting their ability to catch
food, escape from predators and reproduce (Gregory 2009, Woods et al. 2019). Ingestion of ML by
individuals can cause direct impact such as intestinal blockage, malnutrition and poisoning, or
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altering the ability to sense hunger, escape from predators and reproduce, potentially leading to
severe suffering or death (Laist 1997, Derraik 2002, CBD 2012, Baulch & Perry 2014, Marn et al.,
2020, Lopez-Martinez et al. 2023). Ingestion of ML, especially microplastics, can also facilitate the
transport of harmful chemicals into the organism potentially bioaccumulating along the trophic chain,
and increasing the risk to apex predators or filter-feeding organisms (Cole et al. 2011, Davison &
Ash 2011, Fossi et al. 2012, Wright et al. 2013, Ory et al. 2017, Berlino et al. 2021, Salerno et al.
2021, Lopez-Martinez et al. 2023). Furthermore, ML can also act as a transport vector that facilitates
the opportunistic dispersal of organisms, including alien species, alterying/modifying assemblages
of species (Wilcox et al. 2013, Kiihn et al. 2015, Werner et al. 2016, Claro et al. 2019).

Direct impacts of ML have been documented for more than 1400 species, including marine
megafauna such as fishes, birds, sea turtles and mammals, with the primary causes being
entanglement and ingestion (Wilcox et al. 2013, Kiihn et al. 2015, Claro et al. 2019). In 2012, the
Convention of Biological Diversity (CBD) revealed that all known species of sea turtles, about half
of all species of marine mammals, and one-fifth of all species of seabirds were affected by
entanglement or ingestion of ML, with about 15% of the total number of species affected being
included in the IUCN Red List (CBD 2012). In 2016, a new assessment increased this figure to 23%
(CBD 2016). As for entanglement, certain categories of ML may be much more prone to cause
entanglement due to their shape, size, material: in 2016, the Joint Research Centre (JRC) report
ascertained that 44 out of the 217 ML categories defined within the Marine Strategy Framework
Directive (MSFD, 2008/56/EC) pose an elevated risk for entanglement, particularly fishing-related
items, such as nets, traps and ropes (Werner et al. 2016) and that over 80% of the impacts have been
associated with plastic items (CBD 2012). Among these, net fragments, ropes and lines (e.g., gill and
trawl nets, lost or discarded line for pots and traps), monofilament lines, packaging bands, plastic
circular rings and packaging such as multipack can rings were identified as the items most frequently
associated with entanglement (Butterworth et al. 2012).

Floating ML (hereafter FML) is a major cause of entanglement and ingestion, especially macro FML
(> 2.5 cm) which has previously been reported to negatively impact nearly 400 marine species
(Wilcox et al. 2013, Gall & Thompson 2015, Kiihn et al. 2015, Claro et al. 2019). FML is of particular
concern for animals that are obligate air breathers such as cetaceans and sea turtles, which are bound
to encounter these materials as they surface for air (Abreo et al. 2023). Moreover, according to the
findings from the CBD, the global distribution of the FML can be an effective indicator of areas
where litter accumulates, including seasonal trends, and where it can mostly affect vagrant pelagic
megafauna such as cetaceans and sea turtles (CBD 2016, Poeta et al. 2017). The main EU marine
policy Directive MSFD, in Annex I identifies ML as one of the eleven mandatory qualitative
descriptors for assessing the Good Environmental Status of EU marine waters (GES, MSFD 2017,
i.e., a state in which the seas remain healthy and productive and are used sustainably) and sets as

overall provision for the GES that ‘composition, amount and distribution of litter and micro-litter
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on the coastline, in the surface layer of the water column (i.e., FML), and on the seabed, are at levels
that do not cause harm to the coastal and marine environment’ (MSFD primary criteria D10C1 and
D10C2). According to these criteria, EU Member States should establish monitoring programmes
and assess the extent of the pollution problem. Despite these, only a few member states have included
FML in their monitoring strategies (Ruiz-Orejon et al. 2021, Vighi et al. 2022), and filling the data
gaps in FML were recognised as a priority to improve our understanding of litter dynamics and

distribution (Molina et al. 2019).

The risk assessment

In line with the legislative requirements, the MSFD task group on ML underlines the need to identify,
quantify and prioritise the risks deriving from ML to ensure that there are no significant impacts on,
or risks to, marine biodiversity (Werner et al. 2016). Although the traditional risk assessment
framework is standardised to human health, it could provide a useful framework to analyse the
potential harm of human activities on wildlife populations and ecosystems, and support decision-
making processes that are faced with considerable uncertainty (Suter 2016). For the MSFD, cetaceans
and sea turtles are considered relevant indicators to assess the risk of ML pressure on marine
ecosystems, being representative components of marine ecosystems with key functional roles,
sensitive to ML pressure, and present in wide-range marine areas (i.e., representative, relevant,
present. European Commission 2017, Palialexis et al. 2022). The identification of risk areas, where
marine fauna has an increased exposure to litter, is the first step for prioritising conservation measures
to address the highest-risk settings (UNEP-MAP 2016). Unlike the ‘traditional’ risk assessment,
where exposure is mostly given as ascertained, a fundamental part of the assessment of risk for highly
mobile marine fauna from ML is focused on the identification of the pathways by which exposure
might occur, and the organisms that are more likely to be impacted by the threat (e.g., Darmon et al.
2017, Matiddi et al. 2017, Compa et al. 2019, Soto-Navarro et al. 2021). The focus on spatial
exposure risk is also in line with the precautionary principle, and is therefore considered to be
adequate for wildlife conservation purposes. A spatially-explicit contextualization of the exposure
risk is an essential component of the Maritime Spatial Planning Directive (MSPD, 2014/89/EU)
where it has also been used to assess the risk from threats other than litter (e.g., maritime traffic,
Pennino et al. 2017), and is one of the key Principles of the Integrated Monitoring and Assessment
Program (principle 5, UNEP-MAP 2016).

Despite the growing concern of the adverse effects of ML on different marine species and the
potential effects on marine ecosystems, the ‘Risk Assessment’ topic is still underrepresented within
the European research effort (Maes et al. 2019). According to Maes et al. (2019), North Sea and
Mediterranean Sea regions contributed more than other countries to ML research, and received more
funds, while large gaps still exist in other areas and research related topics (e.g., ‘Risk Assessment’,

‘Assessment Tools’). Most of the available information on ML and the risks it poses to the species is
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scattered widely across the literature (Soto-Navarro et al. 2021), and there is a pressing need to
synthesise the information around concepts such as risk and vulnerability of species to ML.

Considering the relevance of FML and marine megafauna (i.e., cetaceans and sea turtles) as
indicators to assess the risk deriving from ML pressure on marine ecosystems, this study was
specifically focused to review the current scientific literature on spatial Risk Exposure Assessment
(hereafter REA) related to the floating micro and macro ML in order to: (1) identify, at global level,
the main geographic areas where risk exposure studies were conducted, (2) describe the typology of
datasets currently available and the methodologies used for data collection on species and threats,
(3) investigate the approaches applied to carry out REA, and (4) highlight the main research findings
and areas of high exposure risk to prioritize mitigation measures in the Mediterranean Sea. Prior to
these, a preliminary review on risk assessment terminology and framework approach was performed
to contextualize the level and types of assessment methodologies reviewed (in ‘Approach used’).
The main objective of this review was to identify key information gaps on REA, in order to highlight

areas and topics that require further research.

Methodology
Approach used

Risk is defined as ‘(exposure to) the possibility of loss, injury, or other adverse or unwelcome
circumstance, a chance or situation involving such a possibility’ (Oxford English Dictionary, OED
2005). Risk assessment is considered a technical supportive tool for decision making when faced
with uncertainty (Suter 2016), and is mostly used in a variety of human-related sectors, such as
engineering, medicine, wildfire management and environmental regulation (Guzik et al. 2020, Yu et
al. 2020, Sakellariou et al. 2022). In the context of the environment, the terms 'environmental risk’
and ‘ecological risk’ are often confused in the literature, the first being commonly used to describe
risk to humans due to contaminants in the environment, but being also both generally used to refer
to risks to nonhuman organisms, populations, and ecosystems (Suter 2016). In wildlife management,
the conventional risk framework could provide a structured process to analyse the potential risks to
wild species from human activities (Gormley et al. 2011). In the case of ML, for example, risk
assessments can help identify priority mitigation actions by considering the complex sources,
pathways, and consequences of ML on vulnerable species (i.e., cetaceans and sea turtles).

The process could be schematised in four main phases (Figure 1). The first phase is necessary to
understand the source of the pressure, the pathways by which exposure might occur, and the receptors
(vulnerable species). Considering that environmental threats can be spatially and temporally limited,
the information about where (the spatial axis) and when (the temporal axis) vulnerable species may
be exposed to the threat (Werner et al. 2016) must be well understood, identifying areas/time of

exposure risk (Phase 2). Once a potential risk of exposure has been identified, the risk analysis
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focuses on the impact (how), investigating the probability of effects and the severity (nature and
magnitude) of the impact from an action or a threat (Suter 2016) (Phase 3).

To evaluate the degree of impact, information is needed on how many individuals are affected (i.e.,
Specificity or “Potentially Affected Fraction” in Woods et al. 2019, Hoiberg et al. 2022) and on how
severely these organisms are affected (i.e., Severity). Thus, in general, the risk of being impacted
represents a combination of events, starting with the vulnerable organisms being exposed to the
threat, and then eventually being affected by the threat at different levels, from movement restriction,
ingestion, to injury or death (Gregory 2009). Exposure to threats does not always imply impact as
the latter depends on the individual behaviour, the type of litter (e.g., Duncan et al. 2019, Bucci et al.
2020), and the nature of interactions between the two, so that only a fraction of all individuals

potentially exposed to the threat may be affected.
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Fig. 1 — Risk assessment framework designed by the authors to analyse FML threat to marine
vulnerable species, and support decision making processes (schematised and integrated based on the
literature review).

The spatial risk exposure assessment focuses on the initial phase of potential risk (Phase 2) and does
not require detailed information on sensitivity and specificity (Phase 3) that are difficult to collect at
sea. The lack of these latter data would delay the assessment process hampering the possibility to
intervene as soon as possible to mitigate the potential impact (Phase 4). Moreover, a standardised
protocol for investigating the spatial risk exposure to marine wildlife from ML would provide a key
technical support for risk assessment in line with the precautionary management approach.
Consequently, the articles’ search was focused on spatially-explicit risk exposure assessment (i.e.,

REA), excluding those studies not based on geospatial analysis, or based on toxicological risk (Table

1.

Literature review method
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Review questions, criteria for inclusion

To formulate the search and to ensure an unbiased quality of the evidence synthesis, the following
research questions and associated sub-questions were defined using the standard approach for
research questions definition (i.e., Population, Exposure, Comparator, Output - PEC(O) framework,

CEE 2022, Table 1):

e Considering studies conducted worldwide, which is the current state of the art for REA analyses
evaluating the potential risk of exposure to FML for cetaceans or sea turtles at the global scale?
In particular: 1) Which geographic regions have been studied so far? 2) What data sets on species
and FML occurrences are currently available, and what are the methodologies used for data
collection? 3) What are the main methodological approaches used for analysing data on species

and threat, and to assess the exposure risk?

e At the local level for the Mediterranean Sea Region: 4) what are the main research findings and

which areas have higher risk of exposure for cetaceans and sea turtles to FML?

We defined a common search strategy to answer all the questions. The key elements and the
corresponding defined criteria are listed in Table 1. The definition of a priori criteria is necessary to

ensure transparency and repeatability and to minimise bias (CEE 2022).

Table 1 - Eligibility criteria in relation to question key elements following the PEC(O) framework.

Question key elements Eligibility criteria

Population (P): Included: All cetacean and sea turtle species occurring at the
global scale and their at-sea spatial occurrences/abundances.
Excluded: occurrences of nesting sites, bycatch and stranding
events.

o C(Cetacean and sea turtle
occurrences

Exposure (E) Included: FML, irrespective of the object size, and their spatial

. . . occurrences/abundances.
e Floating Marine Litter (FML)

Excluded: beach and seafloor litter, ingested litter.
Comparators (C) Included: spatially-explicit REA.

e Risk Exposure Assessment Excluded: REA not based on geospatial analysis, or based on
(REA) approaches toxicological risk.

Literature search

We carried out an exhaustive systematic literature search using the SCOPUS and Web of Science
databases. We curated specific search terms and synonyms according to the predefined research
questions excluding terminology that was too broad (i.e., the use of the term “marine mammals"

would have also included groups of species that were not the focus of our research). Therefore, the
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following search terms were used for each element of the PECO framework excepted for the “output”
(O) parameter:

e Population: cetacean*, dolphin*, whale*, odontocet*, mysticet*, "sea turtle*", "marine
turtle*" AND “marine”, “ocean*”, “sea”.

99 (13 2 (13

e Exposure: macroplastic*, microplastic*, “plastic litter”, “plastic debris”, “marine litter”,

b 1Y 9% ¢

“marine debris”, “anthropogenic litter”, “ocean plastic*”, “marine plastic*”.

e Comparator: risk*, "risk assessment", "risk evaluation", "risk index", "risk exposure",
threat®, impact*.

The terms within each category were combined with the Boolean operator “OR”, while the categories
were aggregated with “AND”. The wildcard “*” was used to include singular/plural forms. The terms
were entered for Abstract, Title and Keywords. No temporal and language restrictions were imposed.
Each search was then refined by document types retaining primary literature (i.e., empirical and
modelling studies) while choosing to exclude secondary literature (i.e., reviews, editorial material,
early access) and grey literature (i.e., conference/proceeding papers) as the review was focused on
relevant published, peer-reviewed research on the topic. The search was also refined by meso-topics,
excluding those that were not related to marine science or ecology. A full list of search-related
information (databases, URLs, subscribing institutions, search strings and filter options) can be found
in Table S1 (Supplementary Materials). The search result was validated by testing it against a
predetermined set of 10 relevant publications found in Google Scholar, resulting in a 100%
sensitivity. The benchmarking set is provided in Table S2. The search was conducted in November
2022 resulting in a total of 550 articles. 135 duplicate articles in common between the two databases

results were removed, leading to a total of 415 articles.

Screening

The screening process was conducted in two stages: Title & Abstract and Full Text Screening
(Mangano & Sara 2017, Mangano et al. 2017, CEE 2022). In the first stage, all articles were initially
assessed by title and abstract, using the inclusion criteria listed in Table 1. To check for inter-rater
reliability in the inclusion criteria, a subset of the Title & Abstract (10%) that emerged from the
search was independently reviewed by two authors before the screening process began and the
Cohen's Kappa test measured a perfect agreement (k=1, n=30). All full texts of the articles selected
after this first step (n=45) were retrieved, read completely, and reviewed against the inclusion criteria
(Figure 2). 22 full texts were excluded because they did not meet the specified criteria: Population

(n=6), Exposure (n=6), Intervention (n=4) or because of the type of document (Reviews=6).
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Fig. 2 - Flow chart outlining the systematic review process.

Meta-data extraction and coding

In order to systematically extract relevant descriptive information from the articles included in the
evidence synthesis, a standard meta-data matrix was developed and agreed between the reviewers
before the process of extraction began. Descriptive data were converted into a priori categories
whenever possible. Studies were classified according to the following macro-categories: (1) Study
(geographical) areas: indication of whether the study area is part of the Mediterranean Sea and the
name of the Mediterranean sub-region (i.e., Western Mediterranean, Tyrrhenian & Sardinian-Sicilian
Channels, Adriatic Sea, Central and Eastern Mediterranean, or overall Mediterranean Sea) or the
non-Mediterranean area (i.e., Atlantic, Indian and Pacific Oceans or overall seas), (2) Species:
cetaceans/sea turtles, indicating the name of all species studied, (3) Characteristics of FML: whether
micro (<0.5 cm), meso (0.5-2.5 c¢cm) or macro (>2.5 cm), (4) Sampling methods for data
extraction/collection on species and FML and temporal range of data, (5) REA methodology:
methods for species and FML data preparation (descriptive synthesis of analysis performed and
inclusion in the macro-categories of occurrence points, gridded distribution, spatial generalisation of
distribution, hotspot analysis, spatial distribution modelling), overlapping methods,
presence/absence of a risk exposure index and its formula, whether or not the assessment considered
multiple species, the temporal resolution of the REA (weekly, monthly, seasonal, annual), the number
of seasons considered (1-4) and the temporal range, (6) Main results: indication of whether a risk
exposure map, including seasonal maps, or no maps were produced and a description of the areas of

potential high risk of exposure to FML evidenced by the 23 selected studies.

Narrative data synthesis
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Data were narratively synthesised in four sections discussing key characteristics: the areas
investigated; the type of datasets used on species and FML, and the methodology for the data
collection; the methodology used for data analysis on species and FML and to perform the REA; the
main findings from REA studies in the Mediterranean Sea. Given the limited number of resulting
studies and the heterogeneous nature of the results, no statistical analysis was conducted. We
provided tables and graphs to summarise data on included articles to support the narrative synthesis.
As for the Mediterranean studies, areas at high risk of exposure to FML were grouped and presented
in two maps, one for cetaceans and one for sea turtles. The areas were derived from the discussion
sections of the 13 selected papers and from the risk exposure maps, when provided. As the REA
approaches differed among studies, the synthesis maps should be considered qualitative descriptions

only.

Results

The searches returned a total of 415 articles. Following the steps of inclusion/exclusion (outlined
above) only 23 articles were retained and included in this review (Figure 3: 11 on cetaceans-only, 8
on sea turtles-only, and 4 articles on both cetaceans and sea turtles). The full list of retained articles
is provided in Table S3. Analysing these 23 articles, it emerged that the risk exposure topic was
considered only recently, with the first study being published in 2011 focusing on cetaceans
(Williams et al. 2011), followed by another about sea turtles in 2013 (Wilcox et al. 2013, Figure 3);
since 2016 risk assessment has been a constantly studied topic, with the highest number of papers

published in 2022.
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Fig. 3 - Temporal trend of papers about risk assessment used in this study (n=23), differentiated by
species category. Dotted line represents the cumulative trend.

Geographic areas investigated

Most of the studies were conducted in the Mediterranean Sea (n=13, 57%) and Pacific Ocean (n=6,
26%), spanning Canada, California, Hawaii, Galapagos, China and Australia; two studies were from
the Atlantic (Darmon et al. 2017, Sa et al. 2021) and only one from the Indian Ocean (Wilcox et al.

2013, Figure 4). Only two studies were carried out at a global scale (Schuyler et al. 2016, Hoiberg et
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al. 2022). In the Mediterranean Sea, the western sectors were the most studied (n=12, 92%), including
the Pelagos Sanctuary, the Tyrrhenian Sea and the Sardinian-Sicilian Channels (Figure 4). Two
studies were conducted in the Adriatic-lonian (ADRION) sub-region (Arcangeli et al. 2019, Galli et
al. 2022), and three considered the whole Mediterranean basin (Compa et al. 2019, Soto-Navarro et
al. 2021, Almpanidou et al. 2022).

Atlantic
Ocean

26%
Pacific
Ocean

Fig. 4 — Global distribution of studies (upper panel) with a focus for the different regions of the
Mediterranean Sea (bottom panel).

Datasets and methodology for data collection

Fin whales (Balaenoptera physalus), bottlenose dolphins (Tursiops truncatus), striped dolphins
(Stenella coeruleoalba) and sperm whales (Physeter macrocephalus) were the most studied
cetaceans among the 22 cetacean species investigated for REA, while loggerheads (Caretta caretta)
were the most studied among the sea turtle species (Table S4). The use of data on multiple species
was the most common approach (n=16), while 30% of the analysed articles focused on a single
species.

Datasets on FML were mostly based on the macrolitter (>2.5 cm) with 15 papers (65%) examining
only this category and another including the mesolitter (0.5-2.5 cm, Hoiberg et al. 2022). Two studies
considered macro and micro-litter (Critchell et al. 2019, Zhang et al. 2020), while four (17%)
examined only micro-litter data (<0.5 cm). Only one study analysed all size categories (i.e., Fossi et
al. 2017).

More than 60% of risk exposure assessments used field data collected at sea on species (n=17) and

litter (n=14): the most common methodology was performing visual observations from boat surveys
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(n=12, 52% for species; n=10, 43% for litter) and in one case, all data were collected from aerial
surveys (Darmon et al. 2017). In three papers (13%), field data from telemetry were used to
investigate species distribution, while five articles (22%) used data on the species retrieved from
available collections or repositories (e.g., OBIS, Aquamaps). In four studies (17%) data on micro-
litter were collected by manta samplings. Other studies based the risk assessment on data obtained
from niche or distribution models for species (n=3, 13%) and hydrodynamic dispersion models for
litter (n=8, 35%); four papers (17%) combined field data for the species coupled with a modelled
distribution of litter.

Data were collected over different temporal ranges, from 10 days to 20 years. Seven publications
(30%) considered all four seasons using data collected from one (Zhang et al. 2020) to seven years
(Gregorietti et al. 2021); six studies (26%) were carried out during the summer season only, ranging
from few days of surveys (Fossi et al. 2017, Galli et al. 2022) to nine years averaged (Guerrini et al.
2019). Three studies (13%) considered opposite seasons (autumn/winter and spring/summer, Darmon
et al. 2017, Critchell et al. 2019, Campana et al. 2022), and one study used data collected during one
month in spring (Jones et al. 2021). The remaining articles used data gathered in different periods or

did not specify the temporal resolution.

Approaches for REA

Methods used to analyse data on cetacean and sea turtle species and floating litter

The reviewed articles reported on a variety of methods for analysing spatial data on species and FML,
the results of which are then used as data inputs for REA. For the purposes of this study, the methods
were grouped into five general categories of increasing complexity, ranging from simple visualisation
of “occurrence points”, through “gridded distribution” and “spatial generalisation of distribution”, to
“hotspot analysis” or advanced “spatial distribution modelling”. The first three are mutually
inclusive, as the simple occurrence points (i.e., visualisation of georeferenced sighting points) can be
used as input data to obtain quantitative information on gridded distribution (i.e., density/abundance
of species/FML in grid cells), which in turn can be used to spatially generalise the distribution
through smoothing factors (i.e., geometric features representing the area/s where the species/FML
occur at different densities). For these first three categories, the methods were counted according to
the higher degree of complexity. Further on, hotspot analysis can be performed on geometric features
(points, lines or polygons) to infer the significance of hotspots (i.e., spatial clusters of high values),
or spatial distribution modelling (SDM hereafter) can be applied to occurrence/density data of
species/FML to infer distribution in unsurveyed areas. For the methods of the species distribution
only, a sixth method category was included: "integrated multispecies analysis", which considers the
cumulative occurrence of more than one cetacean/sea turtle species or biodiversity indices (e.g.,

species richness) as the starting data for REA.
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Fig. 5 — Methods used to analyse distribution data on cetacean and sea turtle species (A) and floating
litter (B) prior to performing the REA; x-values refer to the number of articles.

Most of the studies used the same approach either for the analysis on species and on FML (i.e.,
occurrence points 4.3%, gridded distribution 8.7%, spatial generalisation 30.4%, hotspot analysis
8.7%, SDM 21.7%) while 35% of studies used different approaches on species and FML.

In particular, for the analysis of cetacean and sea turtle species distribution (Figure SA, Table 2),
seven studies (30%) used the occurrence points from visual sightings or telemetry data, while gridded
distribution of species density was used in two studies (Wilcox et al. 2013, Currie et al. 2017). On
the other hand, spatial generalisation of distribution was the predominant method used to determine
the core area of the species distribution (n=10, 43%): within this category, eight studies used the
Kernel density estimation technique based on species occurrence or abundance, while two studies
used the area included in the Regional Management Units (RMU) as representative of higher sea
turtle occurrences (Schuyler et al. 2016, Hoiberg et al. 2022). Hotspot analysis was conducted in two
studies, in particular using the G* analysis (Getis & Ord 1992) to highlight the statistical significance
of the different hotspots (Arcangeli et al. 2019, Gregorietti et al. 2021). SDM approaches were
applied in eight studies (35%): for example, Generalized Additive Models (GAM) and density

surface modelling were used to define areas of high presence of the target species, or the Feeding

63



Habitat Occurrence (FHO) model was applied to trace the potential fin whale feeding areas (Fossi et
al. 2017, Guerrini et al. 2019).

For FML spatial analysis (Figure 5B, Table 2), only two studies used the occurrence locations of
FML as data input for the REA (Jones et al. 2021, Kahane-Rapport et al. 2022). Three studies
calculated the gridded distribution of FML density instead (13%), while nine articles (39%) used a
spatial generalisation of the density distribution, smoothed through the Kernel function to define
areas of higher pressure of FML. Two studies performed the hotspot analysis (i.e., G* analysis) to
highlight the statistical significance of hotspots (Arcangeli et al. 2019, Gregorietti et al. 2021).
Nevertheless, the majority of the studies (n=11, 48%) applied SDM approaches to define areas of
high FML densities, mainly Lagrangian modelling.

Methods used for REA

The main principle in spatial REA is the identification of the areas of potential risk exposure for
vulnerable species, by understanding the source of the pressure and the pathways by which exposure
might occur. Two general approaches are commonly used for spatial REA: 1) the overlap of areas
with a high density of both species and FML to identify areas with higher exposure; 2) quantification
of REA through indices, calculated directly on spatially gridded data by combining species and FML
occurrences/densities. Of the reviewed articles, four investigated the risk exposure by using the
spatial overlap of hotspots of megafauna species and FML defining the percentage of seasonal
overlap (Di-Méglio & Campana 2017, Campana et al. 2018) and describing it qualitatively (Fossi et
al. 2017) or by assessing the proportion of the species’ home range in areas of high ML densities
(Critchell et al. 2019). The majority of the studies (n=19, 78%) estimated instead the extent of risk
exposure using the risk index-based method. Ten studies aggregated the spatially gridded densities
of FML and the vulnerable species (Williams et al. 2011, Schuyler et al. 2016, Currie et al. 2017,
Arcangeli et al. 2019, Compa et al. 2019, Zhang et al. 2020, Atzori et al. 2021, Gregorietti et al. 2021,
Sa et al. 2021) or their suitable habitat (Guerrini et al. 2019). Other studies integrated the risk index
with other variables, such as species vulnerability, biological characteristics, or conservation status,
to measure the degree of the impact (i.e., Specificity, Severity, Table 2). As for Specificity, Jones et
al. (2021) considered a conservation value based on [UCN categories to calculate risk indices on sea
turtles, one study calculated sensitivity values considering the presence of different marine species
(Galli et al. 2022), and similarly another study considered a sensitivity index of cetacean species
including biological features such as life stage (Campana et al. 2022). Other studies, calculated
specific risk indices including ingestion probability (Compa et al. 2019, Soto-Navarro et al. 2021,
Almpanidou et al. 2022, Kahane-Rapport et al. 2022) and turtles/cetaceans entanglement (Wilcox et
al. 2013, Darmon et al. 2017, Hoiberg et al. 2022).
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Table 2 — Summary of methodological approaches for data collection, methods used to analyse data
on vulnerable species and floating marine litter (FML) and for Risk Exposure Assessment (REA).

Type of data collection Methodological approaches for analysis
Authors Species FML Species FML REA
Almpanidou  Telemetry No data SDM (ensemble SDM
et al. 2022 collection modeling) (Lagrangian )
(from existing modeling) Threat risk x c.ell
model) in turtle foraging
grounds
Map
Arcangeli et Visual Visual Spatial Spatial Aggregated raster
al. 2019 monitoring  monitoring generalisation of ~ generalisation of species and
distribution; of distribution; litter densities
Hotspot analysis  Hotspot
analysis Map
Atzori et al. Visual Visual Spatial Spatial Risk x cell (litter
2021 monitoring  monitoring generalisation of ~ generalisation density x species
distribution; of distribution abundance)
SDM (GAM)
Map
Campana et Visual Visual Occurrence Spatial Overlap of species
al. 2018 monitoring  monitoring points generalisation sightings and
of distribution plastic density
isopleth
Map
Campana et Visual Visual SDM (GAM); Spatial Biological traits
al. 2022 monitoring  monitoring Integrated generalisation o
Multispecies of distribution Sensitivity 1n.dex
Analysis x cell  (litter
density x species
sensitivity)
Map
Compa et al. No data No data  Occurrence SDM Litter density x
2019 collection collection points, binary/weighted
(databases)  (from existing Integrated species
model) Multispecies distribution
Analysis

Biological traits

Ingestion
probability
estimation  with
GAM

Map
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Visual
monitoring

Visual
monitoring

Visual
monitoring

Visual
monitoring

Visual
monitoring

Visual
monitoring

No data
collection
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Visual
monitoring

Visual
monitoring

Visual
monitoring

Visual
monitoring

Manta
sampling

Visual
monitoring

Occurrence
points

Gridded
distribution

Spatial
generalisation of
distribution

Spatial
generalisation of
distribution

SDM (FHO)

Spatial
generalisation of
distribution;
Integrated
Multispecies
Analysis

Spatial
generalisation of
distribution;
Hotspot
analysis;
(biomod)

SDM

SDM
(Lagrangian
modeling)

Gridded
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Spatial
generalisation
of distribution

Spatial
generalisation
of distribution

SDM
(Lagrangian
modeling)

Gridded
distribution

Spatial
generalisation
of distribution;
Hotspot
analysis

Overlap of
homerange % in
the relative
exposure
categories  (litter
density)

Risk x cell (litter
density x species
density)

Map

distance
turtles

Linear
between
and litter

Frequency of
turtles surrounded
by litter

Mean number of
surrounding litter

X turtle
occurrence for
each distance
class

Overlap of species
sightings and
plastic density
isopleth

Map

Qualitative
overlap

Risk index x cell
(species sensitive
scores x litter
density)

Map

Risk index x cell
(litter density x
species
abundance)

Map
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Main findings from spatio-temporal risk exposure studies in the Mediterranean

The findings from the Mediterranean REA studies resulting from the literature search (n=13) were
heterogeneous in terms of species, temporal resolution and provided maps. Areas reported as at
higher-risk of exposure to FML were summarised and reported separately for cetaceans, sea turtles
and marine biodiversity in general.

Cetaceans

The investigations carried out in the western Mediterranean basin revealed the main risk exposure
areas during summer in the Liguro-Provengal basin, including the Pelagos Sanctuary (Figure 6). Di-
Méglio and Campana (2017) highlighted monthly changes in risk exposure areas for cetacean species
driven by a dynamic pattern of FML densities, with minimum values in the middle of the summer
compared to other months (from May to September). FML resulted in overlapping by 50% with the
known ranges for six cetacean species (fin, sperm and pilot whales, and Risso’s, bottlenose and
striped dolphins), indicatin