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a b s t r a c t
Marine litter represents a widespread type of pollution in the World’s Oceans. This study is based on
direct observation of the seaﬂoor by means of Remotely Operated Vehicle (ROV) dives and reports litter
abundance, type and distribution in three large submarine canyons of the NW Mediterranean Sea, namely
Cap de Creus, La Fonera and Blanes canyons. Our ultimate objective is establishing the links between
active hydrodynamic processes and litter distribution, thus going beyond previous, essentially descriptive
studies.
Litter was monitored using the Liropus 2000 ROV. Litter items were identiﬁed in 24 of the 26 dives carried out in the study area, at depths ranging from 140 to 1731 m. Relative abundance of litter objects by
type, size and apparent weight, and distribution of litter in relation to depth and canyon environments
(i.e. ﬂoor and ﬂanks) were analysed. Plastics are the dominant litter component (72%), followed by lost
ﬁshing gear, disregarding their composition (17%), and metal objects (8%). Most of the observed litter
seems to be land-sourced. It reaches the ocean through wind transport, river discharge and after direct
dumping along the coastline. While coastal towns and industrial areas represent a permanent source
of litter, tourism and associated activities relevantly increase litter production during summer months
ready to be transported to the deep sea by extreme events. After being lost, ﬁshing gear such as nets
and long-lines has the potential of being harmful for marine life (e.g. by ghost ﬁshing), at least for some
time, but also provides shelter and a substrate on which some species like cold-water corals are capable
to settle and grow.
La Fonera and Cap de Creus canyons show the highest mean concentrations of litter ever seen on the
deep-sea ﬂoor, with 15,057 and 8090 items km2, respectively, and for a single dive litter observed
reached 167,540 items km2. While most of the largest concentrations were found on the canyon ﬂoors
at water depths exceeding 1000 m, relatively little litter was identiﬁed on the canyon walls. The ﬁnding
of litter ‘hotspots’ (i.e., large accumulations of litter) formed by mixtures of land- and marine-sourced litter items and natural debris such as sea urchin carcasses evidences an efﬁcient transport to the ﬂoor of
mid and lower canyon reaches at least.
High-energy, down canyon near-bottom ﬂows are known to occur in the investigated canyons. These
are associated to seasonal dense shelf water cascading and severe coastal storms, which are the most
energetic hydrodynamic processes in the study area thus becoming the best candidates as main carriers
of debris to the deep. The fact that the investigated canyons have their heads at short distance (<4 km)
from the shoreline enhances their ability to trap littoral drift currents and also to convey the signal of
the above-mentioned high-energy events to the deep, including their litter load. This study contributes
to assess the origin and transport mechanisms of litter to the deep sea as well as its potential impact
on deep-sea ecosystems.
Ó 2015 Elsevier Ltd. All rights reserved.

Introduction
Marine litter and its impact on marine ecosystems have become
a matter of concern for researchers, conservationists, decision
⇑ Corresponding author. Tel.: +34 934021360; fax: +34 934021340.
E-mail address: miquelcanals@ub.edu (M. Canals).
http://dx.doi.org/10.1016/j.pocean.2015.03.013
0079-6611/Ó 2015 Elsevier Ltd. All rights reserved.

makers and stakeholders in general. There is no place in the
World’s Oceans unaffected by marine litter including the most
remote regions (UNEP, 2009; Miyake et al., 2011). The
Mediterranean is a landlocked sea with large urban and industrial
concentrations along its shores, and also supports heavy maritime
trafﬁc. These conditions make it particularly prone to the
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accumulation of signiﬁcant amounts of marine litter at surface,
water column and seabed levels.
Marine litter is deﬁned as ‘‘any persistent, manufactured or processed solid material discarded, disposed of or abandoned in the
marine and coastal environment’’ (UNEP, 2009). Marine litter can
be either marine-sourced or land-sourced. Major marine litter
sources include commercial and recreational shipping, ﬁshing
activities, aquaculture, and legal or illegal dumping at sea (June,
1990; Galil et al., 1995; Galgani et al., 2000; Kuriyama et al.,
2003), whereas land-based sources include river discharge, urban
and industrialized areas, sewage treatment plants and pipes, legal
and illegal dumpsites close to the shoreline, littering from recreational use of the coast and ports, and shipyards and shipbreaking
yards among others (Williams and Simmons, 1997; Stefatos et al.,
1999; Moore and Allen, 2000; Walker et al., 2006). Atmospheric
transport of light litter from land to the sea likely is relevant too,
although it has been essentially neglected.
The deep sea potentially is the largest marine litter depocentre
on Earth (Pham et al., 2014). The introduction of alien objects to
the deep sea started to be reported in the 1970s (National
Academy of Sciences, 1975; Jewett, 1976), though it dates from
the earlier human settlements along rivers and coastlines and the
establishment of the ﬁrst navigation routes. However, the amounts
thrown away, their nature, resistance to degradation and size of
impacted areas in those earlier times and subsequent historical
periods were negligible compared to modern times. The ﬁrst massively disposed man-made waste reaching deep waters, dating
back to the end of the 18th century, was clinker, that is, the residue
of the burnt charcoal of steam-powered vessels, which was
dumped overboard along shipping lanes during about 150 years
(Ramirez-Llodra et al., 2011).
At present, the most common litter types found in the ocean are
plastic, glass and metal objects and ﬁshing gear dumped mostly
during the last half century, with plastics alone accounting for
60–80% of total marine litter (Gregory and Ryan, 1997; Derraik,
2002). While the mass production of plastics commenced in the
1950s, the year 2010 production has been calculated at 275 million
tons in 192 coastal countries, with 4.8–12.7 million tons entering
the ocean (Jambeck et al., 2015). Plastics are lightweight, strong
and buoyant, a set of characteristics that allows them to disperse
over long distances and to vertically distribute within the upper
water column (Barnes and Milner, 2005; Thompson, 2006;
Kukulka et al., 2012). The journey of plastics to the seaﬂoor can
be eased by loading when dumped (e.g. a half ﬁlled plastic bags),
by adherence of and ingestion and subsequent excretion by organisms, by aggregation with denser objects, by losing ﬂoatability due
to ageing, by disaggregation and settling, or by entrainment into
turbulent ﬂows. Due to their resistance to degradation, many litter
objects including plastics may persist for centuries (UNEP, 2009).
Much of the existing data on marine litter distribution refer to
litter ﬂoating on the ocean surface (e.g. Lecke-Mitchel and
Mullin, 1992; Aliani and Molcard, 2003; Barnes and Milner,
2005; Cozar et al., 2014), stranded on the coast (e.g. Gottfried
et al., 1987; Gabrielides et al., 1991; Hess et al., 1999), adrift over
the continental shelf (e.g. Galgani et al., 2000; Keller et al., 2010)
and sunk to the deep-sea ﬂoor (e.g. Galgani et al., 1995a,b, 2000;
Galil et al., 1995; Kuriyama et al., 2003; Lee et al., 2006; Brown
and Macfadyen, 2007; Keller et al., 2010; Miyake et al., 2011;
Mordecai et al., 2011; Schlining et al., 2013; Vieira et al., 2014;
Pham et al., 2014). These studies have shown that litter
distribution amongst different environments is quite variable,
although it tends to accumulate close to the main population centres, along shipping lanes and on the deep-sea ﬂoor. Marine litter
on the deep-sea ﬂoor often forms garbage patches preferentially
into depressions and crevasses and amidst rocks (Galgani et al.,

1996; Wei et al., 2012). Although recent works such as Cozar
et al. (2014) and Eriksen et al. (2014) start to consider the
distribution of litter in oceans as a whole, these address ﬂoating
litter, whereas little is known about litter on the deep sea ﬂoor
at a global scale, and studies focus on a few regions and speciﬁc
environments (Spengler and Costa, 2008).
Litter at sea poses economic, aesthetic, human health and marine wildlife problems (UNEP, 2009). Depending on the type of
object, the damage caused by litter on the seaﬂoor may occur when
it gets entangled or reaches the bottom, but also long after. Passive
litter on the seabed can cause chemical and physical pollution,
blanketing and suffocation (Brown and Macfadyen, 2007).
Discarded and lost ﬁshing gear such as long-lines and trawl nets
can result in ghost ﬁshing. Numerous examples illustrate marine
litter impacts on sensitive habitats, such as cold-water corals
(Orejas et al., 2009; Madurell et al., 2012) and on countless marine
animals such as turtles, mammals, seabirds and ﬁshes that can
eventually die due to entanglement and ingestion of litter
(Sazima et al., 2002; Gregory, 2009; Phillips et al., 2010; De
Stephanis et al., 2013). The ingestion of plastics can cause physical
damage, suffocation, starvation and reproductive failure in some
organisms (Derraik, 2002). Plastics decomposition results in
micro-plastic particles and ﬁbres that remain in the water column
or accumulate in deep-sea sediments where they can be ingested
by deposit-feeders (Thompson et al., 2004; Van Cauwenberghe
et al., 2013; Woodall et al., 2014). However, the potentially harmful
effects of marine litter by-products, such as micro-plastics, on marine ecosystems remain practically unexplored. It has also been
reported that alien invasive species use litter objects as a settlement for travel over long distances (Barnes and Milner, 2005;
Barnes et al., 2009). On the other hand, benthic and benthopelagic
organisms use litter on the seaﬂoor as shelter and growing substrate (Watters et al., 2010; Mordecai et al., 2011).
Submarine canyons are remarkable geomorphic features connecting the shallow coastal ocean to the deep continental margin
and basin. In the long term, submarine canyon networks behave
as efﬁcient submarine drainage systems as demonstrated by the
development of large deep-sea fans and other depositional bodies
at their mouths (Shepard, 1981; Wynn et al., 2002; Normark and
Carlson, 2003). Often considered biodiversity hotspots (Stow and
Mayall, 2000; De Leo et al., 2010), modern submarine canyons have
been identiﬁed as preferential pathways for water, sediment and
organic matter transfers from the coastal to the deep ocean
(Nittrouer and Wright, 1994; Xu et al., 2002; Canals et al., 2006).
They have also been recently pointed out as main vectors for litter
transport from the continental shelf to the deep sea in some
regions at least (Galgani et al., 2000; Mordecai et al., 2011;
Schlining et al., 2013; Ramirez-Llodra et al., 2013).
Despite the progresses summarized above, a remarkable knowledge gap exists about the transfer mechanisms of litter to the deep
sea that could help to better understand their distribution and
impacts. This paper aims at contributing to ﬁll such a gap by focusing on processes that are active within submarine canyons of the
Mediterranean Sea. To achieve our aim we categorized and quantiﬁed litter on the deep-sea ﬂoor after remotely operated vehicle
(ROV) in situ observations on a continental margin that (i) is
exposed to strong anthropogenic pressure (i.e. dense urban and
industrial concentrations along the shoreline and river watersheds,
intense shipping and deep bottom trawling), (ii) is cut by a network of large submarine canyons with their heads located at short
distance from the shoreline, and (iii) is deﬁned by short-lived highenergy processes favouring across-margin transfers. This study
also brings new insight on the provenance, transport and fate of
marine litter due to the occurrence of natural processes in the deep
sections of submarine canyons and adjacent open slopes.

X. Tubau et al. / Progress in Oceanography 134 (2015) 379–403

Study area
The study area belongs to the densely canyoned north-Catalan
continental margin (NCM) in the NW Mediterranean Sea (Amblas
et al., 2006; Harris and Whiteway, 2011) (Fig. 1a). In particular
we focus in three large submarine canyons, namely Cap de Creus

381

(CCC), La Fonera (LFC) and Blanes (BC) canyons, and the adjacent
open slopes (Fig. 1b).
Geological and physiographic setting
The NCM extends over 20,000 km2 off the north-easternmost
sector of the Iberian Peninsula from CCC to BC (Amblas et al.,

Fig. 1. General bathymetry of the NW Mediterranean and location of the study area and adjacent areas, jointly with inland satellite imagery. (a) Colour bathymetry map of
the NW Mediterranean Sea showing its main physiographic, oceanographic, hydrological and meteorological elements as described in the literature. Note the subaerial and
submarine drainage systems (rivers in light blue and canyons in white). The main rivers are: ER, Ebre River; LLR, Llobregat River; RR, Rhône River. The most persistent and
strong winds are: T, Tramuntana. M, Mistral. LL, East or ‘‘Llevant’’. Sup.Fig.: Supplementary Figure. Depth contours every 500 m. (b) Combined shaded relief and colour
bathymetric map of the study area in the north-Catalan margin with main hydrodynamic processes (see main text for explanation). The main rivers are: FR, Fluvià River; MR,
Muga River; TeR, Ter River; ToR, Tordera River. MEDOC, Mediterranean Ocean Convection area. Depth contours every 500 m. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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2006). The continental shelf of the NCM is rather narrow (mean
width is 30 km), while to the north there is the much wider
(70 km) Gulf of Lion (GoL) shelf. The NCM margin also displays a
rather steep (7°) continental slope and a well-developed continental rise that reaches 2600 m depth (Amblas et al., 2006) (Fig. 1a).
The coastline consists of a succession of cliffs and low-lying sandy
beaches including numerous pocket beaches, the two main bays of
Roses and Pals and the Tordera Delta (Supplementary Fig. 1). The
geological setting, with high mountain ranges such as the
Pyrenees, Massif Central and the Alps, determines the conﬁguration of watersheds and the regime of rivers opening into or
inﬂuencing the study area. Geology also controls the location and
evolution of submarine drainage systems (Durán et al., 2014)
(Fig. 1).

discharge of the four north-Catalan rivers (Table 1). The largest
of them, Ter River, has a mean annual water discharge of
12 m3 s1 (2003–13) and a mean annual suspended sediment discharge of 10.1  103 t yr1 (1995–2002) (Agència Catalana de
l’Aigua, 2014; Liquete et al., 2009). The morphometric, hydrosedimentary and land-use characteristics of the watersheds of these
four main north-Catalan rivers (Muga, Fluvià, Ter and Tordera)
are reported in Table 1. Of the three northernmost rivers, which
have their headwaters into the Pyrenees, Muga and Fluvià ﬂow into
Roses Bay while Ter opens into Pals Bay (Supplementary Fig. 1b).
The southern Tordera River originates in the inner Catalan
Coastal Ranges and ﬂows to the north of the Barcelona shelf, opening to the sea at short distance from BC head (Fig. 1b).
Damming has led to a signiﬁcant reduction of water discharge
and sediment ﬂuxes downstream. The Ter River basin supports
six dams built in the 1960s, with 97% of its watershed area now
regulated. The Muga and Tordera Rivers basin have only one dam
and Fluvià River basin none (Fig. 2a). All the rivers inﬂuencing
the study area, including the distant Rhône River, follow a marked
seasonal Mediterranean regime, with fall and spring–early summer
maximum discharges linked to precipitation and snowmelt,
respectively, and lowest discharge in summer months. In spite of
their low mean annual discharge (Table 1) and regulation state,
all the rivers under consideration experience seasonal ﬂoods carrying large amounts of water and sediment that form large suspension plumes off river mouths (Supplementary Fig. 1). Discharge
during short-lived peaks can be of up to 400 m3 s1 (Table 1).

River network and ﬂuvial inputs
The river network, strongly affected by human activities such as
damming, water extraction and land use change (Liquete et al.,
2004, 2009), is a prime agent in conveying water, sediment and
pollutants, including litter, to the shoreline. The study area is subject to two types of river inﬂuence: (i) indirect inﬂuence by rivers
ﬂowing into the sea at some distance from the study area, of which
the most important is the Rhône River, the largest in the Western
Mediterranean Sea, that opens into the eastern GoL, and (ii) direct
inﬂuence by relatively minor local rivers running into the sea along
the coastline of the NCM, such as the Muga, Fluvià, Ter and Tordera
rivers (Fig. 1b).
The rivers to the north inﬂuence the study area due to southwards transport by the dominant littoral drift and the cyclonic
mesoscale Northern Current (NC; cf. Section ‘Year-round weather
patterns’), which occasionally extends over the continental shelf.
The Rhône River originates in the Alps, has a catchment area of
97,800 km2 and a mean annual water discharge of 1701 m3 s1
(1961–1996) with peaks in excess of 10,900 m3 s1 (Pont et al.,
2002; Table 1). Its mean annual suspended sediment discharge is
estimated at 7.4  106 t yr1, which account for the 90% of the total
sediment input to the GoL (Pont et al., 2002). The coarser fraction
delivered by the Rhône River is transported alongshore and along
the inner continental shelf until Cap de Creus promontory
(Fig. 1b), where the narrowing of the shelf and the strong shelf incision of CCC favour sediment trapping by the canyon head (Canals
et al., 2006; Lastras et al., 2007; DeGeest et al., 2008). The river-delivered ﬁner fraction is transported both alongshore
(Supplementary Fig. 1a) and offshore, especially during river
ﬂoods, a situation that applies to the Rhône River but also to the
other minor rivers (see further down).
The Rhône River represents between 773 (compared to Tordera
River) to 142 (compared to Ter River) times the mean discharge
and three orders of magnitude the annual suspended sediment

Submarine drainage network
The main north-Catalan submarine canyons in our study are
shelf incising, have their heads close to the shoreline and reach
the base of the continental slope (Lastras et al., 2011).
The CCC separates the GoL margin to the east and north from
the NCM to the west and south. The canyon head is located only
4 km to the NE of Cap de Creus promontory, while the canyon
mouth opens into the Sète Canyon at 2140 m water depth
(Lastras et al., 2007) (Fig. 1a). Extensive cold-water coral communities, mainly of Madrepora oculata, have been reported over
hard substrata on the canyon head and upper canyon ﬂanks down
to 200–300 m (Orejas et al., 2009; Lo Iacono et al., 2012). One of the
most conspicuous features of CCC is a ﬁeld of giant sediment furrows in the canyon southern ﬂank and ﬂoor that extends down
to 1400 m, which has been interpreted as the imprint of erosion
by coarse sediment carried by Dense Shelf Water Cascading
(DSWC) ﬂows (Canals et al., 2006; Lastras et al., 2007; Puig et al.,
2008) (Fig. 3a). Such features, jointly with a prominent axial incision, are indicative of a high degree of hydrosedimentary activity
within CCC.

Table 1
Morphometry, hydrosedimentary and land cover data of the Rhône River and main north-Catalan rivers and their watersheds. Morphometry and modelled suspended sediment
discharge data from Pont et al. (2002) and Liquete et al. (2009). Mean and maximum water discharge from Agència Catalana de l’Aigua (2014) and Pont et al. (2002). Land-use data
extracted and analysed after the Catalonia Land Cover Map v.3 (CREAF, 2007).
Rivers

Rhône
Muga
Fluvià
Ter
Tordera
a
b
c

Morphometry

Hydrosedimentary

Land cover

Basin
area (km2)

River
length (m)

Mean river
slope (°)

Mean water
discharge (m3 s1)

Suspended sediment
discharge (t yr1)

Maximum water
discharge (m3 s1) (date)

Urban
area (%)

Agricultural
land (%)

Forests (%)

97,800

812

–

1701a

7.4  106a

10,981 (1/2/1994)

–

–

–

386
398
323
115

2.9
1.1
2.9
10.5

25.3
26.3
21.4
9.6

38.4
56.5
49.6
55.1

863
1008
2989
879

(1961–1996).
(2003–2013).
(1995–2002).

67
104
212
59

1.1
0.4
0.5
1.4

b

4.18
4.53b
12b
2.2b

3c

0.7  10
2.4  103c
10.1  103c
2  103c

(22/11/2011)
(06/03/2013)
(22/11/2011)
(16/11/2011)
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Fig. 2. Thematic maps of the north-Catalan watersheds on a shaded relief background image, as related to land sources of marine litter. The maps show the location of (a)
dams and sewage treatment plants. (b) Number of ﬂoods per county for the 1981–2010 period, modiﬁed from Llasat et al. (2012). Note the higher number of episodes in the
counties occupied by the watersheds opening to the coastline of the study area. (c) Main urban and industrial areas, with sewage pipes opening into the sea. (d) Landﬁlls. (e)
Population density per county in 2011. (f) Seasonal ﬂuctuations of population per county in 2011. See Supplementary Tables 1 and 2 for numerical values. Data in (a) from
Agència Catalana de l’Aigua (2014) and Departament de Territori i Sostenibilitat (2014c); data in (c) from CREAF (2007) and Departament de Territori i Sostenibilitat (2014a);
data in (d) from Departament de Territori i Sostenibilitat (2014b) and data from (e) and (f) from Institut d’Estadística de Catalunya (2014a,b). CCC: Cap de Creus Canyon; LFC:
La Fonera Canyon; BC: Blanes Canyon; P.r: permanent residents.

The LFC is located 45 km to the south of the CCC (Fig. 1b). The
canyon head consists of three main branches, namely Cap Begur
(the main one), Illa Negra and Sant Sebastià branches

(Fig. 3b and c). Hard bottoms dominate these rough, deeply
indented branches, which display high biodiversity, including
cold-water coral communities (Lastras et al., 2011). Along its upper
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Fig. 3. Bathymetric maps of the north-Catalan canyons showing the location of the 26 Remotely Operated Vehicle (ROV) dive transects performed for this study (thick black
lines) and the bottom trawl ﬁshing grounds (green dots) for years 2007–2010. (a) Bathymetric map of the Cap de Creus Canyon. An acoustic image of the giant furrow ﬁeld on
the canyon ﬂoor is provided in the inset. The lighter band along the middle of the sonograph is an acquisition artefact. (b) Bathymetric map of La Fonera Canyon showing the
deeply incised character of its head and upper course, and the curved path of its ﬂoor; note that bottom trawling is practically absent in the canyon heads due to their uneven
and rocky nature, which contrasts with the situation in their ﬂanks. (c) Zoom of the uppermost part of La Fonera Canyon head and its main branches. (d) Bathymetric map of
Blanes Canyon head and upper course. TD, Tordera Delta. (e) Zoom of a large gully in the Blanes Canyon southern ﬂank where localised bottom trawling is moderately
practiced. Depth contours every 100 m. See Fig. 1b for location. The satellite-based tracking of trawlers operating in the study area was obtained from Vessel Monitoring
Systems (VMS) data provided by the Fishing Monitoring Centre of the Spanish General Secretariat of Maritime Fishing (SEGEMAR). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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and middle course the canyon southern ﬂank is extensively occupied by pronounced gully networks, which contrast with the
northern ﬂank where gullies are hard to identify and are only
clearly visible deeper than 800–900 m. Such a contrasting morphology amongst the two canyon ﬂanks has been caused by intensive bottom trawling along the northern upper canyon ﬂank and
subsequent contour parallel morphological smoothening (Puig
et al., 2012) (Fig. 3b).
The 184 km long BC marks the southern boundary of the NCM
(Fig. 1a). Like the CCC, the canyon head is located only 4 km from
the coastline. Side gullies, which are much less developed than in
LFC, reach their maximum expression in the mid-course western
ﬂank where they extend locally from the canyon rim to its ﬂoor
(Fig. 3d and e). On the eastern ﬂank, gullies only appear locally
in its lower section. Smoothened areas occur on both ﬂanks, but
they are very extensive on the eastern ﬂank, where a few morphological steps likely resulting from tilted outcropping strata have
been identiﬁed (Lastras et al., 2011).
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accumulation and beach growing up-current of coastal obstacles
(i.e. northeast of the structures) and to erosion down-current (i.e.
southwest of the structures) (DGPT, 2000).
The general circulation pattern in the study area is dominated
by the cyclonic mesoscale ﬂow of the NC, which moves southwestwards over the continental slope and outer shelf from the
Gulf of Genoa through the GoL to the NCM and farther south at
mean speeds of 35 cm s1 near surface and up to 50 cm s1 at deeper levels, thus generating a dominant south-westward transport
of suspended materials (Durrieu de Madron et al., 1990; Flexas
et al., 2002) (Fig. 1b). The NC forms a 30 km wide sinuous stream
that extends from the sea surface down to at least 400 m depth
(Millot, 1999).

Meteorological and oceanographic setting

Extreme oceanographic events
Extreme weather conditions in the NW Mediterranean Sea
involve strong winds, high waves and heavy precipitation associated to the above-mentioned set of oceanographic processes,
namely DSWC, offshore convection and eastern coastal storms, also
referred to as ‘‘the three tenors’’.

Year-round weather patterns
The main winds in the study area are: (i) northern winds such
as Tramuntana (northerly) and Mistral (north-westerly) that blow
over the European landmass and are therefore dry, and (ii) eastern
winds known as Llevant (south-easterly to east) that blow over the
Mediterranean Sea and are thus humid (Fig. 1a). Northern winds
can persist for weeks and easily reach speeds in excess of
100 km h1, while eastern winds may persist for some days with
gusts also in excess of 100 km h1. The wind regime plays a pivotal
role in driving the oceanographic dynamics of the NW
Mediterranean Sea. In winter and early spring, northern winds
cause strong heat losses and evaporation at the sea surface, which
eventually lead to DSWC and offshore convection involving the
deepening of the mixed layer that can even reach bottom (cf.
Section ‘Extreme oceanographic events’). Northern winds trigger
only relatively small waves over the inner shelf (Hs 6 2 m,
Tp 6 6 s), but lead to stormy seas farther offshore (Gómez et al.,
2005). Eastern winds push the sea against the shore, often through
large swell (Hs 6 7 m, Tp 6 13 s) (Gómez et al., 2005). This induces
a rise in sea level at the shoreline, an intense cyclonic circulation
on the shelf and the mixing of shelf waters (Ulses et al., 2008),
which is highly relevant as the study area is a microtidal environment (<0.2 m). Eastern winds bring moisture to the coastline due
to their long fetch. Overall these conditions occasionally lead to
damaging coastal storms and ﬂoods in the coastal counties
(Guillén et al., 2006) (Fig. 2b).
The fair-weather wave action over the bottom has been established at 20 m depth in the study area (Calafat, 1986), though during severe storm events (Hs > 5 m), the wave action can exceed
30 m depth (Sorribas et al., 1993). During such events waves are
able to resuspend sediment on the inner and middle shelf and trigger a dominant southwards alongshore sediment transport
(Guillén et al., 2002). The littoral drift distributes the sediment
and eventually other materials delivered by the rivers and temporarily stored on the inner-mid continental shelf (Figs. 1b and
Supplementary Fig. 1). This is well illustrated by the calculated littoral sediment drift from Roses Bay (Supplementary Fig. 1b), which
has been estimated at about 30,000 m3 yr1 (DGPC, 1986). This
sediment is transported south-westwards down to the Tordera
prodelta and the beaches and infralittoral prograding wedges off
the Maresme coast (Durán et al., 2013) (Supplementary Fig. 1).
Since these waves usually are low energy and their cumulated
occurrence time is also low, their effects in terms of sediment
transport are minor. Ports and man-made coastal protection structures severely interfere with the littoral drift leading to sediment

Dense shelf water cascading. DSWC is an atmosphere-driven
oceanographic phenomenon that has been described in many
places of the World’s Oceans, mainly in high to mid-latitude settings (Ivanov et al., 2004; Durrieu de Madron et al., 2005). In the
NW Mediterranean Sea, DSWC occurs almost every year in the
three northernmost regions of the basin, namely the Aegean Sea,
the Adriatic Sea and the GoL (Estournel et al., 2005; Béthoux
et al., 2002; Canals et al., 2006). In the GoL, in addition to the northern winds causing cooling, evaporation and an increase in salinity
of the sea surface, and a pronounced sea–atmosphere heat transfer,
DSW formation is favoured by low ﬂuvial discharge, mainly from
the Rhône River, as this eases the density gain and subsequent cascading of surface waters. When the upper layer of shelf waters
becomes denser than the underlying waters it starts sinking till
overﬂowing the shelf edge and cascading downslope until it
reaches the equilibrium density depth (Shapiro et al., 2003;
Durrieu de Madron et al., 2005). The south-westward dominant
cyclonic circulation and the narrowing of the continental shelf at
the southern end of the GoL, where it is interrupted by the Cap
de Creus promontory (Fig. 1), accelerates and deviates DSW offshore into the CCC, which has been identiﬁed as the main conduit
for DSW ﬂows escaping from the GoL shelf (Canals et al., 2006;
Heussner et al., 2006; Durrieu de Madron et al., 2008; Puig et al.,
2008; Ulses et al., 2008). However, part of this dense water keeps
ﬂowing over the shelf southwards of CCC crossing the Roses and
La Planassa shelves before entering into LFC and BC (Ulses et al.,
2008). The Roses and La Planassa shelves have also been identiﬁed
as shallow cooling platforms able to contribute to the overall formation of dense shelf waters though in smaller quantities than
the GoL (Ulses et al., 2008).
Mainly since 1993, several DSWC events have been observed
and monitored in detail in the GoL, which contributed to recognize
the pronounced interannual variability of this process. Three major
DSWC events have been recorded in the last two decades, which
occurred in winter and early spring of 1999, 2005 and 2012. All
these events were characterized by high-speed near-bottom currents and by exceptionally large volumes of sediment being transferred beyond 1000 m depth (Béthoux et al., 2002; Canals et al.,
2006; Durrieu de Madron et al., 2013). Furthermore, detailed studies in the GoL and NCM have also demonstrated that intense DSWC
(i) funnels large amounts of organic matter and persistent pollutants to the deep-sea (Durrieu de Madron et al., 2008; Tesi et al.,
2008; Salvadó et al., 2012a,b), (ii) causes the temporary collapse
of the highly valued deep-sea shrimp Aristeus antennatus ﬁshery
(Company et al., 2008), (iii) enhances intermediate and deep-sea
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water ventilation and contributes to the formation of the Western
Intermediate Water and the Western Mediterranean Deep Water
(Dufau-Julliand et al., 2004; Salat et al., 2006), and (iv) modiﬁes
the morphology of the deep-sea ﬂoor (Canals et al., 2006; Puig
et al., 2008; Lastras et al., 2007, 2011) (Fig. 3a).

Offshore convection. Offshore convection, or open-sea convection,
is a key process in the ventilation of the deep Western
Mediterranean Basin controlling the exchanges between surface
(0–200 m), intermediate (200–1000 m) and deep layers
(>1000 m) (MEDOC Group, 1970; Marshall and Schott, 1999;
Canals et al., 2013). Fig. 1a depicts the Mediterranean Ocean
Convection (MEDOC) area, which was deﬁned by the MEDOC
Group (1970). Like DSWC, offshore convection is triggered by
northern winds that induce heat and buoyancy loss and evaporation of the surface waters. DSWC and offshore convection tend
to occur roughly synchronously, though with variable intensities
from one year to the other. Deep offshore convection breaks the
stratiﬁcation of the water column, leading to vertical mixing and
a homogenization eventually down to 2200 m (Leaman and
Schott, 1991) (see Fig. 5 in Canals et al., 2013). During offshore convection events organic matter from the photic zone is transferred
to the deep basin and ﬁne, loose deep-sea ﬂoor sediments are
remobilized (Pusceddu et al., 2010; Stabholz et al., 2013).

Severe coastal storms. The main storms affecting the NCM are triggered by northern and eastern winds. Northern winds activate ‘‘dry
storms’’ that push water off the coast and raise high waves offshore. In contrast, eastern winds generate ‘‘wet storms’’ that push
high breaking waves against the shore. These storms, especially the
eastern ones, cause wave-induced resuspension of sediment on the
continental shelf, which in association with the littoral drift and
the NC, results in an intensiﬁcation of the southwards alongshore
and alongshelf sediment transport (Puig et al., 2001; Guillén
et al., 2006). The most energetic eastern storms are able to remobilize large amounts of sediment from the shelf to CCC, LFC and BC,
as shown by Martín et al. (2006) and Sanchez-Vidal et al. (2012).
In the last 25 years, 16 severe coastal storms (i.e. those with
Hs > 4 m) have impacted the north-Catalan coastline (SanchezVidal et al., 2012). Amidst these, the 26th of December 2008 eastern storm was the most catastrophic, including generalised erosion
of beaches and the inner shelf ﬂoor, and damage to benthic communities by direct removal, uprooting, sediment abrasion and burial (Alcoverro et al., 2012; Hereu et al., 2012; Sanchez-Vidal et al.,
2012).
Eastern storms are often associated to short-lived (hours to a
few days) intense precipitation events eventually resulting in ﬂash
ﬂoods. These lead to sudden increases in river runoff and to overﬂow causing infrastructural damage and, occasionally, loss of
human lives. High amounts of water and sediment are subsequently discharged to the coastal sea (Supplementary Fig. 1). A
total of 213 ﬂoods have been recorded for the 30 years from
1981 to 2010, of which 77 were qualiﬁed as ‘‘ordinary’’, 114 as ‘‘extraordinary’’ and 22 as ‘‘catastrophic’’ (Llasat et al., 2012) (Fig. 2b).

Human pressures and litter sources
In terms of litter sources, the study area is under two main pressures: (i) a densely populated coastline and watershed including
summer population peaks due to tourism, with some relatively
large towns, industrial centres and infrastructures, and (ii) maritime transport, ﬁshing and recreational activities, the latter also
peaking in summer months. Therefore, litter in the NCM originates
from both land-based and marine-based sources.

Land-based litter sources
Land-cover analysis shows that forests and agricultural ﬁelds
occupy most of the north-Catalan watersheds, but built-up terrains
(buildings, industries and communication infrastructures) also
occupy noticeable extensions in the Tordera, Ter, Fluvià and
Muga river basins. For instance, 10.5% (92.3 km2) of the Tordera
River basin is urban (Liquete et al., 2009) (Table 1). The areas to
the south of Tordera River (i.e. nearby Barcelona) are the most densely urbanized and industrialized in Catalonia (Fig. 2c). It could be
presumed that the rivers draining these watersheds are relevant
vectors for the introduction of land-based litter in the coastal
sea, in particular when they experience the seasonal ﬂoods typical
of the Mediterranean Basin (cf. Sections ‘River network and ﬂuvial
inputs’ and ‘Land-sourced litter’).
A network of 95 sewage treatment plants are scattered across
the watersheds of the above-mentioned four main rivers and
coastal torrents opening directly into the study area (Fig. 2c). In
addition, 79 sewage pipes ending up on the inner continental shelf
have been identiﬁed too (Departament de Territori i Sostenibilitat,
2014a) (Fig. 2c). Nowadays these pipes mostly return treated
water and suspensates that eventually form sludge deposits. In
older times, solid litter items were part of the sewage released to
the sea.
Other potentially relevant land-based sources of litter are the
landﬁlls located near the rivers and along the coastline (Fig. 2d).
The north-Catalan watersheds and the coastline encompass 290
and 74 landﬁlls, respectively, of which 189 are industrial, 145
municipal and 30 relate to the construction industry. In these landﬁlls plastics, paper, metals, textiles, glass, cardboard and other
products are stored, retrieved and recycled (Departament de
Territori i Sostenibilitat, 2014b).
Residents and visitors and the services they use also contribute
directly to the release of litter to the environment, most often due
to lack of consciousness. This type of land-based litter directly
relates to population density (Fig. 2e). Data on population density
for the last 12 years and seasonal population for 2011 have been
obtained from Institut d’Estadística de Catalunya (2014a,b), both
for the coastal counties in the study area and the inland counties
in the watersheds of the rivers and torrents ending up in the coastline (Fig. 2e and d; Supplementary Tables 1 and 2). The density of
permanent residents has increased moderately in the counties that
are closer to Barcelona city. Non-permanent summer population
peaks are highly relevant (e.g. population in Baix Empordà
increases by 71% in summer) in all coastal counties in the third trimester of the year (Fig. 2f). Especially in the northern ones, such a
situation contrasts with the relatively low population density during the rest of the year (Fig. 2e and f). Higher production of litter
ready to be delivered into the sea likely occurs during that period.
Marine-based litter sources
The main marine-based sources of litter are vessels transiting
the shipping routes passing over the study area (Fig. 4a), and the
ﬁshing ﬂeet with special mention to bottom trawlers and long liners (Halpern et al., 2008; Puig et al., 2012) (Fig. 4b). The six main
commercial and ﬁshing ports along the coast of the study area,
north of Barcelona, are Llançà, Port de la Selva, Roses, Palamós,
Blanes and Arenys de Mar (Ports de la Generalitat, 2014)
(Fig. 4b). The whole sea surface above the NCM is criss-crossed
by commercial and recreational routes many of which have
Marseille as origin and/or destination (Fig. 4a). Several of these
shipping routes pass over the investigated canyons (Fig. 4a).
Commercial ﬁshing in the NCM has been practiced during centuries using trawl nets, gillnets, long-lines and traps. At present,
bottom trawling is the main ﬁshing method in the area, which
mainly targets the red shrimp Aristeus antennatus (Sardà et al.,
2009). The bottom trawling ﬂeet became fully industrialized in
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Fig. 4. (a) Main recreational ports along the north-Catalan coastline (codes in light blue circles) and main shipping lanes criss-crossing the study area. Main ports are: AR,
Arenys de Mar; BA, Barcelona; BD, Badalona; BI, Balís; BL, Blanes; CA, Cadaqués; DA, Port d’Aro; EM, Empuriabrava; ES, L’Estartit; FO, Fòrum Sant Adrià; FR, Llafranc; LE,
L’Escala; LL; Llançà; MA, Masnou; MT, Mataró; PA, Palamós; PO, Port de la Selva; PR, Premià; RO, Roses; SA, Sant Feliu de Guíxols. Shipping density extracted from the public
worldwide shipping lanes map computed by Halpern et al. (2008). The Voluntary Observing Ships program collected during 12 months beginning in October 2004 the data
needed to generate the map (see supplementary information in Halpern et al., 2008). (b) Main ﬁshing ports and bottom trawling ﬁshing grounds in the study area. The
location of the ﬁshing ports was obtained from Ports de la Generalitat (2014). Bottom trawling data was obtained from the satellite based European Vessel Monitoring System
(VMS). Depth contours every 500 m. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

the mid-1960, subsequently increasing engine power in the 1970s,
which allowed the ﬁshermen to reach more distant and deeper
grounds. Trawl ﬁshing now reaches 800–900 m depth in the study
area (trawling below 1000 m is forbidden in the Mediterranean
Sea), with some favourite grounds located on the ﬂanks of the
investigated canyons (Fig. 4b). Ploughing of the seaﬂoor by
bottom trawling has the capacity of reworking and remobilising

not only sediment but also litter already deposited on the seaﬂoor,
especially the lighter types, thus easing their transfer and re-deposition at greater depths such as those below the maximum
trawling depth practiced in the area (Puig et al., 2012).
Recreational shipping is also relevant in the study area and adds
to the release of litter in undetermined amounts. Ports hosting
the diverse ﬂeet of cargo boats, tankers, passenger vessels, ﬁshing
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vessels and yachts sailing the investigated area are point sources
for litter too (Fig. 4).
Offshore and coastal ocean dynamics also have the power to
carry to the study area both land and marine-based light litter
mainly from distant northern sources located upstream along the
NC ﬂow and up current of the dominant south-westwards littoral
drift. In that way, light litter entering or dumped into the sea in
the Ligurian Sea, Cote d’Azur and the GoL can reach the study area.
For the same reason, litter from northern locations in the study
area can be transported south-westwards. We notice that the
metropolitan area of Barcelona, likely a major contributor of litter,
is located down ﬂow of both the littoral drift and the NC with
respect to our study area and, therefore, is not considered per se
in our study as litter from there is not expected to reach the investigated sites.
Materials and methods
Swath bathymetry mapping
This study is based on the analysis of ROV video images for
which transects were planned on high-resolution multibeam
bathymetry and derived slope gradient maps. Multibeam data
were acquired during several research cruises from 2002 to 2011
onboard BIO Hespérides and M/V Geo Prospector using EM-120,
EM-1002S and EM-300 Simrad echo sounders. Depth data with a
density higher than usual were obtained in the submarine canyons
of interest by narrowing the total swath angle and carrying out
redundant data acquisition. The complete bathymetry dataset
was logged using the Simrad Seaﬂoor Information System (SIS)
and processed using Caris HIPS and SIPS software to generate
Digital Elevation Models (DEMs) in the form of depth grids with
grid resolutions varying from 4 m for the EM-1002S and EM-300
data to 15–50 m for the EM-120 data.
Seaﬂoor surveying
ROV video images were recorded during the PROMARES-OASIS
DEL MAR cruise in late June and July 2011 onboard R/V Sarmiento
de Gamboa by using the Liropus 2000 ROV provided by the
Spanish Institute of Oceanography (IEO). Liropus 2000 is a Super
Mohawk 24 ROV manufactured by Sub-Atlantic that is rated to
2000 m water depth. Liropus 2000 is equipped with three video
cameras including a frontal full HD Kongsberg OE14-502A camera,
a frontal colour Kongsberg OE14-366 camera, and two movable
Kongsberg OE14-376 mini-cameras that are usually mounted on
the ROV arm or in another element of the tether management system (TMS). Two laser beams at a ﬁxed distance of 15 cm allow
measuring the size of objects and distances on the seaﬂoor. The
Liropus 2000 navigation set includes a Kongsberg transponder
MST324, a stroboscopic beacon ST-400AR, a Super SeaKing DST
dual frequency sonar, a Kongsberg camera for low visibility, a
2000 m depth-meter, and a LPA200 altimeter. The scientiﬁc payload is completed with a SBE37 Microcat CTD, a ﬂow-meter, two
interchangeable articulated arms, a ‘‘slurp’’ suction sampler and a
sample tray. Underwater positioning while in operation was
ensured by a high-precision HiPAP 350P Simrad USBL acoustic system with a position accuracy of 0.3% of the range and a range
detection accuracy of less than 20 cm linked to the Differential
Global Positioning System (DGPS) of the vessel.

above and below the maximum water depth reached by current
commercial trawling. To obtain an overall visual picture of the distribution and abundance of litter within the studied canyons, transect routes were delineated along canyon heads, ﬂoors and ﬂanks
at depths ranging from 140 to 1731 m (Fig. 3; Table 2). It is important to underline that ROV transects were not placed at random,
but inspection effort was strategically distributed so that the different environments within the canyons were imaged. Eight dives
were conducted in CCC, 14 in LFC and 4 in BC. The ROV travelled
generally at speeds below 1 kt and at an altitude of about 50 cm
over the seabed, which resulted in a mean ﬁeld of vision of 3 m.
The cumulative inspected seaﬂoor distance was 32.7 km (Table 2).
The more than 70 h of recorded video imagery were systematically analysed in order to identify litter and other anthropogenic
signals. To map, classify and make an inventory of all litter objects
we used ArcGIS 9.3 software. The ROV video images had a time
code stamped to ensure that each litter item could be linked to a
geographic position and water depth along a given transect route
(Table 2). To extract single frames from the video records we used
the Videolan (VLC version 2.0.0 Twoﬂowers) media player
software.
The assessment of litter items on the seaﬂoor was performed
following the methodology of Spengler and Costa (2008) so that
relevant information was not overlooked. On the one hand, litter
items were counted for each dive (Table 2) and their type was
ascribed to four broad categories: ‘‘plastic’’, ‘‘ﬁshing gear’’, ‘‘metal’’
and ‘‘other’’, including glass, pottery, paper, wood, tyres, clothes
and several other types of allochtonous objects (e.g. a corrugated
plate of asbestos cement (Table 3). ‘‘Fishing gear’’ groups all lost
or dumped litter items related to ﬁshing activity disregarding their
composition, and thus items in that category are not included in
the other ones, even though they can be made of plastic, metal
or other materials. On the other hand, litter objects were quantiﬁed
by size following the semi-quantitative scale of Mordecai et al.
(2011), which classiﬁes litter into three size classes: small litter
including objects smaller than 10 cm, mid-size litter for objects
between 10 and 50 cm, and large litter when object size exceeds
50 cm (Table 4). To quantify litter by apparent weight, debris were
allocated to two different types according to estimated density and
associated ﬂoatability: (i) light litter, dominated by plastics but
also including paper and wood; and (ii) heavy litter, consisting
mostly of metallic objects and metal-loaded objects such as cans,
drums, containers, steel cables and ﬁshing gear but also including
glass, pottery, tyres, clothes and asbestos. Data such as the location
of the sections explored in every canyon ﬂoor and ﬂanks, the geographic coordinates of the middle point of each dive, and the depth
range and total length per dive (Table 2), allowed to calculate the
total ROV inspected area, the density and abundance of litter,
and the average depth and distance to the coast of litter items.
The area (A) inspected during a ROV transect results from
multiplying the transect length (L) by the ﬁeld of vision width
(W) of the ROV reference camera estimated from the laser
pointer scale in the video images. This can be expressed by the
equation:
2

A ¼ L  W ðkm Þ

ð1Þ

Litter density (De) was calculated as the ratio between the number of litter items (N) and the transect length (L), as deﬁned by the
equation:

De ¼ ðN  100Þ=L ðlitter items 100 m1 Þ

ð2Þ

Analysis of ROV data

Alternatively, litter density was calculated as the ratio between
the number of litter items (N) and the inspected area (A) for a given
ROV transect:

Twenty-six ROV dives during the PROMARES-OASIS DEL MAR
cruise were devoted to obtain high resolution video images both

De ¼ N=A ðlitter items km Þ

2

ð3Þ

389

X. Tubau et al. / Progress in Oceanography 134 (2015) 379–403

Table 2
Dive and litter data as obtained in the PROMARES-OASIS DEL MAR cruise in the north-Catalan canyons. CCC: Cap de Creus Canyon. LFC: La Fonera Canyon. BC: Blanes Canyon. Flo:
Canyon ﬂoor. NFla: Northern canyon ﬂank. SFla: Southern canyon ﬂank. CS: Continental shelf. Geographic coordinates correspond to the middle point of each dive. Bold type is
used for totals.
Dive number Geographic coordinates
Latitude (°N) Longitude (°E)

Canyon
Depth
environment range (m)

Length
(L) (m)

Litter
Area
items (N) (A) (km2)

Density (De)
(litter km2) (litter 100 m1)

Average Distance from
shoreline
depth
(AD) (m) (DS) (km)

CCC-1
CCC-2
CCC-3
CCC-4
CCC-5
CCC-6
CCC-7
CCC-8

42.3565
42.3315
42.2227
42.2847
42.3562
42.3782
42.3888
42.3771

3.3878
3.4656
3.8298
3.6399
3.3361
3.3332
3.3709
3.3541

Flo/SFla
Flo
Flo
Flo
SFla
SFla
NFla
Flo/NFla

156–822
681–804
1491–1570
1198–1245
248–299
270–371
176–321
387–522

5174.8
3307.8
2152.1
1929.7
287.7
458.6
666.1
2938

45
60
69
167
2
22
17
33

1.55  102
9.92  103
6.46  103
5.79  103
8.63  104
1.38  103
1.99  103
8.81  103

2899
6046
10,687
28,847
2317
15,990
8507
3744

0.8
1.8
3.2
8.6
0.7
4.8
2.5
1.1

CCC-total

–

–

Flo/Fla/(CS)

156–1570

16914.8

415

5.13 102

8090

2.5

LFC-9
LFC-10
LFC-11
LFC-12
LFC-13
LFC-14
LFC-15
LFC-16
LFC-17
LFC-18
LFC-19
LFC-20
LFC-21
LFC-22

41.8545
41.8660
41.8761
41.8620
41.8747
41.8337
41.8991
41.9394
41.9384
41.9278
41.8983
41.9045
41.9012
41.8684

3.4062
3.3348
3.2788
3.3988
3.3990
3.4577
3.2704
3.2729
3.2737
3.2669
3.2607
3.2525
3.2545
3.4076

Flo
Flo/SFla
Flo
Flo/NFla
NFla
Flo
Flo/SFla
Flo/NFla
Flo/NFla
Flo/SFla
SFla
SFla
SFla
NFla

1507–1570
1151–1215
857–917
961–1506
754–989
1722–1731
660–727
205–273
155–293
216–442
314–494
140–362
166–297
1070–1226

1378.5
1161.8
822.2
1860.8
687.6
417
906.4
118.8
174.6
502.7
273.4
219.4
51.7
391

48
21
69
6
0
16
163
14
14
15
4
9
26
0

4.14  103 11,607
3.49  103
6025
2.47  103 27,974
5.58  103
1075
2.06  103
0
3
1.25  10
12,793
3
2.72  10
59,942
3.56  104 39,285
5.23  104 26,722
1.51  103
9946
8.2  104
4877
4
6.58  10
13,673
4
1.5510
167,540
1.17  103
0

3.5
1.8
8.4
0.3
0
3.8
18
11.8
8
3
1.4
4.1
50.2
0

LFC-total

–

–

Flo/Fla

140–1731

8966

405

2.68 102

15,057

4.5

739

BC-23
BC-24
BC-25
BC-26

41.5068
41.4589
41.5227
41.5730

2.8255
2.8797
2.8456
2.8474

Flo/SFla(CS)
Flo
Flo
Flo

165–1241
1467–1492
1172–1208
892–901

5002.3
623.4
630.8
584.2

10
10
9
3

1.5  102
1.87  103
1.89  103
1.75  103

666
5347
4755
1711

0.2
1.6
1.4
0.5

860
1509
1204
896

15.8
22.7
14.8
10.2

BC-total

–

–

Flo/SFla(CS)

165–1492

6840.7

32

2.05 102

1559

0.4

1117

–

686
785
1519
1210
269
320
226
484

11.6
23.1
57.1
39.4
4
6
8.5
13.3

687

–

1526
1199
892
1341
–
1724
701
224
220
246
362
212
224
–

25.3
18.3
12.8
16.1
15.7
30.6
9.5
3.5
3.5
3.6
4.1
3.2
3.5
16.6
–

Table 3
Litter abundance by type. The ﬁrst value is the percentage for a given type of litter calculated relative to the total number of litter items in a given canyon. The second value is the
number of items found per litter category. CCC: Cap de Creus Canyon. LFC: La Fonera Canyon. BC: Blanes Canyon.
Submarine
canyon

Plastic

Fishing gear Metal

%

%

Litter
items

Litter
items

CCC
LFC
BC

72.7 302
71.1 288
78.1 25

11.1
24
3.1

46
97
1

Total

72.2 615

16.9 144

%

Litter
items

Other

Other total

Glass

Pottery

Paper

Wood

Tyre

Cloth

Asbestos

%

% Litter
items

% Litter
items

%

% Litter
items

% Litter
items

% Litter
items

%

Litter
items

Litter
items

Total liter
items

Litter
items

11.3 47
4.7 19
6.2
2

1.2 5
– –
3.1 1

<1 3
– –
– –

<1 3
– –
– –

1.4
<1
9.3

6
1
3

<1 1
– –
– –

<1 1
– –
– –

<1 1
– –
– –

4.8 20
0.2 1
12.5 4

415
405
32

8

<1 6

<1 3

<1 3

1.2 10

<1 1

<1 1

<1 1

2.9 25

852

68

Table 4
Litter abundance by size, canyon environment, depth range and apparent weight. CCC: Cap de Creus Canyon. LFC: La Fonera Canyon. BC: Blanes Canyon.
Submarine
canyon

Size

Canyon environment

Small

Medium

Large

Floor

%

%

%

%

Litter
items

Litter
items

Litter
items

Litter
items

Depth range

Apparent weight

Flanks

C. Shelf

<500 m

500–1000 m >1000 m

Light

%

%

%

%

%

Litter
items

Litter
items

Litter
items

Litter
items

%

Litter
items

Heavy
Litter
items

%

Litter
items

CCC
LFC
BC

19.5
17
21.8

81
69
7

59.3 246
40.2 163
40.6 13

21.2 88
42.8 173
37.5 12

83.1 345
79.3 321
71.9 23

16.9
20.7
21.9

70
84
7

0 0
0 0
6.2 2

17.8
20.2
6.2

74
82
2

25.3 105
57.3 232
15.6
5

56.8 236
22.4 91
78.1 25

74.9 311
71.4 289
87.5 28

25.1 104
28.6 116
12.5
4

Total

18.4 157

49.5 422

32

80.8 689

18.9 161

0.2 2

18.5 158

40.1 342

41.3 352

73.7 628

26.3 224

273
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Fig. 5. Sketch illustrating the methodology applied to calculate the distance to
shoreline (DS) for a given transect over a canyon ﬂoor and canyon ﬂank. Cross
marks indicate the reference points to calculate different distances. Thick lines
represent ROV transects (see main text for further details).

The average depth of litter (AD) for a given transect was calculated using the water depths at which each litter item was
observed. The distance to shoreline (DS) for a given transect along
the canyon ﬂoor was measured as the sum of the shortest linear
distance between the shoreline and the canyon apex (A in Fig. 5)
plus the distance from the canyon apex to the middle point of
the transect (B in Fig. 5) following the canyon axis. DS for transects
located on the canyon ﬂanks were measured as the shortest linear
distance between the shoreline and the middle point of the transect (A0 in Fig. 5).
The abundance of litter was calculated for each submarine canyon as the percentage of the total litter items found by type, size,
canyon environment (i.e. ﬂoor and ﬂanks), depth range and apparent weight (Tables 3 and 4). To quantify the abundance of litter by
depth we considered three depth ranges: shallower than 500 m,
between 500 and 1000 m and deeper than 1000 m.
Results
Building on previous work (e.g. Galgani et al., 1996, 2000), the
observation methodology and strategy applied in our study provides a comprehensive picture of the abundance and distribution
of litter within submarine canyons in the NW Mediterranean Sea.
Our study has beneﬁted from high-resolution ROV video imagery
allowing identiﬁcation and distinction between litter objects
(Fig. 6) despite the risk involved in accessing some spots. This
was particularly the case when collecting ROV imagery along
uneven rocky outcrops on the canyon ﬂanks and especially canyon
heads where spider webs of lost ﬁshing lines were a permanent
threat for the ROV.
Litter type, abundance and distribution
A total of 852 litter items have been found in 24 dives of which
415 in CCC, 405 in LFC and 32 in BC, while two additional dives,
both in LFC, lacked litter items (Fig. 3; Table 2). Litter items have
been identiﬁed and ascribed to the four broad categories.
Examples of litter found for each category are presented in Fig. 6.
Plastics are the dominant type of debris in the three submarine
canyons inspected, with abundances in excess of 70%, followed
by ﬁshing gear (up to 24%) and metal objects (4.7–11.3%)
(Fig. 7a; Table 3). Litter items in the category ‘‘other’’ appear in

very small percentages, from almost nil in LFC to 4.8% in CCC and
12.5% in BC. Within the category ‘‘plastics’’, bags, bottles, cups
and broken fragments are the dominant ones. Lost nets and lines
are the most common items within the ‘‘ﬁshing gear’’ category,
while oil drums, beverage cans and containers prevailed within
the ‘‘metal’’ category. CCC shows the highest variety of litter items
(Table 3), and LFC is where the highest proportion of ﬁshing gear
occurs, mainly concentrated in the deeply entrenched, rocky and
uneven canyon head branches (dives LFC-16 to LFC-21). Values
from the BC must be taken with caution due to the small number
of dives (4) and litter items identiﬁed (32) in this canyon compared
to CCC and LFC (Table 3).
Most litter items (49.5%) found in the north-Catalan canyons
belong to the medium size class, followed by the large (32%) and
small (18.4%) size classes (Fig. 7a; Table 4). The greatest proportion
of large objects occurs in LFC (42.8%) due to the numerous lost ﬁshing lines tangled in the rocky bottoms of Cap de Begur and Sant
Sebastià tributary branches (Figs. 3c and 6d, e). The Illa Negra
branch of the same LFC was not explored due to the risk posed
to the ROV by abandoned ﬁshing lines.
Litter density (De) has been calculated (Table 2) and depicted
(Fig. 7b) for every dive and averaged for each submarine canyon.
LFC and CCC showed mean litter density values of 4.5 and
2.5 items per 100 m1, respectively (Table 2). The highest litter
density values per single dive correspond to LFC-21 (166–297 m
depth range), LFC-15 (600–727 m depth range) and LFC-16 (205–
273 m depth range), with 50.2, 18 and 11.8 litter items 100 m1,
respectively (Table 2).
A distribution analysis of litter abundance per canyon environment and depth range further illustrates litter distribution
(Figs. 7a and 8). Even though inspection effort produces a bias in
where litter was found, litter is signiﬁcantly more abundant in
speciﬁc depths (Fig. 8; Table 5). In fact, the absence of litter on
the continental shelves is directly related to the lack of coverage
on them (Table 5). In the CCC most litter (83.1%) was found on
the canyon ﬂoor at depths in excess of 1000 m, with concentrations
of 5.8 litter items 100 m1 (Fig. 8a). Despite most of the inspection
effort in CCC being concentrated in the 500–1000 m depth range,
only 25.3% of total litter was found there, while 56.8% was found
at depths below 1000 m (Fig. 8a, Table 4), a depth range covered
by dives CCC-3 and CCC-4 (Fig. 3a). 167 items identiﬁed in dive
CCC-4 formed a prominent litter hotspot (Fig. 9a). In LFC almost
all litter was observed on the canyon ﬂoor too (79.3%), but mainly
at shallower depths than in CCC (Fig. 8b). Unlike the CCC, despite
the most inspected depth range at LFC was below 1000 m, the
greatest concentrations of litter were found between 500 and
1000 m and above 500 m, with 9.6 and 6.1 and litter items
100 m1, respectively (Fig. 8b, Table 5). In LFC, lost ﬁshing lines
are the predominant litter items (Tables 2 and 3). For instance, dive
LFC-21 contained the highest litter density in the study area, with
50 litter items 100 m1, with all items corresponding to lost
ﬁshing lines (Table 2). Another litter hotspot made of 163 items
was identiﬁed in dive LFC-15. Similar to CCC and LFC, noticeable
concentrations of litter were found on the canyon ﬂoor and beyond
1000 m in the less inspected BC. The 5002 m long dive BC-23 is
representative of litter distribution on a gullied canyon ﬂank
(Fig. 3e). Even if in low densities, litter was mainly found at the foot
of the canyon ﬂank and on the canyon ﬂoor both below 1000 m
(Table 4).
In terms of apparent weight, light items are clearly
dominant (73.7%) due to the large amounts of plastics (Fig. 7a,
Table 4). Moderate quantities of heavy items were found in LFC
(28.6%) and CCC (25.1%) corresponding to ﬁshing gear and metallic
objects.
At a ﬁner scale, ROV observations allow identifying where and
how litter lies on the seaﬂoor (Fig. 9). Litter items are most often
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Fig. 6. Examples of litter objects recorded during ROV dives in the north-Catalan canyons. (a) Plastic chair on La Fonera Canyon ﬂoor at 894 m water depth (mwd). (b) Plastic
supermarket basket, water bottle and plastic fragments in different stages of degradation over a Brissopsis lyrifera ﬁeld on La Fonera Canyon ﬂoor at 715 mwd. (c) Plastic sack
on the Blanes Canyon ﬂoor at 1274 mwd with Lepidion lepidion to the left. (d) Longline tangled and cut by ROV Liropus 2000 on La Fonera Canyon ﬂank at 239 mwd. (e)
Longline hanging over rocky outcrops on La Fonera Canyon ﬂank (San Sebastià branch) at 217 mwd. (f) Half-buried rusty metal drum on La Fonera Canyon ﬂoor at 1725 mwd.
(g) Large rolling oil metal drum used as shelter by Munida tenuimana in the Cap de Creus Canyon ﬂoor at 1545 mwd. (h) Roman amphora draped by ﬁne sediment on the Cap
de Creus Canyon furrow ﬁeld at 714 mwd, with Munida tenuimana. (i) Car tyre and rock blocks draped by ﬁne sediment on Cap de Creus Canyon northern ﬂank at 200 mwd,
with Cidaris cidaris and a small Dendrophyllia cornigera on the rocks. (j) Aggregate of plastics and paper draped by ﬁne sediment on Cap de Creus Canyon ﬂoor at 483 mwd, also
showing an Italian tobacco package. Distance between green laser dots is 15 cm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

covered by a thin drape of ﬁne sediment (Fig. 6). On canyon ﬂoors
it is also common for litter items to be partly buried by loose
sediment of varying grain size, from clay to gravel
(Figs. 6 and 9a). In dives CCC-1, CCC-2 and CCC-4 litter was found
in the troughs of megascale sediment furrows and around rocks
too (Fig. 9a and b). Litter hotspots often consist of a mixture of
heavy and light litter items, eventually including rock slabs
(Fig. 9a). Large concentrations of sea urchin carcasses and their

fragments (Fig. 9e) were observed in numerous dives in LFC and
BC usually at depths larger than 1000 m (dives LFC-9, LFC-10,
LFC-15, BC-23, BC-24 and BC-26) but not in CCC. They seem to
behave similarly to light litter items, with which they often form
mixed accumulations around and behind obstacles on the seaﬂoor
(Fig. 9c and d), but also on ﬂat seabed. The largest of these sea
urchin graveyards occupies at least several hundred square meters.
Litter is almost totally absent from the trawled ﬁshing grounds of
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Fig. 7. (a) Pie charts illustrating abundances of litter by type, size class, canyon environment, depth range and apparent weight for Cap de Creus and La Fonera canyons (see
also Tables 3 and 4). (b) Density of litter plotted against the average depth of each dive in the investigated submarine canyons (see also Table 2).

the upper canyon ﬂanks and canyon rims, as observed in dive
LFC-13 (Fig. 9f and g).
Litter sources
Despite most litter objects can be either land-derived or marine-derived, some of them can only be marine. This is the case of
ﬁshing gear, either lost or dumped. 144 (16.9%) of the 852 litter
objects found in total correspond to the ﬁshing gear category
and, therefore, undoubtedly have a marine-based source whereas
708 could have a land-based or marine-based source (Table 3). It
is also reasonable to assume that heavy litter (i.e., metal objects
such as large kegs or containers, glass, pottery, tyres, clothes and
asbestos plates) is predominantly marine-based, and has been
dumped or lost from cargo, ﬁshing and recreational vessels. Then
undoubtful marine-based litter would rise up to 224 (26.3%)
objects, though it is likely more since light debris (i.e., mostly

plastics, paper and wood), which sum 628 (73.7%) objects, can be
transported and moved easily by oceanographic processes from
land but also derive from marine sources. Fishing gear is the second most abundant type of litter identiﬁed in the north-Catalan
canyons with 97 items in LFC, 46 in CCC and one in BL (Table 3).
We realise, however, that ﬁshing gear observations can be biased
because of the intensity of the observational effort in each canyon.
We also realise that there are seaﬂoor areas prone to capture ﬁshing gear due to either their roughness or seaﬂoor nature (i.e., rocky
vs. sedimented), or both. The head and upper course of the ﬁshinggear rich LFC have a particularly intricate morphology with numerous rocky outcrops, which ease entanglement of ﬁshing gear, as
observed in dives LFC-16 to LFC-21 (Fig. 3c; Table 2). But at the
same time, rocky outcrops result in a larger habitat heterogeneity
that attracts more species and, subsequently, also ﬁshermen.
Bottom trawling in particular, as a particularly disturbing ﬁshing technique, focuses on canyon ﬂanks and also on open slopes
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Fig. 8. Abundance of litter and inspected length in Cap de Creus (a) and La Fonera (b) canyons calculated for the depth range. These plots show that litter density is higher at
depths below 1000 m in Cap de Creus Canyon (percentage of litter much larger than percentage of inspected length) while in La Fonera Canyon litter density is higher within
the 500–1000 m depth range. mwd: meters of water depth. The percentages of litter and inspected length (left axis) correspond to those calculated in Tables 4 and 5
respectively. The litter density (right axis) correspond to those calculated in Table 5.

Table 5
Litter density and inspected length effort by depth range. CCC: Cap de Creus Canyon. LFC: La Fonera Canyon. BC: Blanes Canyon.
Submarine canyon

Depth range
<500 m
De (litter 100 m1)

CCC
LFC
BC

1.9
6.1
0.05

500–1000 m
Inspected length
%

m

23.4
15
54.5

3957
1340.7
3731.5

De (litter 100 m1)

1.2
9.6
0.8

between canyons, as indicated by satellite-based Vessel
Monitoring System (VMS) data (Fig. 3). In CCC ﬁshing concentrates
along the canyon ﬂanks and on the giant furrow ﬁeld between 300
and 700 m (Fig. 3a). No bottom trawling is practiced neither on the
steep and rough canyon head nor on the ﬂanks and ﬂoor of the
uppermost course. A similar pattern occurs in LFC, again with
almost no trawling activity on the canyon head and its tributaries,
and on the gullied southern ﬂank segment that is farther from land
(Fig. 3b and c). In BC ﬁshing concentrates along the canyon ﬂanks
and its surrounding continental shelf (Fig. 3d). Once again, almost
no activity is observed on gullied ﬂanks (Fig. 3e).
Litter interactions with organisms
Our dives also provided numerous examples of the interactions
of litter and organisms. Some of these interactions are usually
viewed as harmful to organisms, while in other occasions organisms use litter objects. In the case of ﬁshing gear, harmful effects
are usually associated to the ﬁshing activity itself before gear is
lost, as illustrated by cold-water corals caught in a net (Fig. 10a).
Elongated metals, monoﬁlaments and long lines discarded or
caught on the seaﬂoor commonly produce entanglement of benthic
and epibenthic fauna (Fig. 10b and c). However, beyond aesthetic
aspects, no direct physically harmful effects on organisms by litter
once already deposited on the seaﬂoor have been observed in our
dives, but the opposite. This does not preclude that no direct effects
can occur, such as ghost ﬁshing, which was not observed with our
data, or unseen effects such as ingestion, which cannot be observed
from ROV inspection only.
We have seen lost nets being used by ﬁshes and crustaceans as
hideouts (Fig. 10d), long-lines hanging from underwater cliffs and
perched between rock outcrops colonized, in different stages, by
cold-water corals and other organisms (Fig. 10e), and hard litter

>1000 m
Inspected length
%

m

52.5
27
8.5

8876
2416.2
584.2

De (litter 100 m1)

5.8
1.7
1

Inspected length
%

m

24.1
58
37

4081.8
5209
2525

objects such as amphorae (Fig. 10f), and large containers and small
metal cans in the ﬂat and muddy deepest sections used by crustaceans as home or shelter (Fig. 10g and h), amongst many other
examples.
Discussion
Marine litter in the north-Catalan canyons: the wider view
To place our results in a wider context we performed a literature review from where to extract information allowing a meaningful comparison with our data (Fig. 11; see also Supplementary
Table 3). This literature review revealed some facts but also weaknesses in current knowledge about litter in the deep sea. The main
facts are: (i) marine litter studies have been carried out since the
1970s (National Academy of Sciences, 1975); (ii) considering the
year of observation, a temporal increasing trend of litter abundance comes out, which possibly relates with the outcome of direct
observations with underwater vehicles instead of bottom trawl net
sampling only (Fig. 11a); and (iii) with rare exceptions, the highest
litter concentrations reported occur on submarine canyons and
seamounts, banks, mounds and ocean ridges, while those from
continental slopes are much lower (Fig. 11b). The main weaknesses
are: (iv) numerous studies overlooked basic information such as
geographic coordinates, physiographic province and environment,
water depth, distance to coast, sampled or explored length,
sampled or inspected area, nature of the litter items, litter
density and litter abundance, and thus comparing between
studies is often very difﬁcult; and (v) a vast majority of the
World’s Oceans still remains unexplored in terms of marine litter
presence, composition and distribution (Fig. 11a and c). Overall,
these weaknesses prevent a sound global vision of the marine litter
issue.
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Fig. 9. Accumulations of litter and organic debris, and trawl marks recorded during ROV dives in the north-Catalan canyons. (a) Litter hotspot made of ﬁshing gear, cables and
plastic items in an area with metre-sized rock slabs on the ﬂoor of Cap de Creus Canyon at 1208 mwd; note that two more rock slabs show up at the back of the image, and
also that the nearest rock slab serves as refuge for Munida tenuimana. (b) Large block at 369 mwd on the ﬂoor of Cap de Creus Canyon fallen from its southern ﬂank; the block
is colonized by cold-water coral and other organisms; note the tangle of cables on the left lower part of image and a lost net on the right. (c) Two distinct litter accumulations
with various items in each and associated sea urchin carcasses on the Blanes Canyon ﬂoor at 1504 mwd; small litter and carcasses accumulate on the down current side of
larger objects, including an elongated metal object (foreground) and a plastic bag (background). (d) Accumulation of sea urchin carcasses with some litter items behind fallen
blocks made of overconsolidated sediment on La Fonera Canyon ﬂoor at 1213 mwd. (e) Sea urchin graveyard on La Fonera Canyon ﬂoor at 1500 mwd. (f and g) Trawl marks in
a soft seaﬂoor area on the southern ﬂank of Cap de Creus Canyon at 640 and 541 mwd, respectively. Distance between green laser dots is 15 cm. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

The results presented in this paper are of direct relevance for
the practical implementation of the EU Marine Strategy
Framework Directive (MSFD), and in particular for descriptor 10
(‘‘Properties and quantities of marine litter do not cause harm to
the coastal and marine environment’’) of the Commission
Decision on criteria and methodological standards on good
environmental status (GES) of marine waters. They also ﬁt perfectly with the objectives of the Barcelona Convention, i.e. the
Mediterranean Action Plan (MAP) and Convention for the
Protection of the Mediterranean Sea Against Pollution (http://
www.unepmap.org/index.php?module=content2&catid=001001004).
These results not only represent a baseline for litter distribution,

nature and sources in a given seabed area, but also constitute a
reference for future marine litter research over the seas of
Europe and beyond as, ﬁrst, they dig into the links between sources
and pathways of marine litter categories and marine litter lying on
the seabed; second, they help establishing the link between litter
and hydrodynamic processes; and, third, they allow identifying
speciﬁc seaﬂoor features where litter concentrates. The role of submarine canyons as litter hotspots and preferential routes to the
deep-sea might be more universal than demonstrated so far.
The lessons learnt from the present study could be also useful to
the practical implementation of marine litter policies. In that
respect, as referred to MSFD documents, a ﬁner level of litter item
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Fig. 10. Several examples of the ambiguous interactions between litter and marine organisms recorded in the north-Catalan canyons (harmful or annoying: red frames;
showing usage by organisms: green frames). (a) Colony of the cold-water coral Lophelia pertusa entangled in a ﬁshing net over a metre-sized scattered rock on Cap de Creus
Canyon ﬂoor at 431 mwd. (b) Thin metal strip entangled with the sea urchin Gracilechinus alexandri amidst of a Brissopsis lyrifera graveyard on La Fonera Canyon ﬂoor at
1514 mwd. (c) Large and heavy metal structure with trapped plastics draped by ﬁne sediment in a Brissopsis lyrifera ﬁeld on La Fonera Canyon ﬂoor at 709 mwd. (d) Net with
ropes and a cord entanglement, jointly with living animals (Phycis blennoides, Bathynectes maravigna and Cerianthus membranaceus) on Cap de Creus Canyon ﬂoor at 484 mwd.
(e) Perched longlines between stratiﬁed rock outcrops colonized by the cold-water coral Madrepora oculata and other unidentiﬁed sessile species on the southern ﬂank of Cap
de Creus Canyon at 325 mwd. (f) Roman amphora colonized by unidentiﬁed anemone, ophiure, serpulid worm and hydrozoan species on Cap de Creus Canyon ﬂoor at
468 mwd. (g) Munida tenuimana using a metal can shelter on Cap de Creus Canyon ﬂoor at 1510 mwd. (h) Large container dumped on the seaﬂoor used as shelter by a Geryon
longipes specimen on Cap de Creus Canyon ﬂoor at 1228 mwd; note the plastic bag to the right of container. Distance between green laser dots is 15 cm. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

discrimination considering sources, effects on the habitats and
uses by marine animals would be highly beneﬁcial, jointly with
an assessment of litter status (i.e. on the seabed, partly buried, buried, which may relate to age, and transportability) and distribution,
with a particular emphasis on litter hotspots, on which regional
monitoring efforts should focus. Obviously this would require ﬁrst
identifying such hotspots by more systematic surveys. Submarine
canyons and seamounts are good candidate litter hotspots globally
(Mordecai et al., 2011; Pham et al., 2013, 2014; Ramirez-Llodra
et al., 2013). The remobilization of litter already on the seaﬂoor
(e.g. by natural processes or anthropogenic activities like bottom
trawling) and its subsequent transportation to more distal, deeper
areas is a relevant issue to address as well, also in view of the distinct potential of individual items to be transported farther and
deeper. Certainly, in speciﬁc areas such as litter hotspots interannual and event-response surveys should be implemented in order to

have a better view of the residence time of litter at speciﬁc locations and of the effects of high-energy events, so that temporal
trends can be established together with the effect of short-lived
events on them. Repeatedly surveying the so-called ‘‘litter hotspots’’ could be an initial step.
Recently, an European wide effort by Pham et al. (2014) underlined once again the widespread presence of litter on the seaﬂoor
in all marine environments and highlighted the need of future
standardised assessments to overcome current limitations so that
the scale of the problem could be understood fully. Even in the
Mediterranean Sea, which is only 2.6 million km2 and is one of
the most investigated marine regions in the world, the information
on marine litter is largely insufﬁcient. In fact, most of the
Mediterranean Sea has never been explored in terms of presence
of litter. Fig. 12 illustrates entire subregions within the
Mediterranean Sea where the lack of data is absolute. This
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Fig. 11. Worldwide marine litter densities (litter items km2) arranged per (a) year of publication from top to bottom, (b) marine environment and (c) geographic location.
See Supplementary Table 3 for numerical values. (See above-mentioned references for further information.)

Fig. 12. Bathymetric map of the Mediterranean Sea showing the location of the eleven seaﬂoor litter published studies performed there. (See above-mentioned references for
further information.)
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contrasts with the fact that the Mediterranean region hosts 7% of
the world’s population and attracts 25% of international tourism
and 30% of maritime trafﬁc (Ramirez-Llodra et al., 2013).
Mean litter densities recorded in the two most inspected canyons in our study area are higher than elsewhere, independently
of the observation system used (Fig. 11a). However, we assume
that this study is far from the level of representation of the whole
canyons. In CCC and LFC, mean litter densities are 8090 and
15,057 litter items km2, respectively, resulting from single-dive
values ranging from 1075 in dive LFC-12 to 167,540 litter items km2 in dive LFC-21 (Table 2). However, all litter densities in our dives but one (LFC-21; Table 2) are below the
101,000 items km2 reported by Galgani et al. (2000) for the
Ligurian Sea. In terms of items 100 m1 our densities (0.2–
11.8 items 100 m1 in dives BC-23 and LFC-16; Table 2) are comparable to those found in other submarine canyons both in the
Mediterranean Sea and in the Northeast Atlantic Ocean. In the
Mediterranean, Galgani et al. (1996) obtained densities ranging
from 0.3 to 11.2 items 100 m1 for the submarine canyons off
France within the depth range from 40 to 1448 m. In the Bay of
Biscay, Galgani et al. (2000) counted 1.6 and 2.2 items 100 m1 in
Cap Ferret and Cap Breton submarine canyons, respectively. In
the Portuguese submarine canyons, Mordecai et al. (2011) also
found similar high densities, though the inspected depths were
deeper than ours. Overall, these observations strongly support
the view that submarine canyons act as main vectors of litter to
the deep sea (Fig. 11b).
The ﬁnding of plastics as the predominant type of litter in the
investigated canyons, with more than 70% of the total (Table 3),
is in agreement with previous deep-water studies (Galgani et al.,
1996, 2000; Mordecai et al., 2011). Despite some local hotspots,
derelict ﬁshing gear abundance in the north-Catalan canyons as a
whole is, with its 17% (Table 3), midway between Monterey
Canyon (5%) and Nazaré Canyon (37%) (Mordecai et al., 2011;
Schlining et al., 2013). Lost ﬁshing gear generally is much more
abundant on heavily ﬁshed continental shelves, such as those in
the Celtic Sea (65%) and California (93%) (Galgani et al., 2000;
Watters et al., 2010). These so variable percentages likely correlate
with ﬁshing intensity in each area and environment.
Regarding litter type distribution in the studied submarine canyons, while plastics and metals do not show clear patterns due to
their ubiquity, almost all derelict ﬁshing gear has been found in
canyon heads at depths less than 500 m (Fig. 7b). Such distribution
of litter does not necessarily indicate where most ﬁshing activity
takes place at present, but where it was most practiced historically
and where the most risky ﬁshing grounds are located.
Furthermore, the richness in ﬁshing target species and the short
distance of the north-Catalan canyon heads to shore undoubtedly
played a role in attracting ﬁshermen. The canyon head branches
of LFC presented the highest number of ﬁshing related items in
our records (24%), especially in dives LFC-16 to LFC-21. However,
VMS data do not indicate ﬁshing activity there, which is suspected
to be an artefact due to the fact that satellite monitoring is implemented only for vessels with lengths P24 m (i.e. mainly bottom
trawlers) and not for the smaller boats of the artisanal ﬂeet frequenting the uneven canyon head bottoms (Fig. 3c).
Regarding the burial of items by natural sedimentation, this is
for instance the case of clinker, the residue of burnt coal left by
steamships from the late 18th century to the mid-20th century
along their navigation routes, which has been reported as a common type of litter in trawl samples, eventually becoming dominant
on deep basins and continental slopes (Pham et al., 2014). In our
footage of the north-Catalan canyons we did not detect clinker,
but it was recovered in high abundance by trawl surveys, for
instance in BC (Ramirez-Llodra et al., 2013). The same situation
was reported for Hausgarten in the Arctic Ocean (Pham et al.,
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2014). This means that despite the high densities of litter items
in the inspected canyons, the numbers obtained from our ROV
observations may actually represent underestimations.
Robust as they are, the above-discussed results deserve, however, some words of caution. Like all other published studies, it is
very likely that the quantitative values obtained in this ﬁrst systematic assessment of marine litter in the north-Catalan canyons
underestimates the true amount of litter mainly because of the following reasons: (i) the burial of items by natural sedimentation,
bottom trawling and bottom trawling induced sediment ﬂows
(cf. Puig et al., 2012); (ii) the removal of items by bottom trawlers
and their subsequent dumping back to the sea when cleaning the
nets while sailing to base ports (i.e. far from canyon grounds);
(iii) the sometimes challenging task of distinguishing between biological remains and very small litter items; (iv) the almost impossible mission to count all objects in litter hotspots; and (v) the
omission of very small debris that are undetectable by ROV observations (e.g. microplastics; cf. Thompson et al., 2004).
Sources of litter in the north-Catalan canyons
Land-sourced litter
Generally speaking, the relative contribution of land- and marine-sourced litter to the sea still remains poorly known by the
scientiﬁc community (UNEP, 2009), although land-sourced plastics
are predicted to increase by an order of magnitude by 2025
(Jambeck et al., 2015). Rivers are recognized as important conduits
for litter from land to the sea (Williams and Simmons, 1997;
Galgani et al., 2000; Acha et al., 2003; UNEP, 2009). We discuss
here how rivers contribute to littering the NCM, including both rivers opening to the study area and distant rivers inﬂuencing it, in
particular the Rhône River.
The carrying capacity of rivers directly relates to their discharge
and regime. According to Durán et al. (2014), damming and water
extraction from rivers in the study area have caused water and
sediment discharge at river mouths to diminish. However, no such
trend is observed from long-term time series, except for the Ter
River (Liquete et al., 2009). As it occurs in most Mediterranean rivers, discharge by the investigated rivers is highly variable and is
characterized by rather frequent ﬂood events during which most
of the discharge concentrates (Liquete et al., 2005, 2009). This very
likely means that riverine transport of sediment, nutrients, chemicals and litter occurs essentially during those events, so that these
rivers behave as ‘‘ﬂushing rivers’’ (e.g. Sanchez-Vidal et al., 2013).
This view is supported by countless eyewitnesses, including ﬁshermen, who have noticed unusually high amounts of ﬂoating litter
and debris at sea after river ﬂoods, coinciding with the formation
of suspensate plumes off river mouths (Supplementary Fig. 1).
Part of this litter ends up stranded on beaches, another part
remains ﬂoating and is carried far from entry points, and a third
part sinks sooner or later thus contributing to the seaﬂoor litter
pool. Beach cleaning after river ﬂoods is a regular component of
beach maintenance operations all along the coastline of the study
area. Despite its relevance, we are not aware of studies on the ﬂux,
dispersal and accumulation of litter at sea after river ﬂoods.
Dams represent a major interference on river ﬂow and as such
they are able to retain an important portion of the litter carried
by rivers, especially if highly regulated such as Ter River, with
62% of its watershed upstream of the large Susqueda dam in its
mid-course, at an altitude of 248 m (Liquete et al., 2009). In contrast, in the undammed Fluvià River there is no restriction for
whatever is carried by the ﬂow to reach the river mouth, except
for a few low weirs that are easily exceeded during river ﬂoods.
The Tordera River is in a similar situation with only one minor
dam in its uppermost course, at 1053 m of altitude, that regulates
only 0.7% of its watershed. Finally, the Muga River is also
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interrupted by a dam at 146 m of altitude regulating 20% of its
watershed (Fig. 2b). Therefore, the four main local rivers in the
study area have the capability to transport litter to the sea mainly
at the occasion of ﬂoods, though to different extents.
Despite the 160 km of distance between the Rhône River mouth
and our study area, this river, which has the greatest mean annual
water discharge delivered by a river into the Western
Mediterranean Sea (Table 1), has been identiﬁed as an important
land–based source of litter for submarine canyons in the GoL and
the NCM (Galgani et al., 2000). Along its 812 km, the Rhône River
crosses several large French cities, among which Grenoble
(746,631 inhabitants), Lyon (491,268), Valence (308,450) and
Avignon (291,876) (Institut national de la statistique et des
etudes économiques, 2014). Like the north-Catalan watersheds,
the Rhône watershed is regulated by several dams, which retain
up to 4 Mm3 yr1 of sediment since 1950–1960 (Provansal et al.,
2014). Especially during river ﬂoods, river plumes carrying litter
are easily entrained offshore and shifted southwards by the alongshore drift and the NC ﬂowing over the outer continental shelf and
slope to the NCM (Flexas et al., 2002; Supplementary Fig. 1b).
One peculiar situation arises in the study area as a consequence
of the sharp population increase during summer months involving
an intense recreational use of the coast and ports by crowds of
tourists, and the closeness of canyon heads to the coastline
(Canals et al., 2013; Fig. 2f). This means that large amounts of litter
and other pollutants, including body care products, released along
the coastline can easily reach the canyons heads, either smoothly
and possibly in small amounts under fair weather conditions or
abruptly and massively as a result of high energy events such as
eastern storms (cf. Section ‘Litter interaction with oceanographic
processes’).
The geographic reach of the northern Tramuntana wind (cf.
Section ‘Year-round weather patterns’) in Catalonia extends from
Cap de Creus promontory to the Tordera River delta, overlapping
with our study area. The northwest Mistral wind blowing over
the nearby GoL has no direct inﬂuence over the study area sensu
stricto. We suggest that wind, in particular Tramuntana, is a main
carrier of light litter within and to the study area and that a nonquantiﬁed but signiﬁcant portion of light items, mainly plastic bags
and paper stored in landﬁlls and dumped in open places, are easily
set in motion and dumped into the sea by aeolian transport.
Marine-sourced litter
Marine-sourced litter results from cargo, recreational and military navigation, and from ﬁshing activities. Litter from marine
sources includes the same types as from terrestrial sources plus
debris that are speciﬁcally marine, such as the above-mentioned
clinker and ﬁshing gear. Several main shipping lanes mainly
from/to Marseille cross the deepest sections of the north-Catalan
canyons (i.e. from 1700 to 2500 m), with several other secondary
lanes also criss-crossing the study area (Fig. 4a). Though with the
exception of dive LFC-14 (Table 2) we did not inspect those depths
with our ROV, Ramirez-Llodra et al. (2013) pointed out that the
open slope and the deepest section of BC under the main shipping
lanes were dominated by marine-sourced heavy litter such as clinker and metal objects. In any case, except for heavy litter, it should
not be expected that light items sink vertically. Instead, they are
very likely transported for variable distances by currents till they
settle deﬁnitively on the seabed, from where they can eventually
be resuspended and re-transported by high-energy natural events
such as near bottom currents associated to DSWC ﬂows (Canals
et al., 2006; Puig et al., 2008; Durrieu de Madron et al., 2013).
Lost and dumped ﬁshing gear has been identiﬁed in almost
every single study on seabed litter everywhere in the world
(Galgani et al., 1995a, 2000; Lee et al., 2006; Watters et al., 2010;
Bergmann and Klages, 2012; Pham et al., 2013; Vieira et al.,

2014). Our study area, with 17% ﬁshing items is no exception.
Fishing gear on the seabed, in particular nets and wire tangles,
often nucleate the formation of litter hotspots, which further
evidences the high mobility of light litter in the deep ocean
(Figs. 6d, 9a, and 10c). In addition to dramatically disturbing the
seaﬂoor (Fig. 9f and g), bottom trawling induces the secondary
transport of litter, either to shorter (heavy litter) or longer distances (light litter), and its burial both in the ﬁshing grounds themselves and in the deeper areas reached by trawl-triggered sediment
ﬂows. The signiﬁcance of this effect on litter secondary transport
and re-deposition has not been assessed to date, but estimations
on deep-water sediment transport because of bottom trawling
may be indicative of the magnitude of this phenomenon. A cumulative transport of settling particles of about 5.4  103 t m2 during
136 days of in situ monitoring in the northern ﬂank of LFC, and the
ﬁnding that sediment volumes remobilised by bottom trawling
and large-scale open slope natural sediment failures, when normalized over source area and time, can account for similar sediment yields (Puig et al., 2012), strongly support the view that
remobilization by trawling is a major mechanism for litter secondary dispersal and, eventually, burial in the deep sea. In that
way, litter initially accumulated on canyon rims and ﬂanks can
be remobilised and transported to the deeper canyon ﬂoors collecting side inputs. In addition, and according to ﬁshermen reports and
eyewitnesses, large amounts of litter are caught in the trawlers’
nets. All this ﬁts with the fact that the only ROV dives where no litter has been encountered (LFC-13 and LFC-22) were performed
over the heavily trawled northern ﬂank of LFC (Fig. 3b; Table 2).
The impact of artisanal ﬁsheries is essentially different as, ﬁrst,
they involve minimal disturbance of the seaﬂoor and the litter it
eventually holds and, second, they concentrate in speciﬁc locations
(e.g. canyon heads) at relatively short distance from shore.
However, artisanal ﬁsheries as practiced in the study area have
long-lasting cumulative effects, as the most common litter type
they produce (nylon long lines) is estimated to require about six
centuries to degrade (Bollmann et al., 2010) (Figs. 6d, e, 9b, and
10e). The rough topography of some canyon sections, and especially canyon heads, also favours the entangling of nets of different
types (Figs. 6d, e and 10c). The ﬁnding of signiﬁcant amounts of
ﬁshing gear on canyon ﬂoors at depths larger than the lower limit
of deep-water bottom trawling in the study area (see Fig. 9a, taken
in CCC at a depth of 1208 m) suggests direct dumping of old, damaged or tangled nets and cables from ﬁshing vessels. Knowing the
location of canyon ﬂoors where trawling is impracticable due to
excess depth, ﬁshermen likely use them as disposal sites.
Archaeological remains, such us Roman amphorae, have been
also found on the investigated canyon ﬂoors (Figs. 6h and 10h).
This demonstrates, ﬁrst, that Romans were sailing relatively far
from the coastline and, second, that marine-sourced littering of
the Mediterranean seaﬂoor dates back millennia. It is also well
known that deep bottom trawling has resulted in the massive
destruction of underwater cultural heritage (e.g. Flemming et al.,
2014).
Litter interaction with oceanographic processes
Like other substances, once introduced in the marine environment litter can be transported far from its sources by oceanographic processes, as aptly postulated by previous researchers
(Hess et al., 1999; Galgani et al., 2000; Keller et al., 2010). ROV
observations in the north Catalan-canyons showed litter objects
partially buried into the sediment (Fig. 6f), within the troughs of
large-scale furrows, behind metre-sized rock slabs and also forming large concentrations made of mixtures of ﬁshing gear
(Fig. 9a), heavy and light litter items, also coexisting with natural
elements such as sea urchin graveyards (Fig. 9c) and detached

X. Tubau et al. / Progress in Oceanography 134 (2015) 379–403

and broken consolidated sediment blocks (Fig. 9d). All these observations clearly demonstrate that seaﬂoor litter has undergone not
just water column transportation but near-bottom dragging down
to larger water depths. In particular, the several hundred square
meters sea urchin graveyards made of carcasses of these organisms
found at depths in excess of 1000 m further reinforce the concept
of active massive transport of light objects within submarine canyons (Fig. 9e).
In the study area there are numerous candidate oceanographic
processes able to transport litter in large amounts. These processes
include the quasi-steady southward littoral drift current,
permanent mesoscale currents such as the NC also ﬂowing
southward, and seasonal events like DSWC, eastern storms and
possibly offshore convection leading to the formation of sinking
ﬂows either by density increase and/or sediment load (cf.
Section ‘Meteorological and oceanographic setting’) (Fig. 1). The
conﬁguration of the investigated canyons, with large shelf incision
lengths and heads at very short distance from the shoreline (see
Fig. 3 in Canals et al., 2013) make them able to interrupt the littoral
drift and efﬁciently capture dense waters escaping from the shelf,
both during DSWC and eastern storms lashing out along the
coastline.
While any litter object entrained in the littoral drift and the NC
is capable of entering into the investigated canyon heads, these
two processes alone are unable to transport litter to the deepest
sections of the investigated canyons, as the associated ﬂows simply
do not reach such depths (Fig. 1b). Only the near-bottom ﬂows
triggered by DSWC and eastern storms, though the latter are less
studied, are able to subsequently move litter down course from
canyon heads in large amounts. Bedforms nearby CCC, LFC and
BC heads provide good indications of the prevailing path of dense
shelf waters when they escape from the continental shelf to subsequently get trapped into canyon heads (Durán et al., 2014). A particularly enlightening evidence of the power of DSWC was
observed during the early 2005 DSWC event in CCC, when two
moorings weighted with 400 kg each were moved 3 and 9 km
away from their original position, respectively (Puig et al., 2008).
Furthermore, the metallic elements in the lower part of the moorings were polished and shining due to sand blasting. Such observations demonstrate that not only light litter items are transported
along the canyon axis, but also heavy litter items can be transported during extreme events.
The speed of DSWC usually diminishes with depth, which
favours the settling of light litter when the ﬂow speed reaches a
critical threshold, which is object dependant. This is well illustrated by measurements made 30 m above the bottom in the CCC
during a DSWC event that occurred in early 2006: at 300 m the
current speed was 95 cm s1, at 750 m decreased slightly to
70 cm s1, at 1000 m was 50 cm s1 and at 1900 m was about
30 cm s1 (Palanques et al., 2012). Similar decreasing speed tendencies against depth have been documented both in CCC and in
LFC during 2007 and 2008 DSWC events (Ribó et al., 2011) and
in the BC during a severe eastern storm in 2008 (Sanchez-Vidal
et al., 2012). In the early 2012 DSWC event, peak velocities of
125 cm s1 were recorded at 1000 m depth within CCC (Durrieu
de Madron et al., 2013), thus demonstrating to which point nearbottom currents can be intense in the deep canyon reaches, far
from canyon heads. For the particular case of eastern storms,
Sanchez-Vidal et al. (2012) showed that sedimentary particles
and organic matter removed from the continental shelf reached
at least 1500 m depth within BC in a matter of few days. The above
data evidences that the shear stress of near-bottom ﬂows associated to DSWC and eastern storms is large enough to massively
move and transport light litter items temporarily stored on the
shallower continental shelf, which simply go with the ﬂow, i.e.
down to the deeper margin and canyon sections (Fig. 7).
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Patterns of litter distribution can be related to variations in the
intensity of oceanographic processes from one canyon to another,
and also to the geomorphic characteristics of every individual canyon. Our data show that in LFC the main litter accumulations are
located between 500 and 1000 m while in CCC they occur beyond
1000 m, i.e. more than 50 km from the nearest shoreline (Fig. 8).
These litter distribution patterns can be explained by higher intensity, duration and recurrence of high-energy DSWC events in CCC
than in LFC (Ribó et al., 2011; Canals et al., 2013). Nevertheless,
the sinuosity of the canyon axes is also a relevant parameter. The
low sinuosity of CCC (sinuosity index Si = 1; Lastras et al., 2007)
means that there are no major obstacles opposing to the ﬂow of
DSW currents reaching >1000 m, whereas the high sinuosity of
LFC (Si = 1.5; Lastras et al., 2011) necessarily results in the slowdown of near-bottom ﬂows moving down canyon to 500 and
1000 m and beyond.
Offshore convection potentially has the capability of entraining
light ﬂoating litter into sinking dense water ﬂows too (Stabholz
et al., 2013), especially if ballasted by organisms or other materials,
but at present there are no clues allowing discerning its role with
certainty. However, since offshore convection affects large areas
(see Fig. 1 in Tamburini et al., 2013), it is likely that the litter it
can convey down to the deep also spreads along vast expanses of
the seaﬂoor. Dense waters involved in offshore convection eventually touch bottom at the continental rise and bathyal plain, i.e.
where seaﬂoor topography is particularly smooth. Therefore, no
relevant topographic effects are expected in terms of favouring
the formation of litter concentrations, which clearly is in contrast
with the role of near-bottom ﬂows over the canyoned continental
slope associated either to DSWC or eastern storms.
Litter interaction with organisms
Human activities, either directly or indirectly (e.g. climate
change) have been identiﬁed as the main responsibles for the
degradation of marine ecosystems (Halpern et al., 2008). The short
and long term consequences of litter in the deep ocean, in particular, are increasingly attracting the attention of the scientiﬁc community (e.g. Watters et al., 2010; Mordecai et al., 2011; RamirezLlodra et al., 2013; Pham et al., 2014; Woodall et al., 2014).
Interactions between litter items and organisms in diverse submarine settings, including submarine canyons, are complex by
themselves and still insufﬁciently assessed (Galgani et al., 2000;
Edyvane et al., 2004; Watters et al., 2010; Ramirez-Llodra et al.,
2013).
Our observations indicate an ambiguous relation between
deep-sea organisms and litter on the seaﬂoor, where physically
harmful effects seem to be counterbalanced, at least to some
extent, by resilience and usage of litter for multiple purposes
(Fig. 10). While no direct harm on organisms by litter once on
the seaﬂoor, including ghost ﬁshing, was observed in our dives,
the disintegration of plastics and possibly other litter items raises
a number of questions on their toxicological effects. Plastic, which
has been found in large amounts in this study (72% of litter
objects), may persist for centuries in the marine environment
(South Carolina Sea Grant Consortium, 2008); but plastics also
degrade into ﬁbres and particles (microplastics) that can be
ingested by suspension and epibenthic feeders (Thompson et al.,
2004). Vessel derived paint pots and chips, which are rather common at some Mediterranean locations (Galil, 2006), have also been
referred to as potential long-term sources of chemical contamination, including persistent organic pollutants that accumulate
in deep Mediterranean species (Koenig et al., 2013). Von Moss
et al. (2012) reported that microplastics can either be eliminated
through defecation or retained in the tissues of the exposed animals, however, virtually nothing is known about the consequences
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of long-term litter degradation, which products may eventually
pervade across trophic levels (Kukulka et al., 2012; Cozar et al.,
2014).
One critical point that remains to be assessed is the relative
contribution to chemical pollution of the deep sea released from
litter vs. the one resulting from other important sources such as,
for example, direct dumping of untreated water and associated
contaminants to the coastal ocean and its transfer to the deep
sea by high-energy processes like DSWC (Canals et al., 2006,
2013; Salvadó et al., 2012a,b).

Conclusions
In situ ROV observations of the seaﬂoor assembled in this paper
showed that litter is abundant in the main submarine canyons of
the NCM, with 852 items counted along 32.7 km of total inspected
length, of which 20 km along canyon ﬂoors. Plastics were
present in almost all the 26 ROV dives carried out, representing
72% of the total number of objects encountered. Second and
third litter categories were ﬁshing gear with 17% and metals with
8%. These ﬁndings are in agreement with studies performed in
other locations, where plastics constituted the dominant
component.
Marine litter can be ascribed to two main categories depending
on its sources. While there are items inarguably marine (e.g. lost
ﬁshing gear), other items such as highly mobile light litter (i.e.
mostly plastics) can be both land and marine sourced. However,
watershed and coastline conditions, and the overall distribution
of litter in the study area point to a dominantly land origin for light
litter. According to the most credible evidence, both natural processes (e.g. river ﬂoods, strong persistent winds) and variations
in human land usage (e.g. summer population peaks along the
coast) mediate the transfer of litter from inland and coastal
sources.
We have found mean litter densities of 15,057 and
8090 items km2, in LFC and CCC respectively. Lost ﬁshing gear
items (essentially long lines and nets) were mostly found in Cap
de Creus and La Fonera rough canyon heads at water depths less
than 500 m, whereas light litter was mostly encountered at depths
in excess of 500 m or 1000 m in LFC and CCC, respectively. Such a
distribution of light litter can only be explained by the action of
strong near-bottom currents resulting from DSWC and eastern
storms. These currents are channelized within the canyons and
subsequently ﬂush them down, thus carrying large amounts of
light litter that ﬁnally settle on the canyon ﬂoor (80% of litter
items found on canyon ﬂoors against 20% only at canyon ﬂanks).
The straight course of CCC and the fact that it is the main conduit
for DSW escaping from the GoL continental shelf, jointly with the
progressive slowdown of the currents when they get deeper, ﬁts
with the observed preferential litter accumulation beyond depths
of 1000 m in this canyon. The morphological complexity of the
LFC upper course would favour the settling of light litter along
the middle course. Daily bottom trawling adds to natural processes
in transferring and concentrating litter at canyon ﬂoors instead of
canyon ﬂanks. The conﬁguration of the three investigated submarine canyons, at a short distance from the shoreline, enhances
their trapping efﬁciency for land-sourced light litter.
The nature of the relations between litter and marine organisms
is ambiguous, as some animals such as ﬁshes and crustaceans often
use litter objects as shelter or hideouts, while others like cold-water corals, gorgonians and anemones are able to use hard litter surfaces as growing substratum (Fig. 10). The presence and
consequences of potentially harmful litter degradation products,
such as microplastics and chemicals, have not been assessed in this
study.

Our study also highlights the opportunity of a coordinated global assessment to assess the status of litter in the oceans, for which
both large-scale and long-term monitoring is needed over the sea
surface, the water column and the seabed in a wide range of water
depths and geomorphic elements including ‘‘litter-trapping’’ submarine canyons. The combination of in situ observations by underwater vehicles with scientiﬁc dredging, so that both types of
observations can be crosschecked, seems to be the way to follow
for the assessment of litter on the seaﬂoor. The ultimate goal
should be developing better governance practices linked to the
promotion of preventive policies and regulations, in line with EU
Marine Strategy Framework Directive (EU-MSFD, 2008) and
UNEP’s guidelines (UNEP, 2009).
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