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Biogenic reefs are known worldwide to play a key role in benthic ecosystems, enhancing
biodiversity and ecosystem functioning at every level, from shallow to deeper waters.
Unfortunately, several stressors threaten these vulnerable systems. The widespread
presence of marine litter represents one of these. The harmful effects of marine litter
on several organisms are known so far. However, only in the last decade, there was
increasingly scientific and public attention on the impacts on reef organisms and habitats
caused by litter accumulating on the seafloor. This review aims to synthesize literature
and discuss the state of current knowledge on the interactions between marine litter
and reef organisms in a strongly polluted basin, the Mediterranean Sea. The multiple
impacts (e.g., entanglement, ghost-fishing, coverage, etc.) of litter on reef systems, the
list of species impacted, and the main litter categories were identified, and a map of
the knowledge available so far on this topic was provided. Seventy-eight taxa resulted
impacted by marine litter on Mediterranean reefs, and the majority belonged to the
phylum Cnidaria (41%), including endangered species like the red coral (Corallium
rubrum) and the madrepora coral (Madrepora oculata). Entanglement, caused mainly by
abandoned, lost, or otherwise discarded fishing gear (ALDFG), was the most frequent
impact, playing a detrimental effect mainly on coralligenous arborescent species and
cold-water corals (CWCs). The information was spatially heterogeneous, with some
areas almost uncovered by scientific studies (e.g., the Aegean-Levantine Sea and the
Southern Mediterranean Sea). Although many legal and policy frameworks have been
established to tackle this issue [e.g., marine strategy framework directive (MSFD) and
the Barcelona Convention], several gaps still exist concerning the assessment of the
impact of marine litter on marine organisms, and in particular on reefs. There is a need
for harmonized and standardized monitoring protocols for the collection of quantitative
data to assess the impact of litter on reefs and animal forests. At the same time, urgent
management measures limiting, for instance, the impact of ALDFG and other marine
litter are needed to preserve these valuable and vulnerable marine ecosystems.

Keywords: marine litter, biogenic reefs, Mediterranean Sea, human activities, fishing impacts, vulnerable habitats,
threatened species, entanglement
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INTRODUCTION

Biogenic reefs or marine bioconstructions are three-dimensional
biogenic structures regulating ecological functions of benthic
ecosystems from shallow to deeper waters (Ingrosso et al.,
2018). They are shaped by one or few engineer species (benthic
bioconstructors) that cause morphological and chemical–
physical changes in the primary (abiotic) substrates and
provide secondary (biotic) structures to generate biogenic
new habitat suitable for a highly diverse associated fauna
(Ingrosso et al., 2018).

Bioconstructor frameworks can provide a complex network
of ecological niches for a large variety of organisms, including
endangered and protected species, as well as species of high
commercial value (Chimienti et al., 2020), functioning as habitat
for shelter and feeding, spawning and nursery areas, substrata
for both larval settlement and juvenile growth (e.g., Tursi
et al., 2004; D’Onghia et al., 2010, 2015; Rosso et al., 2010).
Since bioconstructions increase spatial complexity and settlement
opportunities at every level, they are known worldwide to play
a pivotal ecological role in enhancing and maintaining high
marine biodiversity. Therefore, they contribute to ecosystems’
goods and services, and to regulate natural resource dynamics
(Lo Iacono et al., 2018).

The equilibrium between building and bioerosion processes
determines bioconstruction development (Garrabou and
Ballesteros, 2000) and can take centuries or even millennia
of biological activities. However, some bioconstructions are
ephemeral and can rapidly degrade. Bioconstructions can have
various shapes and sizes, and they are distributed worldwide
along depth gradients. The most known bioconstructions are
the popular tropical reefs, noted for their beauty, high-diversity
(polytypic), and complexity (Ingrosso et al., 2018). Much less
attention has received other similar types of bioconstructions
(mono- or oligotypic), found in other seas, included in temperate
areas, such as the Mediterranean Sea.

The Mediterranean is a semi-closed basin considered one
of the world’s biodiversity hotspots, hosting 7.5% of global
biodiversity (Bianchi and Morri, 2000) with a high percentage
of endemism (Boudouresque, 2004; Coll et al., 2010), species
of conservation concern (such as several cetaceans, sea turtles,
monk seal) and endangered and protected habitats [i.e., meadows
of the endemic Posidonia oceanica, coralligenous assemblages,
animal forests sensu lato (Rossi et al., 2017) and deep-sea
cold-water corals (CWCs; Davies et al., 2017)]. Some of these
endangered habitats are biogenic reefs that provide structural
complexity to seafloor habitats and support unique species and
ecosystems (Orejas et al., 2009; Rossi, 2013; Bo et al., 2015; Davies
et al., 2017; Rossi et al., 2017). For example, the coralligenous is
a key ecosystem recognized as a natural habitat of community
interest and Zone of Special Conservation at the European level
(92/43/EEC Habitats Directive). From shallow to deeper waters,
the Mediterranean Sea hosts a large variety of bioconstructions.

Ingrosso et al. (2018) identified a list of the main biogenic
reefs in the Mediterranean Sea: vermetid reefs, which are
biogenic formations that border rocky shores at the tide
level; Lithophyllum byssoides trottoirs, common in the western

and central Mediterranean, forming thick algae concretions
that cover the rock surface; coral banks created by the
shallow-water corals Cladocora caespitosa or Astroides calycularis
formations/reefs, hosting a rich invertebrate fauna and that can
cover up to 90% of some rocky areas (Goffredo et al., 2011);
coralligenous assemblage, dwelled in rocky bottoms from 15
to 130 m depth (Ballesteros, 2006) developing extraordinary
habitats with high biodiversity level; CWCs, that change the
structural heterogeneity of the environment, forming large
(monospecific or mixed) aggregations, the so-called animal
forests, from 200 to 1000 m depth (Freiwald et al., 2009;
Chimienti et al., 2018); and sabellariid or serpulid worm reefs,
made of calcareous tube, where polychaetes live (Bianchi, 1981)
that encrust any hard substrate. Other important and peculiar
structures are recorded in the northern Adriatic Sea, and they
are called “Tegnùe” or “Trezze” (Melli et al., 2017), subtypes of
coralligenous habitats (Falace et al., 2015; Tosi et al., 2017). All
these types of biogenic reefs are common throughout the whole
Mediterranean Sea. Still, there are several knowledge gaps about
their distribution, and knowledge on their biology and ecology is,
in some cases, still fragmentary (Ingrosso et al., 2018).

Several direct and indirect anthropogenic pressures
(industrial, urban and agricultural pollution, coastal
development, marine litter, fishery, increase in sedimentation,
organic enrichment, coastal development, deep-sea mineral
mining and oil exploration, submarine cable, etc.) threaten these
vulnerable bioconstruction systems, as well as climate change
and the spread of alien species (Ballesteros, 2006; Coll et al.,
2010; Piazzi et al., 2012). In particular, the widespread presence
of marine litter represents one of the most important threats to
biogenic reefs, which leads to a degradation of these habitats
(de Carvalho-Souza et al., 2018) and the associated organisms
(Galgani et al., 2018).

The Mediterranean is a densely populated sea with intense
use of coasts, and it is notable for its contributions to the
global economy and trade. It attracts 25% of international
tourism (tens of millions of people descend each year), and
about 220,000 vessels of more than 100 tons are estimated cross
the Mediterranean annually, carrying 30% of the international
maritime traffic (Ramirez-Llodra et al., 2013). Historical and
current pressures in many ways have brought irreversible changes
in the ecology of the Mediterranean Sea (Micheli et al., 2013).
Mediterranean ecosystems are altered and threatened at an
increasingly fast rate, and this basin is one of the most affected
and polluted areas in the world (Barnes et al., 2009; Costello
et al., 2010; Deudero and Alomar, 2015; Jambeck et al., 2015;
Ramírez et al., 2018).

Due to its wide distribution, durability, and low
biodegradability, marine litter is nowadays a remarkable
and persistent threat to ecosystems and wildlife globally (Avio
et al., 2017). Litter items, including micro-plastics, contaminate
habitats from shallow water to the deep sea and from the poles
to the equator (Worm et al., 2017). The most visible effect of
marine litter is probably the entanglement of animals, which are
hindered in their ability to move, feed, breathe, and reproduce
(Li et al., 2016). This phenomenon is typically associated with
abandoned, lost, or otherwise discarded fishing gear (ALDFG)
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entangling marine mammals, sea turtles, seabirds, and fish
(ghost-fishing; Galgani et al., 2018; Richardson et al., 2019).
However, also many sessile erected species are deeply damaged
by entanglement that may cause tissue abrasion, branch breaking,
by-catches, etc. (e.g., Yoshikawa and Asoh, 2004; Angiolillo,
2019). These impacts may cause progressive and extended habitat
degradation and a reduction in the coverage by biota on the
seafloor (Laist, 1997; Fosså et al., 2002; Brown and Macfadyen,
2007). On the seabed, litter objects alter the surrounding habitat,
interfering with life, and providing a previously absent hard
substrate (UNEP, 2009).

Additionally, litter items can be used as a means of
transport by alien invasive species traveling over long distances,
both horizontally or vertically (Kühn et al., 2015). Moreover,
microparticles of plastic (also known as microplastics when their
size is < 5 mm in their largest dimension), specifically realized for
various applications (primary microplastics) or deriving from the
flaking of larger pieces (secondary microplastics), can be ingested
by marine organisms and enter the trophic web (Corcoran et al.,
2014; Gall and Thompson, 2015). Litter can be mistaken for
food by several marine organisms, and indigestible debris may
affect individual fitness, with negative consequences on survival
(Kühn et al., 2015). The degradation of plastic, metals, and other
litter material can also result in the release of toxic chemicals
substances with chronic and sub-lethal consequences, which
could likely compromise populations and communities and have
long-term effects. Some xenobiotics, including persistent organic
pollutants, toxic metals, pesticides, herbicides, pharmaceuticals
as well as plastics and microplastics, are resistant to degradation,
and deep waters and sediments have been suggested as their final
accumulation site (Ramirez-Llodra et al., 2011; Ma et al., 2015).
In the Mediterranean Sea, a recent review found that 116 species
have ingested plastic, 44 species were found entangled in marine
litter, and 178 taxa were found rafting on floating objects or using
marine litter as a substratum (Anastasopoulou and Fortibuoni,
2019).

The presence of marine litter and its effects has stimulated
increasingly global interest in this issue due to its ubiquity
and its potential impact on human health (Hess et al., 1999;
UNEP, 2009; Miyake et al., 2011). For several decades, the
majority of studies had focused on the distribution of beach and
floating litter and its impact by entanglement on charismatic
organisms as marine birds, turtles, and mammals, and ingestion,
in particular by fishes. Only in the last few years, increasing
interest is also focusing on the distribution and injuries to
benthic habitats and invertebrates caused by anthropogenic litter
accumulating on the seafloor. Increasing awareness on this issue
is stimulating scientific research, monitoring programs, NGO
activities (Consoli et al., 2019), and it is initiating political
action to tackle this environmental problem (Galgani et al., 2013;
Galgani et al., 2019; Ronchi et al., 2019).

In 2008, the European Union issued the marine strategy
framework directive (MSFD, 2008/56/CE), which is the leading
European legal instrument to protect the marine environment
in the Baltic Sea, North-east Atlantic Ocean, Mediterranean
Sea, and Black Sea. The MSFD foresees 11 Descriptors, and
Descriptor 10 states, “properties and quantities of marine litter

do not cause harm to the coastal and marine environment.”
Four criteria were established to assess the achievement of the
good environmental status (GES) of European seas considering
Descriptor 10, one of which (D10C4) consists in “the number
of individuals of each species which are adversely affected due to
litter, such as by entanglement, other types of injury or mortality,
or health effects.” In 2016, the 19th Meeting of Contracting
Parties agreed on the integrated monitoring and assessment
program (IMAP) of the Mediterranean Sea and Coast and Related
Assessment Criteria in its Decision IG. 22/7, which laid down
the principles for integrated monitoring, including pollution
and marine litter. IMAP Ecological Objective (EO) 10 (Marine
Litter: “Marine and coastal litter do not adversely affect coastal
and marine environment”) includes Candidate Indicator 24:
“Trends in the amount of litter ingested by or entangling marine
organisms focusing on selected mammals, marine birds, and
marine turtles.”

Moreover, the Ecosystem Approach (EcAp), defined as “a
strategy for the integrated management of land, water and
living resources that promotes conservation and sustainable use
in an equitable way” (Morand and Lajaunie, 2018), is now
fully integrated into the mediterranean action plan (MAP) –
Barcelona Convention System dedicated to the protection of
the Mediterranean Sea against pollution and is in line with the
MSFD and the decisions of the convention on biological diversity
(CBD) and the Aichi targets. Nevertheless, to date, limited and
fragmented knowledge is available on the effect of litter on
the benthic realm, in particular for reef systems (de Carvalho-
Souza et al., 2018) and the Mediterranean Sea (UNEP/MAP
and SPA/RAC, 2018). Thus, this review aims to put together,
synthesize and discuss the state of the current knowledge about
the interactions of macro litter and the Mediterranean reef
systems, from shallow to deep waters, investigating: (i) the
spatial distribution and qualitative composition of litter causing
impact; (ii) the different typologies of interaction and the species
involved; (iii) the methods used to trace and identify marine
litter on the bottom and its impact on reef species and; (iv) the
knowledge gaps to help to find solutions to mitigate marine litter
effects. Information provided here may contribute to the crafting
of new indicators of entanglement to populate criteria D10C4 of
the MSFD and IMAP Indicator 24 and identify main knowledge
gaps (e.g., main species and habitats likely to be impacted) and
areas where more scientific effort is needed.

BIBLIOGRAPHIC RESEARCH

Information was collected by consulting scientific databases on
marine litter impacts on biota (Litterbase1 and MedBioLitter2)
and the search engines Web of Science, Scopus, Google
Scholar, and ResearchGate. A list of keywords linked with marine
litter and reefs was used, i.e., “marine litter,” “deep marine
debris,” “submerged marine litter,” “anthropogenic debris,”
“seafloor litter,” “marine pollution,” “garbage,” “derelict fishing

1https://litterbase.awi.de
2http://panaceaweb.adabyron.uma.es/marine-litter/
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gear,” “ADLFG,” “CWCs,” “Mediterranean Sea,” “entanglement,”
“ghost-fishing,” “animal forest,” “abrasion,” “marine litter
interaction,” “coralligenous,” “bioconstruction,” and “fishing
impact.”

Sixty-seven publications reporting evidence of the impact of
marine litter on Mediterranean reef systems were found, the
first one published in 1994. However, the bulk of papers were
published in the last decade (Figure 1). In the majority of
publications, the impact of marine litter on animal forests and
reefs was not the focus of the study. In this review, we selected
only those cases where it was clearly defined that the impact
was caused by marine litter, i.e., “any persistent, manufactured
or processed solid material that is discarded, disposed of or
abandoned in the marine or coastal environment” (UNEP, 2009).
Thus, we excluded cases in which it was not clear if the impact
was related to fishing activities or active fishing gear.

The information gathered from the publications included:
the place where the study was conducted (coordinates and
depth), the taxa involved, the type of reef impacted, the type
of interaction, the type of litter, and the effect on impacted
species. Species names were updated using the World Register
of Marine Species (WoRMS) database,3 and their conservation
status was defined according to the International Union for
Conservation of Nature (IUCN) Red List database,4 referring to
the Mediterranean subpopulation when specific information was
available. Otherwise, we referred to the global assessment or, in
some case studies in Italian waters, to the assessment performed
by the Italian committee.5 Case studies were subdivided into
benthic environments as follows: 0–200 m (littoral), 200–1000 m
(archibenthic), and 1000–4000 m (bathybenthic).

A SUMMARY OF THE IMPACTS ON REEF
SPECIES

Study areas were not homogeneously distributed across
Mediterranean subregions, and sampling effort was mainly
concentrated in the Western Mediterranean Sea (51 papers),
followed by the Adriatic Sea and the Ionian and Central
Mediterranean Sea (seven papers each), and lastly, the Aegean-
Levantine Sea (four papers; Figure 2). Moreover, almost the
totality of studies was conducted in the Northern Mediterranean
Sea: Italy (n= 39), Spain (n= 9), France (n= 7), Croatia (n= 3),
Greece (n = 3), Malta (n = 2), Cyprus (n = 1) and Montenegro
(n= 1). One study was conducted close to the Moroccan coast in
the Chafarinas Islands (Spain; Figure 2). Case studies included
evidence of marine litter impact on reefs from a few meters
below the surface down to 1,208 m. Most case studies (n = 40)
were focused in the littoral zone, followed by the archibenthic
zone (n = 27) and bathybenthic zone (n = 2). The major part of
studies was carried out on coralligenous (33%) and CWCs (50%)
assemblages, or both coral aggregations (13%). Only two studies
were conducted on the “tegnùe” (Melli et al., 2017; Moschino

3www.marinespecies.org
4www.iucnredlist.org
5www.iucn.it

et al., 2019) and one on Astroides calycularis reefs (Terrón-Sigler,
2015). No data were available on the impact of marine litter on
other types of Mediterranean biogenic reefs.

Seventy-eight taxa resulted impacted by marine litter on
Mediterranean reefs (Table 1). The large majority belonged
to the phylum Cnidaria (41%), followed by Chordata (22%),
Arthropoda (13%), Porifera (9%), and Echinodermata (8%). The
remaining taxa represented less than 5% (Figure 3). The list of
impacted species included eight endangered (EN) species: the
red coral (Corallium rubrum), the stony cup coral (Dendrophyllia
cornigera), the cockscomb cup coral (Desmophyllum dianthus),
the white coral (Desmophyllum pertusum), the smooth black
coral (Leiopathes glaberrima), the madrepora coral (Madrepora
oculata), the sea-sponge Geodia cydonium, and the giant devil
ray (Mobula mobular). This provides evidence for the potential
hazard represented by marine litter for threatened reef species.
Seven vulnerable (VU) species were also found to be impacted
by marine litter in the Mediterranean (Table 1), while the large
majority (n = 17) of species were not evaluated (NE) or data
deficient (DD; n= 3).

METHODS USED TO DETECT IMPACTS

In the Mediterranean Sea, the first scientific evidence of seafloor
litter interaction with reefs and biota dates back to the end
of the 1990s with visual investigations through SCUBA divers
in shallow coastal environments (Harmelin and Marinopoulos,
1994; Bavestrello et al., 1997). The first studies using a remotely
operated vehicle (ROV) were published in 2009 (Freiwald et al.,
2009; Orejas et al., 2009; Salomidi et al., 2009), and later on, ROV
was the method most used both in shallow and deep waters. We
also found one case study where a fixed camera was used in the
Ionian Sea (D’Onghia et al., 2017), and a paper where ROV and
Agassiz trawl were used complementarily for in situ observation
and to sample corals in the Blanes Canyon (France), respectively
(Aymà et al., 2019).

Seafloor imagery is increasingly being used to study the
abundance and distribution of species on the seafloor (Valisano
et al., 2019). The advance and availability of exploration
technologies, such as ROV-imaging, applied to previously
unexplored hard bottoms, have provided a lot of in vivo
information for the deep sea and reef systems, that in the last
decades have revolutionized and rapidly increased the knowledge
on these habitats and its threats. The increasing interest in deep-
sea exploration had also caused the copious number of studies on
litter compared to shallower waters (references herein).

In the last years, these methods have also been applied to
the study of seafloor litter (Spengler and Costa, 2008), and
they have allowed to describe and quantify litter interactions
with marine organisms. Visual methods can be applied to all
sea bottom types from the continental shelf to the bathyal
environment, including complex reef habitats (Watters et al.,
2010; Angiolillo et al., 2015). Visual data obtained by SCUBA
divers, towed systems, ROVs or submersibles, and other camera
platforms, equipped with specific scientific tools (HD video
and camera, laser points, and geolocalization), have allowed
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FIGURE 1 | The number of papers reporting evidence of the impact of marine litter on reef systems in the Mediterranean Sea (updated at the end of May 2020).
Blue = number of papers published each year; orange = cumulative number of papers published since 1994.

FIGURE 2 | Distribution of the case studies reporting the impact of marine litter on reef systems in the Mediterranean Sea (updated at the end of May 2020). Case
studies are reported with different colors according to their benthic environment: littoral (0–200 m) – red dots; archibenthic (200–1000 m) – black dots; bathybenthic
(1000–4000 m) – green dots (two case studies were referred to this environment, but one did not report the exact place and thus it was not possible to include it in
the map). MWE, Western Mediterranean Sea; MIC, Ionian Sea and the Central Mediterranean Sea; MAD, Adriatic Sea; MAL, Aegean-Levantine Sea.

highlighting as marine litter represents one of the major
pollution problems harming benthic organisms and habitats
(Gilman, 2015). These methods do not cause any impact to
the marine environment and are thus applicable in protected
and sensitive areas such as marine protected areas (MPAs)
and coral reefs (e.g., Betti et al., 2019, 2020; Chimienti et al.,

2020). From videos and frame/photo, it is possible to obtain
high-resolution quantitative data (depending on optical device),
precise geolocalization, and provides in situ information at
various depths.

However, the most common method to study seafloor litter
is still through trawling hauls (i.e., otter, beam, Agassiz trawl),
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TABLE 1 | List of the reef species impacted by marine litter in the Mediterranean.

Phylum and Taxa IUCN category Phylum and Taxa IUCN category

Porifera Annelida

Aplysina cavernicola LC (Italy) Sabella pavonina NE

Geodia cydonium EN (Italy) Vermiliopsis spp.

Haliclona (Reniera) spp. Filograna implexa NE

Leiodermatium pfeifferae NE Arthropoda

Pachastrella monilifera VU (Italy) Geryon longipes NE

Poecillastra compressa VU (Italy) Geryon trispinosus NE

Raspailia (Raspailia) viminalis NE Maja squinado NE

Cnidaria Munida spp.

Acanthogorgia hirsuta LC (Med) Munida rugosa NE

Alcyonacea Munida tenuimana NE

Alcyonium acaule LC (Med) Pachylasma giganteum NE

Alcyonium coralloides LC (Med) Palinurus elephas VU

Alcyonium palmatum LC (Med) Paromola cuvieri NE

Antipathella subpinnata NT (Med) Plesionika spp.

Antipathes dichotoma NT (Med) Bryozoa

Astroides calycularis LC (Med) Echinodermata

Bebryce mollis DD (Med) Astrospartus mediterraneus NE

Callogorgia verticillata NT (Med) Cidaridae

Ceriantharia Cidaris cidaris NE

Chironephthya mediterranea NE Gracilechinus acutus NE

Corallium rubrum EN (Med) Gracilechinus alexandri NE

Dendrophyllia cornigera EN (Med) Ophiothrix spp.

Dendrophyllia ramea VU (Med) Chordata

Desmophyllum dianthus EN (Med) Anthias anthias LC

Desmophyllum pertusum EN (Med) Callanthias ruber LC (Med)

Ellisella paraplexauroides VU (Med) Coelorinchus caelorhincus LC

Eunicella cavolini NT (Med) Conger conger LC

Eunicella singularis NT (Med) Epinephelus aeneus NT (Med)

Eunicella verrucosa NT (Med) Helicolenus dactylopterus LC (Med)

Leiopathes glaberrima EN (Med) Mobula mobular EN

Leptogorgia sarmentosa LC (Med) Mola mola VU

Madrepora oculata EN (Med) Muraena helena LC (Med)

Paramuricea clavata VU (Med) Scorpaena elongata LC (Med)

Paramuricea macrospina DD Scorpaena notata LC (Med)

Parantipathes spp. Scorpaena porcus LC

Parantipathes larix NT (Med) Scorpaena scrofa LC (Med)

Savalia savaglia NT (Med) Scyliorhinus spp.

Swiftia dubia DD (Italy) Serranus scriba LC (Med)

Viminella flagellum NT (Med) Symphodus roissali LC (Med)

Mollusca Trachurus mediterraneus LC

Neopycnodonte cochlear NE

Sepia officinalis LC

The conservation status, according to the Red List of Threatened Species (IUCN), is reported. IUCN, International Union for Conservation of Nature; NE, not evaluated;
VU, vulnerable; LC, least concern; EN, endangered; NT, near threatened; DD, data deficient. The bold terms refer to the “phylum”.

mainly for its lower costs of operation in comparison with other
methods and large scale evaluation (e.g., Galgani et al., 1996,
2000; Stefatos et al., 1999; Moore and Allen, 2000; Lee et al.,
2006; Koutsodendris et al., 2008; Keller et al., 2010; Sánchez
et al., 2013; Neves et al., 2015; Pasquini et al., 2016; Fortibuoni
et al., 2019; Spedicato et al., 2019). In trawl surveys, litter is
taken onboard and thus can be directly inspected, measured,

counted, and weighed, allowing to obtain quantitative data.
Nevertheless, the use of trawls should be avoided/limited on
hard substrates such as reefs or in areas protected from fishery
activity, since it is a destructive method. Besides, trawling does
not enable to directly observe and assess the effects of litter on
habitats and species nor the precise localization of litter and
impacted organisms.
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FIGURE 3 | Percentage of reef species impacted by marine litter in the
Mediterranean Sea subdivided by phylum.

TYPES OF INTERACTION

The types of litter interactions were coded into six categories, i.e.,
entanglement, ghost-fishing, coverage, behavioral, substratum,
and incorporation. Marine macrolitter were subdivided
according to the MSFD Commission Decision 2017/848, into
the following categories: artificial polymer materials, rubber,
cloth/textile, paper/cardboard, processed/worked wood, metal,
glass/ceramics, chemicals, undefined, and food waste. However,
“ALDFG” (including longlines, trammel nets, gillnets, set nets,
ropes, FADs, pots, etc.) were considered separately, considering
the documented wide presence in biogenic reefs (Galgani et al.,
2018). The effects on biota were not always described, and when
the information was available, it was classified into nine groups:
abrasion, behavioral, colonization, damage, death, detachment,
entrapment, epibiosis, and necrosis.

Entanglement
Entanglement resulted in being the major impact of marine
litter affecting marine organisms on Mediterranean reefs
(Supplementary Table S1). We found evidence of entanglement

for thirty-four taxa, most of which were cnidarians. Fishing
gears were by large the most common litter type causing
entanglement mainly through snagging and catches on reef
organisms (Figure 4). Artisanal gears (trammel nets, gillnets,
and long and fishing line, ropes, etc.) or lost fishing gear, under
the pressure of bottom currents, can indeed easily become
entangled in rocks and in all taxa that elevate on the substrate due
to their massive or arborescent morphologies (Figures 5A–C).
The abrasive action due to the continuous mechanical friction
caused by entangled gear can cause breakage of ramifications
of all erect biotic structures or a progressive removal of their
tissues (Macfadyen et al., 2009; de Carvalho-Souza et al., 2018),
making them more vulnerable to parasites or bacterial infections
(Bo et al., 2014).

Abrasion/coenenchyme loss was the most common effect
of entanglement by ALDFG reported for animal forests on
Mediterranean reefs, and it was observed in all subregions. Eleven
cnidarian species resulted impacted, including the endangered
Corallium rubrum, as well as the sea-sponge Leiodermatium
pfeifferae. Because of abrasion, a naked coral skeleton can be
quickly covered by fast-growing epibionts (such as an encrusting
sponges, zoanthids, or some alcyonaceans; Bo et al., 2014;
Angiolillo et al., 2015; Angiolillo and Canese, 2018) and this
phenomenon could cause colony loss (Bavestrello et al., 1997).
The high frequency of these opportunistic organisms may suggest
a general state of stress of the community (Bo et al., 2014) also due
to marine litter impacts.

Necrosis and epibiosis linked to the impacts of marine litter
on reefs were, for instance, widely reported by Giusti et al. (2019)
in the Ligurian and Western Mediterranean Seas. Direct damages
(e.g., broken branches) to coral colonies due to entangling marine
litter were also observed on Mediterranean reefs (e.g., Madurell
et al., 2012; Maldonado et al., 2013; Angiolillo et al., 2015; Consoli
et al., 2018; Moccia et al., 2019). Fishing gear entangled on coral
colonies was also shown to cause their detachment from the
seafloor (Houard et al., 2012; Tsounis et al., 2012; Angiolillo et al.,
2015; Kipson et al., 2015; Maldonado et al., 2015; Cattaneo-Vietti

FIGURE 4 | The number of species by taxa found entangled in different typologies of marine litter on Mediterranean reefs. ALDFG, abandoned, lost, or otherwise
discarded fishing gear; APM, artificial polymer materials.

Frontiers in Marine Science | www.frontiersin.org 7 September 2020 | Volume 7 | Article 581966

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-581966 September 25, 2020 Time: 20:3 # 8

Angiolillo and Fortibuoni Marine Litter on Mediterranean Reefs

FIGURE 5 | Examples of marine litter impacts on biogenic reefs in the Mediterranean Sea. Scale bar: 10 cm. (A) lines and ropes entangling Eunicella cavolini
colonies; (B) old long line and monofilaments entangled on a colony of Leiopathes glaberrima, peeling off part of its tissue (with evidence of necrosis);
(C) Dendrophyllia cornigera colony completely entangled in a lost longline; (D) lost nets entrapping a specimen of Cidaridae and a dead gorgonian; (E,F) examples
of ghost-fishing: a sunfish (Mola mola) entrapped in a fishing pot and a painted comber (Serranus scriba) entrapped in a lost net.

et al., 2017; Consoli et al., 2019) and even their death (Maldonado
et al., 2013; Deidun et al., 2015; Consoli et al., 2018; Enrichetti
et al., 2019; Figure 5D).

Coral skeletal characteristics, determining the rigidity and
fragility of a colony, as well as the size and shape of individuals,
determine the resistance to friction, which explains the different
responses of the various species of coral to mechanical impacts
(Bo et al., 2014; Fabri et al., 2014; Angiolillo and Canese,
2018). In this review, the most impacted species resulted
in those that easily remain entangled due to their medium-
large colony size, an arborescent morphology, and a flexible
skeleton (e.g., Antipathella subpinnata, Leiopathes glaberrima,
Callogorgia verticillata, Dendrophyllia cornigera, Paramuricea
clavata, Figures 5A–D), as observed in other studies (Asoh
et al., 2004; Bo et al., 2014; Valisano et al., 2019). Numerous
examples from this review illustrate marine litter impacts on
vulnerable (VU) and endangered (EN) species (IUCN criteria,
Table 1) and sensitive habitats, such as CWCs (Orejas et al., 2009;

Madurell et al., 2012), coral gardens (Bo et al., 2014, 2015; Fabri
et al., 2014; Angiolillo et al., 2015) and coralligenous assemblages
(Sbrescia et al., 2008; Valisano et al., 2019) that are more
vulnerable because of slow growth rate and longevity of their
coral species (MacDonald et al., 1996; Consoli et al., 2018).

The impact of the hook-and-line fishery on the seafloor is
generally perceived as lower when compared with other fishing
methodologies, such as bottom trawling (Macfadyen et al., 2009).
However, monofilament fishing line is responsible for the largest
part of entanglements observed on Mediterranean reefs and,
more in general, represent the major impact in rocky areas, not
suitable for trawling (Angiolillo, 2019). Kroodsma et al. (2018)
estimated that globally longline fishing is the most widespread
activity, detected in 45% of the ocean more than trawling (9.4%).
However, longline incidence can strongly vary according to the
region, and even if in many areas it may be mainly confined
to artisanal fishing grounds, passive gears could drift for long
distances driven by currents. Due to its extensive use, often
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extremely long configuration, and low cost, its cumulative effects
over time might be very detrimental (Macfadyen et al., 2009).
Moreover, line and longline are now made of non-biodegradable
synthetic fibers and, once lost, can persist in the environment
for centuries (Carr, 1987; Thompson et al., 2004; Moore, 2008;
Barnes et al., 2009; Watters et al., 2010; Bo et al., 2014).

The reduction in the coverage of habitat-forming species
and the detrimental effect on the diversity and abundance of
reef invertebrates and fishes resulting from human-induced
pressure can cause substantial modifications to the structure
and functioning of reef ecosystems (Bo et al., 2014; Clark et al.,
2016; Valisano et al., 2019). The accumulation of fishing debris
represents one of the major causes of habitat degradation of
Mediterranean reefs. Thus, destructive practices (e.g., fishing and
anchoring) that can threaten arborescent corals should be banned
in the proximity of the coral forests (Chimienti et al., 2020).

Ghost-Fishing
Ghost-fishing represents another aspect of entanglement. Crabs,
octopus, fishes, and many small invertebrates may be taken in
traps, nets, gear, or other litter items that continue to “fish” if lost
at sea. In Mediterranean reefs, according to this review, ghost-
fishing was exclusively related to fishing gears (Supplementary
Table S1) and was observed for four species belonging to the
phylum Arthropoda (Geryon trispinosus, Maja squinado, Munida
rugosa, and Palinurus elephas) and 10 Chordata (Conger conger,
Epinephelus aeneus, Mobula mobular, Mola mola, Scorpaena
notata, S. porcus, S. scrofa, Serranus scriba, Scyliorhinus spp., and
Symphodus roissali, Figures 5E,F).

Water turbidity, making the litter and the gear less visible,
as well as the presence of organisms in or near the nets, are
factors that may contribute to organisms being entangled in,
or strangled by, abandoned fishing gear, resulting in domino
effects of damage. Benthic invertebrates, such as crabs and
echinoderms, may become entangled in nets, traps, or other
kinds of debris lying on the seafloor while scavenging animals
that have already become entangled (Good et al., 2010). In
this way, ghost fishing gear may continue to catch for a long
time a large variety of organisms (Carr, 1987; Matsuoka et al.,
2005; Brown and Macfadyen, 2007). The impossibility of moving
and breathing, compromising the ability to acquire food and
escaping from predators, might eventually lead to death for stress,
starvation, or drowning (Ayaz et al., 2010; Butterworth et al.,
2012; Enrichetti et al., 2020). Moreover, entanglement, abrasion,
and restricted movements can lead to lesions at risk of infections
and amputation (Laist, 1997; Chiappone et al., 2005; Criddle
et al., 2009; Gregory, 2009; NOAA, 2014).

It was estimated that in some areas, ghost fishing might
remove up to 30% of commercial species, with a significant
economic impact on fisheries (Gilman et al., 2016). The time
over which lost fishing gears continue to entangle organisms
is highly variable, depending on the location and the gear
typology (Erzini, 1997; Matsuoka et al., 2005; Erzini et al.,
2008). Derelict gill nets and trammel nets, for instance, are
estimated to continue catching marine biota for a period ranging
between 30 and 568 days (Matsuoka et al., 2005). However, the
impact of ghost-fishing on marine populations is difficult to

quantify as an unknown number of marine animals die or are
consumed by predators at sea and decompose without being
recorded (Katsanevakis and Issaris, 2010). Hence, the effects
on the population dynamics and the mortality rates of many
affected species are probably underestimated (Katsanevakis and
Issaris, 2010). No specific studies were carried out on this issue
in the Mediterranean Sea reef systems, and only some descriptive
observations are available. An experimental study exists only for
shallow waters (i.e., Ayaz et al., 2006).

Coverage
Coverage was mainly linked to fishing gear (in particular nets,
Figure 6A) and impacted four Cnidaria species (Corallium
rubrum, Eunicella cavolini, Madrepora oculata, and Paramuricea
clavata) and one Porifera (Geodia cydonium). The white coral
(M. oculata) was also found covered by artificial polymer
materials (plastic sheets, bags, and objects, Figure 6B) as well
as chemicals (bauxite residues). Coverage can induce stress in
sessile organisms (e.g., corals and sponges) by depriving them
of light and oxygen. de Carvalho-Souza et al. (2018) reported
many examples of reef sites that suffered significant losses
of coral cover related to suffocation by macrolitter. Marine
litter may cover large portions of the settled communities
(Saldanha et al., 2003), impeding the recolonization of large
organisms (Galgani et al., 2015), preventing gas exchange and
oxygenation, and diminishing the feed capacity of the organisms
(Kühn et al., 2015).

Behavioral
Marine litter can also cause behavioral changes in marine
organisms and be used as shelter and refuge. We found evidence
of 8 fish species using general waste and one species using
fishing gears to hide from predators in Mediterranean reefs
(Supplementary Table S1). Several authors observed the crab
Paromola cuvieri (Angiolillo and Pisapia, 2015; Taviani et al.,
2017; Mecho et al., 2018; Angiolillo, 2019; Pierdomenico et al.,
2019) to use unusual camouflage shelters carrying on plastic on its
exoskeleton, instead of usual sponges or gorgonians (Figure 6C).
The high availability of marine litter may indeed result in its
use by reef species instead of natural materials, with unknown
ecological implications (de Carvalho-Souza et al., 2018). The
squat lobster Munida spp. was found hidden in lost fishing gear
(Pierdomenico et al., 2018), while some individuals of the shrimp
Plesionika spp. were found aggregated on litter accumulations
(Pierdomenico et al., 2019).

Some other types of litter such as tires, cans, glass bottles,
and larger objects (e.g., washing machines, bins, etc.) can be
adopted as shelters and refuge by vagile fauna (Figure 6D).
Fishes, or other vagile invertebrates, can take advantage of
artificial three-dimensional structures, especially in an otherwise
soft-sediment environment (Angiolillo, 2019) or in a degraded
environment where natural structuring species functioning as
shelter are reduced. Even if these artificial substrata, used as a
refuge by organisms, may enhance biodiversity, they interfere
with life on the seabed and modify the spatial heterogeneity
at different spatial scales, altering the natural environment,
the community structure, and possibly ecosystem functioning
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FIGURE 6 | (A) Abandoned or lost net completely covering the sea bottom, suffocating Paramuricea clavata colonies and other sessile organisms; (B) plastic sheet
(white arrow) covering colonies of Madrepora oculata; (C) the crustacean Paromola cuvieri carrying plastic on the back, instead of sponges/gorgonians; (D) a
washing machine completely covered by encrusting organisms and used by marine goldfish (Anthias anthias) as a refuge; (E) hanging fish net completely overgrown
by encrusting and epibenthic organisms such as sponges, hydroids, bryozoans, and ascidians; (F) little gorgonians growing on human-made hard substrata.

(Saldanha et al., 2003; UNEP, 2009; Sánchez et al., 2013; de
Carvalho-Souza et al., 2018; Angiolillo, 2019).

Other Interactions (Substratum and
Incorporation)
Marine litter can also serve as an alternative substratum for sessile
species on Mediterranean reefs (Figures 6E,F). Ten cnidarian
species were found growing on fishing gears, as well as three
Annelida, three Echinodermata, one Mollusca, and one Porifera
species (Supplementary Table S1). Also general waste can
provide a substratum for benthic reef species (four Cnidaria
and one Echinodermata). Moreover, other examples of other
interactions with marine litter came from Aymà et al. (2019).
They recovered with an Agassiz trawl some fragments of a
Desmophyllum pertusum colony growing on a nylon net cords at
752–864 m depth in the Blanes Canyon (Western Mediterranean

Sea). Chimienti et al. (2020) observed a steel cable directly
within a group of Antipathella subpinnata colonies in the Tremiti
Islands MPA. Angiolillo and Canese (2018) observed fishing
lines fully incorporated in the yellow scleractinian Dendrophyllia
cornigera on the Mantice Shoal in the Ligurian Sea. Savini
et al. (2014) found litter incorporated into the skeletons of
living coral colonies in the Apulian ridge in the Ionian Sea.
We named this interaction – the ability of gorgonians and
corals to grow and/or include marine litter in their coral
framework – “incorporation.”

DISCUSSION

Globally, de Carvalho-Souza et al. (2018) reported marine litter
driven ecological disruptions on 418 reef species belonging
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to eight reef taxa. The authors found that entanglement and
catches in ALDFG represent the most common impacts on
marine biota in these environments. In the Mediterranean Sea,
the present review reports evidence for 78 taxa impacted by
marine litter on reefs (Table 1 and Supplementary Table S1).
The large majority belonged to the phylum Cnidaria, followed
by Chordata, Arthropoda, Porifera, and Echinodermata. The
remaining taxa represented less than 5%. This number is probably
underestimated due to the scarcity of specific studies focusing on
this topic and the difficulty of working on reefs. The majority of
the studies focused on coralligenous and CWC (Figure 7) that
are more vulnerable to these types of impacts. No information is
available, regarding litter impact, in other reef systems, probably
due to the greater sampling effort and increasing scientific
interest for the first ones.

A wide diversity of interactions between marine litter and
reef organisms was observed in the Mediterranean, including
entanglement, coverage, and ghost-fishing. In most cases,
impacts were due to ALDFG or other fishery-related waste. The
effects of marine litter on animal forests and reef species could
be manifold and can be direct (e.g., broken branches for corals
and ghost-fishing for fish) or indirect. Parasitic colonization was,
for instance, reported by several authors because of the abrasion
induced by marine litter. On the other side, some species may
take advantage of litter, using it as shelter and refuge.

However, at present, our knowledge of the deleterious
effects of marine litter on Mediterranean reefs is limited and
heterogeneous in space (Figure 2). Data from the Aegean-
Levantine (Figure 7A) and the Adriatic Sea (Figure 7D)
subregions are, for instance, very scarce, whereas data from the
southern Mediterranean Sea are completely missing (Figure 2).
The Aegean Sea is rich in reefs (Giakoumi et al., 2013; Freiwald
et al., 2017; Di Camillo et al., 2018; Chimienti et al., 2019) but
at the same time, poor in studies regarding marine litter in these
habitats (Figure 7A). Now, there is not any routinely monitoring
program for seafloor litter on hard substrata in Greece that can
fill this gap. The only surveys with ROV are carried out within
the frame of research projects (e.g., Ioakeimidis et al., 2015) but
not specifically include litter impact on bioconstructions.

This heterogeneous distribution could be due to the greater
sampling efforts and technological availability in the western
part of the Mediterranean basin respect to the other areas.
Only some countries can use non-invasive visual approaches,
in particular for deep-sea areas, due to expensive costs. Even
if several projects on marine litter have been financed in the
last years in Europe (Maes et al., 2019), the major part assessed
litter distribution and abundance and not the direct impact on
the seafloor and marine organisms, in particular on reefs. In
general, the most common approaches to evaluate seafloor litter
make use of opportunistic sampling. Litter impact assessments
are indeed usually coupled with surveys or programs whose
main aim is the study of biodiversity in coral reef assemblages
by diving in shallow areas and through ROV in the deep
sea since methods for determining seafloor litter distributions
can be similar to those used for benthic assessments. The
absence of specific monitoring protocols and the different
strategies of data collection (sampling methodologies, unit of

measures, parameters, etc.) and elaboration have led to obtaining
heterogeneous data, often not comparable in a robust way.

The major part of the studies analyzed in this review gives
only descriptive information about litter interaction. Very few
studies provide a quantification of litter and species abundance
and the number of affected individuals (i.e., Angiolillo et al.,
2015; Consoli et al., 2019; Enrichetti et al., 2019, 2020).
Moreover, several studies have analyzed still images, sub-
samples of video surveys, whereas others have analyzed a
continuous video to collect quantitative data. Some papers
evaluated the occurrence of the impact by considering the
percentage of frames showing litter interacting with marine
organisms (i.e., Bo et al., 2014, 2020). Thus, there is an
increasing need to collect litter data regularly using common
templates, harmonized procedures, and joint items categories
and types of impacts. Standardization of monitoring approaches
and existing datasets is under development across European
countries to generate comparable information about the temporal
and spatial distribution of marine litter and its impact (Molina
Jack et al., 2019). Since the MSFD included marine litter as
one of the eleven descriptors to define the GES of European
seas (Galgani et al., 2013), seafloor litter data collection has
significantly increased in the last years, mainly through trawl-
surveys (Maes et al., 2018; Spedicato et al., 2019). Litter
items in fishery catches are now regularly recorded in many
European countries as part of other environmental monitoring
activities (e.g., the MEDITS program; Spedicato et al., 2019).
Instead, no uniform programs exist to collect litter data on
reefs/hard substrata and to assess/quantify litter harms on marine
biota (as requested by D10C4 of the MSFD and Indicator
24 of the EcAp). One of the reasons is due to the not
mandatory status of these indicators. Only recently, the MSFD
and the UN Environment/MAP Regional Plan on Marine Litter
Management in the Mediterranean have begun to take into
account the entanglement in their future monitoring. In May
2019, the MSFD TG Litter Working Group (TG-ML) proposed
guidelines for the assessment of marine litter interaction and
entanglement on benthic organisms using visual methods,
applicable to the seafloor and reef systems. This protocol
harmonizes the procedures for collecting and reporting marine
litter data (distribution, occurrence, abundance, litter, and impact
categories) that are gathered on the back of existing biodiversity
surveys. The protocol is under review by the TG-ML to provide
an accurate methodology applicable for MSFD monitoring to
facilitate the identification of sources and trends, data analysis,
comparison among countries, etc.

Some effort in this sense has already been made in Italy in
the implementation of the first monitoring cycle of the MSFD,
in the framework of Descriptor 1 on biodiversity. A unique
monitoring protocol was developed to collect data on biodiversity
and marine litter simultaneously. The status of populations
(species richness, abundance, morphologies, epibiosis, necrosis),
litter distribution, and its impact on organisms (focusing in
particular on the most structuring species, i.e., corals and
sponges), were assessed in coralligenous habitats. In this
way, it will be possible to relate the number of entangled
individuals/colonies for each structuring species to the total
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FIGURE 7 | The map reports the case studies collected in this review (black stars) together with the presence of coralligenous areas according to Giakoumi et al.
(2013; light blue), and the presence of cold-water corals (CWCs) according to Chimienti et al. (2019; red circles) and Freiwald et al. (2017; orange circles).
(A) Aegean and Eastern Mediterranean Seas; (B) Strait of Sicily; (C) Ionian Sea; (D) Adriatic Sea and North Tyrrhenian Sea; (E) Ligurian Sea and the northwestern
Mediterranean Sea; (F) South Tyrrhenian Sea; (G) Iberian Sea and the northwestern Mediterranean Sea; (H) Alboran Sea.
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number of individuals/colonies in a defined area. Data are
available since 2016 and will represent the first baseline for
future comparisons. The data mentioned above could also be
used to populate the secondary criteria D10C4 of the MSFD
and Candidate Indicator of the IMAP. Indeed, since reef coral
communities have a strong potential to be entangled by marine
litter, some structuring sessile suspension feeders have already
been proposed as indicators. For instance, in 2018, SPA/RAC
suggested an approach to study entanglement using benthic
invertebrates as indicators of entanglement events, since they
offer the possibility of monitoring this impact at a wide range of
depths (UNEP/MAP and SPA/RAC, 2018).

Given the difficulties to differentiate entanglement by active
fishing gears (by-catch) from entanglement due to ALDFG
(ghost-fishing) or other kinds of marine litter for seabird,
marine mammals, sea turtles, and fish (Anastasopoulou and
Fortibuoni, 2019), Galgani et al. (2018) proposed animal forests
as priority elements to monitor the spatio-temporal trends
of entanglement in shallow and deep waters. Some previous
reviews (de Carvalho-Souza et al., 2018; Anastasopoulou and
Fortibuoni, 2019), as well as the present work, indicated
cnidarian species as the taxa most affected by entanglement,
caused mainly by fishing gear. The vulnerable habitat-forming
cnidarian species, characterized by few dominant coral species
and by an incredible variety of symbiotic associations, are
slow-growing and long-living species (Sheehan et al., 2017)
with an extensive distribution and high abundance. They are
exposed to marine litter occurring in fishing areas, MPAs, and
both coastal and remote areas. The massive and arborescent
morphologies of these taxa and their sessile characteristic make
them more susceptible to be entangled (Bo et al., 2014; de
Carvalho-Souza et al., 2018) and at the same time, allow
researchers to obtain an accurate location of the entanglement
event, preventing from the misinterpretation in the case of
interaction with active fishing gear (by-catch). However, at
present, there is not enough data on the differences in
entanglement rates among species and life stages, allowing
to assess species vulnerability, the frequency of interactions
with different marine litter types, and the possible implications
in terms of populations. Bo et al. (2014) provided insight
into the different responses of some structuring species to
physical impacts, depending on the resistance of the coral
skeleton, to its morphological and mechanical characteristics.
Fragility, recovery ability, as well as reproductive and growth
strategies, represent other factors that can determinate different
responses to entanglement (MacDonald et al., 1996). The positive
correlation between the number of dead colonies and the
presence of ALDFG was showed by Angiolillo et al. (2015),
indicating the detrimental effects of fisheries. Broken branches,
damaged morphologies, and epibiosis can represent secondary
consequences of the direct impact during fishing operations,
such as the eradication of some specimens from their natural
site. Therefore, the sensitivity of a benthic species should be
an essential parameter to understand the capability of a species
to cope with this impact. For instance, in the north-western
Mediterranean Sea, visual surveys have provided evidence of the
almost omnipresent incidence of marine litter in all investigated

areas, highlighting as in reef systems fishery is a significant source
and cause of impact.

Nevertheless, very few studies put in relationship the fishing
effort, the rate of losing gear, and the by-catch to assess
the entanglement rate (i.e., Enrichetti et al., 2019). Difficulties
exist because no official data are available on the patterns of
exploitation of artisanal and overall recreational fishing, which
contribute in an important way to the impact on reef systems,
also in offshore areas. Data on the fishing effort are thus
needed to assess this source of impact (e.g., Enrichetti et al.,
2019) and define mitigation measures (Bo et al., 2020). An
appropriate database targeting fishing effort is needed for small
fishery (artisanal and recreational), as suggested by some authors
(Bo et al., 2020).

Gear can be lost or discarded due to several intentional and
unintentional causes (Richardson et al., 2018), such as contact
with other fishing gears, bad weather conditions, tracking systems
malfunction, and catching or snagging on submerged features.
Fishers can lose their gear also due to improper fishing methods
or because of difficulty in retrieving it. On the other hand, gear
can be deliberately abandoned when fishers are operating illegally
or when the disposal onshore is not practical or economical,
especially where reception facilities in the port are unavailable
(Gilman, 2015; UNEP, 2015). In the Mediterranean Sea, it was
estimated that 0.05% of gillnet and 3.2% of nets were lost per
boat per year (Macfadyen et al., 2009). However, the amounts can
be highly variable at small spatial scales (Macfadyen et al., 2009;
Gilman, 2015).

The high persistence and widespread distribution of fishing
gear at sea are due to the use of synthetic, durable, and
buoyant materials (Erzini, 1997; Laist, 1997; Sampaio et al.,
2012). Moreover, the increasing expansion of fishing effort
and fishing grounds determined a wider ALDFG distribution
(Macfadyen et al., 2009; Gilardi et al., 2010; Gilman, 2015;
Kroodsma et al., 2018). The by-catch of a wide variety of
reef species operated by longline and artisanal fishing gear is
widely known in the Mediterranean Sea (Mastrototaro et al.,
2010; Bo et al., 2014; D’Onghia et al., 2017) and can harm
benthic communities (Erzini et al., 1997; Mytilineou et al.,
2014; Enrichetti et al., 2019). The analysis of benthic organisms
in fishery discards can provide information on reef species
sensitivity to fisheries and their probability of being caught in a
specific area (Enrichetti et al., 2019). The discard investigation,
coupled with the visual approach to assess community structure
and the extent of the impact, could represent a useful instrument
to gain an overall view of the problem. The identification
and mapping of areas where reef species are mostly exposed
to the impact of fishing activities (i.e., co-existence of fishing
grounds, presence of ALDFG, distribution of sensitive species,
probability of encounters between sensitive species and marine
litter, etc.) could represent a first step to rationalizing the
sampling efforts.

Despite the prevalence of ALDFG, also other types of litter
were recorded on biogenic reefs, mainly made of artificial
polymer materials (i.e., plastic bottles, bags, and sheets).
Oceanographic currents and wind can disperse plastic items
over long distances, both vertically and horizontally, depending
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on plastic lightness, buoyancy, and durability (Watters et al.,
2010; Tubau et al., 2015; Vieira et al., 2015). Plastic degrades
slowly, and its biological decomposition is negligible. On the
seafloor, in particular below the photic zone where the light
is absent, and the temperatures and oxygen concentrations
are low, the decomposition process is further slowed down.
A study carried out in the Saronikos Gulf (Greece) showed
that PET bottles can remain intact for approximately 15 years
and then began to deteriorate, with the consequent release
of chemical compounds (Ioakeimidis et al., 2016). Physical
degradation determinates the formation of abundant small
plastic fragments, with the consequence of a high persistence
of plastic litter, especially on the seafloor (Andrady, 2015;
Galgani et al., 2015; Tubau et al., 2015). Another study observed
coral polyps ingesting microplastic fragments with detrimental
consequences for the colonies (Hall et al., 2015). Therefore,
plastic and microplastics represent a significant environmental
threat for the marine environment, including reef systems
(Lamb et al., 2018).

The other forms of interaction described in this review
(colonization, substrate, and behavioral) are under-studied,
and they may represent a form of adaptation to a changing
environment. The seafloor was considered for a long time an
unlimited natural dump for the disposal of any kind of garbage
(Ramirez-Llodra et al., 2011; Angiolillo, 2019). Anything that
ends in the sea is in a short time colonized and reused. Iconic
examples are represented by the wrecks, used as a suitable habitat
for a variety of sessile organisms, and as a refuge for vagile
fauna. Even if these interactions of organisms with anthropogenic
artifacts are often considered neutral, the large evidence of the
adaptive behavior of species, such as Paromola cuvieri, should
make us reflect on the substantial and irreversible changes that
humans are bringing to marine environments.

CONCLUSION

(1) This review provides evidence that marine litter and
specifically ALDFG, threaten Mediterranean reefs.
However, the information available is mainly qualitative
and geographically unbalanced, and this knowledge gap
prevents from quantitatively assessing the phenomenon in
a way that could inform policy-makers in MSFD and IMAP
implementation. Some areas resulted particularly poor in
data and information, i.e., the southern Mediterranean
(Figure 2), the Aegean-Levantine Sea (Figure 7A), and
the Adriatic Sea subregions (Figure 7D). Thus, an effort
should be made to fill these geographical gaps, in particular
in the southern basins.

(2) Considering the widespread impact of ALDFG in biogenic
reefs, the identification of high exposure risk areas (i.e.,
fishing grounds), the measure of the impact relating the
abundance of litter with entangled target species, the
probability of a species to be entangled (sensitivity),
the fishing effort, the rates of lost fishing and by-catch
are needed for the evaluation of the effects of marine
litter on biota.

(3) On the seabed, some invertebrate taxa have a high
risk of entanglement and may thus be good candidates
for monitoring programs on the temporal and spatial
variability of entanglements, giving the possibility to gain
long-term data at all depths and significant observations
in situ, in particular in areas of intense fishing activity, high
density of litter, or high abundance of vulnerable species
(Consoli et al., 2018; Galgani et al., 2018).

(4) To date, baseline litter abundance and the effects of
marine litter on marine communities and its habitats
remain poorly known (Maes et al., 2018) and probably
underestimated (de Carvalho-Souza et al., 2018). Litter
was present on the seafloor before specific scientific
investigations started in the 1990s, and due to the
persistence of some litter materials, the monitoring of litter
should consider accumulation processes for past decades.

(5) The harmonization of methodologies and regular
assessments through opportunistic approaches in long-
term benthic biodiversity monitoring is essential to
compare data and gain long-term support to the evaluation
of accumulation and impacts. Moreover, the development
of models on pathways for litter distribution and transfer
could represent a useful instrument for tracking litter
spread and impact (Galgani et al., 2019).

(6) Several actions are already set on to reduce litter impact,
ranging from the removing of litter on the seafloor to the
reduction of ALDFG through prevention and mitigation
(FAO, 2016). However, to date, these initiatives are mainly
limited to shallow waters. The high number of taxa and
protected/vulnerable species impacted by marine litter in
the Mediterranean Sea reefs, even in the deep sea, indicates
that marine biodiversity is under threat. Thus, there is an
urgency to implement effective management actions and
enforce measures to reduce marine litter inputs.

(7) The impacted reef species are mainly vulnerable and slow-
growing species, some of them protected at international
levels. It is important to take into account their natural
resilience, considering that they may need decades to
recover (Clark et al., 2014). Moreover, more complete
biodiversity inventories of their spatial distribution are
essential to define conservation strategies (Clark et al.,
2012; Bo et al., 2020). In particular, the establishment of
a network of inshore and offshore protected areas (de
Juan and Lleonart, 2010) and the identification of specific
fishery restrictions (Bo et al., 2020) to preserve these
hotspots of biodiversity and to improve the ecological
status of the reef systems, is suggested. All these efforts
should be strongly encouraged to develop prevention and
mitigation approaches and increase awareness on this topic
to preserve and conserve valuable and vulnerable marine
ecosystems.
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