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SUMMARY

This PhD thesis presents a first overview of floating marine litter 
pollution in the south-east Bay of Biscay through a combination 
of harmonized observations, sampling methods, and numerical 
modelling techniques. Abundance and composition of floating 
marine litter (FML) were assessed combining net tows and 
visual observations in coastal and open waters of the Bay of 
Biscay. Floating riverine litter was also collected to explore the 
floating fraction of marine litter transported via rivers to the 
south-east Bay of Biscay. Simulations performed at regional 
(Bay of Biscay) and sub-regional scale (south-east Bay of 
Biscay) provided insights into the seasonal distribution patterns 
and fate of fishing-related and riverine litter items according to 
their observed buoyancy. The model was previously calibra-
ted with data obtained from drifters released in the south-east 
Bay of Biscay and forced with hourly estimated and measured 
winds and currents. Data collection in the coastal waters of the 
south-east Bay of Biscay highlights the occurrence of subme-
soscale convergence zones for FML (“litter windrows”) during 
Spring and Summer. Fishing, shipping, and aquaculture sectors 
were the main source of macrolitter (size>2.5 cm) for litter win-
drows. Abundances derived from sampling the south-east Bay 
of Biscay revealed that the area is a hotspot for microplastics 
(size<5 mm). Most modelled particles released both in coastal 
and open waters did not abandon the Bay of Biscay, reinforcing 
that the basin acts as accumulation region for FML. Results 
also demonstrated the impact of buoyancy and wind effect on 
FML behaviour, mainly in summer, when highly buoyant items 
strongly affected French Marine Protected Areas and Gipuzkoa 
and Pyrénées-Atlantiques regions. This thesis represents a 
milestone for supporting future science and policy actions in the 
south-east Bay of Biscay oriented to prevent and mitigate FML 
at local, sub-regional and regional scale.
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FLOATING MARINE  
LITTER AS A GLOBAL 
CONCERN

Floating marine litter (FML) constitutes the fraction of 
litter less dense than seawater that drifts at the surface 
layers of the sea due to the effect of wind, waves, and 
ocean currents after being deliberately discarded or 
unintentionally lost along beaches, rivers or marine envi-
ronments. Plastic items made from low density polymers 
such as polyethylene (PE) and polypropylene (PP) com-
prises the majority of FML (Galgani et al., 2015). FML is 
commonly found floating on the nearshore waters shaped 
as wrappers and plastic bags, and in the open ocean as 
fishing-related items and plastic caps (Morales-Caselles 
et al., 2021) (Fig 3.1). FML items can travel for extended 
periods (weeks to several years) until they acquire some 
ballast and sink, or they degrade through mechanical 
abrasion and exposure to UV radiation, and get fragmen-
ted (Min et al., 2020). Due to its buoyant nature, FML is 
globally distributed across all oceans and shores, and 
can reach remote and uninhabited areas far from the 
releasing location such as the Arctic Seas (Pogojeva et 
al., 2021) or the Indian ocean archipelagos (Lavers et al., 
2019). 

FML transport provides an additional mechanism for 
the introduction of non-indigenous species, thereby 
threatening marine biodiversity and the food web, and it 
represents a navigation hazard (Al-Khayat et al., 2021; 
GESAMP, 2021).
One of the early records of FML dates back to 1970s 
when (Carpenter et al., 1972) provided the first evidence 
of plastic pellet presence in the coastal waters of sou-
thern New England. Nowadays, the occurrence of floating 
micro (size<5 mm), meso (size 0.5–2.5 cm), and macro-
litter (size>2.5 cm) has become a well-researched “hot 
topic” by scientists, particularly in heavily polluted marine 
basins such as the Mediterranean Sea (Lambert et al., 
2020) and in so-called garbage patches at the subtropical 
gyres (Cózar et al., 2014). So far, the highest concen-
trations of FML have been recorded in the North Pacific 
subtropical gyre, where current estimates suggest that 
at least 80,000 tonnes of plastic items float inside North 
Pacific Garbage Patch (NPGP) within a 1.6 million-squa-
re-kilometre extension area (Lebreton et al., 2018). 
Efforts have been also made in recent years to addres 
s the submesoscale patches of FML (structures with 
size ranges from a few meters to 10 km in length) with 
remarkable litter densities and traditionally overlooked in 
scientific literature (Cózar et al., 2021) (Fig 3.2). 

Fig 3.1. Top ten litter items in aquatic environments Bars show mean percentages per environment, while the darker-coloured 
areas and lines around the means show the individual data outputs (n = 10,000) and the distribution beanplot, respectively. 
Uncertainties of results were quantified through 10,000 Monte Carlo iterations in each environment. Bar colour relates to potential 
origin (take-out consumer, industrial and household, ocean and waterways). Items above the horizontal line marks in the ran-
kings comprise, at least, 50% of the total items identified (Morales-Caselles et al., 2021)..
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High abundances of FML (especially macrolitter) are 
also found in coastal waters, particularly in regions with 
high coastal populations, inadequate litter collection and 
management, and high levels of coastal tourism. Indeed, 
a large share (66.8%) of all FML released into the marine 
environment since the 1950s is stranded on the world’s 
shorelines (Lebreton et al., 2019). 
Several studies have attempted to quantify marine litter 
inputs into the marine environment and sources, yet high 
uncertainty exists about how much FML leaks into the 
ocean. Pew Charitable Trusts and SYSTEMIQ (2020) 
estimate that 11 million metric tonnes of plastic entered 
the ocean from land in 2016, of which half would float 
initially (UNEP and GRID-Arendal, 2016). Eriksen et al., 
2014 estimated that 70% by weight of floating macro litter 
in the open ocean is fishing-related. However, the whole 
picture is still fragmented. The lack of empirical data in 
most oceans, the difficulty on determining the sources 
and the amounts of marine litter inputs, and the variety 
of methodologies applied for reporting FML hampers 
the global estimates of FML abundance and distribution 
(Haarr et al., 2022; Van Sebille et al., 2020; United Na-
tions Environmental Programme et al., 2021).

PHYSICAL CHARACTE-
RISTICS OF FLOATING 
MARINE LITTER
FML items vary widely in terms of size, shape or compo-
sition. Besides, they are also affected by mechanisms of 
degradation, fragmentation, and biotic interaction, which 
altogether alter their buoyancy. The physical characteris-
tics and transformation processes need to be accounted 
for whenever possible since together with the metocean 
conditions, they control the transport and distribution of 
FML in the marine environment (GESAMP, 2019).
Size
FML comes in all sizes, from larger objects of metres in 
length (e.g., wooden pallets) to medium and small sized 
objects of less than one metre (e.g., plastic bags and 
bottles), including plastic spheres, filaments or fragments 
on the scale of millimetres (e.g., textile fibres) (UNEP and 
GRID-Arendal, 2016). Observations of the size distribu-
tion of FML conducted by Cózar et al., 2014 pointed at 
important size-selective sinks, which removed millime-
tre-sized floating fragments on a large scale. The size 
can also affect the transport rate for larger items, which 
can drift faster due to inertial effects (Calvert et al., 2021). 
Overall, FML is classified into microlitter (size<5 mm), 
mesolitter (size 0.5–2.5 cm),  and macrolitter (size>2.5 
cm) categories. However, there is no community-wide 
agreement on where the boundaries between these cate-
gories lie (Van Sebille et al., 2020). Indeed, surveys differ 
in terms of the size classes of litter items, e.g., the Marine 
Strategy Framework Directive (MSFD) guidelines recom-
mend to survey macrolitter items with a minimum length 
of 2.5 cm. In other protocols, litter size classes include 
items from 0-2.5 cm (Addamo et al., 2017). In this thesis, 
the categorization proposed by the MSFD is followed in 
order to adopt a consistent approach with the European 
monitoring frameworks (Galgani et al., 2013) (Table 3.1). 
Composition
FML comprises a variety of material types (e.g., plastics, 
glass, metal, paper, cloth, rubber, and wood). However, 
the vast majority consists of plastics (on average 80% 
considering all environmental component (Morales-Ca-
selles et al., 2021), accounting for up to 100 % of FML 
in some areas (Galgani et al., 2015). Plastic items made 
of polystyrene (PS) (e.g., cups), polyethylene (PE) (e.g., 
plastic bags) or polypropylene (PP) (e.g., bottle caps) 
would be expected to float in seawater and they are 
among the most abundant materials in the marine envi-
ronment (Fig 3.3). Indeed, the estimated mass of PP, PE, 
and PS microplastics of 32-651µm size class suspended 
in the top 200 metres of the Atlantic Ocean is 11.6-21.1 
million tonnes (Pabortsava and Lampitt 2020). 
Shape 
Some FML items, as bottles, could be designed in 
shapes suitable to trap air and float even though their 
polymeric density is higher than seawater (Miliute-Plepie-
ne et al., 2018). Therefore, shape is also crucial for FML 
behaviour at sea. However, there is currently no standar-
dized scheme for shape characterization although five 
general categories are recommended for the microlitter 
fraction of FML: 1) fragments or irregular shaped parti-
cles; 2) Near-spherical spherical foam particles; 3) films/
sheets; 4) fibres/ filaments; and 5) resin pellets, nurdles 
(GESAMP, 2019). 

Fig 3.2. Litter windrow likely associated to internal wave off Hon-
duras (photo by C. Power) (top). Small patches and scattered 
litter arranged in bands by Langmuir circulation in southwestern 
Mediterranean (photo by A. Cózar) (bottom). Convergence 
bands perpendicular to wave lines are highlighted. (Cózar et 
al., 2021)
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Buoyancy
Buoyancy is the ability of an object to float in water and 
it is intimately related to the combination of composition, 
size, and shape. The buoyancy determines the exposure 
of FML items to wind effect which directly affects litter 
transport in addition to the advection of ocean currents 
(Ko et al., 2020). Indeed, high buoyant items (e.g., 
bottles) may drift faster influenced by winds and currents 
contrary to heavier floating items (e.g., wooden pallets) 
primarily driven by currents (NOAA, 2016). The buoyancy 
of an object is normally assumed to be constant but can 
vary significantly on the marine environment with time 
when biofouled, because of the increased density (Fazey 
and Ryan, 2016; Kooi et al., 2017).

Fig 3.3. Common FML items together with their tendency to float or sink in the aquatic environment, based on 
density difference (UNEP and GRID-Arendal, 2016).

SURFACE TRANSPORT 
MECHANISMS OF FLOA-
TING MARINE LITTER

Table 3.1. Size categories of plastic marine litter, assuming a near-spherical form, showing common definitions and 
alternative options that may be appropriate for operational reasons (GESAMP, 2019)

FML transport reflects the well-known surface ocean 
circulation characterised by a broad pattern of ocean 
processes. At global scale, the ocean circulation is driven 
by winds, the Coriolis force, the density differences of 
temperature and salinity, and the deep-water formation 
in the Arctic and sub-Arctic seas and Southern Ocean 
(Lozier, 2015). 
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The combination between the wind and the Coriolis force 
generates a rotation pattern in the upper layers of the 
ocean called the Ekman spiral, favouring water transport 
with a mean current called Ekman drift. The Ekman trans-
port generates regions of surface convergence, as the 
subtropical gyres, where FML tends to accumulate, but 
also divergence areas with lower concentrations of FML 
(Van Sebille et al., 2020). 

Other coherent structures as the ocean mesoscale 
eddies and gyres, particularly, those which flow clockwise 
in the Northern Hemisphere, can also concentrate and 
transport FML over long distances (Brach et al., 2018; 
Falcón, 2021). Although more complex, the open ocean 
Stokes drift derived from water waves can induce FML 
transport, particularly for large objects (Calvert et al., 
2021; Dobler et al., 2019) (Fig 3.4, 3.5). Large and highly 
buoyant objects are also subjected to the direct effect 
of wind (“windage”), and they can be transported faster 
compared to less buoyant and smaller FML items (Ko et 
al., 2020; Onink et al., 2021) (Fig 3.6). 

Fig 3.4. Time and space scales of ocean variability (courtesy D. 
Chelton, Oregon State University, after Dickey (2001))

Fig 3.5. Schematic of the physical processes that affect the 
transport of plastic (pink items) in the ocean (top panel). The 
table (lower panel) identifies in which regions different proces-
ses are important (Van Sebille et al., 2020)

Fig 3.6. Varying degrees of windage on example floats. Image 
originally appeared in NOAA Marine Debris documents about 
Tsunami Debris trajectories (https://marinedebris.noaa.gov/
japan-tsunami-marine-debris/modeling-movement-tsunami-de-
bris) .

NUMERICAL MODE-
LLING FOR SIMULATING 
FLOATING MARINE LIT-
TER
Ocean circulation models can help to predict FML pa-
thways and ‘hotspots’ and to identify potential sources of 
FML, filling the gaps in the origin and distribution when 
observations are not available (GESAMP, 2019; NOAA, 
2016). These models provide the surface currents  used 
to simulate FML transport and, through a process called 
data assimilation, they are updated with satellite and in 
situ measurements (e.g, by using drifters) in near-real 
time (NOAA, 2016). The surface current velocities are ob-
tained for points or nodes on a discrete Eulerian grid over 
a series of time steps, and they are coupled to wind data 
and particle tracking models to simulate the movement 
of FML. Two particle tracking techniques can be used to 
calculate the trajectory of FML: (1) the Eulerian approach, 
when particles advected by surface currents are des-
cribed in terms of their mass or volume concentrations 
at every Eulerian grid point and at each time step and 
(2) the Lagrangian approach, which focus on individual 
particle’s trajectories carried along by currents over the 
time (Mountford and Morales Maqueda, 2019; van Sebille 
et al., 2018). Particle tracking models may incorporate 
additional factors such as movement resulting from the 
buoyancy of the item or a random motion component (tur-
bulent diffusion) (NOAA, 2016).

Besides windage, the wind-induced Langmuir cells can 
have a significant impact on the accumulation patterns of 
FML and planktonic organism, leading the formation of 
converge zones based on coherent roll structures (Gove 
et al., 2019). At the coastal area, internal waves origina-
ted by tides capture FML (Shanks, 2021) contrary to open 
ocean, where accumulation areas of FML are not related 
to tides (Sterl et al., 2020). FML can also accumulate at 
convergence lines associated with large salinity gradients 
at the fronts between the river plumes and the ambient 
sea (Korshenko et al., 2020). Shore exchange and 
FML transport can be enhanced by nearshore currents 
including alongshore currents and rip currents (Forsberg 
et al., 2020). Lastly, FML transport and distribution can 
be also influenced by processes such as vertical trans-
port and mixing, ice formation and melting and extreme 
events (e.g., floods and tsunamis) (Van Sebille et al., 
2020).
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Global ocean circulations models have been used for 
example to identify the concentration areas for FML in 
the sub-tropical gyres resulting from long-term mean 
circulation patterns (Lebreton et al., 2012) or to forecast 
the possible pathways and destiny of  the FML derived 
from the Great Japan Tsunami of 2011 (Maximenko et 
al., 2012). However, these global models are not able to 
represent small-scale oceanic processes, such as sub-
mesoscale eddies, nor do they model coastal processes, 
such as tides, freshwaters, and estuarine circulation 
(NOAA, 2016). Higher resolution models have enabled 
researchers to simulate FML transport at basin scale in 
the Adriatic Sea (Carlson et al., 2017), in the Ionian Sea 
(Politikos et al., 2020) and in the transboundary waters of 
the Mediterranean Sea (Macias et al., 2022) (Fig 3.7). 

Fig 3.7.  Example of FML modelling in transboundary waters 
for the Mediterranean Sea. Position of the particles in the 
initial time step (i.e., the chronological end) of the simulations. 
Homogeneous litter distribution in the shallow regions. Colours 
correspond to the different countries indicated in the map 
(top). Non-homogeneous litter distribution. The colour-scale 
indicates the density of particles per lineal km of coast (bottom) 
(Macias et al., 2021).

In The Black Sea, dataset of FML from visual ship obser-
vations have also allowed to validate modelling results 
provided by a mesoscale circulation model coupled  
with a particle tracking model (Miladinova et al., 2020). 
Though, research on FML behaviour at regional scale 
and in the coastal environment is still in its early stage, 
and much has yet to be revealed. Further modelling 
efforts are necessary to better understand the behaviour 
of FML exposure to windage effect or the consequences 
of beaching and reflotation processes in the coastal accu-
mulation of FML (Hardesty et al., 2017). Higher-resolu-
tion models nested within basin-scale or global models 
targeting specific areas could be useful for providing 
insights into even finer-scale patterns of FML accumula-
tion or dispersion (NOAA, 2016). The reliability of model 
outputs will depend on a number of factors including the 
availability of representative data on the amounts of FML 
and sources considered (land or sea-based), the type of 
FML (e.g., size, buoyancy) and the coastal and ocean 
dynamics (Hardesty et al., 2017, NOAA 2016). There-
fore, quantitative, and harmonised dataset derived from 
monitor FML is required for calibrating and validating 
modelling results.

POLICY-RELEVANT 
FRAMEWORKS FOR 
MONITORING FLOATING 
MARINE LITTER

Nowadays, FML is being addressed internationally by 
the United Nations (UN) and by individual countries at 
national, subnational and regional levels. While none 
of the  Sustainable Development Goals (SDG) is fully 
devoted to litter, FML is directly included in SDG 14.1 
with the indicator 14.1.1 that aims to measure floating 
plastic litter density as a global indicator of marine po-
llution (UNEP, 2022).The evaluation of the effectiveness 
(including enforcement) of existing policy and regulatory 
frameworks for prevent, reduce and control marine litter 
pollution is supported by the development and application 
of this type of indicators (Basel Convention, 2013). They 
provide valuable information about the state of the marine 
environment by means of a regular and standardized 
monitoring of FML. Besides the UN, the Regional Seas 
Action Plans also consider FML monitoring for implemen-
ting detailed and extended actions on marine pollution.
At European level, the Barcelona Conventions developed 
the “Integrated Monitoring and Assessment Programme 
of the Mediterranean Sea (IMAP)” for supporting FML 
management based on the trends in the amount of litter 
provided by the Indicator 23 (UN/MAP, 2017). The MSFD 
also considers monitoring FML quantities and distribution 
through the Descriptor 10 to assess the Good Environ-
mental Status (GES) of the European marine environ-
ment (Galgani et al., 2013).  Indeed, monitoring FML 
comprises different methodologies for gathering repre-
sentative information on marine litter pollution. 
The most common sampling method to collect floating 
micro, meso and (to a limited extent) macrolitter is the 
surface net tow, using a neuston net, manta trawl or 
mega traw (GESAMP, 2019) (Fig 3.8). Bulk water sam-
pling can be also appropriate to collect microlitter at sea 
surface. Lastly, visual observations from ships, photogra-
phic and aerial surveys from an airplanes or drones and 
remote sensing from satellites are often conducted for 
monitoring larger items. 

Fig 3.8.  Schematic of possible methods used for sampling 
the sea surface and water column (image courtesy of Marcus 
Eriksen) (GESAMP, 2019).
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TRANSBOUNDARY INI-
TIATIVES TO TACKLE 
FLOATING MARINE LIT-
TER

It is important to highlight that FML is a transboundary 
concern, particularly for land-sea transition zones (Kre-
lling et al., 2017; Kao et al., 2021) and countries sharing 
sea and river basins (Hatzonikolakis et al., 2022). This 
requires multi-stakeholder cooperation for monitoring but 
also initiatives to prevent and mitigate FML in the shared 
waters. At global scale, most solutions to tackle litter 
pollution have targeted FML and they have been mainly 
tailored for macrolitter rather than meso or microlitter 
(Bellou et al., 2021). Unfortunately, the initiatives have 
left aside the transboundary nature of floating litter and 
only few regional agreements and projects offer effective 
actions at transboundary basin level. In the North-East 
Atlantic region, the OSPAR Convention has adopted the 
specific action 55 to investigate the behaviour of FML and 
understand where it is likely that accumulations or hots-
pots of litter may occur (OSPAR, 2014). In the Danube 
river, the Joint Action Plan developed by the Internatio-
nal Commission for the Protection of the Rhine (ICPR) 
includes ratified measures to monitor litter pollution and 
it represents an example of transboundary management 
for preventing marine litter. In the Bay of Biscay, the LIFE 
LEMA project tackled FML in the transboundary waters 
between France and Spain by developing new tools and 
technologies to manage FML more efficiently (see https://
www.lifelema.eu/en/the-project/ for details) (Fig 3.9). Whi-
le prevention is key, more cooperation between countries 
and stakeholders is necessary for implementing effective 
litter monitoring and removal measures, particularly in 
FML hotspots and vulnerable areas (e.g., Marine Protec-
ted Areas). 

THE BAY OF BISCAY: A 
REGIONAL HOTSPOT OF 
FLOATING MARINE LIT-
TER

Nowadays, there are three regional relevant hotspots of 
marine litter at global scale of great concern due to their 
potential long-term and large-scale risk for ecosystem 
functioning and human health: (1) the Mediterranean 
Sea, due to its enclosed nature; (2) the Arctic Ocean, due 
to its pristine nature; and (3) the East Asia and Southeast 
Asian regions, due to a poor waste management system 
for a population highly dependent on the ocean resources 
(UNEP, 2021). At European level, the attention to marine 
pollution, and particularly, to FML has grown for semi-en-
closed seas as the Baltic Sea (Rothäusler et al., 2019) 
or the Black Sea (Stanev and Ricker, 2019), but also for 
other seas. Over the past few years, global studies cou-
pling ocean circulation and Lagrangian particle tracking 
models reported that the Bay of Biscay is a hotspot for 
both land-based and sea-based sources of marine litter 
(Lebreton et al., 2012; van Sebille et al., 2012). Differen-
ces in coastal retention periods and beaching have been 
also observed when windage effect is accounted when 
modelling FML transport. Rodríguez-Díaz et al., 2020 
showed that highly floating macrolitter, strongly driven by 
winds, accumulate in nearshore areas of the Bay of Bis-
cay or end up beached while microlitter tends to disperse 
oceanward. According to field investigations conducted 
up to date, the Bay of Biscay presents a medium level of 
microplastic pollution (Mendoza et al., 2020) and one of 
the main sources of seems to be linked to fishing activi-
ties, major shipping lanes and river discharges  (van den 
Beld et al., 2017). 

Fig 3.9.  LIFE LEMA project area, collection effort distribution and new technologies deployment (https://
www.lifelema.eu/en/)
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The seasonal circulation patterns, particularly in the sou-
th-east Bay of Biscay, tend to generate a high retention 
for FML during spring and summer and longer residence 
times and higher concentrations in winter influenced by 
the run-offs and the influx of FML from local but also from 
distant sources (Pereiro et al., 2019; Rubio et al., 2020; 
Declerck et al., 2019). Since 2003, local authorities from 
the south-east Bay of Biscay have supported during high 
retention periods (e.g., spring and summer) active prac-
tices of fishing FML where fishermen involved are paid 
(Basurko et al., 2015; Pınarbaşı et al., 2020). Between 
2016 and 2019, they coordinated and participated in LIFE 
LEMA project to define an optimized solution to manage 
FML in the area. Thanks to LIFE LEMA, and subsequent-
ly, to FML-TRACK project empowered by the Copernicus 
Marine Service, active fishing for FML and beach clean-
up activities are now supported with innovative detection 
and tracking solutions combining ocean modelling and 
remote observation systems (Delpey et al., 2021). Howe-
ver, precise knowledge about quantities, composition, 
sources, and pathways is still limited, and more modelling 
and monitoring efforts regarding FML are necessary to 
get er picture of how FML is transported, accumulated, 
and distributed within the Bay of Biscay.
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The general objective of this thesis is to improve the 
knowledge on the abundance, composition, distribution 
and fate of floating litter in the south-eastern Bay of Bis-
cay based on met-ocean historical data, visual observa-
tions of FML, surface sampling, drifters observations, and 
Lagrangian modelling techniques. The outcomes of this 
thesis provide key data and facts to assess the state of 
FML in the area as well as information to outline preven-
tion and mitigation measures at local and regional scale.
In order to fulfil the general objective, four specific objecti-
ves are set as follows: 
Specific objective 1
Assess the abundance and distribution of FML in the Bay 
of Biscay combining surface observations from vessels 
and sampling in open ocean and coastal waters of the 
south-eastern Bay of Biscay (Chapters 1 and 2).
Specific objective 2
Study the convergence zones of FML in the south-east 
coast of the Bay of Biscay (so-called “marine litter 
windrows”) thanks to data collected during active fishing 
for litter activities to estimate their loads, composition, 
frequency, size and potential sources (Chapter 3).
Specific objective 3
Analyze the seasonal pathways and fate of FML origina-
ted from sea-based activities in the Bay of Biscay as well 
as the concentration within Marine Protected Areas com-
bining met-ocean and fishing activity databases, Monte 
Carlo simulations and Lagrangian modelling (Chapter 4).
Specific objective 4
 Analyze the seasonal pathways and fate of floating riveri-
ne litter transported through rivers to the south-east coast 
of the Bay of Biscay combining satellite-tracked obser-
vations provided by surface drifters, measurements of 
surface currents from high frequency radar systems and 
Lagrangian modelling (Chapter 5).

OBJECTIVES

HYPOTHESIS

“The south-eastern Bay of Biscay shows complex tempo-
ral and spatial abundances, distribution and transport pat-
terns of floating marine litter.  A better knowledge of those 
is key for implement preventive and mitigation manage-
ment measures to reduce the level of litter pollution.”

THESIS STRUCTURE

The PhD dissertation is arranged as follows:
Introduction 
The purpose of this section is to introduce the context of 
this research work. The state of art is explained to esta-
blish the objectives and hypothesis of the presented the-
sis. Each chapter of the results section also includes an 
in-depth and tailored introduction on the topic addressed. 
To achieve the specific objectives defined above, results 
have been structured in five chapters and presented as 
scientific publications: 

This first contribution provides a jointly analysis of floating 
macro and microlitter abundance and distribution in the 
Bay of Biscay. Multiannual datasets were collected com-
bining net tows and visual observations during integrated 
ecosystem surveys conducted from vessels devoted to 
monitor the environmental status of the regional marine 
waters. Results constitute a baseline for floating data co-
llection in the Bay of Biscay and can be helpful to reliably 
detect spatial and temporal changes in floating marine 
litter.
Chapter 2 - The coastal waters of the south-east Bay 
of Biscay a dead-end for Neustonic plastics
The second contribution explores the multiannual va-
riation of neustonic plastic abundance in the south-east 
coast of the Bay of Biscay. The collection was performed 
along sampling locations out of the common floating 
marine litter convergence zones. This allowed to address 
the sub-regional differences on litter occurrence between 
less and highly polluted surface compartments where 
accumulation structures emerge.
Chapter 3 -  Litter Windrows in the South-East Coast 
of the Bay of Biscay: An Ocean Process Enabling 
Effective Active Fishing for Litter 
The third contribution provides an observational descrip-
tion of floating marine litter accumulation structures (“litter 
windrows”) in the south-east coast of the Bay of Biscay. 
Data gathered by a small-scale fishing vessel devoted to 
active fishing for FML activities revealed with unprece-
dent detail the general features of these litter windrows 
derived from submesoscale processes in the area..
Chapter 4 - Modelling the distribution of fishing-rela-
ted floating marine litter within the Bay of Biscay and 
its marine protected areas
This chapter together with Chapter 5 are focused on 
shedding light on the transport and distribution of FML 
originated by two main sources within the Bay of Biscay: 
rivers and fishing industry. In Chapter 4, the simula-
ted trajectories fishing-related items according to their 
buoyancy provide insights into the seasonal distribution 
patterns of litter originated from sea-based sources in 
the Bay of Biscay. Results highlighted the behavioral 
differences between items and provide evidence of their 
accumulation at the coastal area and in Marine Protected 
Areas, useful to support medium to long-term strategies 
oriented to reduce the impact of fishing floating marine 
litter in the region.
Chapter 5 - Modelling the distribution of fishing-rela-
ted floating marine litter within the Bay of Biscay and 
its marine protected areas
At the last contribution, a seasonal comparison of floating 
riverine litter transport and fate released by the main 
rivers within the south-eastern Bay of Biscay is presented 
to complement the results obtained for fishing sources. 
The behaviour and concentration in the coastal area is 
provided according to the buoyancy of the items and 
based on simulations forced with currents measured by 
high-frequency radars and parametrizations derived from 
model calibration with drifters data. Results identified 
seasonally the regions in the area more likely to accumu-
late large quantities of riverine liter and the contribution 
per river, relevant to assist operations to control FML 
originated inland in short to medium-term and to identify 
the priority rivers for future monitoring programmes.

The Discussion and Conclusion sections have been also 
integrated to draw the main findings of the thesis in the 
context of previous research, establish the significance of 
the work, and  the future lines of research.

Chapter 1 -  First assessment of floating marine litter 
abundance and distribution in the Bay of Biscay from 
an integrated ecosystem survey 
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01.	 A combined assessment of macro and microlitter 
was done for the Bay of Biscay

02.	 An average of 3.13 (macro) and 756,865 (micro) 
items/km2 were observed

03.	 Packaging, other plastic items and plastic bottles 
were the most abundant items

04.	 No correlation between densities and oceanographic 
variables was observed

05.	 Integrated ecosystem surveys are a good platform 
for monitoring marine litter

HIGHLIGHTS Monitoring actions amongst different environmental com-
partments and member states requires the use of consis-
tent and replicable sampling methodologies to assurance 
reliable up-to-date FML datasets. However, the different 
sampling approaches conducted so far have hampered 
data collection and comparison between different areas 
and over time (Galgani et al., 2015;Ryan, 2015;Kershaw 
et al., 2019).
Multiannual time series and surveys, which cover large 
areas or regional scales are scarce. This hinders the as-
sessment of temporal trends and the connection between 
processes that shape FML distribution (Hardesty and Wil-
cox, 2015; UNEP, 2016). Even when sampling methods 
are similar, the comparison through time and between 
surveys to define status and trends can be compromi-
sed by a lack of complementary information on physical 
factors such as oceanographic conditions during the 
sampling or the proximity to marine litter sources (Maes 
and Garnacho, 2013). Since open ocean surveying is 
resource-intensive, the lack of quantitative and consistent 
datasets of FML abundance in offshore areas also poses 
an obstacle to assess the environmental status of the 
EU marine waters (Galgani et al., 2013b; Kershaw et al., 
2013).
FML can be detected and monitored at sea by direct 
human observation from ships (Sá et al., 2016;Arcangeli 
et al., 2018;Chambault et al., 2018),  net trawls (Viršek 
et al., 2016;Gewert et al., 2017;Lebreton et al., 2018), 
multispectral and hyperspectral imaging or video combi-
ned with intelligent algorithms (Moller, 2016;Topouzelis et 
al., 2019;Garcia-Garin et al., 2020) and by GPS tags and 
transmitters (Novelli et al., 2017;Stanev et al., 2019). Net 
tows and visual reporting are the most popular sampling 
methods and they are often considered in oceanographic 
surveys that involve sampling the sea-surface from a 
multidisciplinary perspective, thus reducing FML monito-
ring costs (Galgani et al., 2013b;Miliute-Plepiene et al., 
2018). 
The Bay of Biscay (hereafter BoB) has been described by 
global and regional models as an accumulation zone for 
FML (Lebreton et al., 2012; Van Sebille et al., 2012; Pe-
reiro et al., 2019; Rodríguez-Díaz et al., 2020). Over the 
past few years, macrolitter (Granado et al., 2019; Ruiz et 
al., 2020) but also microlitter studies in the water surface 
and biota (Destang, 2019; Franco et al., 2019; Mendoza 
et al., 2020; Davila et al., 2021) have been carried out to 
gain a better understanding of the quantities and beha-
viour of FML within the area. One of the most important 
surveys combining neuston and visual observations in 
the BoB is the BIOMAN multidisciplinary survey. BIOMAN 
was originally conceived to respond to regulations on 
fisheries and evaluate fish stocks (Santos et al., 2011) 
but the annual sampling has progressively expanded to 
respond to different ecosystem descriptors of the MSFD 
and the Common Fisheries Policy. Since 2016 the survey 
has adopted an ecosystem approach including FML 
monitoring and consequently, an extensive and spatially 
well covered FML dataset is being built as a proxy of the 
macro and microlitter abundance and distribution. These 
measurements are complemented by hydrographic 
measurements to explore the dependence between the 
spatio-temporal distribution of FML and the oceanogra-
phic parameters. Within this context, the main aim of this 
study is twofold: (i) to provide the first jointly analysis of 
macro and microlitter abundance (items/km2 and g/km2) 
and distribution in the BoB from integrated ecosystem 
survey; and (ii) to assess the influence of oceanographic 
conditions on the distribution of macro and microlitter in 
the BoB.

ABSTRACT

In the Bay of Biscay, regional monitoring programmes 
and data on abundance and distribution of floating marine 
litter are scarce, contrary to many other European marine 
regions. Here, a joint analysis of multiyear observations 
(2017-2019) of floating micro and macro litter and ocea-
nographic conditions was conducted for the Bay of Bis-
cay by combining microlitter samplings with neuston nets 
and vessel-based macrolitter observations. Results show 
spatiotemporal abundance and distribution patterns. 
The density of floating microlitter increased from 26,056 
items/km2 in 2017 to 1,782,454 items/km2 in 2019; 
floating macrolitter densities barely varied amongst year 
(2.52 items/km2 in 2017 and 3.70 items/km2 in 2019). 
No significant correlation was found between densities 
of micro and macrolitter, neither for the oceanographic 
variables. We conclude that longer micro and macrolitter 
monitoring periods and standardized datasets based on 
the cross-border cooperation are needed to collect more 
comparable information, evaluate trends, and support 
decision making in the area. 

KEY WORDS

Marine pollution; Floating marine litter; Plastic; Monito-
ring; Bay of Biscay

BASELINE

Marine litter monitoring programmes have become a 
valuable tool for governments, institutions, and organiza-
tions for decision-making. Particularly, they are useful to 
gain a better understanding of the sources and the dy-
namics of marine litter in the environment and to assess 
the effectiveness of prevention and mitigation policies 
and solutions. At global scale, the internationally agreed 
Sustainable Development Goal (SDG) indicator “Index of 
coastal eutrophication and floating plastic debris density” 
proposes to measure floating plastic litter by calculating 
the average count of plastic items per km2 derived from 
visual observation and net tows surveys (Smail et al., 
2020;Walker, 2021). At European level, the Marine Stra-
tegy Framework Directive (MSFD, 2008/56/EC) sets indi-
cators to ensure floating marine litter (FML hereafter) “do 
not cause harm to the coastal and marine environment” 
(Descriptor 10) and requires EU Member States to report 
their amount of micro and macrolitter per km2 including 
the analysis of its composition, spatial distribution and 
their source (Galgani et al., 2013a;Klein et al., 2017). 
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Data presented in this study were collected between 
May 2017 and May 2019 (Fig 5.1) on board R/V Ramón 
Margalef, based on two complementary methodologies: 
(i) collection of microlitter by neuston net tows and (ii) 
visual observation of macrolitter items at the sea surface. 
Microlitter samples were collected using neuston net with 
a mesh size of 500 μm (2017) and 300 μm (2018 and 
2019) and a mouth opening of 100 × 50 cm. The net was 
deployed at the side of the vessel and positioned away 
enough from the wake zone to prevent turbulence in 
microlitter collection. The net towed for 20 min at a towing 
depth of approximately 35 cm and with a vessel speed 
of 2 knots. After the tow, the net was rinsed onboard to 
ensure that all microlitter were washed into the cod-end. 
Each sample was coded and stored in a zip bag and 
then frozen at −20 °C. Once on land, the samples were 
processed at the laboratory. Samples were sonicated 
when necessary to isolate microlitter from plankton. 
Microlitter items were extracted from the samples with the 
aid of a stereoscopic microscope (SMZ-2T from Nikon) 
and placed into petri-dish. Once extraction finished, the 
petri-dishes, which were covered to avoid pollution, were 
introduced in the laboratory oven (ED400 from Binder) at 
low temperature (30–40 °C) and without ventilation during 
overnight. Microlitter items were counted and classified 
according to their size: micro (<5 mm), meso (5 mm - 2.5 
cm) and macro (>2.5 cm) litter and type of item: paints, 
fibers and others. Quantities for shape, size, polymer, 
and/or color categories were not reported. Blank controls 
were routinely performed to determine if any contamina-
tion occurred at lab. The blanks returned uncontamina-
ted thus no blank correction procedure was applied to 
microlitter results. Litter densities per water surface area 
(as items/km2 and g/km2) were calculated by dividing the 
total number and the dry weight of litter collected in each 
tow by the area sampled to be in line with the recommen-
dations of Belz et al. (2021). 

The corresponding abundances were adjusted following 
the method proposed by Kukulka et al. (2012). To this 
end, surface layer particles resulting from the wind-driven 
mixing were corrected based on the wave height and 
wind velocity measurements.
Macrolitter observations were performed by one obser-
ver during daytime from the highest accessible point 
of the vessel (7.5 m above the sea surface) following 
line-transect methodology (Buckland et al., 2001). The 
observer scanned the water covering a sampling area of 
90° centered on the track line (45° to port or starboard). 
Observation effort was georeferenced every minute with 
the vessel GPS. Surveyed transects were split into obser-
vation periods of identical detection conditions (legs). For 
each leg, the observer recorded the detection conditions 
of the sightings and the estimated detection distance and 
angle between the litter and the track line. Macrolitter 
items were counted and classified by type of material and 
type of item according to the categories defined by the te-
chnical subgroups of Marine Litter of the MSFD (Galgani 
et al., 2013b) (Supplementary Table 5.1)
Distance Sampling methodology was applied to estima-
te floating macrolitter density. Half-normal and hazard 
rate detection functions were fitted to litter items using 
Conventional (CDS) and Multiple-Covariate Distance 
Sampling (MCDS) (Buckland et al., 2001) with the R-pac-
kage ‘distance’ (Miller et al., 2019), including the effect 
of covariates on the detection probability in the case of 
the MCDS. Best detection functions were selected based 
on the lowest Akaike Information Criterion (AIC) value 
as well as by inspection of Q-Q plots and Cramer-von 
Mises goodness of fit test (García-Barón et al., 2019). 
The effective strip half-width (ESW) was calculated as the 
perpendicular distance in which the missing detections at 
lower distances were equal to the recorded detections at 
greater distances.

Fig 5.1. Map of the study area, survey effort for visual observations (in coloured lines) and microlitter stations (represented by 
black crosses) during BIOMAN 2016 - 2019.
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ESW was used to estimate the effective sampled area 
(ESA) as L × 2 × ESW, where L is the length of the leg 
in km. Macrolitter densities were estimated dividing the 
number of items observed by the effective sampled area 
and plotted for the surveyed leg. Macrolitter densities 
were estimated dividing the number of items observed by 
the effective sampled area and plotted for the surveyed 
leg. CTD casts were used to obtain vertical profiles of 
temperature and salinity at predetermined stations ran-
ging from 100 m depth to a maximum of 5 m depth above 
the seafloor in shallower areas. Wave height and wind 
velocities were also measured during the sampling and 
the bathymetry was obtained from EMODnet Bathymetry 
portal (Martín Míguez et al., 2019). Annual temperature, 
salinity and seawater density interpolated maps were 
obtained from 2017 to 2019 with a 5 m depth resolution 
(from 10 to 100 m). 

An Optimal Statistical Interpolation (OSI) scheme (Gomis 
et al., 2001) was performed previously to create a regular 
horizontal grid of 0.15° node distance. Low quality data at 
near-surface bins prevented the computation of interpola-
ted maps at depth levels over 10 m. Dynamic height field 
was derived from density, by using a fixed reference level 
of 100 m. Surface geostrophic velocities (m/s) at 10 m 
depth were then obtained by the first derivative between 
adjacent grid nodes of the dynamic height interpolated 
fields. The Spearman’s rank correlation coefficient was 
also calculated annually between macro and micro litter 
densities and oceanographic variables to assess the in-
fluence of the variability on hydrographic and hydrodyna-
mic conditions in driving the spatial distribution patterns 
of litter. Densities were compared to temperature, salinity 
and geostrophic velocity data. The analyses were perfor-
med per year and also jointly for the entire study period.

Fig 5.3. Floating macrolitter composition by type of material (right) and top ten items (left) from vessel-based visual 
observations for years 2017, 2018 and 2019.

Table 5.1. Summary survey effort, quantities and mean densities of floating macrolitter from vessel-based visual observations 
for years 2017, 2018 and 2019.

Year Nº legs Effort time 
(h)

Mean observation 
period per day (h)

Effort distance 
(km)

Mean distance travelled 
per day (km)

Nº 
items

Mean densities 
(items/km2) ± sd 

2017 313 103 5.44 1522 100.103 72 2.52 ± 1.86

2018 308 97 5.09 1849 97.338 97 3.54 ± 2.99

2019 336 94 4.95 1902 96.635 79 3.70 ± 2.34

Mean density non corrected Mean density corrected

Year Nº sam-
ples

Effort Area 
(km2)

Count 
(items km-2) ± sd

Weight 
(g km-2) ± sd

Count 
(items km-2) ± sd 

Weight 
(g km-2) ± sd 

2017 35 118,291 11,212 ± 22,363 2.56 ± 5.80 26,056 ± 43,420 4.24 ± 8.05

2018 30 116,284 201,484 ± 131,460 89.93 ± 237.37 471,250 ± 397,057 190.57 ± 436.15

2019 32 117,111 853,310 ± 1,009,987 47.46 ± 102.89 1,782,454 ± 2,794,465 79.83 ± 134.86

Table  5.2. Summary survey effort and corrected and non-corrected mean annual densities (items km-2 and g km-2) of floating 
microlitter for 2017, 2018 and 2019.
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A total of 5,587 km distributed in 1,102 legs were surve-
yed in May during the period 2017-2019 to collect visual 
data on macrolitter (Table 5.1). A total of 248 items were 
sighted, mostly plastic (87.5%) (Fig 5.3). “Plastic cover 
packaging items” (23.39%) and “Other plastic/polystyrene 
items” (14.52%) were the most abundant items followed 
by “Bottles” (10.48%), “Sheets, industrial packaging, 
plastic sheeting” (9.27 %) and “Plastic bags” (8.06%). 
Approximately 13.31% of the litter observed was attribu-
ted to sea-based sources. However, the majority of the 
litter items could not be directly related to a particular 
source. 
ESW estimated to calculate macrolitter density was 
44.802 m. Thus, ESA was calculated for every leg accor-
ding to the estimated ESW and the reported leg length. 
Macrolitter density barely varied amongst years (Fig 5.2). 
The mean of macrolitter density was 3.13 ± 2.46 items/
km2 (range 0.34–15.03 items/km2). The highest macroli-
tter densities were observed in 2018 over the inner area 
of the BoB, in the transboundary waters between France 
and Spain - 15.03 items/km2, in 2017 nearby the French 
slope (between 44°N 46°N) - 13.07 items/km2 and in 
2018 in the Armorican shelf at depth level over 100 m - 
12.83 items/km2. The lowest macrolitter densities were 
sighted in 2018 – 0.34 items/km2 and 0.36 items/km2 
and in 2019 - 0.42 items/km2 over the French slope in 
the upper limit of the surveyed area.
A total of 97 microlitter samples were collected for a 
total distance of  92.8 km surveyed within the study area 
every May for the period 2017-2019 (Table 5.2). Floating 
microlitter was encountered in almost all the surveys. 
Distribution mapping of microlitter corrected densities 
was performed annually (Figure 5.2). The distribution of 
microlitter by the continental shelf and the shelf break (lo-
cations with depths over >200 m) shows a different trend 
amongst the years. While in 2017 the highest densities 
were found on the shelf (Aquitanian shelf nearby Garon-
ne River and in the Armorican shelf), in 2018 and 2019 
this area was attributed to slope. Nonetheless, all years 
agreed in highlighting the deepest regions as the areas 
with smallest densities. 
The temporal evolution of the oceanographic variables 
(temperature, salinity and geostrophic velocity) showed 
high interannual variability (Supplementary Fig 5.1). 
Minimum temperature and salinity values were observed 
over the French coast and the most intense geostrophic 
velocities were observed over the shelf concurring with 
the most intense temperature and salinity gradients. No 
significant correlation between microlitter density and the 
oceanographic variables was detected (Supplementary 
Table 5.4). Neither macro nor microlitter densities were 
correlated. Bathymetry was the variable that showed the 
greatest significance for FML spatial distribution in BoB.
The mean corrected density by number of items fells in 
the same range of the values observed by Öztekİn and 
Bat (2017) in the Black Sea (656,000 items/km2) and 
considerably higher than those observed by Gewert et 
al. (2017) in the Baltic Sea (110,000 items/km2) or by 
Palatinus et al. (2019) in the Mediterranean Sea (127,135 
± 294,847 items/km2). The different geographical and 
oceanographical features, techniques for sampling - 
neuston trawls for the Black Sea and manta trawls for the 
Baltic and Mediterranean Sea, or the analysis of samples 
– the non-application of wind corrections – can make the 
comparison amongst different studies a critical issue. 
Concerning the quantities and distribution of microlitter 
in the BoB, several studies provided different estimations 
(Mendoza et al., 2020). More specifically the ETOILE 
survey (Davila et al., 2021) and the LIFE LEMA project 
(Destang, 2019) analyzed microlitter densities in surfa-
ce waters of the south-eastern BoB (SE BoB hereafter) 
during 2017 and 2018. ETOILE survey was carried out in 

summer of 2017 and LIFE LEMA sampling was perfor-
med in summer 2017 and autumn 2018. Abundances 
differed in both studies, being higher in LIFE LEMA 
(314,574 ± 412,972 items/km2, maximum 2,618,971 
items/km2 in 2017 and 1,678,532 ± 4,534,007 items/km2, 
maximum 26,384,897 items/km2 in 2018) than in ETOILE 
(4981 ± 4393 items/km2, maximum 16,448 items/km2). 
Microlitter densities measured in this work were higher 
than the ones obtained in ETOILE but smaller than those 
from LIFE LEMA (Basurko et al., 2021, in prep). These 
results may lead to think that seasonal variability of the 
oceanographic conditions in the BoB could be one rea-
son for these density differences as Pereiro et al. (2019) 
reported. However, the high standard deviation values of 
the annual densities indicate that there is also a spatial 
variability in the observed distributions, showing big 
differences also in studies performed in the same season 
but covering different areas within the BoB. Indeed, LIFE 
LEMA sampling was done in coastal waters, in contrast to 
the coastal and offshore ETOILE and BIOMAN surveys. 
Litter densities are generally higher in coastal areas 
next to large population and tourist areas. In particular, 
FML concentrations in the SE BoB are higher compa-
red to other European regions, probably due to the high 
population density in the surrounding coastal areas or 
the influence of major rivers discharges (Galgani et al., 
2000). Recent modelling studies also suggest that ocea-
nographic conditions and wind drift have a great influence 
on the transport and accumulation rate of FML where 
longer residence times and higher FML concentrations 
are observed in the SE BoB in comparison to the rest of 
the basin (Pereiro et al., 2019; Ruiz et al., 2022).

Microlitter quantification and classification based on ma-
terial properties (shape, size, polymer, and/or color cate-
gories) is still highly limited at present. The heterogeneity 
in sample processing methodologies makes comparison 
between studies quite complex. However, ongoing ac-
tions working towards harmonization and standardization 
procedures of microlitter analysis urge to perform multiple 
quantification assessments for the study area. Besi-
des, counts by total number and type of item, and more 
in-depth polymer type analysis can provide valuable and 
complementary information necessary to identify sources 
of microlitter. This becomes pivotal to fully understand 
the current environmental status of the Bay of Biscay and 
consequently develop preventive and feasible microlitter 
pollution measures. 

Macrolitter densities were considerable higher com-
pared to values reported for the Baltic Sea - <1 item/
km2, Rothäusler et al. (2019), within the range for the 
Mediterranean Sea - 1.9–4.7 items/km2, Arcangeli et al. 
(2018) and lower when comparing to the Black Sea - 41.5 
items/km2, Berov and Klayn (2020) or the Adriatic Sea - 
31–114 items/km2 Carlson et al. (2017). However, note 
that differences in methodologies exist between studies 
undertaken in these marine regions Macrolitter quantities 
and distribution results can be compared to the ones of 
Ruiz et al. (2020), who sampled litter windrows Cózar et 
al. (2021) in the coastal area of the SE BoB. Ruiz et al. 
(2020) identified that 96% of the items collected were 
plastic, being similar to the 87.5% of plastic items sighted 
in this study. Both results fall within the global reported 
ranges (UNEP and GRID-Arendal, 2016; Morales-Ca-
selles et al., 2021). In the litter windrows, “plastic pieces 
2.5-50 cm” and “string and cords” items were the most 
abundant categories with 40.46% and 27.09% respecti-
vely. All other groups did not even reach the 4%. In con-
trast with Ruiz et al. (2020), high concentration of fishing 
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material (35%) was sighted being classified according 
to their origin as sea-based sourced items. The different 
methodology used (sampling in their case and sighting 
in this study) could be the reason of the discrepancies in 
the results, even as observations from vessels are able 
to cover larger sampling areas, semi-submerged macro-
litter (i.e. cords, nets…) is often overlooked Galgani et 
al. (2011) and smaller items like plastic pieces could be 
more difficult to see and identify for the observer. Thus, 
as the case of microlitter, the scale of the study area or 
the study area itself (which are much smaller and much 
closer to the coast in the case of Ruiz et al. (2020) could 
be also the reasons for the differences observed in mari-
ne macrolitter abundance.

No significant relationship was found between micro and 
macrolitter spatial distribution which could be due to diffe-
rent reasons: (i) different sources, (ii) different processes 
shaping their distributions, and (iii) different sampling 
strategies. Macrolitter was based on visual observations 
and microlitter samples were collected with a neuston 
net, being macrolitter continuously surveyed along the 
transects and microlitter only sampled in discrete sta-
tions, resulting in a different sampling effort. However, a 
significant correlation between macro and microlitter and 
bathymetry was observed all the years but 2017. 

Larger plastic items are kept in a narrow coastal fringe 
by winds, which favors their beaching (Rodríguez-Díaz et 
al., 2020;  Morales-Caselles et al., 2021) and after their 
fragmentation, they could enter again in the BoB as mi-
crolitter. In fact, as Mendoza et al. (2020) pointed out, the 
main source of microlitter in the BoB is more related to 
the fragmentation of larger plastic items rather than to the 
direct input of microlitter, which could explain the spatial 
distribution differences. Besides, this could also explain 
the pronounced increase of microlitter densities over the 
years in BoB while macrolitter densities only changed sli-
ghtly. The oceanography of the BoB presented a marked 
interannual variability, so did the FML densities. Howe-
ver, no general trends were observed in the correlation 
between hydrodynamic variables and the distribution of 
micro and macrolitter. These results suggest that other 
forcing factors not studied in this work would modulate 
the spatial distribution of FML. Smaller scale and vertical 
transport processes could modulate this distribution, 
as this study was focused exclusively on surface layers 
and did not consider transformations such as ingestion, 
biofouling or fragmentation that could suffer FML. The 
obtained statistical results could also reflect the need of a 
more intensive sampling and larger time-series dataset.

Fig 5.2. Spatial distribution of floating macrolitter (left) and microlitter densities (right) corrected with Kukulka model (Kukulka et 
al., 2012) for 2017, 2018 and 2019.
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Supplementary mate-
rial

Supplementary Table 5.1. Data sheet for recording floating macrolitter items by visual observations.

Supplementary Fig 5.1. Interpolated salinity, temperature,and geostrophic velocities at 10m depth for the survey period 2017 to 2019.
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Supplementary Table 5.1
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Supplementary Table 5.2

Supplementary Table 5.2. Abundances of identified macrolitter classified according to the European Master list suggested by the 
MSFD Technical Group on Marine Litter (MSFD TG ML) and its possible sources.

Litter type Code Item Abundance % Source

Plastic G38 Plastic cover packaging 58 23.39 Multiple
Plastic G124 Other hard plastic or foamed polystyre-

ne items (identifiable)
36 14.52 Multiple

Plastic G6
Plastic bottles & containers other than 

food or personal hygiene and care 
related

26 10.48 Multiple

Plastic G67 Plastic sheets, industrial packaging, 
sheeting

23 9.27 Multiple

Plastic G2 Plastic bags 20 8.06 Multiple

Plastic G63 Plastic floats/buoys other source than 
fishing or not known

15 6.05 Sea-based

Plastic G79 Fragments of non-foamed plastic 
2.5cm ≥ ≤ 50cm

12 4.84 Sea-based

Paper G148 Cardboard boxes 8 3.23 Sea-based

Plastic G57 Fish boxes - hard plastic 7 2.82 Sea-based
Wood G160 Wooden pallets 5 2.02 Sea-based

Wood G168 Wood boards 5 2.02 Multiple
Plastic G48 Synthetic rope 5 2.02 Multiple

Plastic G82 Fragments of foamed polystyrene 2.5 
cm ≥ ≤ 50 cm

5 2.02 Non sourced

Plastic G18 Plastic crates, boxes, baskets 4 1.61 Non sourced

Paper G150 Paper cartons/Tetrapak milk 3 1.21 Non sourced
Plastic G58 Fish boxes - foamed polystyrene 3 1.21 Multiple

Cloth/textile G142 Rope, string and nets 2 0.81 Sea-based
Wood G162 Wooden crates, boxes, baskets for 

packaging
2 0.81 Multiple

Metal G197 Other metal objects 2 0.81 Multiple

Paper G149 Paper packaging 1 0.40 Multiple
Wood G169 Beams / Dunnage 1 0.40 Sea-based

Wood G173 Other processed wood 1 0.40 Sea-based
Metal G175 Metal drinks cans 1 0.40 Multiple

Plastic G39 Plastic gloves 1 0.40 Multiple
Plastic G51 Fishing net 1 0.40 Multiple

Plastic G80 Fragments of non-foamed plastic > 
50cm

1 0.40 Multiple

TOTAL 248 100  
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Supplementary Table 5.4

Supplementary Table 5.4. Annual Spearman’s rank correlation values. In red values that even they are numerically significant can’t 
be considered because of the low quantity of data used to obtain them, as studying features did not match enough times spatially. 
In bold font significant values.

2017

Microlitter density Macrolitter density Wind driven litter Current driven litter
Temperature R -0.26 0.067 -0.081 0.2

p 0.15 0.38 0.68 0.32
Salinity R 0.1 -0.067 0.033 0.23

p 0.58 0.38 0.87 0.25
Geostrophic 

velocity
R 0.014 -0.064 0.05 0.15
p 0.94 0.4 0.8 0.45

Bathymetry R 0.13 0.16 -0.023 -0.26
p 0.52 0.032 0.91 0.15

Microplastic 
density

R - -0.27 - 0.5
p - 0.24 - 1

2018

Microlitter density Macrolitter density Wind driven litter Current driven litter
Temperature R -0.16 -0.039 0.17 0.06

p 0.4 0.6 0.39 0.74
Salinity R 0.12 -0.1 -0.042 0.088

p 0.53 0.17 0.83 0.63
Geostrophic 

velocity
R 0.57 0.1 0.11 -0.077
p 0.002 0.16 0.58 0.67

Bathymetry R 0.16 0.1 -0.023 0.24
p 0.38 0.18 0.91 0.24

Microplastic 
density

R - -0.25 1 -
p - 0.3 0.33 -

2019

Microlitter density Macrolitter density Wind driven litter Current driven litter
Temperature R 0.15 0.11 0.029 0.024

p 0.43 0.16 0.9 0.91
Salinity R 0.0086 0.023 0.12 0.095

p 0.96 0.76 0.61 0.64
Geostrophic 

velocity
R 0.4 0.05 0.026 0.19
p 0.29 0.51 0.92 0.36

Bathymetry R 0.38 0.035 -0.33 -0.22
p 0.084 0.67 0.2 0.32

Microplastic 
density

R - -0.11 1 0.5
p - 0.65 0.33 1

Supplementary Table 5.3. Number of litter items collected using a 300 μm  and 500μm 
neuston net in the Bay of Biscay during BIOMAN surveys (2017-2019). Microlitter items 
(<5mm) were classified into three categories (paints, fibers, and others) according to 
the type of item.

Supplementary Table 5.3

Year 2017 2018 2019

Size of 
iitem

<5mm 496 4,814 16,360
>5mm 182 215 244
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01.	 The coastal south-east of Bay of Biscay is a conver-
gence area for plastics

02.	 The plastic abundances in the studied area were 
generally medium-high

03.	 Abundances in French waters were substantially 
higher compared with Spanish waters

04.	 Plastic fragments and transparent microplastics were 
the most abundant plastic items

05.	 A strong positive correlation was found between 
micro and mesoplastic abundances

HIGHLIGHTS a pressing issue to the public, thereby reaching the top 
of the agenda for policy makers and governments at all 
levels (Maes et al., 2019). 
The marine litter costs tourism and recreation sector up 
to €630 million per year, €62 million for fisheries sec-
tor, equivalent to a reduction of nearly 1% of the total 
revenue generated by the EU fleet in 2010 (Van Acoleyen 
et al., 2013). As an answer to this and other pressing 
issues, different directives such as the Single-Use Plastic 
(Directive (EU) 2019/904) and the Port Reception Facili-
ties (Directive (EU) 2019/883), or the Extended Producer 
Responsibility strategy have been promoted at European 
level. At local level, several authorities have shown inte-
rest in adopting preventive and mitigation solutions, but 
they lack the understanding on the origin and source of 
the marine litter that ends washed up in their coastlines, 
who produces them, and how do they get accumulated 
or dispersed (Ruiz et al., 2020). One of the examples is 
the south-east of the Bay of Biscay (SE BoB), which has 
been highlighted by recent studies based on Lagrangian 
computations from numerical models and observations 
as a cul de sac for floating plastic (Declerck et al., 2019; 
Lebreton et al., 2012; Pereiro et al., 2019; Ruiz et al., 
2022a; van Sebille et al., 2012). Some local authorities of 
this region, i.e., in Gipuzkoa (Spain) the Provincial Coun-
cil of Gipuzkoa, and in the Pyrénées-Atlantiques (France) 
the Communauté d’Agglomération Pays Basque and the 
Ville de Biarritz, have shown interest in providing solu-
tions, but they lacked the knowledge to face this problem 
and implement valid solutions (pers. comm. as part of 
LIFE LEMA project). 
Despite the ubiquitous presence of floating plastics, 
there are relatively few reports of joint quantification of 
micro-, meso- and macro-plastics for the Bay of Biscay 
(BoB). The first observations performed during micro 
and macrolitter monitoring actions revealed that micro 
(756,865 items/km2) and macrolitter abundances (3.13 
items/km2) fell in the same range of the values observed 
in other European regions (Ruiz et al., 2022b). The BoB 
presents a medium level of microplastic pollution (Men-
doza et al., 2020), and modelling studies have recently 
revealed that microplastics in the BoB tend to be freely 
scattered oceanward while larger items tend to stay close 
to shore. Particularly the longest residence times and 
abundances for the BoB are observed in the SE region 
of the BoB both for sea-based related floating macro and 
microplastic (Pereiro et al., 2019; Rodríguez-Díaz et al., 
2020; Ruiz et al., 2022a). The coastal waters of the SE 
BoB also present particular structures at the submesos-
cale domain (<10 km horizontally), called marine litter 
windrows, that tend to aggregate floating macrolitter, se-
afoam, seaweeds (Cózar et al., 2021; Ruiz et al., 2020). 
Such is the abundance of marine litter windrows in the 
BoB that local authorities are engaged in active fishing 
for litter initiatives that aim at retrieve the floating marine 
litter from the sea-surface of coastal waters along these 
convergence lines (Andrés et al., 2021).
This contribution, jointly with the work presented in Ruiz 
et al. (2022a; 2020; 2022b) for micro and macro litter 
monitoring provide new insights on the background 
knowledge on marine litter in the BoB and particularly 
the coastal areas of the SE BoB; information that can 
assist the local authorities in being more prepared to 
address plastic pollution in the coastlines they manage. 
The questions to be answered by the present contribution 
are how much plastic is in the coastal waters of Gipuzkoa 
and Pyrénées-Atlantiques (SE BoB), where do plastics 
accumulate, and when.  It also aims to provide a first 
description on the temporal and spatial differences on the 
plastic abundances in the study areas, and exploring the 
possible correlations between plastic abundances and 
distance to the coastline and depth, and between plastic 
particles of different size. 

ABSTRACT

Numerical models point to the south-eastern Bay of Bis-
cay as a convergence area for floating particles, including 
plastics. However, the few studies on plastic abundance 
in the area have mainly focused on open waters and yet 
information on the coastal area is limited. To fill this gap, 
neustonic samples were taken along the coastal waters 
of the south-eastern Bay of Biscay (2017-2020) to define 
the spatial distribution of plastic abundances and com-
position. Results show an average plastics abundance 
of 739,395 ± 2,625,271 items/km2 (998 ± 4,338 g/km2). 
French waters were mostly affected (with 5 times higher 
plastic abundances than Spanish coasts). Microplastics 
represented 93% of the total abundance of plastic items 
(28% in weight), mesoplastics 7% (26%) and macroplas-
tics 1% (46%). This study demonstrates that this area is a 
hotspot for plastic with levels in coastal waters similar to 
those in the Mediterranean Sea or other litter aggregation 
areas. 

KEY WORDS

Bay of Biscay; coastal waters; neuston; floating litter; 
microplastics; marine pollution 

INTRODUCTION

Marine litter and plastic pollution have been tagged as 
a new threat to the oceans. This is supported by the 
European Marine Strategy Framework Directive, which 
considers marine litter as one of the Descriptors, i.e., 
Descriptor 10, to monitor the good environmental status 
of European seas and oceans. Some authors have ar-
gued, that it is not by far one of the most urgent matters, 
pointing instead to climate change, habitats and biodiver-
sity loss, overfishing, interactions of different pollutants 
(especially those contaminants of emerging concern 
such as pharmaceuticals and pesticides), and cumulative 
impacts of different human pressures (Borja and Elliott, 
2019; Tiller et al., 2019). Nonetheless other authors state 
that they influence all of the above due to their capacity to 
alter the carbon cycle (Shen et al., 2020) or the transport 
capacity that marine litter provides to both pollutants 
and different species (Capolupo et al., 2020; Kesy et al., 
2019; Kooi et al., 2017). Regardless, the plastic pheno-
menon has boomed in a fast-dominated media society, 
which has rocketed the calls for actions not only to visua-
lize this problem (everybody has seen and/or suffer it) but 
also to find preventive and mitigating solutions by enga-
ging society, scientific community, and industry together. 
It is unquestionable that marine litter has become
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This contribution is part of LIFE LEMA project (https://
www.lifelema.eu/en/), which was devoted to developing 
smart tools to monitor, forecast and collect floating mari-
ne litter from coastal waters of the SE BoB.

The population density is 18 million inhabitants (299.6 
inhabitants per km2) (Borja et al., 2019). The main hu-
man activities in this maritime region are fishing, maritime 
transport, and tourism (OSPAR Commission, 2017).The 
water circulation in the SE BoB is complex and modelled 
by diverse factors. In winter, the circulation is mainly go-
verned by the Iberian Poleward Current (IPC). The IPC is 
a seasonal slope current flowing eastwards over the slo-
pe of the Spanish coast and northwards over the slope of 
the French coast (Solabarrieta et al., 2014), which origin 
lays on the thermohaline circulation (Huthnance, 1986) 
and it is seasonal (Solabarrieta et al., 2014). In summer, 
a completely different tendency is observed. The water 
circulation over the slope is reversed and has intensities 
three times weaker than those observed in winter, with 
predominant (westerly) currents over the Spanish slope 
(Charria et al., 2013; Solabarrieta et al., 2014). During the 
transition periods (spring, early autumn) no clear pattern 
is observed, with weak and high variable currents (Cha-
rria et al., 2013; Solabarrieta et al., 2014). On the shelf, 
riverine input, wind intensity, tides, waves and local winds 
introduce variability in the surface circulation (Charria et 
al., 2013). The seasonal variability of the main circulation 
patterns and those resulting from forcings acting locally 
determine the retention patterns in the area. Findings 
show a significant spatial and temporal variability on the 
residence time values, characterized by a strong seaso-
nality with higher retention conditions observed in spring 
and summer (Declerck et al., 2019; Rubio et al., 2020). 
In this area, in autumn both the wind and slope current 
regime favor the rapid evacuation of the particles towards 
the north, although interannual variability is also observed 
(Declerck et al., 2019; Rubio et al., 2020).

MATERIAL AND ME-
THODS
The study area

The SE BoB (Fig 5.4) is the section of the BoB (a se-
mi-enclosed gulf located in the north-east of the Atlantic 
Ocean) that encompasses the area between the sou-
th-western coast of France and the north-eastern coast 
of Spain. The continental shelf along the northern Iberian 
Peninsula is narrow (30 to 40 km width on average) (So-
labarrieta et al., 2014), while the shelf increases in width 
progressively with latitude along the French coast (known 
as the Armorican and the Aquitanian shelves) (EMODnet, 
2019). The coastline along the northern Iberian Peninsula 
is also steep, with a pronounced continental slope (10 
to 12%) and numerous canyons (Borja et al., 2019). It 
includes a multitude of cliffs between beaches and small 
bays, while the French coast (from the south to the Loire 
River mouth) is straight, flat and sandy (OSPAR Commis-
sion, 2000). River basins in the peninsula are small, with 
short rivers that pass through highly industrialised areas, 
however, in the south-western coast of France are bigger 
and longer. Water mass balance in this region is mainly 
influenced by rivers outflow, being the Adour (France) the 
most important river in the SE BoB. With mean annual 
discharge flows of 300 m3/s (Morichon et al., 2008), 
the Adour presents peak flows exceeding 1000 m3/s in 
spring (Laiz et al., 2014), and runoff under 500 m3/s in 
summer (Declerck et al., 2019). 

Fig 5.4. Study site located in the SE Bay of Biscay (A), with the Neustonic sampling sites positions (B). The 
blue points are related to the sampling sites (1-7) of the Pyrénées-Atlantiques coast (France) and the yellow 
points to the sampling sites (8-40) of Gipuzkoa coast (Spain).
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A total of 190 samples (40 sampling stations) were collec-
ted during four sets of cruises onboard Miren Argia F/V 
(in 2017) and Itsas Belhara F/V (in 2018-2020), covering 
an area of 85 km (870 km2). Sampling stations were 
strategically located at 2, 4, and 6 nautical miles from the 
coast, and in front of / or in between river-mouths (the 
later if the distance between rivers was larger than ave-
rage). At each station, one neustonic sample was taken 
at each sampling month. All samplings were undertaken 
in areas free of Marine litter Windrow structures. In 2017, 
due to the availability of the vessels, the sampling focu-
sed on the Spanish coastline waters during autumn (Fig 
5.4, yellow circles), and samples were taken once per 
months during September, October, and November 2017, 
totaling 95 samples (in October only 27 stations could 
be sampled). Following the same protocol, in the period 
2018-2020, the neustonic samples were collected during 
spring and summer along the French coastline (Fig 5.4, 
blue circles). The sampling effort (96 samples) focused 
on the spring and summer months (May to September), 
and it consisted in the sampling of 7 stations. The sam-
pling effort is summarised in Supplementary table 5.5.
All samples were collected during daylight using a 
neuston net (100 cm x 50 cm, 500 µm mesh size), towed 
superficially (approximately the first 35cm of the sea-sur-
face were sampled), and equipped with a mechanical 
flowmeter to measure the volume of filtered seawater. 
The net was towed at a speed range of 2-3 knots for 
15-20 minutes. After the tow, the net was rinsed onboard 
with prefiltered seawater to accumulate the entire sample 
in the cod-end, and then passed to a 335 µm sieve to 
ensure the retention of the microplastic fraction (>500 
µm). Each sample was transferred to a coded plastic 
bag, which was stored and frozen at -18 degrees Celsius 
until analysis. 
In the laboratory, after being defrosted, the samples 
were rinsed with tap water and distilled water using a 
335 µm sieve. Subsequently, the microplastic items were 
extracted manually from the samples with the aid of a 
stereoscopic microscope (SMZ-2T from Nikon). For those 
samples containing a significant amount of organic matter 
(plankton and microalgae), a pre-treatment was applied 
to reduce the organic load of the samples, which con-
sisted of a peroxide oxidation (30% hydrogen peroxide) 
in the presence of a Fe(II) catalyst (0.05 M) (following 
Masura et al. (2015)). Afterwards, the mixture was sub-
jected to density separation in NaCl to isolate the plastic 
items through flotation. When the sample was complex to 
work under the stereoscopic microscope due to it was too 
time and effort-consuming, NaOH 6 mol l-1 was added 
and digested with a Branson UltrasonicsTM Sonifier 
S-250A (200-Watt, 60 Hertz) set at 25% output control 
for 0.7 second duration of pulsation. Depending on the 
quantity and type of organic matter (algae being harder 
to dissolve than plankton), the sonication varied from 1 to 
5 hours. To avoid an excess sample temperature rising, 
the solution was kept in a cold-water bath for the duration 
of the process. Afterwards the sample was rinsed with 
distilled water with 335 µm sieve.	
The plastic particles of each sample were extracted 
under a stereoscopic microscope, classified, and stored 
according to their size in 3 petri dishes: micro (< 5 mm), 
meso (5 mm - 2.5 cm) and macro (> 2.5 cm) plastics. The 
extraction, the size measurement and storage in petri di-
shes were done manually. The petri dishes were left to be 
dried for one day, covered with the petri cup, at ambient 
temperature before being weighted. Blank controls were 
routinely performed to determine if any contamination 
occurred at the lab. 

The blanks returned uncontaminated thus no blank 
correction procedure was applied to microlitter results. 
The number of items was also noted by each of the size 
class. Plastic abundance and mass concentration per wa-
ter surface area (as items/km2 , items/m3, g/km2, and g/
m3) for plastic items in general, and by micro, meso and 
microplastic categories were calculated by dividing the 
total number or dry weight of plastics collected in each 
tow by the estimated area sampled as the product of the 
trawling distance (derived from the starting and ending 
coordinates registered with a GPS) and the width of the 
net opening, and water volume filtered.
Vertical mixing derived from the wind on the sea surfa-
ce shapes the distribution of plastic in the sea-surface. 
To represent this phenomenon, some authors adjust 
the abundances by a method proposed by Kukulka et 
al., (2012). Despite this, all numerical data present in 
this contribution refer to data without correction. Only 
the abundances represented in distribution maps (Fig. 
5.5-5.6) were adjusted following Kukulka et al. (2012). 
In those cases only, and for tows that presented an 
average friction velocity in water (U*) > 0.6 cm/s (100% 
of the tows), their corresponding abundances, in terms 
of item/km2, were adjusted following Kukulka. For the 
Spanish coastal data, the wave data were extrapolated 
from the records of the closest buoy, the Bilbao-Vizcaya 
buoy (Puertos del Estado – http://www.puertos.es/en-us), 
whereas the wind data from the meteorological agency of 
Galicia (MeteoGalicia). This model, with a native resolu-
tion of 12 km, reproduces the offshore wind fields of the 
SE BoB with reasonable accuracy (Manso-Narvarte et 
al., 2018). Both wave and wind data were provided with 
an hourly average frequency. In contrast the wave and 
wind data for the French sampling was provided by the 
vessel Itsas Belhara F/V as onboard measurements.

Sampling effort and laboratory work

Statistical analysis

All statistical analyses were performed using the software 
package MATLAB (version R2021a). Two set of analyses 
were performed: one considering all the data availa-
ble regardless the administrative region, and the other 
separately for French and Spanish samples due to the 
temporal coverage differed for the sampling period, so 
did the spatial resolution. Data were tested for normali-
ty according to sample sizes by Shapiro-Wilk test (<50 
samples) and Kolmogorov test (>50 samples). Since data 
were not normally distributed, the nonparametric Krus-
kal-Wallis test (K-W) was performed to identify the annual 
and monthly differences between plastic abundances and 
between sampling stations. Statistically relevant differen-
ces were considered when p-value <0.01. Spearman’s 
rank correlation (SP) was used to test the correlation 
between abundances, the bathymetry and the distance 
to coastline. Likewise, Spearman’s rank correlation was 
applied to get a better insight into the possible connec-
tions between particle abundance of macro-mesoplastics, 
meso-microplastics and macro- microplastics. The level 
of strong correlation was set up at p ≥ ±0.9, following 
(Schober et al., 2018).

RESULTS

Spatial and temporal abundance

Plastic fragments were found in 100% of the samples, 
with a total of 195,330 plastic items found at the 40 
stations. The highest abundance was observed in Sep-
tember 2019 along the French coast, with one sample 
presenting 23,560,179 items/km2 and 23.0 kg/km2.
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Table 5.3. Neustonic plastic results for coastal waters of the SE BoB by year. Values correspond to the mean, standard deviation (SD), 
median, min and max values of the samples obtained in the 2017-2020 survey. The results include macro, meso and microplastic 
items. Observed data, no correction was applied to the data.

2017 2018 2019 2020

Plastic items/km2

Mean 255,601 1,395,467 1,382,354 905,779

(± SD) 347,919 3,547,757 4,370,379 3,087,516

Median 169,453 323,219 444,196 256,081

Min 33,614 54,244 103,194 82,753

Max 2,526,181 20,580,976 23,560,179 18,369,193

Micro 213,271 811,268 1,296,551 839,276

(Aver. ± SD) ± 324,973 ± 899,046 ± 4,078,083 ± 2,847,696
Meso 12,021 70,422 94,791 61,928

(Aver. ± SD) ± 31,989 ± 121,738 ± 282,470 ± 232,622
Macro 2,300 13,307 8,239 4,574

(Aver. ± SD) ± 6,272 ± 34,856 ± 10,687 ± 8,370

Plastic g(dw)/km2

Mean 312 1499 1238 2157

(± SD) 934 3,376 4,325 8,552
Median 40 420 186 150

Min 1 17 3 4

Max 7,047 15,329 22,982 50,012
Micro 62 447 539 436

(Aver. ± SD) ± 304 ± 987  ± 2,436 ± 1,335
Meso 60 300 468 421

(Aver. ± SD) ± 187 ± 682 ± 1,799 ± 1,248
Macro 173 753 232 1,300

(Aver. ± SD) ± 838 ± 1,961  ± 507  ± 6,164

The abundances in the studied region were genera-
lly medium-high (Table 5.3), ranging from 33,614 to 
23,560,179 items/km2, with average ± standard deviation 
(SD) values of 739,395 ± 2,625,271 items/km2 (median 
= 232,227 items/km2). The mass concentration of plastic 
fragments varied from 0.7 to 50,012 g/km2 (median = 
74 g/km2, mean ± SD = 998 ± 4,338 g/km2). All months 
presented at least one sample with more than 1,000,000 
items/km2, excluding October 2017, July 2019, June 
2020, July 2020, and September 2020. Abundances are 
mapped in Figs 5.5-5.6, and monthly abundances and 
mass concentrations are shown in Fig 5.7. Detailed re-
sults are listed in Supplementary Table 5.6-5.7 per month 
and year of sampling and per station.
Significant abundance differences were found between 
Spanish and French data sets (Mann-Whitney, p < 0.01), 
French waters present almost 5 times more plastic than 
the one observed in Spanish waters. In the Spanish 
coast, the largest abundances were observed in the most 
eastern regions, close to the French waters.In the Spa-
nish coast, the largest abundances were observed in the 
most eastern regions, close to the French waters.

However, in November the largest abundances seem to 
be well spread throughout the sampling area, despite 
presenting the lowest abundances in the most wester-
ly sampling stations, close to Deba River (Fig 5.5). In 
French waters the highest abundances were observed 
in the months of August and September with means 
of 1,928,036 ± 3,886,985 items/km2 (August) and 
2,432,697 ± 6,549,578 items/km2 (September). Spatially, 
the area of Biarritz resulted the most predominant to ac-
cumulate plastic, followed by the area close to the Adour 
River (Fig 5.6). Nonetheless, statistically speaking, no 
further analysis could be performed to investigate the sta-
tistical differences between sampling stations, and thus, 
determine a potential local hotspot due to the population 
size for each sampling stations was too small (i.e. only 
3 data per station, related to 3 years of study for French 
waters, and only 1 data per station for Spanish waters). 
According to size, microplastics were the most abun-
dant for both Spanish (meanmicro= 213,271 ± 324,973 
items/km2) and French waters (meanmicro = 963,020 ± 
2,819,154 items/km2). Overall, mesoplastics (meanme-
so= 46,259 ± 164,956 items/km2) were one order of 
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magnitude higher than macroplastics (meanmacro ± SD 
= 5,781 ± 17,029 items/km2) and both were largely lower 
than microplastics (meanmicro= 624,562 ± 2,127,574 
items/km2). There was no significant correlation be-
tween macro and mesoplastics, neither between macro 
and microplastics for both French and Spanish waters 
(Spearman test, p<0.9) (Table 2), or if the analysis was 
performed for all the data sets available regardless their 
administrative region. However, there was a strong posi-
tive correlation between French meso and microplastics 
abundance (Spearman test, pitems/km² =0.9496, pitems/
m³=0.9196, pg/km²=0.9157, pg/m³=0.8467) (Fig. 5). It 
should be noted that significant differences were detected 
between abundances observed in different years (i.e., 
when considering data from each year as a separate 
data set) (Kruskal-Wallis test p<0.01). Besides, when 
the Spanish data set was excluded from the analysis, 
the abundances did not show any significant differences 
either when the analysis was undertaken by years or by 
months (K–W test, p>0.01) (Table 2). However, the mon-
th-by-month analysis showed that significant differences 
were detected when abundances from Spanish locations 
were compared (K–W test, pitems/km²=0.004, pitems/
m³ =0.0059, pg/km²=1.998e-07, pg/m³=1.225e-06); no 
significant differences were detected between French 
sampling stations (K-W test, p>0.01). No clear correlation 
was found between floating plastic abundance and the 
bathymetry or the distance to the coastline (ρ Spear-
man<0.9).

Fig 5.5. Plastic abundances (items/km2), in Spanish waters (data corrected by wind following Kukulka method)

Composition of plastic items: type, size and 
colour

As for colour, almost half of the plastic present in the 
study area was transparent, followed by white, black-
grey, and green (this latter one only for meso- and macro-
plastics) (Table 5.5). Few quantities of blue items (6%), 
yellow/orange/brown (4%) and red/pink/purples (2%) 
were found in all ranges.

In terms of type of objects, fragments were the most 
common objects in the microplastic range, followed by 
fibres; in the case of mesoplastics, fragments, fishing 
lines and films represented almost 98% of the items, 
whereas fishing lines resulted the most common objects 
for macroplastics (Table 5.5). 

DISCUSSION
Plastic abundance in coastal SE BoB surface 
waters

Many numerical modelling studies underline that the 
BoB is a trapping zone for floating plastic (Rodrí-
guez-Díaz et al., 2020; van Sebille et al., 2012). Others 
particularly point to the SE region as one of the most 
important aggregation areas within the BoB, especially 
in spring-summer seasons due to their seasonal wind 
and wave patterns (Declerck et al., 2019; Pereiro et al., 
2018, 2019; Ruiz et al., 2022a), fact that is corroborated 
by scientific samplings (Ruiz et al., 2022b). However, 
most studies focus on oceanic waters, and coastal areas 
are left overlooked. The importance of analysing coastal 
waters has been stressed by some model simulations 
(Onink et al., 2021), which point at coastlines and coastal 
waters as important reservoirs of floating plastic. Mora-
les-Caselles et al. (2021) compiled global-scale data to 
show state that most of the macrolitter entering the ocean 
from land-based sources is retained in the coastal strip, 
where it can create secondary microplastics by dif-ferent 
processes (Efimova et al., 2018). Here we demons-
trate that the coastal waters of the SE BoB, especially 
in spring and summer months are indeed a neustonic 
plastic aggrega-tion area, with observed average micro-
plastic abundances of 1,117,403 ± 3,808,626 items/km2. 
Abundances are slightly higher (756,865 items/km2) than 
those reported by Ruiz et al. (2022b) for the BoB. 
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Fig 5.6. Plastic abundances (items/km2), in French waters (data corrected by wind following Kukulka method

Altogether the abundances in this region are 6-33 times 
higher than those reported by Gago et al. (2015) for the 
surface coastal waters of the SW BoB for 2013 and 2014 
(34,000 and 176,000 items/km2). Also, they are higher 
than those observed by Frias et al. (2014) in Portuguese 
coastal waters (0.036 items/m3) versus 2.748 items/m3 
of the present study. And higher than those reported for 
subtropical gyres and other coastal regions (Table 5.6).

Therefore, it seems appropriate to hypothesise the exis-
tence of a floating plastic gradient from coastal waters of 
the SE BoB towards the more westerly areas. There it is 
of utmost importance to not only increase the modelling 
effort in coastal areas but also the sampling efforts to 
improve the resolution of data. Marine litter and plastic 
abundances in coastal waters have been explored world-
wide (some studies are shown in Table 5.6).
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Table 5.4. Summary of statistical analysis performed for neustonic plastics at the coastal sampled areas. Temporal, spatial and size 
comparisons were made on particle abundance (items/km2, items/m3) and mass concentration (g/km2 and g/km3). In bold, statistica-
lly significant results (p-value <0.01 for K-W test, limit > 0.9 for SP test, as suggested by Schober et al. (2018).

Plastic 
abundance 
comparison

Area Period Normality test
Statistical 
test P items/km² P items/m³ P g/km² P g/m³

By year France 2018-2020 Shapiro-Wilk K-W 0.0942 0.167 0.0554 0.0798

By month

France 2018-2020 Shapiro-Wilk K-W 0.0585 0.0045 0.1394 0.0387

Spain 2017 Shapiro-Wilk K-W 0.004 0.0059 1.998e-7 1.225e-6

By sampling 
stations

France 2018-2020 Shapiro-Wilk K-W 0.1235 0.1381 0.0259 0.0362

Spain 2017 Shapiro-Wilk - Samples sizes were too small and the selection not 
representative

By depth
France 2018-2020 Kolmogorov SP -0.0649 -0.0503 -0.1297 -0.1313

Spain 2017 Kolmogorov SP 0.0294 0.0324 0.0725 0.0783

By distance 
to coastline

France 2018-2020 Kolmogorov SP -0.1809 -0.1761 -0.2408 -0.2440

Spain 2017 Kolmogorov SP -0.0725 -0.0754 0.0347 0.0462

Macro and 
microplastic 
abundance 
correlation

Spain 2017 Kolmogorov SP 0.4548 0.2922 0.0477 0.0594

France 2018-2020 Kolmogorov SP 0.3523 0.3473 0.5376 0.5315

Macro and 
mesoplastic 
abundance 
correlation

Spain 2017 Kolmogorov SP 0.8636 0.8882 0.1185 0.1619

France 2018-2020 Kolmogorov SP 0.5996 0.6694 0.5440 0.4694

The Mediterranean Sea, for example, in addition of being 
the largest European sea and semi-enclosed basin with 
dense coastal population, it is an accumulative basin for 
plastic litter (Cózar et al., 2015). The average abundan-
ces observed in the SE BoB are similar to those reported 
for coastal areas of the Mediterranean Sea. 
In the Central and Western Mediterranean Sea, the ob-
served average surface water microplastics abundance 
ranged from 347,783 ± 457,128 items/km2 in the coastal 
waters of the Menorca channel (Ruiz-Orejón et al., 2019) 
to circa 900,000 items/km2 (858,029 ± 4,082,964 items/
km2 by Compa et al. (2020) and 900,324 ± 1,171,738 
items/km2 by Ruiz-Orejón et al. (2018)) in the coas-
tal waters of the Balearic Islands; and they were even 
slightly higher than those of the coastal western Medi-
terranean Sea (de Haan et al., 2019). Factors including 
boundary effects, discharge of large rivers, large coastal 
population, and tourism were proposed by these authors 
to explain the source and accumulation in coastal areas 
(Ruiz-Orejón et al., 2016).

However, their abundances were far from the 23,560,179 
items/km2 observed in September 2019, near the coast 
of Saint Jean de Luz (France). Only van der Hal et al. 
(2017) observed such extreme concentrations near the 
coast of Israel (in the Eastern Mediterranean Sea) with 
a maximum of 64,812,600 particles/km2. This suggests 
that surface coastal waters of the SE BoB seem contami-
nated with slightly similar concentrations than those ob-
served in the Mediterranean Sea. However, the heteroge-
neity in sample collection and processing methodologies 
and reporting makes the comparison between studies 
quite complex (Mendoza et al., 2020); this complexity get 
further increased when fibres are accounted as shown in 
section 5.2. Thus, it is of utmost importance to consider 
standardization of the sampling and analysis methods 
(Cole et al., 2011; Cowger et al., 2020; Galgani et al., 
2010). The neuston net used in this study had a 500 µm 
mesh size net whereas most of the studies cited in the 
comparison used smaller mesh sizes. Nevertheless, an 
increase in the observed abundance would be expected if 
a smaller mesh size net (i.e., 335 µm) would be used.
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Fig 5.7. Comparison between years of plastic abundance for Spanish (blue, 2017) and French (green, 2018-2020) coastal 
waters in the SE BoB. Sample points are shown and solid lines into boxes indicate median values and broken lines indicate 
mean values, boxes indicate first and third quartiles, and whiskers indicate the minimum and maximum values. 

Fig 5.8. Correlation between micro and mesoplastics abundances and mass concentrations calculated from data of French 
and Spanish samples. Observed data, no correction was applied to the data.

In any case, the figures would still be higher than those 
reported by Ruiz et al. (2022b) as part of the BIOMAN 
survey for the surface waters of the BoB.
While a strong positive correlation between micro and 
mesoplastic concentrations was identified, it must be 
noted that the macroplastics concentration was not 
correlated to the smallest fractions. This result points to 
the fact that macroplastics behave differently to micro 
and mesoplastics, being their drift and retention probably 
driven by different physical processes linked for instance

to their different buoyancy (e.g. the fraction of macroplas-
tics with positive buoyancy would be much more influen-
ced by the wind drag direct effect). From independent 
sampling conducted in the same area in summer 2018, 
Ruiz et al. (2020) demonstrated that floating marine litter 
tends to accumulate in marine litter windrows. During 
the neustonic sampling, several litter windrows were 
observed in French waters. Nonetheless, if a windrow 
was detected in the area, a nearby window-free area was 
selected as an alternative location to tow the
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% Microplastic Mesoplastic Macroplastic
BY TYPE OF OBJECTS

Fragments 69.9 41.1 7.6

Films 2.1 25.2 13.9
Pellets 0.4 1.7 -

Expanded polystyrene 4.0 0.5 -
Paints 1.9 - -

Fishing lines 3.7 31.5 78.5
Fibres 16.9 - -

Rubbery 0.7 - -

Paraffins 0.2 - -
BY COLOURS

White 18.4 15.9 14.4
Black, Grey 10.9 13.0 16.7

Transparent 51.7 44.4 33.3
Green 4.3 13.9 24.4

Blue 6.2 5.3 6.7

Red, Pink, Purple 3.0 2.5 1.7
Yellow, Orange, Brown 5.5 5.0 2.9

Table 5.5. Frequency of type of objects and colours conforming the micro-, meso-, and microplastic item categories found in the plas-
tic floating in the coastal waters of the SE BoB (results are given in %)

neuston net. This ensured that the net was not clogged 
or damaged and that results were not altered by sam-
pling within an aggregation structure. Thus, while the 
sampling in Ruiz et al. (2020) focused on the windrows 
and macrolitter, here the neuston net was trawled in 
windrow-free waters. The difference between marine litter 
within windrows (mean ± SD=24,864,714 ± 26,159,598 
g/km2 reported by Ruiz et al. (2020)) and windrow-free 
areas (i.e. neustonic sampling locations reported in the 
current paper) (mean ± SD=2,445 ± 8,008 g/km2) was 
very prominent during summer 2018. This evidences the 
striking contrast between plastic concentration within and 
beyond aggregation structures as well as the capacity 
of the windrows to retain floating plastics in the SE BoB. 
Thus, the need of studying these type of aggregation 
structures when assessing the overall plastic concentra-
tions at sea, in order to avoid underestimation of ocean 
plastic. The correlation between the smallest fractions 
could also enable the extrapolation of mesoplastic pollu-
tion through the microplastics abundances. This correla-
tion was also observed for the Mediterranean Sea (Faure 
et al., 2015). Unlike surface waters, Masiá et al. (2021) 
identified significant correlations between mesoplastics 
and macroplastics along the southwest beaches of BoB, 
highlighting that size correlation can differ between diffe-
rent marine compartments. The no-correlation between 
abundance and monthly sampling stations suggests that 
sampling stations may be under the same influence for 
plastic pollution; nonetheless, a wider dataset for the 
same sampling periods and years would be required to 
identify monthly and seasonal trends. As such, plastic 
contamination of the coastal waters of the SE BoB was 
observed to vary both spatially and temporally, especially 

between Spanish and French stations. . In relation to 
months, in French waters the spring-summer period 
months of August (1,928,036 items/km2) and September 
(2,432,697 items/km2) tended to present higher abun-
dances and July the least (297,455 items/km2), whereas 
in Spanish waters November (327,017 items/km2) pre-
sented abundances in the order of May in French waters 
(429,558 items/km2). Several aspects are proposed to 
explain this difference. (1) The fact of having different 
seasons sampled in the analysis (France: Spring-Sum-
mer; Spain: autumn), may have affected the results. 
Nonetheless, neustonic sampling carried out within la 
Concha Bay in Donostia-San Sebastian (June 2021) by 
the authors, following the same methodology presented 
in this study, revealed average abundances 465,566 ± 
174,935 items/km2 (165 ± 137 g/km2) (Larreta et al., 
2021), slightly lower than the ones observed in French 
coastal waters. Thus, the sampling seasonality effect 
remains unproved. (2) The year 2018 presented the ave-
rage highest abundance, which may be related to the fact 
of 2018 being a particularly rainy year, and consequently 
it may have led to an increase in the release of material 
from the rivers, including microplastic transported by the 
river plume. However, not significant differences were 
found amongst years and stations within each subregion 
(i.e., Spanish and French waters). Lastly, (3) French sta-
tions were located closer to the coast than Spanish ones. 
And although Pedrotti et al. (2016) observed the highest 
concentrations of microplastic within the 1 km of coastal 
water along the French Mediterranean coast, no statisti-
cally significant differences were observed between the 
abundances and the distance to shore.
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Sampling area
Sampling location: 
Open ocean (OC), 

Coastal (C)

Abundance
items/km2

Net mesh 
size
(µm)

Reference

Mean Max
Bay of Biscay

South-East Bay of Biscay C 739,395 23,560,179 N 500 Present work

Bay of Biscay C, OC 363,732 3,476,222* N 335 (Ruiz et al., 2022b)

Western Bay of Biscay C 176,000 M 335 (Gago et al., 2015)
Atlantic Ocean

North-East Atlantic OC 36,623 375,854 M 333 (Maes et al., 2017)

North-Atlantic Ocean, Azores C 173,811 467,260 M 200 (Herrera et al., 2020) 

North-Atlantic Ocean, Madeira C 69,626 124,190 M 200 (Herrera et al., 2020)
North-Atlantic Ocean, Canary Islands C 194,951 1,007,872 M 200 (Herrera et al., 2020)

Mediterranean Sea

North-West Med. C 116,000 892,000 M 333 (Collignon et al., 2012)

North-West Med. C 158,000 578,000 M 333 (Pedrotti et al., 2016)

West Med., Balearic Islands C 900,324 4,576,115 M 333 (Ruiz-Orejón et al., 2018)

West Med., Mallorca C 858,029 M 335 (Compa et al., 2020)
West Med., Spanish coast C 108,000 500,000 M 335 (de Haan et al., 2019)

Central and West-Med., Adriatic Sea C, OC 400,000 4,520,000 N 200 (Suaria et al., 2016)

Central and West-Med. C, OC 147,500 1,164,403 M 333 (Ruiz-Orejón et al., 2016)

East Med. (Israeli coast) C 1,518,384 64,812,600 M 333 (van der Hal et al., 2017)

All Mediterranean OC 243,853 N 200 (Cózar et al., 2015)
Other regions

Arctic (Greenland & Barents Seas) OC, C 63,000 320,000 M 500 (Cózar et al., 2017)

Baltic Sea, Stockholm Archipelago C 110,000 618,000 M 335 (Gewert et al., 2017)

Australia C 4,256 33,412 N-M 335 (Reisser et al., 2013)

Hong Kong waters C 334,780 1,675,982 M 333 Cheung et al., 2018)
Southern Ocean, Antarctica OC 1719 39,096 N 200 (Suaria et al., 2020b)

Weddell Sea, Antarctica OC 1,838 M 300 (Leistenschneider et al., 2021)

Accumulation zones (gyres)

North Atlantic gyre OC 580,000 N 335 (Law et al., 2010)

North-East Pacific gyre OC 209,010 4,188,092 M 500 (Egger et al., 2020)

South Pacific gyre OC 26,988 396,342 M 333 (Eriksen et al., 2013)

Table 5.6. Reported microplastic abundances in surface waters for different seas around the world, including litter aggregation areas 
of the open ocean, using manta (M) or Neuston (N) nets.

*This figure has been calculated by the authors from the data collected in the BIOMAN survey (2017-2019), which results are shown in Ruiz et al. (2022b), 
contribution that shares authorship with the present contribution.
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LIFE LEMA project was proposed to implement an 
effective way of managing floating marine litter in the SE 
BoB. A deeper understanding of plastic distribution and 
concentration was necessary to target the sites exposed 
to this pollution. This has been addressed as part of 
several contributions targeting microplastics in the BoB 
(Mendoza et al., 2020), floating marine litter abundan-
ce as part of ecosystemic surveys (Ruiz et al., 2022b), 
aggregation of floating marine litter in coastal marine litter 
windrows (Ruiz et al., 2020), modelling of plastic sea sur-
face distribution having rivers as sources (Declerck et al., 
2019), modelling of fishing activity related floating marine 
litter (Ruiz et al., 2022a), floating marine litter collection 
solutions (Andrés et al., 2021), and beaching forecasts 
for efficient cleaning services (Granado et al., 2019). The 
present contribution provides the needed information 
regarding Neustonic plastic abundance and distribution, 
and it complements the overall picture. The backtracking 
approach of the observed microplastics particles is pro-
posed as particularly useful for local authorities to tackle 
the problem at its source. 

Composition of the observed neustonic plastic

Microplastic accounted for  92% of the neustonic plastics 
collected on the surface of the SE BoB, in line with the 
findings for the BoB southern waters (Carretero et al., 
2022; Gago et al., 2015). Regarding the type of items, a 
large proportion of microplastics were plastic fragments 
(69.9%), consistent with previous studies published for 
other European regions (Adamopoulou et al., 2021; 
Faure et al., 2015; Maes et al., 2017). The type of object 
does not allow making clear statements about the origin 
of the particles, though plastic fragments were probably 
derived from the fragmentation of larger objects, favored 
by continuous beaching and resuspension along Spanish 
and French coastal areas. Fibers (16.9%) were in the 
lower range of data reported for the Baltic Sea (Gewert 
et al., 2017) or the Atlantic Ocean (Kanhai et al., 2017). 
Fibres can be generated from a number of sources. They 
can be derived from washing textiles and enter the ocean 
via wastewater (De Falco et al., 2019; Gaylarde et al., 
2021; Salvador Cesa et al., 2017) or they can be origina-
ted from sea-based conventional activities such as fishing 
(Lusher et al., 2017; Xue et al., 2020). Despite fibres are 
regarded as a prevalent type of microplastic, few studies 
dealing specifically with this type of item are scarce. 
Besides, distinction between natural and synthetic fibres 
during lab sampling process is not always conducted 
so further identification accuracy is needed to draw any 
firm conclusion on fibres abundance comparison (Suaria 
et al., 2020a). In the present contribution all fibres were 
considered to be synthetic, and no FTIR was applied 
to define the origin. Plastics were mainly transparent, 
followed by white and grey/black colored items, similar to 
those found in and Black Sea and Caspian Sea basins 
(D’Hont et al., 2021) and  the Western Mediterranean sea 
(de Haan et al., 2019). However, colour comparison and 
relevance of this information is limited by methodology or 
observer subjectivity (Martí et al., 2020).

Origin and distribution of the observed plastic

CONCLUSIONS

This study demonstrates that the south-eastern Bay of 
Biscay (SE BoB) is a dead-end for plastic and it shows 
that plastic pollution levels in coastal waters of the SE 
BoB are similar to those in the Mediterranean Sea.

Neustonic plastic samples have been collected from 
40 stations in four years (2017-2020) across the SE 
BoB in Spanish and French coastal waters. SE French 
Atlantic coast seems more prone to accumulate micro-
plastics than Spanish neighboring region, especially in 
spring-summer months. The region presents an average 
abundance of 739,395 ± 2,625,271 items/km2 (998 ± 
4,338 g/km2) and a median of 232,227 items/km2 (74 g/
km2). French coast was mostly affected (with 5 times 
higher plastic abundances than in the Spanish coast), 
with an average of 1,213,110 ± 3,624,181 items/km2 in 
2018-2020, whereas in the Spanish counterpart (which 
are neighbouring areas) averages of 255,601 ± 347,919 
items/km2. Microplastic represented 94% of the plastic 
items in the samples, mesoplastic 5 % and macroplastic 
1% (in terms of weight the share was 47% microplastics, 
31% mesoplastic, 22% macroplastic). The most common 
items collected were fragments and fibres in the micro-
plastic range; fragments, fishing lines and films represen-
ted almost the 98% of the items for mesoplastics; and 
fishing lines for macroplastics. As for colour, almost half 
of the plastic present in the study area was transparent, 
followed by white, black-grey, and green (this latter one 
only for meso- and macroplastics). Micro- and mesoplas-
tic abundance and mass concentrations showed a positi-
ve correlation. None was found for macrolitter, suggesting 
that macrolitter may be governed by different physical 
processes (Morales-Caselles et al., 2021). Neustonic 
sampling must be combined with marine litter windrows 
analysis to be able to estimate the floating marine litter 
concentration. Our results reinforce the importance of 
having local authorities setting solutions to prevent the 
entry of plastics and their seasonal formation.
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Supplementary mate-
rial

Supplementary Table 5.5. Sampling effort. Samples collected during the neustonic plastic surveys 2017-2020

Supplementary Table 5.5
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Supplementary Table 5.6

Supplementary Table 5.6. Neustonic plastic abundances and weight densities in the coastal waters of the 
SE Bay of Biscay. Values correspond to (n=191; 95 in Spanish coastal waters and 96 in French coastal 
waters). SD: standard deviation; dw: dry weight. Observed data, no corrections have been applied to the 
abundance and densities.
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Supplementary Table 5.7

Supplementary Table 5.7. Plastic abundance results (mean ± standard deviation ‘SD’) by station. Stations from 1-33 refer to 
Spanish coastal waters, and 34-40 to French coastal waters. Data from 2017-2020 survey. Observed data, no corrections 
have been applied to the abundance and densities.
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along the French coast are favored during autumn and 
winter by the typical surface current regime (Declerck et 
al., 2019).
At smaller spatio-temporal scales (< 10 km or < 1 month), 
the accumulation of FML near the coastal areas show 
high variability in response to the combined effect of 
different small-scale processes such as surface wave 
interactions with current and mixing, Langmuir circulation 
and (sub) mesoscale eddies. These events lead to create 
a heterogeneous and patchy litter field on the surface of 
the ocean (UNEP, 2016;van Sebille et al., 2020). Howe-
ver, most of the existing operational coastal models are 
configured with spatio-temporal scales not suited to 
capture this small-scale variability, which is key to monitor 
and predict the FML distribution in coastal areas, as it ha-
ppens in the case of the SE Bay of Biscay. Likewise, field 
investigations conducted so far to assess its abundan-
ce and the distribution have been limited to visual ship 
transects surveys with reduced spatial resolution (Boyra 
et al., 2013).
The magnitude of the impacts derived from FML in the 
European waters has been highlighted by the Euro-
pean Marine Strategy Framework Directive (MSFD) 
(EC., 2008) which invited member states to promote a 
cross-border and transnational cooperation on this issue 
to adopt strategies to combat marine litter. However, 
international efforts to collect FML in the globally predic-
ted convergence zones have been limited. One of the 
difficulties in setting targets and mitigation plans for FML 
is the lack of field data and methodologies for ensuring 
their effectiveness.
In the SE Bay of Biscay, at the Atlantic border between 
France and Spain, local authorities have funded active 
fishing for FML activities (“active retrieval of marine litter 
by vessels that have been paid to perform this activity” 
(UNEP(DEPI)/MED, 2016)) in the French coastal area 
since 2003. This action, closely aligned with the Eu-
ropean policy requirements, responds to the growing 
amount of litter affecting the local beaches. FML accumu-
lated in the convergence areas close to the coast is likely 
to end washed up on beaches, with the consequent envi-
ronmental and socio-economic impact for a very touristic 
region like the SE Bay of Biscay. 
The above-mentioned active collection of FML is carried 
out by an artisanal fishing vessel, Itsas Belarra, based in 
Saint Jean de Luz port (Pyrénées-Atlantiques, France) 
and chartered by the Syndicat Mixte Kosta Garbia, an 
association gathering local public authorities committed 
to the fight against FML. The Itsas Belarra combines the 
collection of FML (from May until September) with the 
fishing of seaweed for commercial purposes, the latter 
taking place during fall and winter. After more than a 
decade of operation, the collection of FML has gained 
in efficiency since the efforts are concentrated along 
linear streaks with high concentration of litter. called litter 
“windrows” (Frontiers in Marine Science, 2020).  Although 
there are some references to these small-scale conver-
gence features in the literature, little is known regarding 
the way litter is accumulated in such areas, their residen-
ce times, and the physical drivers forming such structu-
res. Since a better understanding of this processes could 
have a direct impact in the optimization of FML collection, 
the activity of the Itsas Belarra was protocolized and mo-
nitored during several months in the framework of the EU 
co-funded LIFE LEMA project. Moreover, active fishing 
for litter can provide initial estimates of FML distribution 
patterns, type and sources. This latter aspect is also 
key since sources of marine litter are diverse and ocean 
dynamics turn it into a transboundary issue requiring 
collective action (OSPAR, 2014). 
Within this context, with the aim of improving the inte-
grated monitoring of the coastal waters of the SE Bay of 

ABSTRACT
Large scale convergence regions of floating marine 
litter are commonly observed in semi-enclosed seas as 
the Bay of Biscay. However, clean-up activities on such 
accumulation regions are limited by the spread of the 
large-size floating litter on the sea surface. Data gathe-
red by a small-scale fishing vessel devoted to active 
fishing for floating litter activities during the spring and 
summer of 2018 reveals that the linear streaks of high 
concentration of floating litter (so-called litter “windrows”) 
are common accumulation structures in the south-east 
coast of the Bay of Biscay. The random search of litter 
windrows for their collection through surface tows of ma-
cro-nets was proved to be an effective action for floating 
litter mitigation. A total of 196 tows collected 16.2 tons 
of floating marine litter in 68 working days. Most of the 
litter windrows were around 1 km length and, on average, 
accumulated 77.75 kg of floating marine litter. Fishing, 
shipping and aquaculture sectors were the source of 35% 
of the 4,130 litter items analyzed (55% in weight of the 
sourced items), and plastic was the most common type of 
material (96% in terms of items). A better understanding 
of the phenomenon of the litter windrows, capable to 
guide clean-up efforts in space and time, would provide a 
considerable improvement in the efficiency of mitigation 
actions to reduce the marine litter pollution. The observa-
tions of litter windrows in the coastal area of the sou-
th-east of the Bay of Biscay demonstrate the key role of 
submesoscale processes in the distribution of FML. The 
present work provides a thorough description of floating 
litter windrows in nature, which it was nonexistent to 
date. The results are the kind of proof necessary to boost 
the research addressed on the submesoscale aggrega-
tions of FML. Coupling litter windrows observations with 
remote-sensing technology and high-resolution modelling 
techniques offer great opportunities for the mitigation 
actions against marine litter.

KEY WORDS

Floating marine litte; litter windrows;  Bay of Biscay; 
active fishing for litter; coastal integrated management; 
LIFE LEMA

INTRODUCTION

About half of the floating marine litter (FML) in the world 
is thought to be confined in great accumulation zones or 
hot spots (UNEP, 2016). Much attention has been paid 
to understand the global convergence zones associated 
to the subtropical gyres (Law et al., 2010;Eriksen et al., 
2013;Cózar et al., 2014;Lebreton et al., 2018). Never-
theless, global models also consistently predict litter 
accumulation zones in semi-enclosed seas as the Bay 
of Biscay, where the concentration of FML is higher in 
comparison to other European regions (Lebreton et al., 
2012;van Sebille et al., 2012). Besides, regional models 
point to the importance of FML accumulation zones in the 
coastal waters of the south east Bay of Biscay (SE Bay 
of Biscay) caused by the combination of relatively long 
residence times ant the litter influx from both local and re-
mote areas (Pereiro et al., 2018). Moreover, the predicted 
FML accumulations in this area seem to be significantly 
modulated at seasonal scale. During spring and summer, 
the more variable and weaker currents result in high par-
ticle retention, while the northward evacuation of particles 
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of Biscay in the framework of JERICO-S3 project, this 
contribution aims at assessing the litter windrows’ featu-
res in the area through a scientifically assessed active fi-
shing for litter activity. The data obtained provides, for the 
first time, estimates of loading, composition, frequency 
and size of the litter windrows as well as experience for 
its collection. The analysis is aimed to improve forthco-
ming fishing for litter collection activities across the region 
with possible application to other coastal areas under 
similar forcings and pressures.

fragments and seaweed. However, large wooden frag-
ments were avoided by using brailers in order to prevent 
damaging the net. Although some of these large natural 
items were collected by hand and stored onboard for 
navigation safety purposes, they were not systematically 
sampled. A dedicated energy monitoring device, named 
SIMUL (developed by AZTI, Gabiña and Basurko, 2018) 
was installed onboard to provide position coordinates, 
time and speed of the vessel, with a 0.1 Hz frequency. 
This information was completed by the location and time 
data from the Marine Navigation Software MaxSea, avai-
lable onboard. Moreover, information regarding initial po-
sition and initial time of each tow was manually recorded 
by the crew in a spreadsheet. Once the tow finished, FML 
was stored in a coded big bag, which was subsequently 
weighted onboard with a load cell. Finally, the different 
information recorded about each tow was reported daily 
by the crew through a dedicated web interface implemen-
ted as part of the LIFE LEMA project.

MATERIAL AND ME-
THODS
Sampling of litter windrows

The data used in this contribution relates to the Itsas 
Belarra’s active fishing for litter activity, mainly oriented 
to FML collection in litter windrows within the south-west 
French coastal area during spring and summer 2018 (Fig 
5.9). Litter windrows were detected by the crew by visual 
observations and net tows were carried out along the 
litter windrow following the streak of higher FML con-
centrations (Fig 5.10). The fishing gear employed for the 
collection consisted of an artisanal net adapted for FML 
collection, featuring a rectangular metallic frame and a 
nylon net with a 20 mm mesh size. Thus, clean-ups were 
focused on the so-called macro litter (>2 cm), which is the 
most easily retrievable form of litter pollution. The net co-
vered the first 30-50 cm from the sea surface, depending 
on the sea conditions. The collection was carried out at a 
speed ≤ 3 knots. The duration per tow varied between 3 
- 60 minutes depending on the amount of FML collected. 
The net was monitored by the crew during each trawl to 
avoid an overload of the net and to simplify its post-hand-
ling. Litter windrows also accumulated natural wooden 

Fig 5.9. Location of the study area. Circles show the initial positions of the tows.

Processing of tow data

A detailed analysis on the track record was carried out 
based on the speed range of the vessels. It was conside-
red that at vessel speeds ≤ 3 knots the vessel was invol-
ved in towing the net; in contrast, at speeds > 3 knots the 
vessel was sailing to new locations, searching for litter, or 
going/coming back from the port. Thanks to the analysis: 
(1) the initial location of the tow was verified, and (2) the 
final position identified. The cases in which no data from 
SIMUL device was available, speed was calculated di-
rectly by the division of distance and time values covered 
between consecutive positions of the vessel provided by 
the MaxSea software. During the weighting of the catch, 
the litter was wet. A 2.47 wet/dry FML litter ratio was 
applied to Itsas Belarra weight values, based on lab tests 
with the collected litter.
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A total of 68 fishing days and 166 tows seasonally 
distributed were selected and analyzed in detail (Su-
pplementary Fig 5.2-5.8). The results are based on the 
assumption that every tow corresponds to a litter win-
drow; in contrast, for the cases that the vessel follow a 
very chaotic path , it was assumed that the litter accumu-
lated in patches, so 30 tows were discarded. The study 
area was discretized into a 0.5 km x 0.5 km grid cell. The 
weight of the FML retrieved in every tow was divided 
equally into the number of positions recorded along the 
tow, and the resulting weight values were assigned to 
the corresponding position and plotted in the map. The 
accumulated distribution of weight values per cell for the 
whole campaign was calculated by adding every weight 
value inside the same cell. Weight data were displayed 
separately by season to assess its influence for spring 
2018 and summer 2018. Histograms of the weight and 
length of the litter windrows were plotted. A first explora-
tion of the environmental conditions leading to windrows 
formation was performed through the analysis of pre-
vailing wind direction, wind speed, and number of litter 
windrow observed for spring and summer 2018.To that 
end, a weighted average of wind speed and the mode of 
the prevailing wind directions were calculated for the 48 
hours previous to the observation dates, based on the 
hourly wind data provided by Bilbao-Vizcaya buoy (Mea-
suring Networks and Forecasting Systems of Puertos del 
Estado, http://www.puertos.es/).

Distribution analysis but were present in the waters of the SE Bay of Biscay 
(Supplementary Table 5.8). Items were also weighed by 
group of sub-categories using an electronic balance with 
a precision of ± 0.01 g. The ten most common items in 
number and in weight were also identified. Non-anthro-
pogenic items collected by the nets were omitted in this 
study. The items < 2.5 cm were classified as microplas-
tics.
In line with the most common categorization of mari-
ne litter origins, items were allocated to land – based 
sources and sea – based sources categories. One more 
specific category, non-sourced, was added to classify the 
litter items that could not be directly connected to either 
of the two groups. Based on the OSPAR indicator-items 
methodology (Veiga et al., 2016), a subsequently division 
was defined by distinguishing fishing and shipping activi-
ties for sea–based sources and Tourism and Recreational 
activities and Sanitary and sewage-related waste for 
land–based sources. Sources, expressed as a percenta-
ge contribution of each category, were also analyzed by 
type of material to explore their relationship with the litter 
composition. In total, 4,130 litter items were classified 
and weighted.

RESULTS
Litter windrows features

A total of 11 samples were randomly collected from the 
big bags for their further analysis in lab, with the aim of 
characterizing the marine litter collected in the windrows 
and defining its potential sources. Almost 240 kg of the 
litter items collected were sorted out according to the 
Master list included in the “Guidance on Monitoring of 
Marine Litter in European Seas” (Galgani et al., 2013). As 
a result, the items > 2.5 cm were sorted in 7 main catego-
ries based on their material (artificial polymer materials, 
rubber, cloth/textile, wood/processed wood, paper/card-
board, metal, and glass/ceramic) and 68 sub-categories 
based on their typology. The list was regularly updated 
during the analysis process to incorporate new item 
sub-categories that were omitted in the Guidance

Fig 5.10. FML collection throughout the litter windrow (a) Airborne pictures of litter windrow collected by a drone survey, 
(b) Vessel operating during collection, (c) Unloading of FML and storage on board. Written informed consent was obtai-
ned from the Itsas Belarra crew for the publication of any potentially identifiable images or data included in this article.

Characterization by composition and source
During spring and summer 2018, the Itsas Belarra collec-
ted 14 tons of FML by towing the net in 166 litter win-
drows. The number of litter windrows was, by far, higher 
during spring (74.10%, 123 litter windrows) than sum-
mer 2018 (25.90%, 43 litter windrows). This difference 
between seasons (Fig 5.11) was also observed regarding 
the weight of FML collected per windrow. As an average, 
the litter windrows included 91.74 ± 53.137 kg of FML 
during spring and 62.96 ± 39.63 kg during summer (min-
max: 10-195 kg), which revealed less loaded windrows 
during the summer. In contrast, the mean length of the 
litter windrows was quite similar in both seasons (1.01 
– 1.47 km); nonetheless, longer litter windrows (> 3 km) 
were more frequent in summer (11%) than in spring 
(0.7%).
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Plastic, found in the 100 % of the samples, was the do-
minating sub-category by number of items and weighing. 
In terms of number of items, Plastic pieces, strings and 
cords and Other plastic/polystyrene items were the most 
common sub-categories found (regardless their origin), 
comprising over 71.43 %. In contrast, in terms of weight, 
Nets and pieces of net, Other plastic/polystyrene and 
Floats for fishing nets were the most frequent, represen-
ting 48 % of the total litter (Fig 5.14). Items belonging to 
the rest of the sub-categories were collected occasiona-
lly, accounting only the 3.38 % in number. Nevertheless, 
Glass/Ceramics was the second most abundant sub-ca-
tegory according to weight values, while the less com-
mon sub-categories represented the 2.21 % of the litter 
collected. 

Spatial distribution

Significant accumulation areas were located within the 
first nautical mile from the coastline, mainly during spring 
2018 (Fig 5.12 and Supplementary Fig 5.9-5.10). The 
highest loads per windrow (> 300 kg) were also collected 
during this season. During summer 2018, a considerably 
lower amount of FML was observed comparing to spring. 
During this period, litter was unevenly spatially distribu-
ted. However, similar abundance values among the cells 
(1-50 kg) indicates the lack of heavy accumulation areas. 
Few isolated cells included presence of litter in both sea-
sons, most of them coinciding also to low weight values 
(1-50 kg). The analyses on wind conditions showed that 
the litter windrows were mainly linked to low intensity 
westerly and easterly winds (0 - 4 m/s) in spring and to 
southerly winds in summer(Fig 5.13).

Fig 5.12. Abundance of FML in the litter windrows calculated per cell of 0.5 km × 0.5 km for spring (A) and summer 2018 (B).

Fig 5.11. Distribution of FML wet weight (A) and length (B) of litter windrows during spring (left plot) and sum-
mer 2018 (right plot).

Composition and sources
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The rest of the top-ranking varied widely according num-
ber and weighing values though tangled nets/cords and 
single use items as Food containers or Drink bottles were 
also frequently recorded.
Regarding the origin of the collected marine litter, it must 
be noted that it was not possible to assign a large amount 
of items to neither sea nor land-based origin because 
they were unidentifiable fragments or their origin could be 
both. This Non-sourced items represented over the 43.99 
% of items collected. The importance of this source was 
highlighted by the fact that plastic pieces (2.5 cm> <50 
cm) represented the over the 40% of total items encoun-
tered.

Concerning the material which source could be deter-
mined (Fig 5.15), Sea-based sources contributed in a 
35 % and included primarily items from fishing activities 
(including aquaculture); string and cords summed the 
third of the litter collected. Land-based sources related to 
tourism and recreational activities were not very common 
in the litter collected and only reached values over 3 %. 
Very few sanitary items were found in the marine litter, 
amounting less than 0.8 %. Packaging items (food and 
drink) consisting of drink bottles, food containers, and 
what remains of rip-off plastic bags accounted for 6.68 % 
of Non-sourced orgin items. Single-use plastics, entering 
the ocean from multiple sources and pathways, account 
for 18.5%.

Fig 5.13. Wind direction and intensity during the litter windrow events in spring and summer 2018. Number of litter win-
drows occurrence during spring and summer 2018 regarding to wind direction and intensity.

Fig 5.14. Percentage of number (A1) and weight of items (B1) collected by type of material, and Top 10 of 554 items 
collected by weight (A2) and by number (B2).0.5 km for spring (A) and summer 2018 (B).
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However, there are large variations on their concentration 
at small scales due to the complexity of local coastal dy-
namics and interactions with the wind (Law et al., 2014). 
The results obtained by our study in the SE Bay of Biscay 
are a showcase on how small-scale processes can play 
an important role in shaping the distribution of FML. For 
the first time, a small-scale characterization of the FML 
hotspots is provided, demonstrating that rectilinear litter 
windrows are frequent and significant accumulation 
structures in the coastal waters of the SE Bay of Biscay. 
Higher loads of litter were found at short distances (1 nm) 
from nearby the coast rather than at farther locations. Va-
riability in time, with  higher litter amounts being collected 
in spring, matched with findings from numerical modelling 
in this coastal region (Declerck et al., 2019) which poin-
ted out higher residence times in this period. Significant 
differences in the number, length and load of FML were 
found between spring (shorter lengths, higher loads) 

Litter Windrows in the Coastal Waters of SE 
Bay of Biscay

Marine litter dispersion and washing-up on shore are 
strongly influenced by ocean currents, tidal cycles, regio-
nal-scale topography (including sea-bed topography) and 
wind (Jeftic et al., 2009). These, hydrodynamic factors 
and geomorphological characteristics of the coastline, 
coupled by riverine inputs and the presence of anthro-
pogenic activities are the main factors modulating the 
presence of marine litter in the coastal area (Wei et al., 
2012;Ramirez-Llodra et al., 2013). 

Fig 5.15. Percentage of litter items collected per source and related to type of material.

DISCUSSION
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and summer (longer lengths, lower loads) windrows. Ne-
vertheless, it is important to note that the net capacity can 
limit the windrows length. In higher loads, net can get full 
and consecutive tows can be observed. This means that 
the cleanup of all litter into a single windrow occasionally 
required more than one net tow. 
The research about processes leading to the formation, 
presence and persistence of litter windrows in the study 
area is out of the scope of the present paper but the first 
exploration of the wind conditions suggested there was 
no evidence found on a statistically significant linear 
relation between wind intensity and litter windrows occu-
rrence. 
In a recent observational study, (Meyerjürgens et al., 
2019) show that FML transport in coastal areas is stron-
gly influenced by local small-scale processes like tidal 
jet currents, interactions with a complex shoreline and 
fronts generated by riverine freshwater plumes. In the 
study area, litter windrows generation could also relate to 
the Adour river plume. This river shows a mean annual 
discharge about 300  m3  s-1 (Morichon et al., 2008), 
with peak flows exceeding 1000 m3 s-1 (Laiz et al., 2014) 
and a summer runoff under 500 m3 s-1 (Declerck et al., 
2019). The density fronts associated to the Adour fres-
hwater discharge leads to the formation of small-scale 
surface convergence zones. Further analysis combining 
in-situ observations with surface current observations, 
surface drifters and numerical models are needed to 
better understand its origin and functioning. How the 
windrows form and evolve in coastal areas appears to 
be key to improve the efficiency of the FML collection, 
particularly in nearshore waters, where accessibility and 
operating costs are smaller than those in offshore waters. 
Coupling litter windrows observations with remote-sen-
sing and high-resolution modelling provide significant 
opportunities to advance up the identification of periods 
and zones of FML accumulation.However, from our expe-
rience, it should be noticed that the use of such images 
to support FML removal operations raises significant 
challenges. Indeed, high-quality satellite images may 
be rarely available on a specific targeted date such as 
previously to a field campaign. Daily images could be 
available but are rather costly. Free satellite images (e.g. 
Sentinel-2) are available but on weekly or bi-weekly ba-
sis, which is too long compared to the coastal dynamics. 
Finally, even when available, cloudiness is a hindrance 
in the high rainfall study region, which limits the possible 
exploitation of optical images Sources of litter in the coas-
tal waters of SE Bay of Biscay.

dedicated waste and recycling stream for the abandoned, 
lost or disposed of fishing gears (EC, 2019). At internatio-
nal level, the IMO has strengthened the implementation 
of MARPOL Annex V (IMO, 2018) recently boosted by 
the new action plan adopted for ships and vessels inclu-
ding measures like the reporting the loss of fishing gear, 
facilitating the delivery of retrieved fishing gear to shore 
facilities. 
It is broadly assumed that approximately 80% of marine 
litter is caused by land-based activities (Faris and Hart, 
1995; Allsopp et al., 2006)although further research is 
needed to verify this gross assumption (Jambeck et al., 
2015). The relevance of land-based activities on the 
FML pollution of the study area was relatively low unlike 
expected. Land-based sources were related to only by 
over 3.4% of all the litter items (9% of the identifiable 
items). Caution was taken when attributing litter items 
to land-based sources due to the difficulties to point out 
the origin with clarity except of direct littering related 
to activities on the coast such beach tourism or sewa-
ge-related waste. Certain items, in particular, fragments 
resulting from the disintegration of larger items, can be 
very hard or even impossible to identify in terms of their 
initial purpose and possible origin (Veiga et al., 2016). 
The data show a considerable degree of uncertainty in 
litter origins since 43.99% could not be attributed directly 
to a concrete origin, particularly plastic pieces between 
2.5 and 50 cm, which account over the 40.46% in number 
of the total non-sourced items. Plastic objects exposed to 
solar UV radiation and oxidation are progressively eroded 
and fragmented by wind, wave or biological action (UNEP 
and Grid-Arendal, 2016). The fragmentation rates are 
relatively high on beaches but generally several orders of 
magnitude smaller for plastics floating in water (GES-
AMP, 2015; Efimova et al., 2018). However, very limited 
information is available on the fragmentation process of 
plastics in the marine environment (Maes et al., 2019) so 
both local but also remote origins can be attributed to the 
analyzed plastic fragmented pieces.
Single-use plastics, entering the ocean from multiple 
sources and pathways, account for 18.5% by number, 
lower than expected (but still important) contribution 
comparing to other studies where single-use plastics are 
by far the biggest contributor to marine litter (EEA, 2018). 
The intensive cleaning efforts undertaken during spring 
and summer in the coastal area, an enhanced appro-
priate waste management mechanism inland, together 
with the relevance of the fishing activities in the SE Bay 
of Biscay might have contributed to reduce the presence 
of these litter items generated at local scale. Despite 
the percentages, data on litter in the water column and 
seafloor would help to understand more precisely the 
sources of marine litter in the SE Bay of Biscay.

Sources of litter in the coastal waters of SE Bay 
of Biscay

Marine litter windrows in the study area were mainly 
composed by plastic (96% in terms of items; 76.40% in 
weight), in agreement with worldwide ranges reported 
(UNEP and GRID-Arendal, 2016). The Bay of Biscay is 
an internationally important region for fishing, aquaculture 
and shipping, (Borja et al., 2019) and our results point 
at these sea-based activities as the main source of FML 
(35% of the litter by number and 55% by weight). In the 
North-East Atlantic and other European Seas, the contri-
bution of land-based sources is prevalent (Reker et al., 
2015). The abundance of litter related to fishing activities 
(mainly floats/buoys) increase in the open ocean, and 
becomes predominant in weight (Eriksen et al., 2014). 
EU is playing a leading role in tackling abandoned, lost or 
otherwise discarded fishing gears, which account for 27% 
of total litter stranded on the European beaches (EC., 
2019). The new measures addressed on derelict fishing 
gear by imposing the Extended Producer Responsibility 
(EPR) should ensure an appropriate management by a 

Lessons learned about the floating litter moni-
toring strategy

Surface-trawling plankton nets are mostly suited to sam-
ple small-sized items (few centimeters in size) because 
of the sparse distribution and frequency of the large 
items on the ocean surface and the relatively small area 
sampled by the plankton nets. Visual observations from 
vessels are able to cover larger sampling areas; however, 
semi-submerged macro-litter is often overlooked from vi-
sual counts (Galgani et al., 2011). Monitoring FML ideally 
requires large net openings operated at the sea surface, 
specific ship equipment and significant dedicated ship 
time, resulting in higher costs and technical difficulties 
than visual sampling  (Galgani et al., 2013). The present 
study demonstrates that the adaptation of an existing 
structure of a small-scale fishing vessel combined with 
the crew expertise allowed for an extensive and 
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The presence of litter windrows is pivotal for the efficient 
collection of litter. The concentration of the marine litter 
along the windrows is in fact more relevant than the 
abundance of marine litter itself for the effective acti-
ve collection at sea. Without the aggregation resulting 
from of the windrows, the litter would be scattered, and 
the collection would be much less efficient.  The range 
estimated by Andrés and Basurko (2020) could be further 
reduced up to 3-8 €/kg, if a guidance tool was employed 
by the fishers to make the collection much more efficient. 

Litter windrows are key to improve the waste 
management in coastal environments

cost-effective collection of FML data in the coastal waters 
of the SE Bay of Biscay. Indeed, Andrés and Basurko 
(2020) estimated that the cost associated to the active 
fishing for (floating) litter activities by the Itsas Belarra 
ranged between 5 and 8 €/kg. Results are proven to be 
helpful for FML monitoring programs. However, it is im-
portant to note that collection is conditioned by the need 
of FML removal and the willingness to pay for this service 
by the local authorities (Andrés and Basurko, 2020).
Besides, the efficiency of the operations relies on crew 
experience gathered over previous years collection. In 
the study area, the collection of occurrence data on litter 
windrows is centralized in the “LEMA Tool”, a decision-su-
pport tool developed during the LIFE LEMA project (http://
www.lifelema.eu/) and currently used by local authorities. 
LEMA Tool is fed by information provided by the skipper 
in charge of the collection at sea, who after the sighting of 
a litter windrow reports the coordinates and the collected 
weight. Moreover, this tool is being strengthened with 
complementary approaches like videometry or numerical 
modeling. In return, LEMA Tool provides decision-aid 
indicators and alerts to make the collection more efficient 
regarding the different aspects detailed, from the plan-
ning of the collection activities to the data analysis and 
sharing.
Underpinned by our experience, some general guideli-
nes are proposed to enable the replication of the FML 
collection and management. The acquisition of informa-
tion, in collaboration with stakeholders, on the occurrence 
of litter windrows is key for identifying the best period to 
undertake the FML collection in the target area. Ideally 
the data-collection plan should cover different seasons 
and metocean regimes, although its design is contingent 
upon the needs of the agents funding the collection and 
the high retention periods (if known). Likewise, the imple-
mentation of an adapted protocol on the regular fishing 
for litter must be agreed with the competent organizations 
and fishermen to ensure an adequate collection, sam-
pling and disposal of the litter collected. The engagement 
of the litter-collecting agent to use a standard protocol 
for litter collection and data reporting on litter windrows is 
also an important point. This reporting should include at 
least location of the litter windrows and weight collected 
per windrow. Data should serve to support numerical 
modelling approaches and satellite observations. It is 
expected that these approaches can build support for 
the fishing for litter in a near future. While the surface 
trawling to collect litter, it is important to prevent large 
organic items from entering the net since these items can 
easily collapse or damage it. The use of additional fishing 
gears such as brailers or dipnets is recommended for this 
purpose. In laboratory, the analysis of a dry fraction of the 
litter, determining the water content in the sample, is also 
recommended as a way to normalize data. A 2.47 wet/dry 
FML litter ratio was estimated in the present study. Fina-
lly, sharing and disseminating the information about the 
cleanup activities is vital to further the knowledge about 
the formation and persistence of litter windrows as well 
as to strengthen the collaboration between the different 
actors of the program.

CONCLUSIONS

But most importantly, the benefits associated to having 
a clean sea (without marine litter) are superior to the 
cleaning cost. This statement has been supported by the 
analyses of McIlgorm et al., (2011) and more recently by 
King (2018). 
A more effective mitigation strategy addressed on the 
presence of litter windrows at the coastal area requires 
further background information about spatial distribution, 
frequency, persistence or origin of these small-scale 
ocean processes. Data shown here constitutes a first 
contribution of these characteristics; nonetheless the 
knowledge resolving litter windrows formation, lifetimes 
and factors conditioning the litter loads along these con-
vergence lines requires further research.

Plastic pollution is global mounting problem and it de-
mands similarly ambitious actions. While many pictu-
res and videos in the international media show dense 
rafts of floating litter on the world oceans, research has 
overlooked this phenomenon so far. References to litter 
windrows in the research literature are tangential and li-
mited to a few reports (Ryan et al. 2013; Law et al. 2014). 
This first descriptive study provides, with unprecedent 
detail, an observational description of litter windrows in 
the coastal waters of the SE Bay of Biscay. Litter win-
drows were usually rectilinear. Longer and less dense 
windrows may appear in summer. Besides, they often 
formed further from the coastline during this season.. The 
common findings of small-scale convergence structures 
in the coastal waters of the SE Bay of Biscay provide, 
for the first time, enough evidence to support an active 
fishing for FML. The lack of previous studies of litter win-
drows does not enable comparisons with other periods or 
regions. This experience supports the efficacy of the FML 
mitigation actions carried by the fishing sector in Bay of 
Biscay, although preventive measurements should be ne-
cessarily conducted at the same time. By collecting FML 
data according to standardized protocols and by sharing 
them through international databases, fishing vessels 
adapted to surface litter collection might significantly un-
derpin the development of targeted and effective actions 
for preventing FML socio-ecological impacts. In the SE 
Bay of Biscay, sea-based sources represent a significant 
contribution to FML generation comparing to land-based 
sources The top litter subcategories were mainly single 
use and fishing related items, invoking for measurements 
to reduce the litter generated by the fishing activities. 
In agreement with previous findings on global scale, 
plastic was the dominant type of material in the SE Bay 
of Biscay. Litter windrows in Bay of Biscay presented an 
opportunity to collect floating marine litter in an efficient 
manner. Furthermore, there remains considerable scope 
for further improvement of the cleanup effectiveness by 
increasing our knowledge on the physical processes 
driving the generation of litter windrows. 
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Supplementary Figures 5.2-5.8. Trajectories of the tows (blue line) along the litter windrows during spring and summer 2018. The 
number at the top corresponds to the number of the tow. Positions are defined by their geographical coordinates.material.spring 
(left plot) and summer 2018 (right plot).

Supplementary Figure 5.9

Supplementary Figure 5.9.  Overview of the positions of the litter windrows during spring 2018 (dark pink line) and summer 
2018 (yellow line). The number at the top corresponds to the number of the litter windrow.

Supplementary Figure 5.10

Supplementary Figures 5.10. Distance to coastline of each litter windrow during spring and summer 2018. The distance is establi-
shed by reference to the center of gravity of the litter windrow.
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Supplementary Table 5.8

Supplementary Table 5.8. List of categories of litter items for marine litter characterization. This list is a shortened version of the 
Master List provided by the MSFD Technical Subgroup on Marine Litter adapted to the occurrence of litter items in study area.
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01.	 Fishing-related FML items are modelled considering 
their buoyancy

02.	 Highly buoyant items beach after 30 days, only 1% 
remain floating after 90 days

03.	 Half of low buoyant items remain floating after 90 
days and 20-35% beach

04.	 Only 20% of items escape the Bay of Biscay, mostly 
through the northern boundary

05.	 French MPAs are substantially affected by highly 
buoyant items

HIGHLIGHTS

ABSTRACT

Sea-based sources account for 32 - 50% of total mari-
ne litter found at the European basins with the fisheries 
sector comprising almost 65% of litter releases. In the 
south-east coastal waters of the Bay of Biscay this figure 
approaches the contribution of just the floating marine 
litter fraction. This study seeks to enhance knowledge on 
the distribution patterns of floating marine litter genera-
ted by the fisheries sector within the Bay of Biscay and 
in particular on target priority Marine Protected Areas 
(MPAs) to reinforce marine litter prevention and mitiga-
tion policies. This objective is reached by combining the 
data on geographical distribution and intensity of fishing 
activity, long-term historical met-ocean databases, Monte 
Carlo simulations and Lagrangian modelling with floating 
marine litter source and abundance estimates for the Bay 
of Biscay. Results represent trajectories for two groups 
of fishing-related items considering their exposure to 
wind; they also provide their concentration within 34 
MPAs. Zero windage coefficient is applied for low buo-
yant items not subjected to wind effect. Highly buoyant 
items, strongly driven by winds, are forced by currents 
and winds, using a windage coefficient of 4%. Results 
show a high temporal variability on the distribution for 
both groups consistent with the met-ocean conditions in 
the area. Fishing-related items driven by a high winda-
ge coefficient rapidly beach, mainly in summer, and are 
almost non-existent on the sea surface after 90 days from 
releasing.

KEY WORDS
Fishing-related floating marine litter; Bay of Biscay; La-
grangian modelling; Windage; Marine protected areas

INTRODUCTION

This underlines the importance of windage effect on the 
coastal accumulation for the Bay of Biscay. Only around 
20% of particles escaped through the boundaries for both 
groups which gives added strength to the notion that the 
Bay of Biscay acts as accumulation region for marine 
litter. MPAs located over the French continental shelf 
experienced the highest concentrations (>75 particles/
km2) suggesting their vulnerability and need for additio-
nal protection measures.

Worldwide fast-growing levels of marine litter pose a 
complex and multi-dimensional concern requiring prompt 
and tailor-made measures and solutions to ensure a 
real protection for the marine environment. Efforts have 
been undertaken over the last years to gain a compre-
hensive understanding on the marine litter issue. They all 
have plugged significant knowledge gaps and boosted 
decision-making at national, regional, and international 
levels. However, despite the increasing research and the 
political actions achieved, long-term datasets to characte-
rize the sources, define quantities, behaviour and impacts 
of marine litter are still scarce. 
There is a scientific agreement regarding the categoriza-
tion of sea- and land-based marine litter origins (Galgani 
et al., 2015; Kershaw et al., 2019; Thushari and Sene-
virathna, 2020). or the large proportion of marine litter 
made up of plastic (Cózar et al., 2014; Barboza et al., 
2019; Morales-Caselles et al., 2021). Nonetheless, the 
research made to date reveals a wide disparity between 
the estimations of plastic litter generated on land ente-
ring the ocean (Jambeck et al., 2015; Boucher and Friot, 
2017; Ryberg et al., 2018) and the amount of marine litter 
floating on the ocean surface (Eriksen et al., 2014; van 
Sebille et al., 2015).

Fig 5.16 Graphical abstract 
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Besides, the vast majority of the studies have focused on 
land-based sources overshadowing marine litter contri-
bution resulting from sea-based activities (Kershaw et 
al., 2020). It is broadly accepted that land-based sources 
account for 78 % of marine litter in the world’s oceans, 
while at least the 22 % is originated from sea-based 
sources (UNEP, 2014; Li et al., 2016; Pawar et al., 2016). 
However, studies documenting the actual released quan-
tities and the differences on litter origins between marine 
regions are still limited (Sherrington et al., 2016; UNEP, 
2016; Morales-Caselles et al., 2021). At European level, 
sea-based sources account for over 40 % litter items 
in some regions causing 20–40 % of the total marine 
litter input by weight (Sherrington et al., 2016; Veiga et 
al., 2016). Sea-based sources can be dominated by the 
fisheries and shipping sectors in certain marine areas; 
overall 70 % by weight of floating marine litter (hereinafter 
FML) in the open ocean is fishing-related (Eriksen et al., 
2014; UNEP, 2016). Surveys undertaken on European 
beaches accounted for 3–15 % of fishing-related items 
(Addamo et al., 2017) reaching 17 % in the North-East 
Atlantic region (OSPAR, 2020).
In the less explored Bay of Biscay (hereinafter BoB) 
region, fisheries and aquaculture sectors represents 
the source of the 14–38 % of the total items recorded 
for Spanish beaches, 50 % for French beaches (Gago, 
2014; Rayon-Viña et al., 2018), and the 35 % (in num-
ber of items) or the 55 % (in weight) of the FML (Ruiz 
et al., 2020). However, these percentage values can 
vary depending on the geographical origin, the transport 
mechanisms, the pathways or the durability of the fishing 
items and can even increase in areas with intensive 
fishing activities (Veiga et al., 2016).
MPAs are globally recognised to safeguard marine 
ecosystems and biodiversity by balancing ecological 
constraints and economic activities (EEA, 2018). They 
are defined as geographical zones with management ob-
jectives oriented to regulate human activities (e.g: fishing, 
dredging) for a long-term protection and conservation 
of the marine environment (Day et al., 2012). However, 
MPAs are exposed to the same levels of marine pollution 
as non-protected areas since the spatial delimitation of 
MPAs does not represent an effective impediment to 

Fig 5.17. Area of study with the location of the selected Marine Protected Areas (MPAs) - Spanish MPAs in polygons with crosses 
and French MPAs in polygons with dots-. Numbers correspond to the name of each MPA in Table 5.7.

avoid marine litter presence (Nelms et al., 2020). Initia-
tives to assess the environmental and socio-economic 
impact of sea-based sources can be of particular interest 
for establishing policy priorities and effective regulations 
in MPAs (Fossi and Panti, 2020; Purba et al., 2020). Yet, 
research on the occurrence, sources and distribution 
of marine litter in MPAs is patchy and, in some cases, 
limited to remote locations (Barnes et al., 2018; Luna-Jor-
quera et al., 2019). However, it has been observed that 
in North-East Atlantic and Mediterranean based MPAs, 
fishing and shipping related marine litter represented 
over 55 %–88 % of the total litter abundance (La Beur et 
al., 2019; Liubartseva et al., 2019; Luna-Jorquera et al., 
2019). Fishing litter and, in particular, derelict abandoned, 
lost and discarded fishing gear (ALDFG) impacts endan-
gered species and benthic environment, and favours a 
long duration of ghost fishing efficiency (Macfadyen et al., 
2009; Gilman et al., 2021). Recent studies estimate that 
5.7 % of all fishing nets, 8.6 % of all traps and 29 % of all 
lines are lost to the world’s ocean annually (Richardson 
et al., 2019) and the damage caused to marine inverte-
brates, such as gorgonians and coralligenous biocenosis, 
has been already documented for the Mediterranean 
MPAs (Consoli et al., 2019; Betti et al., 2020).
Despite the ocean surface is the best sampled oceanic 
compartment, the observations made so far are insuffi-
cient to predict accurately the transport and destination 
of FML. The relative immensity of the ocean and the 
spatio-temporal variability of the circulation and trans-
port processes hinder the research of FML distribution 
(Hardesty et al., 2016; Maximenko et al., 2019). Thus, 
modelling approaches can be useful to gain a better un-
derstanding of FML behaviour when few observations are 
available. They provide insights into circulation patterns 
and support the identification of accumulation zones. A 
broad variety of FML modelling approaches has been 
undertaken up till now, from models oriented to simulate 
litter destination and origin at global scale (Lebreton et 
al., 2012; Chassignet et al., 2021; Onink et al., 2021) to 
regional models with higher spatiotemporal resolutions 
and more reduces coverage such those applied in the 
Mediterranean Sea (Liubartseva et al., 2018b; Macias et 
al., 2019; Politikos et al., 2020), the Black Sea
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(Stanev and Ricker, 2019; Miladinova et al., 2020), 
the North Sea (Neumann et al., 2014) or the Adriatic 
Sea (Liubartseva et al., 2016). Also the application of 
three-dimensional models simulating the dynamic beha-
viour of FML is also becoming increasingly widespread 
(Jalón-Rojas et al., 2019; van Gennip and et al., 2019; 
Soto-Navarro et al., 2020). In particular, Lagrangian 
particle tracking techniques have turned out to be an 
effective approach to solve for FML trajectories using 
statistical long term database of winds and currents (Har-
desty et al., 2017; Van Sebille et al., 2018b). Besides, 
their capability to incorporate additional parametrizations 
makes them suited for addressing the direct effect of 
wind (“windage” as defined by Breivik et al. (2011)) on 
destination and travel time for different items (NOAA, 
2016), as verified by the FML simulation results from the 
Great Japan Tsunami of 2011 (Maximenko et al., 2018). 
Object windage classification and parametrization also 
contributes to identify accurately the potential source 
regions of FML reaching the coastal areas (Duhec et al., 
2015). Even then, the majority of the literature focuses 
on transport modelling of buoyant and fully submerged 
objects induced only by surface currents with a global 
(Lebreton et al., 2012; van Sebille et al., 2015) and regio-
nal application (Zambianchi et al., 2017; Miladinova et al., 
2020; Politikos et al., 2020).
In the BoB, recent modelling studies have helped to shed 
some light on the regional circulation of FML. Results em-
phasize the hypothesis of the Bay being a FML accumu-
lation zone and draw the attention on the high seasonal 
variability of FML transport (Pereiro et al., 2018; Declerck 
et al., 2019; Pereiro et al., 2019). Additional research 
accounting for windage effect highlight the importance of 
the size of the items on FML entrapment, particularly for 
the larger ones (>5 mm), more likely to stay in nearshore 
areas and beached (Rodríguez-Díaz et al., 2020).
However, many questions remain unanswered on FML 
transport and accumulation patterns based on the origin, 
windage parametrizations and the subsequent impacts 
on the marine environment and MPAs. Within this context 
and to better response to anthropogenic stressors for the 
coastal waters of the Bay of Biscay in the framework of 
JERICO-S3 project, the objective of this study is two-
fold: (1) to provide insights into distribution patterns of 
fishing-related items uninfluenced by winds and those 
strongly influenced by windage effect and (2) to assess 
their concentration in MPAs to put in place future-oriented 
and effective management and conservation strategies.

The circulation in the BoB enhances the seasonal dis-
persion patterns of FML with high wind drifts south-eas-
tward in winter and north-westward in summer (Borja et 
al., 2019; Pereiro et al., 2019). The coastline influences 
the less variable circulation in the inner shelf of the BoB 
compared to the outer shelf, where variability associated 
with mesoscale activity govern FML behaviour (Sola-
barrieta et al., 2014; Pereiro et al., 2018). FML tends to 
accumulate in the southeast of the Bay during spring and 
summer with longer residence times comparing to the 
north-western Iberian coastal waters. During autumn and 
winter, the northward transport contributes to the disper-
sion along the French coast (Declerck et al., 2019; Rubio, 
2020).
The study area encompasses 34 MPAs - 27 in France 
and 7 in Spain – aiming to protect mainly benthic habi-
tats, marine mammals and seabirds. Their surface exten-
sion range between 26 and 8192 km2 and the average 
size per MPA is 3442 km2 (Table 5.7). The MPAs consi-
dered in this study are predominantly or entirely marine 
protected areas assigned by UNEP-WCMC (UNEP-WC-
MC, 2019) and established under the framework of the 
EU nature Directives, national designations and Regional 
Sea Conventions (RSCs) (Agnesi et al., 2020).

DATA AND MODELLING 
METHODOLOGY
Modelling rationale

The study area is located within the OSPAR region IV 
Bay of Biscay and Iberian Coast and covers the large 
part of the FAO region Bay of Biscay (subarea 27.8 of 
FAO major area 27). It extends from 43°N to 48°N and 
from 11°W to the Spanish and French coastlines (Fig 
5.17) and comprises the Spanish and French marine 
waters defined by the Economic Exclusive Zone (EZZ) 
boundary. 
Intense fishing activities occurred in the study area foste-
red by the primary production levels and the topographic 
characteristics of the shelf basin (Lavin et al., 2006). The 
most common fishing fleet are trawlers together with set 
longliners and purse seiners since they represent 60–75 
% of the fishing hours in the BoB (Fernandes et al., 
2019). Fishing activity has become a relatively important 
human pressure in the BoB and ALDFG has been identi-
fied as a hazard for marine mammal populations resulting 
in fishing mortalities due to their ability to continue to fish 
target and non-target species (ICES, 2016; Borja et al., 
2019).

Fishing-related FML data obtained in sea surveys were 
combined with met-ocean datasets to model fishing-rela-
ted FML trajectories (Fig 5.18). Information derived from 
FML samples was used to categorize the items collected 
into two groups: low buoyant objects driven by currents 
and highly buoyant objects driven by wind and currents. 
Incorporating windage effect allowed the parameters 
of the model to be adjusted so the modelled outputs 
agree more closely with the real trajectories of the items. 
Measurements of fishing effort (hours spent by vessels 
catching fish) were used for setting the starting locations 
(sources) of particles carried by currents and wind. The 
number of particles released per group was proportional 
to the amount of low and highly buoyant fishing-related 
items collected in sea surveys. Particles were monthly 
distributed in the starting locations according to the 
fishing effort in the region. Particles were initialized 
randomly every month (from January to December) over 
a one-year period and their evolution was tracked for 90 
days. The two sets of trajectories were post-processed 
considering the fate of the particles: escaped through 
the boundaries of the study area (northern, southern, or 
western boundary) or remained (floating or beached). 
Results provided the fishing FML distribution patterns and 
concentration in MPAs.

STUDY AREA

Fishing-related FML data

FML data were gathered from marine litter windrows - 
concept described in Cózar et al. (2021) - over Spring 
and Summer 2018 on the coastal waters of the BoB. 
Marine litter windrows were detected by visual observa-
tions, and, straight after, net tows were carried out along 
the litter windrow following the streak of higher FML 
concentration. The FML was stored in 1 m3 big bags and 
a portion from the collected FML (≈0.2 m3) was randomly 
retrieved as a sample for the characterization (for further 
information on the methodology see Ruiz et al. (2020)).
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Table 5.7. Marine Protected Areas (MPAs) within the study area. ID indicates the MPA in Fig 5.17.

ID Name Area (km2) Location Designation
1 El Cachucho 2349.503 ESP Marine Protected Area

2 Espacio marino de la Ria de Mundaka-Cabo de 
Ogoño

175 ESP Marine Protected Area (OSPAR)

3 Espacio marino de la Costa de Ferrolterra - Valdoviño 68 ESP Marine Protected Area (OSPAR)

4 Espacio marino de Cabo Peñas 320.6099 ESP Special Protection Area (Birds Directive)
5 Espacio marino de Punta de Candelaria-Ría de Orti-

gueira-Estaca de Bares
771.5168 ESP Special Protection Area (Birds Directive)

6 Sistema de cañones submarinos de Avilés 3390 ESP Marine Protected Area (OSPAR)

7 Espacio marino de la Costa da Morte 3162.8305 ESP National Nature Reserve
8 Moëze-Oléron 67.19382 FRA National Nature Reserve

9 Baie De L'Aiguillon (Charente-Maritime) 26 FRA Marine Nature Park
10 Iroise 3500 FRA Site of Community Importance (Habitats 

Directive)
11 Estuaire de la Loire Nord 307.14 FRA Site of Community Importance (Habitats 

Directive)
12 Plateau rocheux de l'île d'Yeu 119.98 FRA Site of Community Importance (Habitats 

Directive)
13 Ile de Groix 283.3697 FRA Site of Community Importance (Habitats 

Directive)
14 Iles Houat-Hoëdic 177.6983 FRA Site of Community Importance (Habitats 

Directive)
15 Pertuis Charentais 4560.27 FRA Site of Community Importance (Habitats 

Directive)
16 Plateau de Rochebonne 97.15 FRA Special Protection Area (Birds Directive)

17 Mor Braz 402.76 FRA Special Protection Area (Birds Directive)
18 Estuaire de la Loire - Baie de Bourgneuf 802.02 FRA Special Protection Area (Birds Directive)

19 Secteur marin de l'île d'Yeu jusqu'au continent 2454.1 FRA Special Protection Area (Birds Directive)
20 Archipel des Glénan 587.9 FRA Special Protection Area (Birds Directive)

21 Dunes et côtes de Trévignon 98.74 FRA Special Protection Area (Birds Directive)

22 Pertuis charentais - Rochebonne 8192.58 FRA Special Protection Area (Birds Directive)
23 Estuaire de la Bidassoa et baie de Fontarabie 94.57 FRA Special Protection Area (Birds Directive)

24 Tête de Canyon du Cap Ferret 3656.39 FRA Marine Protected Area (OSPAR)

25 Marais de Moëze 67 FRA Marine Protected Area (OSPAR)
26 Panache de la Gironde et plateau rocheux de Cor-

douan
952 FRA Marine Nature Park

27 Bassin D'Arcachon 435 FRA Marine Nature Park

28 Estuaire De La Gironde et mer des Pertuis 6500 FRA Special Protection Area (Birds Directive)
29 Mers Celtiques - Talus du golfe de Gascogne 71860.94 FRA Special Protection Area (Birds Directive)

30 Baie de Quiberon 9.05 FRA Special Protection Area (Birds Directive)
31 Roches de Penmarc'h 457.28 FRA Special Protection Area (Birds Directive)

32 Au droit de l'étang d'Hourtin-Carcans 507.16 FRA Special Protection Area (Birds Directive)

33 Côte Basque rocheuse et extension au large 78 FRA Marine Protected Area (OSPAR)
34 Portion du littoral sableux de la côte aquitaine 507 FRA Marine Protected Area (OSPAR)
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In total 11 samples were gathered. Origins and characte-
ristics of the items collected in the windrows showcased 
the fishing contribution to FML in the area. Over 115 kg 
and 1400 sea-based litter items were classified into two 
groups considering their exposure to wind (Table 5.8): 
•	 Low buoyant items: items not exposed to wind and 

mainly transported by currents (e.g: nets or gloves). 
In total, 1384 items and 77.16 kg in weight.

•	 Highly buoyant items: items strongly exposed to wind 
and partially transported by winds and currents (e.g: 
buoys or fishing boxes). In total, 70 items and 37.94 
kg. 

The division was chosen based on existing FML windage 
classification approaches (Yoon et al., 2010; Neumann 
et al., 2014; Duhec et al., 2015; Maximenko et al., 2018; 
Pereiro et al., 2019). The classification was refined by 
adding new items not included in previously studies in 
order to simulate all fishing-related items collected in the 
surveys. 

Shipping related items were assigned to the fishing cate-
gory due to their small contribution to FML in the sam-
ples. The classification in terms of weight was the basis 
for allocating the number of particles to the simulation 
sets. From the released particles, 67 % (241,200) were 
parameterized to simulate the trajectories with a zero 
windage coefficient (Set 1; Cd = 0); 33 % of the particles 
(118,800) were released and run with a high windage 
coefficient (Set 2; Cd = 4 %).
Input on location of fishing FML sources is crucial for mo-
delling transport and accumulation; thus, the release lo-
cations were carefully selected, identifying as ‘initial point 
of fishing-based litter sources’ the reported monthly AIS 
fishing positions corresponding to fishing effort measured 
on a regular grid of 0.01° within the FAO region Bay of 
Biscay (subarea 27.8 of FAO major area 27) for 2017. 
These values exclude the time spent searching for fish 
and transit periods (see Taconet et al. (2019) for details). 
Over one million fishing hours and their corresponding 
vessel positions were considered in the analysis.

Fig. 5.18. Methodological framework for assess fishing-related floating marine litter distribution and concentration within the Bay of 
Biscay and Marine Protected Areas.

Table 5.8. Fishing – related items classification based on the exposure to wind effect. Data were gathered from surveys carried out 
during Spring and Summer 2018 in the south-east coastal waters of the Bay of Biscay.
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Surface currents were obtained from the operational IBI 
(Iberian Biscay Irish) Ocean Analysis and Forecasting 
System, provided by the Copernicus Marine Environment 
Monitoring Service (CMEMS). The system is based on 
a NEMO model and forced with 3-hourly atmospheric 
fields from ECMWF (see (Sotillo et al., 2015) for detai-
ls). The data is available at a 0.083° × 0.083° horizontal 
resolution using 50 vertical levels. Surface currents were 
extracted in the same horizontal grid at the nominal depth 
of 1 m.
For Set 2, simulations were driven by the one-hourly 
ERA5-U10-wind fields generated by the atmospheric IFS 
model of the European Center for Medium-Range Wea-
ther Forecast (ECMWF) (see (C3s, 2019) for details). 
ERA5 atmospheric reanalysis database covers the Earth 
on a 30 km horizontal grid using 137 vertical levels from 
the surface up to a height of 80 km and provides estima-
tes of a large number of atmospheric, land and oceanic 
climate variables on a 0.3° × 0.3° grid, currently from 
1979 to within 3 months of real time. Both hourly simula-
ted winds and surface currents were extracted from 1998 
to 2017 and coupled to the model.

Table 5.9. Simulation, release, and physical parameter values corresponding to simulation Set 1 and Set 2.

TESEO is a 3D numerical model conceived to simulate 
the transport and degradation of hydrocarbons, as well as 
the drift of floating objects and people in marine environ-
ments, on both regional and local scale. The transport 
module allows including environmental conditions -wind, 
waves and currents-to compute particle trajectories. The 
transport model has been calibrated and validated by 
comparing virtual particle trajectories to observed surface 
drifter trajectories at regional and local scale (Abascal et 
al., 2009; Abascal et al., 2017a; Abascal et al., 2017b). 
Recently, TESEO has been also successfully applied to 
marine litter transport studies (Mazarrasa et al., 2019; 
Núñez et al., 2019). Pretests were performed to esta-
blish the numerical settings of the simulations in order 
to balance the number of particles and the time step for 
computing their transport. Finally, 30,000 particles were 
released per month - 20,100 and 9900 for Set 1 and 
Set 2 accordingly - ensuring a good performance of the 
model without compromising the computing time and the 
results. Pathways were calculated from the release loca-
tion (Fig. 3) until the end of the simulation, allowing the 
position to be described in detail at temporal and spatial 
scale. Fishing-related FML items were treated as buoyant 
particles and advected by 2D surface ocean current 
fields. Wave effects were omitted. 
The domain was divided into a regularly spaced grid of 
61 × 133 elements and 0.08° × 0.08° spatial resolution 
(Δx). A land-sea mask was embedded in the model to 
undertake the beaching assessment. For each particle, 
the displacement was integrated with the time step (Δt) 
of 1800s, thus the particles will not displace more than 
one grid in one time step (Price et al., 2004; Abascal et 
al., 2010). As mentioned, 200 scenarios per month and 
2400 in total were randomly selected. For each scenario, 
particles were initialized as an instantaneous release and 
run for 90 days as suggested as valid for basin scale by 
(Mansui et al., 2020). A turbulent diffusion coefficient of 1 
m 2s−1 was set according to previously FML modelling 
studies carried within the BoB (Pereiro et al., 2019) to ac-
count for sub grid dispersion. Finally, the position of each 
particle along its trajectory and the density of particles per 
cell was saved every 12 h (Table 5.9).
Particles stranded in the limit of the coastline cells borde-
ring land were treated as beached litter. Particles esca-
ped from geographical limits of the study area - northern, 
southern and western boundary - were considered in 
order to quantify the accumulation rate of particles esca-
ped. Once beached or escaped, particles were removed 
from further model computational steps.
The mean accumulation rate of beached, floating, and 
escaped particles was calculated by averaging the 
accumulation rate for each time step throughout the year 
during the integration time. The evolution of the accu-
mulation rate was calculated based on a weekly assess-
ment. The spatial accumulation was calculated by the 
end of the simulation (90 days-period). Concentrations in 
the MPAs were quantified as the ratio between the num-
ber of particles accumulated by the end of the simulation 
(n) and the MPA surface area (km2). MPAs areas with 
spatial scale smaller than the grid were not included in 
the analysis.

Met-ocean data

Methods

The modelling methodology was underpinned on realistic 
descriptions of fishing-related FML sources defined in 
“Fishing-related FML data” Section. The availability of 
met-ocean long-term datasets allowed to apply the pro-
babilistic Monte Carlo technique to consistently simulate 
particle trajectories throughout the year. A database of 
FML trajectories under different met-ocean conditions 
(scenarios) was achieved for each month. Monte Carlo is 
considered a useful approach to overcome the uncertain-
ty of modelling complex situations where many random 
variables are involved; Monte Carlo technique can be 
applied for predicting potential pollution events (Abascal 
et al., 2010; Alves et al., 2014; Morell Villalonga et al., 
2020), assessing beach litter presence (Martínez-Ribes 
et al., 2007; Schulz et al., 2019; Álvarez et al., 2020) 
or forecasting marine litter transport (Quan Luna et al., 
2012; Liubartseva et al., 2018a). Abascal et al. (2010) 
revealed that 200 scenarios can be suitable to charac-
terize the seasonally particle behaviour within the BoB. 
Following this recommendation, in this analysis, 200 
scenarios per month and 2400 in total were randomly 
selected. The number of particles per grid was estimated 
for the set of all scenarios according to Eq. (1):

where S is the number of scenarios, t is the time, T the 
simulation period and i,j the grid nodes. 
Windage assignment for Set 1 and Set 2 was Cd = 0 % 
and Cd = 4 %, respectively. Both simulation sets were 
conducted using the transport module of the TESEO mo-
del (Abascal et al., 2007; Abascal et al., 2017a; Abascal 
et al., 2017b). 
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Fig. 5.19. Release locations for Set 1 (blue) and for Set 2 (green) initialized in January, April, July and October. Additional 
figures for the remaining months are available in Supplementary Figure 5.11 and 5.12.

RESULTS
Temporal FML accumulation

Over 24 % of particles from Set 1 and 80 % from Set 2 
beached at the end of the simulations (Fig 5.20). For Set 
2, beaching increased rapidly during the first-time steps 
and gradually levelled for the second half of the simula-
tion period. At the end of the simulation, more than 55 % 
of particles from Set 1 remained floating at sea surface 
and less than 1 % from Set 2 still floated. No significant 

Mean accumulation rate

differences were observed amongst Set 1 (21 %) and Set 
2 (19 %) in terms of accumulation of particles escaping 
the area. Particles from Set 1 were most likely to escape 
through the northern boundary (14 %) comparing to Set 
2 (10 %); only 2 % and 3 % of particles ended up at the 
western boundary for Set 1 and Set 2 respectively. Less 
than 5 % of particles escaped from the BoB through the 
southern boundary for both sets.

Accumulation rate progress

High temporal variability was observed over the year on 
surface surface and coastal accumulation for both sets 
(Fig 5.21). 
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The accumulation rate for floating particles from Set 1 
ranged from 85 to 89 % (minimum-maximum values 
respectively) after one week to 44–59 % by the end of 
the simulation period. In contrast, surface accumulation 
for particles from Set 2 varied from 48 - 57 % to 0.2–1.4 
% for the same period. The most significant decrease for 
both cases occurred during summer. 
Beached particles from Set 2 increased to 65–80 % after 
one month of simulation to subsequently stabilized over 
80 % till the end of the simulation period. Beaching for 
particles from Set 1 increased from 6 to 10 % after one-
week simulation to 20–35.5 % by the end of the simula-
tion. Beaching was also significant during summer.

Fig. 5.20. Mean accumulation ratio for Set 1 (blue) and Set 2 (green) of floating, beached and escaped particles through the 
three open boundaries. The average was calculated per each time step of the integration time throughout the year.

For both sets, particles escaped more easily through the 
northern boundary comparing to the other boundaries. In 
autumn and winter, between 3 and 10 % of particles from 
Set 2 and 2–4 % of particle from Set 1 escaped during 
the first week of simulation; the accumulation rate hardly 
increased in both cases above 4–21 % by the end of 
the simulation. It was observed that few particles esca-
ped through the western boundary: only 0.15–3.3 % of 
particles escaped for Set 1 and 0.4 %–6.12 % for Set 2. 
The particles escaped mainly in winter and during the first 
weeks of the simulations. Similar rate of particles ranging 
from 1.8 to 9 % escaped through the southern boundary 
under the different windage conditions. In this case, parti-
cles mostly escaped by end of spring and during summer.
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A large number of particles from Set 1 continued floa-
ting in the BoB at the end of the simulations. However, 
particle from Set 2 were mainly transported by the 
wind towards the coast and finally beached (Fig 5.22). 
The spatial distributions of modelled particles showed 
remarkable seasonality. Particles from Set 1 were more 
prone to remain in the sea surface in autumn and winter. 
Particles tended to accumulate towards the western 
Spanish coast (between 8°W 9°W) and on the eastern 
Spanish coast (between 2°W 4°W) throughout the spring. 
The eastern accumulation region gradually decreased in 
autumn though higher accumulation on the western coast 
was still present. Whether autumn and summer, accumu-
lation both in the coastal area and sea surface scarced 
on the Spanish central zone (between 5°W 7°W). For Set 
2, accumulation on the sea surface was almost non-exis-
tent. However, the strong influence of the windage on the 
coastal accumulation was clearly evidenced along the 
French shoreline, resulting in a larger particle concen-
tration throughout the year comparing to the Spanish 
coastline. Autumn and winter fostered particle accumula-
tion mainly in the French coastal areas from 44°N up to 
47°N. However, during spring and summer particles also 
beached in the French southerly coast (between 43°N 
44°N) and in the Basque coast (between 2°N 3°N). Iso-
lated hotspots showed up on the eastern Spanish coast 
during this period.

Spatial FML accumulation

Fig. 5.21. Annual accumulation rate progress for Set 1 (figure above) and Set 2 (figure below) of floating, beached and escaped par-
ticles through the three open boundaries. The assessment of the accumulation rate was calculated every week during the simulation 
period (90 days).

FML concentrations in MPA

MPAs over the continental shelf experienced higher con-
centration comparing to those sited over the abyssal plain 
(Fig 5.23). The most frequent range of concentration for 
Set 1 and Set 2 was 1–50 particles/km2. The mean parti-
cle concentration per MPA for Set 1 and Set 2 was 23.12 
particles/km2 and 28.29 particles/km2, respectively. For 
Set 1, three of the five MPAs experiencing the highest 
mean particle concentration were located in France 
(Île d’Yeu - 216.77 particles/km2, Île de Groix - 78.55 
particles/km2, and Iroise - 74.33 particles/km2) and two 
in Spain (Espacio Marino de la Ría de Mundaka – 75.60 
particles/km2 and Espacio marino de la Costa da Morte - 

48.82 particles/km2); For Set 2, four of the five MPAs 
experiencing the highest mean particle concentration 
were located in France (Estuaire de la Bidassoa et baie 
de Fontarabie - 125.83 particles/km2, Île d’Yeu - 124.65 
particles/km2, Baie de Quiberon - 117.70 particles/km2, 
and Île de Groix - 93.81 particles/km2) and one in Spain 
(Espacio marino de la Ría de Mundaka-Cabo de Ogo-
ño - 101.40 particles/km2). French and Spanish MPAs 
experienced higher concentration for both sets mainly by 
the end of summer and during autumn.

DISCUSSION

Modelling approaches are crucial to accurately predict 
where marine litter will converge in the BoB, described 
as a regional hotspot of FML. Since information on the 
origins and the contribution of windage effect on FML 
circulation are not well known in the area, a better un-
derstanding of the relative importance of both parameters 
is needed. The results of this study provide initial insights 
of the influence of windage effect on simulated particles 
allocated as fishing related items and the estimation of 
their distribution patterns and concentrations in MPAs 
within the BoB.

Assumptions on fishing sources

Contributions to measure the importance of sea-based 
sources in a given region, particularly fisheries, can be 
considered relevant since a growing number of studies 
link marine litter presence to areas of high fishing activity 
(Pham et al., 2014; Unger and Harrison, 2016; Richard-
son et al., 2019). This study combines fishing FML data 
from surveys with modelling approaches to explore for 
the first time the behaviour of fishing-related items within 
the BoB. However, there are two assumptions in the allo-
cation of fishing sources that are important to consider. 
First, the existing data concerning the origin of FML are 
not evenly collected throughout the BoB. FML samples 
derive from litter windrows located in the south-eastern 
BoB (Ruiz et al., 2020). Sampling elsewhere is substan-
tially more sparse and mainly limited to visual observa-
tions.
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Fig. 5.22. Spatial particle accumulation for Set 1 (left) and Set 2 (right) after 90 days of simulation. The figures show the particle ac-
cumulation for the releasing initialized in January, April, July and October. Additional figures for the remaining months are available 
in Supplementary Figure 5.13 and 5.14.

Second, sampling activities in the litter windrows have li-
mited temporal coverage. This hampers the interpretation 
of temporal trends in abundance and origins of fishing 
FML affected as well by seasonal changes in currents, 
winds, wave action, etc. Still, these data represent a 
potentially valuable information on fishing-related FML 
origins not available from any other source.

Windage parametrization and FML distribution

This study allowed for distribution of low (Set 1) and high 
windage parametrized simulations (Set 2) to be compa-
red. Results are consistent with previous studies docu-
mented in literature, which highlight the significant impact 
of windage effect on FML transport and accumulation 
(Breivik et al., 2011; Maximenko et al., 2018;

 Ko et al., 2020). Simulations underlined an asymptotic 
behaviour of particle accumulation over the integration 
time, regardless the windage coefficient (Fig 5.21). At 
basin scale, a similar accumulation has been described 
for the Mediterranean Sea (Zambianchi et al., 2017). The 
mean rate of particles beached is far greater and occur 
faster for Set 2, particularly in summer (Fig 5.21, Fig 
5.22). During this period, winds tend to have a marked 
north/north-eastward component resulting in strongly 
beaching for the French coast. Large surface accumula-
tion rates are observed during winter for Set 2 (Fig 5.22). 
Furthermore, particles are more likely to remain floating 
and accumulate in the French shelf instead of becoming 
beached or escaped. In winter, currents induced by IPC 
may result in stronger particle transport and accumulation 
from the Spanish towards to the French shelf (Fig 5.23). 
Conversely, the circulation becomes weaker and 
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Fig. 5.23. Concentration within the MPAs for set 1 (left) and Set 2 (right) after 90 days of simulation. Concentrations in the MPAs (n/km2) 
were quantified as the ratio between particle accumulation by the end of the simulation and the MPA surface area. The figures show the 
particle concentrations for the releasing initialized in January, April, July and October. Additional figures for the remaining months are 
available in Supplementary Figure 5.15 and 5.16.

equatorward from April to September. This flow can 
favour a higher retention mainly in the south-eastern 
continental shelf of the BoB, in line with results already 
described in the literature (Declerck et al., 2019; Pereiro 
et al., 2019). Results also showed that particles barely 
escape from the BoB and the direct effect of wind does 
not play a major role in this process. This agrees well 
with recently studies which stated that the BoB acts as 
trapping zone for FML, particularly for meso (5–25 mm) 
and macro (25–1000 mm) litter items (Rodríguez-Díaz et 
al., 2020). Particles mainly scape throughout the northern 
boundary mainly due to the effect of surface currents.

Model limitations

In addition to the assumptions concerning the temporal 
and spatial coverage of fishing sources, numerical simu-
lations require simplifications of processes that influence 
their accuracy (van Sebille et al., 2018). In this study, 
once particles beached, it is assumed that it is its final 
destination. However, the state of particles at the 

During summer, the prevalence of north-westerlies winds 
may result in low number of escaped particles, particular-
ly for particles from Set 2 (Fig 5.21 and 5.22).
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The recently adopted EU Biodiversity Strategy sets the 
goal to improve and expand the coverage of European 
MPAs from 10 % to 30 % for 2030 (EEA, 2018; Agnesi 
et al., 2020). Such political commitments require we-
ll-managed MPAs to avoid the impact of marine pollution. 
Monitoring tools and numerical approaches become 
crucial to determine the environmental status of the 
MPAs and to design effective measures to reduce litter 
input. In this study, concentrations obtained both for Set 1 
(mean 23.1 particles/km2 - max 125.8 particles/km2) and 
Set 2 (mean 28.3 particles/km2 - max 270.81 particles/
km2) showed lower values compared with previous data 
reported from Mediterranean MPAs. Average abundance 
from seasonal surveys performed by (Ruiz-Orejón et al., 
2019) in Menorca Channel MPA (Balearic Islands) ranged 
from 373 items/km2 to 1315 items/km2 throughout the 
year. Though, these results account for the entire fraction 
of marine litter sampled and they are not limited exclusi-
vely to fishing-related items.
Likewise, French MPAs located in the continental shelf of 
the BoB experienced higher FML concentrations despite 
windage conditions. Vessel-based activities and a high 
proportion of the MPAs documented in this study are 
located in the same geographical area, mainly in the con-
tinental shelf. Since particles have been allocated based 
on the fishing effort, the proximity of the release locations 
to the MPAs may influence the final FML destination and 
concentration. If the release take place offshore and far 
from the continental shelf, the transport and distribution 
occur more gradually, mainly for Set 1. This scenario gi-
ves a larger time window to stakeholders to act. However, 
the proximity to the release locations constitutes a threat 
to the MPAs, particularly for French ones, as it reduces 
the response time to critical pollution events.

shoreline can vary between beached and re-floated 
episodes. Particle experiences different behaviour 
depending on complex physical processes but how they 
contribute to the final particle state is still unknown (Har-
desty et al., 2016; Carlson et al., 2017; Utenhove, 2019). 
Furthermore, few studies on the coastal contribution to 
marine litter fragmentation and sinking have been carried 
out so far. Therefore, no interaction between the surface 
and seabed within the shoreline have been considered. 
Wind-induced mixing of water can distribute FML from 
the surface along the water column. This vertical mixing 
has been addressed in previously studies focus on micro-
plastic distribution (Kukulka et al., 2012; Kooi et al., 2016; 
YanfangLi et al., 2020). Vertical mixing is not included in 
this study since the application of the model is limited to 
macro litter items with strong buoyancy.
Based on previous studies that show the relevance of 
the wind drift and surface currents in the transport of 
floating objects in the study site (Abascal et al., 2009), 
waves were omitted as forcing of the numerical model. 
Usually, wind and waves effects are considered together 
and represented by the windage coefficient (Abascal et 
al., 2009; Pereiro et al., 2018). However, this approach 
remains appropriate only while the waves are directly 
related and propagate in the same direction as the local 
wind. Therefore, more research would be required to 
incorporate the wave-induced Stokes drift into the nume-
rical model and to consider the effect of the swell on FML 
transport.
Despite waves can induce the transport close to shore 
and play an important role in coastal areas and especially 
in beaches, including dynamics due to waves and the 
high-resolution process nearshore are beyond the scope 
of this paper.

Implications for MPAs management

The evidence of harm from marine litter to biota has been 
collected over the past years, underlying the negative 
impacts on marine organisms and habitats conservation. 
Entanglement, ingestion, the transport of microplastic or 
invasive species are major examples of the adverse con-
sequences of marine litter exposure. The mobility of FML 
under the influence of currents and wind and, particularly, 
of highly buoyant items poses an elevated risk, especia-
lly for French MPAs, undermining ecosystem services 
provided by the MPAs and, consequently, bringing losses 
to economic French and Spanish sectors such tourism, 
fisheries and aquaculture.
Research conducted so far to assess the influence of 
MPAs in the society have highlighted their positive effects 
on human well-being (Rasheed, 2020; Garcia Rodrigues 
et al., 2021). Since MPAs outcomes are positive for the 
relationship between humans and the environment, 
stakeholders in the BoB should explore integrating study 
results on marine litter abundance and distribution to fos-
ter comprehensive measures and enhance the governa-
bility for a maximum well-being impact.
Regional and local management actions to address 
sea-based pollution are necessary to tackle the problem 
at source. A dedicated database to identify which derelict 
fishing gears are predominant in the study area coupled 
with interviews of fishers can help improve fishery mana-
gement scheme and regulation. Assist in the selection of 
an appropriate disposal site or provide tools for fishers to 
underpin monitoring and/or control of their gear(s) increa-
se the opportunity of the fishing sector to intervene on the 
prevention of gear loss and cut down fishing and shipping 
related litter presence in MPAs.
Recent transboundary initiatives implemented in the area 
such LIFE LEMA project (https://www.lifelema.eu/en/) 
or the innovative FML-TRACK service (https://fmltrack.
rivagesprotech.fr/) acknowledge the need to extend 
solution-oriented tools to tackle FML in the BoB, ensuring 
in this way a more effective MPAs conservation. It has 
emerged clearly the importance of modelling to improve 
capabilities to prevent and remove FML underpinned 
by the availability of open and quality assured oceano-
graphic products such as those provided by Copernicus 
Marine Environment Monitoring Service (CMEMS). 
Modelling assessments coupled with complementary 
videometry approaches, which monitor and estimate 
riverine litter quantities released into the coastal area, 
support decision-makers on FML management in the 
south-east of the BoB (LEMA, 2020; Delpey et al., 2021). 
Since the outcomes delivered by models and videometry 
provide near-real time FML abundances and predictions 
on transport and distribution of FML, they should be 
taken into consideration by the competent French and 
Spanish authorities for evaluating possible environmental 
consequences for MPAs in the case of intentional and 
unintentional marine litter releases.

Recommendations for future research

Research on marine litter behaviour in the BoB is still in 
its early stage. One of the greatest challenges is actually 
create new insights on FML circulation from fishing-rela-
ted activities to prevent and mitigate its impact at basin 
scale. To address the gaps in the current knowledge, 
more observations of actual fishing FML abundances are 
needed. Besides, there is still much work to be done on 
explaining what kind of objects are released within the 
BoB since litter trajectories can be significantly altered by 
the wind conditions. Improved parameterizations of win-
dage coefficient are crucial to better understand the mo-
delled FML pathways and destiny. Despite a significant 
proportion of marine litter in the BoB may be sourced 
from the fishing sector, commercial and recreational
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shipping activities also contribute to marine litter in 
the area. Hence, shipping routes need to be included 
in future studies to give a full picture of the influence 
sea-based sources occurring on the BoB. The validation 
of computed particle trajectories and concentrations 
remains challenging due to the lack of observed data. 
Thus, furthercollection of field data and investment in 
FML monitoring are recommended. Long term, large 
spatial scale, standard and harmonised data are required 
to assess the performance of the results. Particle move-
ment and distribution are more chaotic in coastal waters. 
This would need further investigation from Lagrangian 
analysis of highresolution current and wind data to accu-
rately address beaching and refloating of litter processes. 
Using Lagrangian approaches to resolve the hydrody-
namic connectivity in the BoB can provide also valuable 
information on the origin and age of the water masses 
within the MPAs to appropriately deal with the potential 
sources of FML at basin scale (van Sebille and et al., 
2018). Lastly, efforts have been made over the last few 
years to confer the protected status of MPA to European 
areas of high ecological value, therefore, consistent data 
from monitoring enable also reasonable policy decisions 
for medium- and long-term strategies especially to those 
MPAs significantly impacted by FML.

CONCLUSIONS
Fishing sources have been considered in this study to 
assess FML circulation within the BoB under different 
windage conditions. Simulations allowed for studying the 
distribution patterns and concentrations of low and highly 
buoyant fishing-related items. Results demonstrate that 
windage effect shapes FML behaviour in the BoB and 
confirm the need to be incorporated in modelling simu-
lations to fully understand FML transport and fate. The 
behavioral differences over spatial and temporal scale 
underline the high variability in particle accumulation 
and provide seasonal information to decision-makers 
on the likely fate of FML. Particular attention should be 
paid to the French coastline since high exposure to FML 
accumulation is expected mainly during summer season 
especially for highly buoyant items. Results lends weight 
to the argument that the BoB is an accumulation region 
for FML and strengthens the need to comply with preven-
tion measures at source, particularly for fishing activities. 
Preventive and behaviour-changing measures become 
important in addressing fishing FML generation and dis-
posal due to the combination of the geographical proxi-
mity between the area where fishing vessels operate, the 
coastal area and the MPAs. For highly buoyant items, mi-
tigating measures should be rapid implemented to fit the 
limited time for intervention between FML realising and 
coastal and MPA arrival. Further simulations with more 
windage parametrization and experimental research (i.e: 
drifters) is recommended to provide new insights on FML 
behaviour and to validate the modelled results. Besides, 
monitoring efforts are required to provide the necessary 
information to implement and to assess the efficiency of 
specific measures for tackle FML in the BoB.
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Supplementary mate-
rial

Supplementary Fig 5.11. Release locations for Set 1 initialized in February, March, May, June, August, September, November and 
December.

Supplementary Figure 5.11
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Supplementary Figure 5.12

Supplementary Fig 5.12. Release locations for Set 2 initialized in February, March, May, June, August, September, November and 
December.
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Supplementary Fig 5.13. Spatial particle accumulation for Set 1 after 90 days of simulation. The figures show the particle accumulation 
for the releasing initialized in February, March, May, June, August, September, November and December.

Supplementary Figure 5.13
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Supplementary Figure 5.14

Supplementary Fig 5.14. Spatial particle accumulation for Set 2 after 90 days of simulation. The figures show the particle accumulation 
for the releasing initialized in February, March, May, June, August, September, November and December.
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Supplementary Fig 5.15. Concentration within the MPAs for Set 1 after 90 days of simulation. Concentrations in the MPAs (n/km2) were 
quantified as the ratio between particle accumulation by the end of the simulation and the MPA surface area. The figures show the 
particle concentrations for the releasing initialized in February, March, May, June, August, September, November and December

Supplementary Figure 5.15
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Supplementary Figure 5.16

Supplementary Fig 5.16. Concentration within the MPAs for Set 2 after 90 days of simulation. Concentrations in the MPAs (n/km2) were 
quantified as the ratio between particle accumulation by the end of the simulation and the MPA surface area. The figures show the 
particle concentrations for the releasing initialized in February, March, May, June, August, September, November and December
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approach applied such as the dataset or the model used. 
Global estimates based on modelled amounts of  mis-
managed plastic waste (MPW) range between 0.5 to 2.7 
million metric tonnes per year (Lebreton et al., 2017; Sch-
midt et al., 2017; Meijer et al., 2021); however, they can 
represent less than a tenth when methodology followed 
differ from MPW-based models (Mai et al., 2020). Models 
require comprehensive field data and consistent and har-
monized protocols to validate the amounts, type and size 
of riverine inputs, information that can then be used to 
implement tailor-made and effective measures at regional 
and local scale (González-Fernández and Hanke, 2017; 
Wendt-Potthoff et al., 2020; Margenat et al., 2021). Such 
comprehensive data was obtained in Europe thanks to 
the RIMMEL project (González-Fernández and Hanke, 
2017) and a network of visual observers of riverine ma-
crolitter, which research concluded that between 307 and 
925 million litter items are annually transferred into the 
ocean, mainly through small rivers, streams and coastal 
run-off (González-Fernández et al., 2021). 
Once at the river mouth, riverine litter can accumulate 
nearby or it can move long distances, reaching remote 
areas from river waters. Indeed, the distribution and fate 
of riverine litter in the coastal and marine environment is 
conditioned by the metocean conditions (currents, turbu-
lence, wind) but also by the buoyancy of the objects, de-
fined by their composition, size and shape (Ryan, 2015; 
Lebreton et al., 2019; Maclean et al., 2021). Objects with 
low buoyancy are mainly driven by currents contrary to 
high buoyant items which are pushed along the water 
surface partially by winds. The wind effect (“windage”) 
is an important factor for pushing litter to shore and 
induce beaching, mainly for offshore-source litter, which 
is highly affected by winds, compared to coastal-source 
macrolitter (Ko et al., 2020). Riverine litter trapped in 
near-shore areas is susceptible to beaching, settling and 
resurfacing episodes and reach open ocean mostly as 
small fragments (Morales-Caselles et al., 2021), hamper-
ing cleanup efforts and contributing to the prevalence of 
litter in the marine environment. Adjustment for winda-
ge has been consequently investigated in Lagrangian 
modelling studies in open ocean (Allshouse et al., 2017; 
Maximenko et al., 2018; Lebreton et al., 2019; Abascal 
et al., 2009) but also, although less mature, in coastal 
areas (Critchell and Lambrechts, 2016; Utenhove, 2019; 
Tong et al., 2021). The lack of field data to accurately 
parametrize the effect of wind and validate simulation 
results is one of the key limitations both in riverine and 
marine transport modelling. From decades, researchers 
have used real observations derived from drifting buoys, 
such as in the Global Drifter program, which observations 
contribute to fill this gap. 
Buoy data are used to fine-tuning prediction models and 
provide a better description of the near-surface circula-
tion and its Lagrangian behaviour (Charria et al., 2013; 
Dagestad and Röhrs, 2019). They have also allowed 
simulating more realistic litter pathways from origin to fate 
by integrating experimental windage parametrizations 
and the corresponding comparison between observed 
and modeled trajectories (Duhec et al., 2015; Pereiro 
et al., 2018; Rizal et al., 2021). Satellite-tracked drifting 
buoys and communication systems are costly, despite 
more economical and environmentally friendly solu-
tions are gaining force among researchers. Examples 
include drifters built using biopolymers (Novelli et al., 
2017; D’Asaro et al., 2020) and compact and lightweight 
designs with a GPS-tracking component for an easy de-
ployment (Meyerjürgens et al., 2019b; van Sebille et al., 
2021). Others have evolved to develop drifters shaped as 
real litter items (e.g., plastic bottles), which allow a more 
accurate tracking position of standard objects, accounting 
for wind effect at sea and on inland waterways (Duncan 
et al., 2020).

ABSTRACT
Although rivers contribute to the flux of litter to the coastal 
and marine environment, estimates of riverine litter 
amounts are scarce and the behaviour of riverine litter 
at river mouths and coastal waters is highly uncertain. 
This paper provides a comprehensive overview of the 
seasonal trends of floating riverine litter transport and 
fate in the south-eastern Bay of Biscay based on riverine 
litter characterization, drifters and high-frequency radars 
observations and Lagrangian simulations. Virtual parti-
cles were released close to the river mouths as a proxy 
of litter entering the ocean from rivers and were para-
meterized with a wind drag coefficient (Cd) to represent 
their trajectories and fate according to the buoyancy of 
the litter items. They were forced with numerical winds 
and measured currents provided by high-frequency 
radars covering selected seasonal week-long periods 
between 2009 and 2021. To gain a better insight on the 
type and buoyancy of the items, samples collected from 
a barrier placed at Deba river (Spain) were characterized 
at laboratory. Items were grouped into two categories: 
low buoyant items (objects not exposed to wind forcing 
e.g., plastic bags) and highly buoyant items (objects 
highly exposed to wind forcing, e.g., bottles). Overall, low 
buoyant items encompassed almost 90% by number and 
68% by weight. Low buoyant items were parametrized 
with Cd=0%, and highly buoyant items with Cd=4%, this 
later one as a result of the joint analysis of modelled and 
observed trajectories of  four satellite drifting buoys re-
leased at Adour (France), Deba (Spain) and Oria (Spain) 
river mouths. Results show that all regions in the study 
area are highly affected by rivers within or nearby the 
region itself. Simulations of riverine litter parametrized 
with Cd=4% showed that particles drifted faster towards 
the coast by the wind, notably during the first 24 hours. 
In summer, over the 97% of particles beached after one 
week of simulation. In autumn this value fell to 54%. In 
contrast, the low buoyant litter items take longer to arrive 
to the coastline, particularly during Spring with fewer 
than 25% of particles beached by the end of the simu-
lations. When comparing coastline concentrations, the 
highest concentrations of particles (>200 particles/km) 
were recorded during summer in the French region of 
Pyrénées-Atlantiques for Cd=4%. These results coupled 
observations and a river-by-river modelling approach and 
can assist policy and decision makers on setting emer-
gency responses to high fluxes of riverine litter arrivals 
and on defining future monitoring strategies for heavy 
polluted regions within the study area. 

INTRODUCTION
Rivers act as key vectors bringing improperly disposed 
and mismanaged litter from land into coastal and marine 
environments, especially in densely populated or highly 
industrialized river basins. Riverine litter poses a large 
threat not only to coastal and marine environments but 
also to freshwater systems by degrading aquatic life, 
impacting freshwater quality and increasing economic 
losses associated with human activities (van Emmerik 
and Schwarz, 2020; Al-Zawaidah et al., 2021). Recent 
findings derived from extensive modelling efforts suggest 
that about 1,600 rivers worldwide account for 80% of 
plastic inputs to the ocean with small urban rivers among 
the most polluting (Meijer et al., 2021). However, most of 
the litter research conducted to date has focused on ma-
rine environments (87%) when compared to freshwaters 
systems (13%), and only 7% of all scientific publications 
can be attributed to macroplastics (size > 2.5 cm) (Blett-
ler et al., 2018). Riverine litter contributions to oceans are 
still uncertain, and results vary depending on the
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Fig 5.24. Study area with the release locations of the Satellite drifting buoys and the riverine barrier. Dots in orange represent the trajec-
tories of the buoys. Numbers correspond to the particle releasing location for riverine litter simulations: (1) Deba; (2) Urola; (3) Oria; (4) 
Urumea; (5) Oiartzun; (6) Bidasoa; (7) Nivelle; and (8) Adour River. Dots in light yellow represent the nodes of the HF Radar grid.

Nowadays, coastal transport can be also characterized 
at high temporal and spatial resolution thanks to the 
use of land-based high frequency radar systems for the 
remote measurement of surface currents (hereafter HF 
radars (Rubio et al., 2017)). HF radars offer the opportu-
nity to monitor surface currents in coastal areas, where 
the transport processes are significantly more complex 
than open ocean waters due to the effect of coasts, 
bathymetry and other local forcings, like river discharges 
or coastal upwellings. Given the highly dynamic and 
complexity nature of coastal waters, this realistic and 
useful knowledge on coastal circulation combined with 
the parametrization of key physical processes affecting 
litter transport (e.g., windage) become crucial to reduce 
the uncertainties of modelled trajectories of riverine and 
marine litter (Van Sebille et al., 2020).
In the the south-eastern Bay of Biscay (hereafter SE Bay 
of Biscay), a HF radar provides, as part of the operational 
oceanography system EuskOOS (https://www.euskoos.
eus/), near-real-time surface current fields at 5 km spatial 
and 1-hour temporal resolution, covering since 2009 
a range up to 150 km from the coast. This system has 
already been used in previously to study surface coastal 
transport processes in combination with multisource data 
(Manso-Narvarte et al., 2018, 2021; Rubio et al., 2011, 
2013, 2018, 2020; Solabarrieta et al., 2014, 2015, 2016). 
The HF radar is also a good example of effective monito-
ring of surface currents with strong potential for floating 
marine litter management. The EuskOOS HF radar is part 
of JERICO-RI (https://www.jerico-ri.eu/) and it is operated 
following JERICO-S3 project best practices, standards, 
and recommendations. Research conducted by Declerck 
et al., (2019) in the SE Bay of Biscay provided the first 
assessment of floating litter transport and distribution in 
the region, coupling surface currents observations from 
EuskOOS system, Lagrangian modelling and riverine 
inputs. Nowadays, these observations are used by local 
authorities both in real time and in hindcast in the fra-
mework of the operational service FML-TRACK 

(https://fmltrack.rivagesprotech.fr/) to collect floating 
marine litter in the area. However, the accurate modelling 
of transport and fate of both floating marine and riverine 
litter need to consider the variety of floating objects and 
sources and additional physical processes as windage. 
This paper aims at estimating the seasonal trends on 
floating riverine litter transport and fate in the SE Bay 
of Biscay by modelling the Lagrangian behaviour of 
numerical particles released in the main rivers within the 
area. To do so, a Lagrangian model was forced by real 
observations from the EuskOOS HF radar and particles 
were parameterized to represent riverine litter trajecto-
ries according to their observed buoyancy. Riverine litter 
collected from a local barrier was characterized at labo-
ratory to explore the fraction of highly and low buoyant 
items. Since most of the items were low buoyant, simula-
tions of particles considering only surface currents were 
performed as the reference. Complementary Lagrangian 
simulations for highly buoyant items (and less abundant 
in the area) were also performed. In this case, 4 low-cost 
buoys with similar buoyancy of certain highly buoyant ob-
jects were built and released at 3 different rivers. Drifter 
data were used to parameterize the wind effect on this 
type of items and consequently achieve more accurate 
results.

METHODS AND DATA
Riverine Litter Sampling

In Spring 2018, a riverine barrier was placed in Deba 
river (Gipuzkoa) to retain and collect floating macro 
riverine litter during low to moderate flows. The barrier, 
which consisted of a nylon artisanal net supported by 
hard floats (buoys) was 40 m long and 0.6 m high with a 
60 mm mesh size (Supplementary Fig 5.17). A sampling 
was conducted weekly from April 2018 to June 2018; in 
total eight riverine litter samples were collected.
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Fig 5.25. Main components of the “Low-cost buoy”. The structure: (a) HDPE container and SPOT Trace device powered by 
4 AAA cells. Assembly process: (b) final appearance once the buoy is sealed. The buoy is labelled with contact information 
both within and outside; (c) the SPOT Trace was fixed at the base of the container with adhesive tape to avoid twists and 
turns of the buoy.

Table 5.10. Locations, periods, and distances covered by the drifting buoys

Buoy ID River Initial date Final date Distance covered (km)

A Deba 16-Sept-2018 8:00 4-Oct-018 7:00 116.1

B Oria 12- Apr-2018 16:00 18-Apr-2018 12:00 118.72

C Adour 29-Jul-2018 20:00 2-Aug-2018 20:00 71.21

D Adour 28-Nov-2018 9:00 30-Nov-2018 11:00 64.41

Litter items were quantified, weighted, and categorized 
at lab according to the Master list included in the “Gui-
dance on Monitoring of Marine Litter in European Seas” 
(Galgani et al., 2013) Items were grouped into 7 types of 
material (artificial polymer materials, rubber, cloth/textile, 
processed/worked wood, paper/cardboard, metal, and 
glass/ceramics) and further classified into 44 categories 
(see the classification in Supplementary Table 5.9). Ri-
verine litter items were also categorized into two groups 
(low and highly buoyant items) considering their exposure 
to wind based on (Ruiz et al., 2022).

Drifters Observations

Four satellite drifting buoys (herein after ‘low-cost buoys’) 
were built by the authors and deployed one-by-one in the 
river mouths of Oria (1 buoy), Deba (1 buoy), and Adour 
(2 buoys) between April 2018 and November 2018 (Fig 
5.24, Table 5.10). The ‘low-cost buoys’ provided positio-
ning every 5 minutes using satellite technology. ‘Low-cost 
buoys’ were 9 cm in height, 9.5 cm in float diameter and 
weighed approximately 200 g (Fig 5.25). A GPS (SPOT 
Trace device) was placed in the bottom of a high-density 
polyethylene HDPE plastic container sealed to guarantee 
water tightness. Almost 2/3 of the buoy floated above the 
water surface thus preventing any satellite signal losses. 
Transmission periods relied upon battery lifetime and 
buoys landing.

a) b) c)

HF radar Current Observations and wind data

Surface velocity current fields were obtained from the 
EuskOOS HF radar station composed by two antennas 
located at Matxitxako and Higer Capes and covering the 
SE Bay of Biscay (see (Solabarrieta et al., 2016; Rubio et 
al., 2018) for details). Data consist of hourly current fields 
with a 5 km spatial resolution obtained from using the 
gap-filling OMA methodology (Kaplan and Lekien, 2007; 
Solabarrieta et al., 2021). Data used for the Lagrangian 
simulations were extracted considering the outputs from 
the standard QC (quality control) procedures for real-time 
HF radar data (Rubio et al., 2021). Once extracted, data 
were visually inspected to ensure a complete radial co-
verage (i.e., ensuring optimal OMA reconstructed fields) 
and build data subsets for the Lagrangian simulations 
avoiding periods with temporal gaps of more than a few 
hours (Supplementary Table 5.10, Supplementary Fig 
5.18).
Hourly ERA5-U10-wind fields were obtained from the 
atmospheric reanalysis computed using the IFS model 
of the European Center for Medium-Range Weather 
Forecast (ECMWF) (see (C3S, 2019) for details). ERA5 
atmospheric database covers the Earth on a 30 km hori-
zontal grid using 137 vertical levels from the surface up to 
a height of 80 km and provides estimates of a large num-
ber of atmospheric, land and oceanic climate variables on 
a 0.3° × 0.3° grid, currently from 1979 to within 3 months 
of real time. Both HF radar current observations and wind 
data cover the drifter’s emission periods and the selected 
week-long periods between 2009 and 2021 for riverine 
litter simulations.



118

The transport module of the TESEO particle-tracking mo-
del (Abascal et al., 2007, 2017a, b; Chiri et al., 2020) was 
applied to simulate the transport and fate of riverine litter 
items from selected rivers once they arrive to the coastal 
area. Simulations were forced by HF radar surface 
current velocity and wind data. The transport module was 
also used to accurately estimate the windage coefficient 
by calibrating the model according to the ‘low-cost buoys’ 
trajectories. TESEO has been calibrated and validated by 
comparing virtual particle trajectories to observed surface 
drifter trajectories at regional and local scale (Abascal 
et al., 2009, 2017a, b; Chiri et al., 2019). Although the 
TESEO is a 3D numerical model conceived to simulate 
the transport and degradation of hydrocarbons, it has 
also been successfully applied to other applications such 
as the study of transport and accumulation of marine litter 
in estuaries (Mazarrasa et al., 2019; Núñez et al., 2019) 
and in open waters (Ruiz et al., 2022).

Seasonal simulations were run for low and highly buoyant 
items to assess the seasonal differences on riverine litter 
transport and fate. As parametrizations concerning wind 
effect linked to the object characteristics are scarce, the 
optimal wind drag coefficient estimated for the buoys 
was accounted for simulated the behaviour of the objects 
highly exposed to wind. No wind drag parametrization 
(Cd=0%) was applied for low buoyant objects not sub-
jected to wind effect. A total of ten periods per season 
uniformly distributed within the study period (2009-2021) 
were considered for the simulations based on the availa-
bility of HF radar surface current datasets. In total, 4,000 
particles were released in 8 rivers for each selected pe-
riod (500 per river) (Table 5.11). Simulations were run for 
7 days. The total number of particles modeled for Cd=0% 
was the same as Cd=4%. Particles were released around 
2.5 nautical miles off the coastline due to the complexity 
in resolving small-scale processes in and near the river 
mouths. A post-processing was carried out to compute by 
river: (1) the particles evolution over the time from their

Particle Transport Model 

Wind drag estimation

Two simulation strategies were combined for (1) estima-
ting the wind drag coefficient and (2) study the seasonal 
behaviour of riverine litter items in the area (section 
3.5.2) The wind drag coefficient (Cd) was determined by 
comparing the observed trajectories provided by the ‘low-
cost buoys’ and the modelled trajectories performed with 
TESEO. The test was done through different parametriza-
tions of the wind drag coefficient  ranging from 0% to 7% 
(Table 5.11). This range was chosen based on previously  
floating marine litter studies coupling Lagrangian mo-
delling and observations from satellite drifting buoys (Car-
son et al., 2013; Stanev et al., 2019; Van Der Mheen et 
al., 2019). The coefficient providing the lowest error was 
considered the best coefficient to simulate highly buoyant 
litter. Due to the grid limitations of the surface currents 
and wind data in the coastal area, the comparison was 
not initialised at the launching position of the ‘low-cost 
buoys’ (river mouths) but instead it was initialised at the 
closest grid element that contained valid currents and 
wind data (Table 5.10). Observed positions were interpo-
lated onto a uniform one-hour time, fitting the met-ocean 
temporal resolution. A release of 1,000 virtual particles 
was performed every 4 hours at the corresponding obser-
ved position (Table 5.11). Particles were tracked over a 
24-hour period and the trajectory of the center of mass of 
all the particles was computed particles was computed

Lagrangian seasonal simulation of riverine 
litter items

at every time step to represent the track of the particle 
cloud. Observations were compared to modeled trajec-
tories using the simple separation distance, which is 
the difference between the observed and the computed 
position of the center of mass at a time step t. Mean 
separation distance              was calculated for every mo-
delled position based on the simple separation distance 
following Eq. (1):

where                    and                are the modeled and ob-
served trajectories for the simulation period i of a total of 
N periods. A mean separation distance curve was compu-
ted for every wind drag coefficient derived from the mean 
separation distance curves of the four buoys. The area 
beneath the mean separation distance curve was calcula-
ted to select the more suitable wind drag coefficient. The 
area   ̃ was calculated as a numerical integration over the 
forecast period via the trapezoidal method following Eq. 
(2):

Table 5.11. Simulation, release, and physical parameter values for wind drag estimation and floating riverine litter simulations.

Simulation parameters Release parameters Physical parameters

Number  of 
particles

Integration 
time

Time step Release loca-
tions

Release time Turbulent diffu-
sion coefficient

Wind drag coe-
fficient (Cd)

Simulations 
for wind drag 

estimation 

1,000 per loca-
tion

24 h 60 s At the observed 
locations of the 

buoy

Over the emit-
ting period of the 
buoy at spaced 
inter-vals of 4 

hours

1 m2/s 0 %, 2%, 3%, 
4%, 5%, 6% 

, 7%

Seasonal 
riverine litter  
simulations

500 per river 1 week 60 s At a distance of 
2.5 nautical miles 

from the river 
mouth 

At the be-
gin-ning of the 
selected time 

period (10 
periods per 

season)

1 m2/s 0 %, 4% 
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Riverine litter characterization

release until their arrival to the coastline; and (2) the par-
ticles distribution on the coastline, counting the number of 
beached particles per km of coastline and indicating the 
spatial concentration per region.

RESULTS

In total 1,576 items and 11.597 kg of riverine litter were 
sampled and characterised (Fig 5.26). Plastic was the 
most common type of riverine litter in terms of number 
of items (95.1%) and in weight (67.9%); they were also 
frequent Glass/ceramics (16.1%) and Cloth/textile items 
(6.9%) when counted by weight. The top ten litter items 
accounted for 93.3% by number and 72.6% by weight 
of the total riverine litter (Table 5.12). Plastic/polystyrene 
pieces between 2.5 cm and 50 cm and Other Plastic/
polystyrene identifiable items (e.g., food labelling) were 
the most abundant in terms of number (71.2%) and 
weight (16.9%). Low buoyant items encompassed almost 
91% by number and 68% by weight of litter items (Fig 
5.27).

Wind drag coefficient for drifting buoys

Total distances covered by drifting buoys ranged from 62 
km to 118 km (Table 5.10) and they all spread out over 
the rivers inside the HF radar coverage area, spanning 
approximately 44ºN and 2º 22’W. They provided posi-
tion data over 385 h before beached on Landes and 
Gipuzkoa coastlines. When compared with numerical tra-
jectories obtained using different Cd parameterizations, 
the mean separation distance          ̅   increased nearly 
linearly with time for all the parametrizations, achieving 
a maximum separation of almost 14 km at 24 hours for 
Cd=0% (Fig 5.28). Overall, using no windage parametri-
zation gave the largest ̅. Simulations parametrized with 
Cd=4% gave the best results with an average ± standard 
deviation (SD) of 3.2 ± 1.25 km and a maximum value of 
4.85 km at 24 h. When assessing the mean separation 
distance for all the modeled positions at every observed 
position of the buoys, the most common range separation 
distance for Cd=4% was 2- 4 km (Fig 5.29). Hence, a 
wind drag coefficient of 4% was applied in the remaining 
analysis to estimate riverine litter behaviour of highly 
buoyant items. 

 Fig 5.26.  Composition by type of material based on the number and weight of riverine litter items collected 
in the riverine barrier located in Deba river (Gipuzkoa) between April and June 2018. 

Fig 5.27.  Riverine litter items classification based on the exposure to wind effect, from riverine litter items 
collected in the riverine barrier located in Deba river (Gipuzkoa) between April and June 2018.

Table 5.12. Top ten (X) riverine litter items collected in the riverine barrier located in Deba river (Gipuzkoa) between April and 
June 2018. Items have been ranked by abundance (left) and weight (right) according to the MSFD Master List Categories of 
Beach Litter Item and classified based on their exposure to wind effect.
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Figure 5.28  Mean separation distance between modelled and observed trajectories for each wind drag coefficient. The dark line is 
the mean curve employed for the trapezoidal integration. 

Seasonal trends on floating riverine litter 
transport and fate

Particle concentrations in the coastline varied between 
0 and 258.46 particles/km (Fig 5.30). Particles parame-
trized with Cd=4% drifted faster towards the coast by 
the wind, notably during the first 24 hours. The highest 
concentrations (>200 particles/km) were recorded during 
summer in Pyrénées-Atlantiques for Cd=4%, probably 
due to the seasonal retention patterns within the study 
area (Supplementary Fig 5.18). Although less intensely, 
Cd=4% also lead to a high particle concentration in Pyré-
nées-Atlantiques (106.86 particles/km) and Gipuzkoa 
(166.1 particles/km) during winter. Lowest concentra-
tions (0-20 particles/km) were recorded for Cd=0% at all 
seasons during the first 24 hours and particularly during 
autumn. Overall, Bizkaia was the less affected by litter 
for both windage coefficients (<40 particles/km). When 
looking at the total amounts of beached particles per sea-
son, in summer over the 97% of particles parametrized 
with Cd=4% beached after one week of simulation (Fig 
5.31). In autumn this value fell to 54%. 

In contrast, particles parametrized with Cd=0% take 
longer to arrive to the coastline, particularly during Spring 
with fewer than 25% of particles beached by the end of 
the simulations. According to the temporal evolution of 
floating particles released per river, particles beached 
remarkably fast within the first 24-48 hours for Cd=4%, 
particularly those released during summer in French 
rivers. Similar behaviour pattern was observed within 
the same season between rivers, probably influenced by 
the vicinity of rivers and the spatiotemporal resolution of 
forcings (Fig 5.32). When looking the seasonal trends by 
river and region, beached particles were mainly found 
in Gipuzkoa for both Cd=4% and Cd=0% - 40.1% and 
11.54% of the total particles released respectively -, 
particularly in winter after one-week of simulations. For 
Cd=0%, beaching from particles released in Bidasoa, 
Nivelle and Adour River was higher in summer (9.01% 
particles released during summer) though this trend was 
reversed in autumn, when particles released in Basque 
rivers resulted in higher beaching. Overall, all regions 
were highly affected by rivers within or nearby the region 
itself (Fig 5.33).
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Figure 5.29. Spatial mean distance between modeled and observed trajectories of buoy A, B, C and D with a drag coefficient 
Cd=4%. Particle trajectories were simulated during 24 h, with a re-initialization period every 4 hours. The modeled trajectories are 
shown in solid lines. Circles represents at the observed position the mean separation distance for all the modeled position.

DISCUSSION
Riverine litter composition 

In this study, an artisanal net placed at the mouth of Deba 
river provided a practical and tailored application for 
aggregating riverine in the study area during Spring 2018. 
Short and narrow rivers prevail in the SE Bay of Biscay 
particularly affected by a strong tidal regime, and very 
intense, stationary and persistent storms caused by a 
combination of a warm sea, an unstable surface atmos-
phere and cold air at higher altitudes (Ocio et al., 2015). 
First field studies aiming at reporting the abundance and 
composition of floating riverine litter in European rivers 
date back less than 10 years and they were performed 
mainly in larger and more abundant rivers than Deba ri-
ver. Despite the morphology and hydrological differences 
between rivers, the distribution of items by type of mate-
rial in Deba river showed a clear predominance of plastic 
as observed in Siene (Gasperi et al., 2014), Danube 
(Lechner et al., 2014) or Rhine River (van der Wal et al., 
2015). Similarities were also found when comparing the 
Topte n list of riverine litter items to rivers located in the

North-East Atlantic region. Plastic/polystyrene pieces 
between 2.5 cm and 50 cm top the list in terms of number 
of items, accounting for a greater proportion in Deba river 
(71.2%) than in North-East Atlantic rivers (54.53%)(Bruge 
et al., 2018; Gonzalez-Fernandez et al., 2018). 
Riverine litter items trapped on vegetation or deposited 
on the riverbank can be degraded by weather conditions 
(rain, wind, etc.) favouring the fragmentation in plastic 
pieces before their arrival to the coastal and marine 
environment. Higher percentages of Plastic/polystyrene 
pieces between 2.5 cm and 50 cm observed in the study 
than those of the Black Sea (13.74%) or the Mediterra-
nean Sea (25.01%) can be attributed to a higher and 
faster fragmentation of riverine items along Deba river 
and the North-East Atlantic basins. Results are also in 
line with the ranking list of the Top ten beach litter items 
across the North-East Atlantic region revealing that Sin-
gle Use Plastics (i.e. food containers, bottles and other 
packaging) are among the most abundant riverine litter 
items together with plastic fragments (Addamo et al., 
2017). These results differed from the analysis performed 
in sea small-scale convergence areas of floating marine 
litter (“litter windrows”) on the coastal waters of the SE 
Bay of Biscay, where fishing-related items were the 
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Figure 5.31. Total amounts of beached particles per season after 168 hours of simulation for wind drag coefficient Cd=0% and 
Cd=4%.

Figure 5.32. Temporal evolution of the particles released by river during the simulation period for a wind drag coefficient Cd=0% 
and Cd=4%. The curves represent the number of floating particles in the water surface for every time step.
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second most abundant sub-category in terms of number 
after Plastic/polystyrene pieces between 2.5 cm and 
50 cm (Ruiz et al., 2020a). Substantial differences also 
exist between riverine litter sampled in Deba river and 
floating marine litter assessed by visual observation from 
research vessels in open waters of the Bay of Biscay 
(Ruiz et al., 2022). Differences might be related to the 
monitoring method and, also, to the size of the items, 
since small items, as plastic pieces, can be overlooked 
by the observer when visual counting method is applied, 
contrary to riverine litter samplings for later analysis at 
lab. Overall, riverine litter data acquisition is mainly focu-
sed on the floating fraction and the litter loads under the 
surface water are often ignore. Increasing the quantity 
of rivers sampled, the frequency and the riverine water 
compartments is necessary to establish the composition 
and trends of riverine litter in the SE Bay of Biscay.

Wind drag estimation 

One of the largest uncertainties for simulating floating 
litter behaviour is the proper quantification of a wind drag 
coefficient. Empirical data provided by “Low-cost buoys” 
combined with surface current measurements by HF ra-
dar can be used as a proxy for predict the drift of floating 
litter objects with similar buoy characteristics (density, 
size and shape) in the study area. Commercial SPOT 
Trace devices have been used over the past few years in 
coastal and open ocean applications in a wide range of 
studies. Studies range from calibrating HF radars (Mar-
tínez Fernández et al., 2021), tracking drifting objects 
as icebergs (Carlson et al., 2020), pelagic Sargassum 
(Putman et al., 2020; van Sebille et al., 2021) or fishing 
vessels (Widyatmoko et al., 2021; Hoenner et al., 2022), 
to search and rescue training (Russell, 2017) and oil spill 
and litter monitoring (Novelli et al., 2018; Meyerjürgens 
et al., 2019a; Mínguez et al., 2012; Abascal et al., 2015). 
Nevertheless, object characteristics may change over the 
time due to the exposure to wind, waves, UV radiation, 
seawater and the attachment of organic material (Kooi et 
al., 2017; Min et al., 2020). Objects become breakable, 
and biofouling increases their density, overcoming the 
positive buoyancy and impacting on their trajectory. In-
vestigations so far pinpointed longer time scales (weeks 
to months, and lager) than considered in this study (days) 
for a significant change on the behaviour of floating 
objects (Ryan, 2015; Fazey and Ryan, 2016). Conse-
quently, physical variations on the buoy properties were 
not accounted for wind drag estimation. The separation 
distance between observed and modeled trajectories has 
been commonly used to evaluate the skill of particle-trac-
king models (Callies et al., 2017; Haza et al., 2019; 
Aksamit et al., 2020; Abascal et al., 2012). In this study, 
the purpose was no to evaluate the model accuracy but 
estimated the wind drag coefficient for the “Low-cost 
buoys”. However, the novel approach proposed by (Ré-
velard et al., 2021) may be of particular interest for future 
experiments oriented to assess the wind drag coefficient 
of highly buoyant items drifting during short time periods 
in the coastal area. The results obtained for Cd=4% can 
be consistent with wind drag estimations for the Bay of 
Biscay of  the partially emerged  Physalia physalis (Ferrer 
and Pastor, 2017) but greater than the Cd=3% observed 
for the Prestige oil spill accident (Abascal et al., 2009; 
Marta-Almeida et al., 2013). Indeed, oil spill studies refer 
to a range of wind drag coefficient between 2.5 to 4.4% 
of the wind speed, with a mean value of 3 - 3.5% (e.g., 
ASCE, 1996; Reed et al., 1994). In this study, a  wind 
drag value of  4% can be expected due to the strong 
buoyancy of the “low-cost buoys” and can be applied for 
simulating the transport and fate of a specific group of 
litter items that share similar characteristics. However, 

due to the large heterogeneity of highly buoyant items, 
further experiments are needed to better parametrize the 
wind drag coefficient of different objects and consequent-
ly reduce the uncertainties on their behaviour.

Seasonal riverine litter distribution by region  

It is broadly accepted that the SE Bay of Biscay is po-
lluted with floating litter discarded or lost at the marine 
and coastal area but also with litter originated inland 
and transported via rivers and runoff. However, detailed 
studies on riverine litter contribution are still scarce and 
modelling efforts combining observations and physical 
parametrizations of riverine litter properties are non-exis-
tent. This study shows that the exposure to wind effect 
of riverine objects largely control their transport and 
coastal accumulation in the SE Bay of Biscay, with con-
centrations varying between regions and over the time. 
Concentrations in Pyrénées-Atlantiques and Gipuzkoa 
regions diverged widely from the other studied regions. 
Indeed, the highest concentrations occurred in both 
regions during summer for low buoyant (100-120 particle/
km) and but also for highly buoyant items (>200 particles/
km). Although larger amounts of particles beached in 
Gipuzkoa during summer, concentrations are lower than 
Pyrénées-Atlantiques since the coastline in the Basque 
region is longer. Low buoyant pathways and fate reflect 
the well-known surface water circulation patterns in the 
SE Bay of Biscay. Concentrations of floating riverine 
litter are therefore a direct consequence of the seasonal 
variability of floating drift and results are in line with fin-
dings provided by (Declerck et al., 2019) who pinpointed 
a higher coastal retention in the area during spring and 
summer. Low buoyant objects not subjected to windage 
effects remain floating at the coastal waters and highly 
buoyant objects tended to beach remarkably faster as 
reported in literature by (Rodríguez-Díaz et al., 2020). 
However, long-term data collected by in-situ observations 
of beached litter across the different regions are neces-
sary to validate the large seasonal variations and to as-
sess the reliability of concentration levels for addressing 
riverine litter issue in priority regions with heavily polluted 
coastlines.

Rivers as key vectors of riverine litter 

The interpretation of the spatial and temporal riverine 
litter distribution by river can be challenging since riverine 
litter fluxes in the study area are highly uncertain. In the 
study area, two major assumptions were made regar-
ding the river systems: (1) same river discharge for all 
rivers and (2) same river discharge for all seasons. This 
means that same amounts of riverine litter were allocated 
for every river regardless the differences on the width 
and depth and the seasonal flow variations. Since each 
river basin has its own particularities, future modelling 
approaches should be adapted to the the morphology 
and hydrological conditions of the catchment area. Other 
drivers as the land use or socio-economic factors such 
economic status or population density can be a determi-
ning factor on the amount of mismanaged litter that could 
contribute to riverine litter fluxes (Schmidt et al., 2017; 
Schuyler et al., 2021). It is also necessary to further 
investigate if higher river flows in the area are directly 
related to an increased discharge of riverine litter since 
analysis already performed in different river basins show 
contradicting relations between the occurrence of riverine 
litter and river fluxes (van Emmerik and Schwarz, 2020). 
Along with the complex nature of qualifying riverine litter 
fluxes, litter behaviour in the coastal area of the SE Bay 
of Biscay is still in its early stage, and much has yet to be 
revealed. 
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Model limitations

Particular attention should be paid to Pyrénées-Atlanti-
ques and Gipuzkoa, as main impacted regions in the stu-
died area. The dominant number of rivers in this region 
can favour accumulation trends regardless the season. 
Regional coordination should be reinforced due to the 
transboundary movement of riverine litter in the study 
area and reasonable efforts oriented to retain or remove 
riverine litter as clean-up measures in the riverbanks 
should be investigated to avoid litter being transported to 
the coastal and marine environment.

The coastline of the SE Bay of Biscay is mainly covered 
by sand and muddy-sand and characterized by the pre-
sence of moderate to high sea rocky cliffs, especially in 
the Basque region (ICES, 2019; Bilbao-Lasa et al., 2020). 
The geomorphology can affect the retention of litter 
washing ashore. Sandy beaches tend to be more efficient 
at trapping and thus accumulating litter than rocky areas 
which favor litter fragmentation (Robbe et al., 2021; Wei-
deman et al., 2020). Waves and tides can also constrain 
coastal accumulation since they can resuspend litter and 
transport it back into the ocean (Brennan et al., 2018; 
Compa et al., 2022). Nevertheless, research on these 
processes is scarce and they cannot be resolved yet at a 
suitable resolution (Melvin et al., 2021). Consequently, in 
this study once particles beached, they were classified as 
it arrived to their final destination. It is, however, important 
to consider for future research in the study area the link 
between coastal accumulation, and the type of shoreline 
and resuspension, even though the model cannot yet 
simulate these processes. The release location strongly 
influences where litter accumulates on the coastline. 
Litter items can beach rapidly when release locations are 
located near the coastline (Critchell et al., 2015). Howe-
ver, there is a big gap between the spatial resolution of 
ocean circulation models (up to 10 km spatial resolution) 
and the complex coastal accumulation processes. In this 
study, the release locations were located distant for the 
sources to avoid uncertainties on model performance 
at smaller scales. However, a greater model resolution 
with a finer grid can reinforce simulation results (NOAA, 
2016). Nested models, flowing from fine resolution near 
critical locations as the river mouths to open ocean reso-
lution is a worthy issue for future consideration.

Riverine litter collection and monitoring by a 
floating barrier

Riverine litter quantities on a global scale urge countries 
to keep rivers pollution-free, intercepting riverine litter 
before it reaches the ocean and minimizing the impact of 
marine pollution from land-based sources. Research to 
date suggest that a significant reduction of marine litter 
in the ocean can be achieved with collection at rivers or 
with a combination of river barriers and clean up ocean 
devices (Hohn et al., 2020). Large  scale and innovative 
removal initiatives (e.g., deployment of interceptors at 
river mouths) are currently supporting cleanup actions 
worldwide on an experimental basis (Lindquist, 2016; 
Zhongming et al., 2019). At a smaller scale, oil spill 
booms or barriers have also been adapted to aggregate 
riverine litter in European river basins heavily exposed to 
the impacts of intense human activity, facilitating the co-
llection and the analysis of litter composition (Gasperi et 
al., 2014). However, the efficiency of this type of devices 
is still not properly understood and can be conditioned 
by the wind, hydrology and morphological conditions of 
rivers (van Emmerik and Schwarz, 2020; Andrés et al., 
2021). Storms result in large flows of water and thus rive-
rine litter fluxes to the coastal and marine environment. 

A well-adapted device to storm-specific events must be 
considered when deciding which tools implement for a 
cost-effective plastic intervention strategy in the area. 
Further monitoring efforts are also required to account 
for seasonal variability on abundance and riverine litter 
typology. Within the LIFE LEMA project, two videometry 
systems were installed at the Oria and Adour river mou-
ths and a detection algorithm was developed  to monitor 
litter inputs in near real time (Delpey et al., 2021; Ruiz et 
al., 2020b). Besides monitoring, information collected by 
the videometry systems can complement floating barriers 
collection and sampling and advise local authorities for 
a quick response on  riverine litter contribution to coas-
tal area during storm events. Monitoring tools based on 
visual observations as RIMMEL or CrowdWater apps 
(González-Fernández, 2017; van Emmerik, 2020) can 
be also particularly helpful to build a database of riverine 
litter input to the SE Bay of Biscay so far remained limited 
or even non-existent, following a harmonized approach. 
Both data provided by cameras and visual observations 
can be crucial to evaluate the efficiency of mitigation 
measures as the installation of floating barriers as well 
as  prevention  measures applied inland the river basins 
for a successful reduction of litter inputs into the SE Bay 
of Biscay.

CONCLUSIONS
The SE Bay of Biscay has been regarded as an accumu-
lation zone for marine litter but further improve understan-
ding of floating macrolitter behaviour originated inland is 
required. Research on floating marine litter and pathways 
at sea are increasing but the understanding of the fate 
of floating macrolitter originated inland and transported 
through river systems is scarce and needs to be further 
studied. Based on HF radar current observations and 
wind dataset for the period 2009-2021, this contribution 
tries to fill this gap by providing insights on how low and 
highly buoyant riverine litter released by several rivers of 
the SE Bay of Biscay may affect the nearby regions sea-
sonally in terms of concentration and beaching. Analysis 
of riverine samples collected by a floating barrier placed 
in the study area showed that low buoyant objects were 
predominant as riverine litter although highly buoyant 
objects were also relevant in terms of weight. Simulations 
for assessing the seasonal trends of floating riverine litter 
transport and fate were performed with the Lagrangian 
model TESEO. To properly integrate the differences in 
litter buoyancy, simulations were parametrized with a 
wind drag coefficient for low and highly buoyant items. 
The wind drag for highly buoyant item was estimated by 
comparing the observed and the modelled positions of 
four drifters and turned out to be greater than the com-
monly assumed value for oil spill studies. The developed 
“Low-cost buoys” proved to be suitable to provide real 
time trajectories of highly buoyant objects exposed to 
wind but drifters with different characteristics should 
be used in future studies for accounting the windage 
effect on different type of items. The transport and fate 
of both highly and low buoyant items released by rivers 
was calculated by season. Highly buoyant items rapidly 
beached (in less than 48 hours), particularly in summer 
and winter; in contrast, despite the season over two thirds 
of low buoyant items remained floating after one week of 
being released. This highlights the discrepancy between 
behaviour for low and highly buoyant objects and the im-
portance of parametrizing the windage effect in order to 
accurately predict riverine litter accumulation in the coas-
tal area of the SE Bay of Biscay. Beached particles were 
mainly found in Gipuzkoa regardless the season and the 
wind drag coefficient. Overall, the less affected region 
was Bizkaia with the exception of Spring period for low 
buoyant items. Despite of the season, most of the riverine
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the riverine litter remained in the study area and rivers 
polluted the regions within the river basin or surrounding. 
Investigating what beaches are most likely to accumulate 
large quantities and the contribution per river can provide 
relevant input to response operations after storm events 
in the short to medium term and can also support the 
identification of priority rivers for monitoring program,  as-
sisting in the future for an adapted intervention of riverine 
pollution regionally. 
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Supplementary mate-
rial

Supplementary Fig 5.17. Floating barrier for riverine litter collection.Floating barrier (a) and installation in Deba river (Gipuzkoa) (b).

Supplementary Figure 5.17

a) b)

Supplementary Table 5.9

Supplementary Table 5.9. Riverine litter classification based on the exposure to wind effect Data were 
gathered from surveys carried out during Spring 2018 in Deba river (Gipuzkoa).
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Supplementary Table 5.10
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Supplementary Figure 5.18

Supplementary Fig 5.18. Mean current (A) and wind fields (B) in the study area during each season for the selected periods between 
2009 and 2021. The colour-bars represent the magnitude of current and wind speed. The arrows indicate the current and wind 
mean direction and are scaled with currents and wind speed (Data source: HFR – EuskOOS https://www.euskoos.eus/en/data/bas-
que-ocean-meteorological-network/high-frequency-coastal-radars/ and ERA5 https://www.ecmwf.int/en/forecasts/datasets/reanaly-
sis-datasets/era5 ).
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The knowledge acquired in this research work aimed at 
providing new insights on the abundance, composition, 
distribution and fate of FML in the south-east Bay of 
Biscay. By crossing together the acquired knowledge in 
this thesis with the state of art outlined in the introduction 
section, the following reflections emerge as a way to 
contextualize the present and the future of the floating 
marine litter research in the region.

ABUNDANCE OF FLOA-
TING MARINE LITTER IN 
THE BAY OF BISCAY, A 
MATTER OF SIZE

COMPOSITION AND 
SOURCES OF FLOATING 
MACROLITTER  IN THE 
BAY OF BISCAY: PACKA-
GING VERSUS FISHE-
RIES

The differences observed were less significant when 
comparing microlitter abundances recorded in the 
open (mean ± SD=756,865 ± 1,784,240 items/km2) 
against coastal waters of the Bay of Biscay (mean ± 
SD=1,117,403 ± 3,808,626 items/km2). These prelimi-
nary results outlined that both macrolitter and microlitter 
behaviour may varied significantly at regional and sub-re-
gional scale as well as transboundary level. Despite the 
differences, microlitter abundances demonstrates that the 
south-east Bay of Biscay is a dead-end for plastic, com-
prising similar values to recorded in the Mediterranean 
Sea. However, further research is required to substan-
tiate these results before drawing conclusions on FML 
abundances that may lead to biased.

It is important to determine the abundance of marine litter 
in the ocean in order to effectively assess the ‘status’ 
of the marine environment and provide the most (cost) 
effective measures for prevent and mitigate marine pollu-
tion (GESAMP, 2019). To do so, monitoring the different 
ocean compartments, in particular, the sea surface, may 
provide reliable estimates of FML abundances and the 
corresponding changes in space and time. In the Bay of 
Biscay, long-term data on FML abundance are scarce, 
contrary to the substantial number of studies available 
for other European regions as the Mediterranean Sea 
(Lambert et al., 2020; Hatzonikolakis et al., 2022) or for 
persistent FML accumulation areas as the North Pacific 
sub-tropical gyre (Egger et al., 2021; Chen et al., 2018). 
Nevertheless, the sampling efforts performed in the Bay 
of Biscay on a regular basis between 2017 and 2020 
provided initial measurements of micro, meso and ma-
crolitter abundances at regional and sub-regional scale. 
Large difference on macrolitter abundances was obser-
ved between open and coastal waters. Such differences 
were expected since coastal sampling targeted “litter 
windrows”, which accumulate large FML loads (mean ± 
SD=24,864,714 ± 26,159,598 g/km2), while ocean water 
sampling was limited to visual observations from a vessel 
(mean ± SD=3.13 ± 2.46 items/km2). 
Up to date, “litter windrows” have never been documen-
ted for the open waters of the Bay of Biscay because 
they were omitted from integrated ecosystem surveys 
set by different the sampling strategies occurring in the 
region. An appropriate evaluation of the status of floating 
macrolitter demands start recording the presence and 
FML abundance in “litter windrows” when monitoring at 
open waters. Besides, as revealed in the Results section, 
“litter windrows” do form in the south-east Bay of Biscay 
which represent a main mechanism for aggregating ma-
crolitter. Hence, a greater sampling effort to capture the 
seasonal variations regarding their occurrence and loads 
in the area may support clean-up actions and manage-
ment measures undertaken by the south-eastern coastal 
regions. This may consequently avoid the potential unde-
restimation of the amount of FML in the south-east Bay of 
Biscay by only focusing on Neustonic samplings. 
The circulation in the coastal area is highly complex and 
variable due to seasonal changes in river outputs, ocean 
currents and movement to and from other water compart-
ments (GESAMP, 2019). This circulation has a directly 
impact on the abundance and distribution of FML and can 
provide an explanation for some of the spatial and tempo-
ral differences of macro and also microlitter abundances 
in the south-east Bay of Biscay. abundances observed in 
the French coast were 5 times higher when comparing 
to the neighbouring Spanish coasts (which were few km 
apart from each other).

The analysis of the composition of marine litter is im-
portant as it provides vital information on individual litter 
items, which, in most cases, can be traced back to their 
sources (Galgani et al., 2015). However, identifying the 
origin of litter items is a difficult task and have an inhe-
rent degree of associated uncertainty, particularly for 
microlitter, which can originate from a number of sources 
and enter the ocean via different pathways (Veiga et al., 
2016). In the open waters of the Bay of Biscay, “Plastic 
cover packaging items” tops the list of most abundant 
floating macrolitter items in terms of number. At global 
scale, packaging makes up the 15.9% of marine litter and 
most of plastic packaging waste is estimated to come 
from household (Schwarz et al., 2019; Geyer, 2020). Al-
though is often stated that land-based sources represent 
a large percentage of marine litter, origin can vary widely 
across regions and sampling sites. Indeed, sea-based 
sources are sometimes dominant over land-based sour-
ces in some European basins, comprising an estimated 
average of 32%-50% of total marine litter found (Sherrin-
gton et al., 2016). In the south-east Bay of Biscay, fishing, 
shipping and aquaculture sectors were the source of the 
35% of the floating macrolitter items analyzed by number 
(55% by weight). Results underline that sub-regional 
differences on FML composition and sources can occur. 
Variations can be motivated by (1) the different areas 
for surface sampling (coastal vs. open waters); (2) the 
spatial and temporal scales (submesoscale aggregation 
structures of FML (“litter windrows”) vs. the continental 
shelf of the Bay of Biscay); and (3) the selected sampling 
methodology (visual observations vs. towing a net). As 
a first attempt, results provided in this thesis describe 
floating macrolitter origin and composition in quantitative 
terms over specified time periods and for a delimited 
area of the Bay of Biscay. Nevertheless, there are still 
knowledge gaps to support management decisions, 
such as introducing restrictions on certain items, and to 
help in negotiating a reduction in trans-boundary sour-
ces. Repeated measurements both in open and coastal 
waters will help to describe the variability on the contribu-
tion from the existing sources within the region and may 
help to validate the composition and source proportions 
observed in this thesis.
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WINDAGE AND SUB-
MESOSCALE PROCES-
SES FOR TWO-SPEED 
FLOATING MARINE LIT-
TER DISTRIBUTION AND 
FATE IN THE BAY OF 
BISCAY

Regular monitoring is necessary for assessing the extent 
and possible impact of marine litter on the environment, 
devising possible mitigation methods to reduce inputs, 
and evaluating the effectiveness of such measures (GES-
AMP, 2019). However, given the sparsity of observations, 
numerical simulations can be used to both ‘fill in the gaps’ 
between these observations, and to test hypotheses 
about how plastic particles behave in the ocean (Van Se-
bille et al., 2020). In this thesis, numerical simulations ba-
sed on meteocean data, FML and drifters’ observations, 
and windage parametrizations were performed to estima-
te the distribution and fate of fishing-related and riverine 
litter items in the open waters and in the south-east coast 
Bay of Biscay. Results at regional and sub-regional scale 
demonstrated the windage effect has a strong impact 
of on the behaviour of FML. A wind drag (Cd) variation 
from 0 to 4% significantly altered the trajectories and fate 
of floating macrolitter. Highly buoyant items (Cd=4%) 
rapidly ended up in the coastal area, particularly during 
summer. Floating riverine litter items beached faster than 
fishing-related items due to their proximity to the coastal 
area, highlighting that the release location has important 
consequences on the pathways and final destination of 
FML. In contrast, fishing, and riverine items less exposed 
to wind effect remained floating for longer periods instead 
of becoming beached. Results also revealed that FML oc-
currence on the water surface and in the coastal regions 
of the Bay of Biscay was highly dependent on the seaso-
nal circulations patterns. This circulation enhances FML 
retention in the Bay of Biscay despite the buoyancy of the 
item and the release location and strengthens the claims 
about the high exposure of the region to FML accumula-
tion. The scenario combining highly buoyant items and 
onshore winds demands a quick response from stake-
holders in the region, particularly to avoid the significant 
environmental impact of FML in French Marine Protected 
Areas (MPAs). Simulations also showed that regions 
in the south-east Bay of Biscay, in particular, Gipuzkoa 
and Pyrénées-Atlantiques were strong impacted by both 
riverine and fishing related items. As French MPAs, this 
area clearly requires more attention and cooperation at 
transboundary level to reduce the occurrence of FML. 
As described in Results section, submesoscale conver-
gence zones in the south-east Bay of Biscay aggregate 
FML as “litter windrows”. Future planned research opera-
tions in the area expected to give insights into submesos-
cale dynamics originating litter windrows. Mesoscale and 
open ocean processes responsible of FML estimates in 
the Bay of Biscay have not been identified yet neither co-
rrelation between micro and macrolitter abundances and 
oceanographic variables have been observed. Further 
focused monitoring and significant research effort is still 
required to better understand the physical processes that 
influence the transport, distribution  and fate of FML on 
the surface waters of the region.

References

Chen, Q., Reisser, J., Cunsolo, S., Kwadijk, C., Kotter-
man, M., Proietti, M., Slat, B., Ferrari, F. F., Schwarz, 
A., Levivier, A., Yin, D., Hollert, H., and Koelmans, A. A.: 
Pollutants in Plastics within the North Pacific Subtropical 
Gyre, Environ. Sci. Technol., 52, 446–456, https://doi.
org/10.1021/acs.est.7b04682, 2018.
Egger, M., Quiros, L., Leone, G., Ferrari, F., Boerger, 
C. M., and Tishler, M.: Relative Abundance of Floating 
Plastic Debris and Neuston in the Eastern North Pacific 
Ocean   , https://www.frontiersin.org/article/10.3389/
fmars.2021.626026, 2021.
Galgani, F., Hanke, G., and Maes, T.: Global Distribution, 
Composition and Abundance of Marine Litter, in: Marine 
Anthropogenic Litter, edited by: Bergmann, M., Gutow, L., 
and Klages, M., Springer International Publishing, Cham, 
29–56, https://doi.org/10.1007/978-3-319-16510-3_2, 
2015.
GESAMP: Guidelines for the Monitoring and Assessment 
of Plastic Litter in the Ocean, Journal Series GESAMP 
Reports and Studies, 123 pp., 2019.
Hatzonikolakis, Y., Giakoumi, S., Raitsos, D. E., Tsiaras, 
K., Kalaroni, S., Triantaphyllidis, G., and Triantafyllou, G.: 
Quantifying Transboundary Plastic Pollution in Marine 
Protected Areas Across the Mediterranean Sea   , https://
www.frontiersin.org/article/10.3389/fmars.2021.762235, 
2022.
Lambert, C., Authier, M., Dorémus, G., Laran, S., Paniga-
da, S., Spitz, J., Van Canneyt, O., and Ridoux, V.: Setting 
the scene for Mediterranean litterscape management: 
The first basin-scale quantification and mapping of floa-
ting marine debris, Environ. Pollut., 263, 114430, https://
doi.org/https://doi.org/10.1016/j.envpol.2020.114430, 
2020.
Van Sebille, E., Aliani, S., Law, K. L., Maximenko, N., 
Alsina, J. M., Bagaev, A., Bergmann, M., Chapron, B., 
Chubarenko, I., and Cózar, A.: The physical oceanogra-
phy of the transport of floating marine debris, Environ. 
Res. Lett., 15, 23003, 2020.
Sherrington, C., Darrah, C., Hann, S., Cole, G., and 
Corbin, M.: Study to support the development of measu-
res to combat a range of marine litter sources. Report for 
European Commission DG Environment, Eunomia, 2016.
Veiga, J. M., Fleet, D., Kinsey, S., Nilsson, P., Vlacho-
gianni, T., Werner, S., Galgani, F., Thompson, R. C., 
Dagevos, J., and Gago, J.: Identifying sources of marine 
litter. MSFD GES TG Marine Litter Thematic Report, JRC 
Technical Report. MSFD GES TG Marine Litter Thematic 
Report.EUR 28309., 2016.

 



140

7



141

CONCLUSION 
AND THESIS



142

The main objective of this research is described as:
“To improve the knowledge on the abundance, composi-
tion, distribution and fate of floating litter in the south-eas-
tern Bay of Biscay by based on met-ocean historical data, 
visual marine litter and drifters observations, surface 
sampling, and Lagrangian modelling techniques.” 
To meet this objective, four specific objectives were pro-
posed. The main findings of this thesis are presented on 
the basis of these objectives below.
The first objective of this thesis was: “Assess the abun-
dance and distribution of floating marine litter in the Bay 
of Biscay combining surface observations from vessels 
and sampling in open ocean and coastal waters of the 
south-eastern Bay of Biscay (Chapters 1 and 2)”. The 
main conclusions in relation to this objective are:
01.	 Data derived from monitoring FML, and the subse-

quent abundance analysis confirm that the region 
can be regarded, at least in spring-summer, as 
convergence area for FML.

02.	 In the open waters of the Bay of Biscay, visual obser-
vations of floating macrolitter (>2.5 cm) and microli-
tter sampling (<0.5 cm) reported an average of 3.13 
items/km2 and 1,117,403 items/km2,respectively.

03.	 In the coastal area of the south-east of Bay of 
Biscay, the average microlitter abundance is slightly 
higher than in open waters (739,395 items/km2). 

04.	 From a transboundary perspective, the abundan-
ce for meso and microlitter  in French coast was 5 
times higher when comparing to abundances in the 
Spanish coasts.

05.	 Packaging items (e.g., food wrappers) were the most 
abundant floating macro litter observed from vessel 
in the open waters (23.39%) while plastic fragments 
were the most abundant items collected in the sou-
th-east of Bay of Biscay from neustonic sampling.

06.	 No correlation was found between oceanographic 
variables neither macro nor microlitter abundances in 
the Bay of Biscay at large and mesoscale. However, 
a strong positive correlation was detected between 
micro and mesoplastic abundances in the south-east 
of Bay of Biscay.

The second objective of this thesis was: “Study the con-
vergence zones of floating marine litter in the south-east 
coast of the Bay of Biscay (so-called “litter windrows”) 
through active fishing for litter activities to estimate their 
loads, composition, frequency, size, and potential sour-
ces (Chapter 3)”. The main conclusions in relation to this 
objective are:
07.	  Litter windrows derived from submesoscale pr-

cesses are recurrent aggregation structures which 
concentrate macrolitter in an effective manner during 
Spring and Summer in the south-east Bay of Biscay.

06.	 Litter windrows were around 1 km length and, on 
average, accumulated 77.75 kg of FML. The average 
FML (dry) density per windrow was 24,864,714 ± 
26,159,598 g/km2.

07.	 Fishing, shipping and aquaculture sectors were the 
source of the 35% of the litter items analyzed by 
number and 55% by weight.

CONCLUSIONS 08.	 Fishing for litter activities can be a useful scheme to 
clean-up aggregation areas of FML from the ocean 
surface where litter windrows occur. Besides, they 
have proven to be a good approach to assist in data 
collection to better understand the submesoscale 
processes origi nating litter windrows.

The third objective of this thesis was: “Analyze the seaso-
nal pathways and fate of floating marine litter originated 
from sea-based activities in the Bay of Biscay as well as 
the concentration within Marine Protected Areas com-
bining met-ocean and fishing activity databases, Monte 
Carlo simulations and Lagrangian modelling (Chapter 4)”. 
The main conclusions in relation to this objective are: 
09.	 The behavioural differences over temporal scale 

demonstrate the impact of windage effect on FML 
transport and distribution in the Bay of Biscay.

10.	 Highly buoyant fishing-related items rapidly beached, 
mainly in summer, and were almost non-existent on 
the surface waters of the Bay of Biscay after 90 days 
from releasing. By contrast, half of low buoyant items 
remained floating after 90 days and only 20–35 % 
beached.

11.	 The highest concentrations occurred in French Ma-
rine Protected Areas (75 particles/km2 on average) 
mainly by the end of summer and during autum.

12.	 Less than a fifth of the fishing-related items released 
in the Bay of Biscay  escaped from the basin which 
reinforced that the region acts as accumulation area 
for FML.

The fourth objective of this thesis was: “Analyze the sea-
sonal pathways and fate of floating riverine litter transpor-
ted through rivers to the south-east coast of the Bay of 
Biscay combining satellite-tracked observations provided 
by surface drifters, measurements of surface currents 
from high frequency radar systems and Lagrangian mo-
delling (Chapter 5)”. The main conclusions in relation to 
this objective are:
13.	 The regions in the south-east Bay of Biscay were 

highly affected by floating riverine litter released by 
rivers within or nearby the region itself. 

14.	 As in the case of highly buoyant fishing-related 
items, highly buoyant riverine litter items beached 
faster, particularly in summer and during the first 24 
hours from releasing.

15.	 The lowest beaching rates occurred during Spring for 
low buoyant riverine litter items (<25% particles bea-
ched) and during Autumn for highly buoyant items 
(54% of beached).

16.	 Gipuzkoa and Pyrénées-Atlantiques were the 
regions in the south-east coast of the Bay of Bis-
cay  mostly affected by floating riverine litter (>200 
particles/km).
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The results obtained in this thesis allowed working 
towards the validation of the enunciated working hypothe-
sis, being the thesis that: 
“This thesis demonstrated that the behaviour of floating 
marine litter in the south-east Bay of Biscay is complex 
and variable, with circulation patterns on multiple scales 
in space and time controlling the transport, accumulation, 
and dispersion processes. These physical processes are 
responsible of aggregating floating marine litter as “litter 
windrows” at the submesoscale domain in the south-east 
Bay of Biscay. At larger scales, wind effect controls the 
behaviour of floating marine litter, highly impacting on 
the south-east coast of the Bay of Biscay and on French 
Marine Protected Areas. Abundances and composition 
revealed that the south-east Bay of Biscay is an accumu-
lation area for microplastics, and fishing, shipping, and 
aquaculture sectors dominated macrolitter origin for litter 
windrows. Overall, these results may serve for prioritize 
interventions oriented to prevent and mitigate floating 
marine litter in the south-east Bay of Biscay but also at 
basin scale.”

THESIS
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DATIONS 
FOR FUTURE 
ACTIONS AND 
RESEARCH
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The outcomes of this thesis provide key data and facts to 
assess the state of FML in the south-east Bay of Biscay 
as well as information to outline prevention and mitigation 
measures at sub-regional and regional scale. Based on 
the findings of this study, recommendations for future ac-
tions and research needs are presented below summari-
zed in three mainly targets: (1) Monitoring, (2) Modelling, 
and (3) Governance for floating litter in the Bay of Biscay 
and south-east Bay of Biscay.

The quantities and the relative importance of different 
land- and sea-based sources of floating litter need to be 
explored in greater detail. Considering the regional and 
sub-regional differences, more detailed monitoring is 
required. It is recommended to:
	» Encourage the continuity of integrated ecosystem 

surveys that already exist in open waters of the Bay 
of Biscay to build up a robust database and detect 
trends of FML in space and time. Data may also pro-
vide valuable information to feed indicators regarding 
the environmental status of the marine environment 
in the region. 

	» Develop a sampling strategy to quantify the amount 
of floating riverine litter being transported through 
rivers to the south-east Bay of Biscay. Data gathered 
may define a “baseline” or reference state of riverine 
pollution at sub-regional scale and determine whe-
ther rivers are major contributors to FML in the area.

	» Promote the application of emerging and mature te-
chnologies to monitor floating litter abundances and 
pathways in the Bay of Biscay. This includes direct 
observations from e.g., drifting buoys and autono-
mous vehicles for tracking floating litter trajectories 
or the quantification of riverine litter fluxes by promi-
sing videometry systems installed at river mouths. 
Remote sensing from satellites maybe also helpful to 
detect the presence and monitor “litter windrows” in 
the south-east Bay of Biscay.

	» Quantify litter inputs from the fisheries sector on a 
basis of repeated measurements both in the coastal 
and open waters to better understand the contribu-
tion of sea-based versus land-based sources in the 
Bay of Biscay. 

	» Overall, coordinate floating litter monitoring based on 
harmonized sampling protocols and reporting to fa-
cilitate data exchange at regional scale, in particular, 
between France and Spain, but also to feed existing 
European and global platforms for data manage-
ment as the European Marine Observation and Data 
Network (EMODnet) or the Global Partnership on 
Marine Litter (GMPML).

TARGET 1: MONITO-
RING FLOATING LITTER 
ABUNDANCE IN THE 
BAY OF BISCAY AND 
SOUTH-EAST BAY OF 
BISCAY

TARGET 2: MODELLING 
FLOATING LITTER DIS-
TRIBUTION AND FATE 
IN THE BAY OF BISCAY 
AND SOUTH-EAST BAY 
OF BISCAY

Numerical models can provide extremely useful insights 
on the behaviour of FML in open and coastal waters of 
the Bay of Biscay. However, significant challenges remain 
unresolved, including modelling the accumulation and 
dispersion patterns of FML at finer-scale (e.g., submesos-
cale) or measuring the relative importance of the different 
physical process (e.g., the wind effect or beaching) to 
accurately predict its final fate. Research is needed to:
	» Expand modelling analysis to different floating 

objects for accurately simulate macrolitter pathways 
and destiny in the Bay of Biscay.  Since windage lar-
gely control the transport and beaching in the region, 
more simulations are recommended to paramete-
rize the windage effect on the diverse object types 
observed both in open and coastal waters of the Bay 
of Biscay.

	» Enhance the comparison between modelling results 
and data derived from drifters to assess and improve 
the reliability of the modelled pathways of floating 
litter, including model validation for diverse windage 
parametrizations.

	» Explore the importance of physical processes as 
beaching, stranding, and backwashing that may 
affect the spatial distribution of FML in the coastal 
area of the Bay of Biscay. It is important to consider 
the highly diversified coastline with rocky cliffs and 
shores, sandy and muddy shores, and estuaries 
which may affect the accumulation rates.

	» Identify the geographical sources of FML in the 
Bay of Biscay by means of backward simulations 
considering both the effects of surface currents and 
windage.

	» Extend the range of land- and sea-based sources 
modelled, including entry points of marine litter not 
incorporated in previous studies as maritime traffic 
or recreational fishing and compare, when possible, 
the simulation results with visual records of floating 
macrolitter.

	» Determine the meso and sub-mesoscale processes 
behind litter windrows formation by implementing 
nested modelling with higher resolutions than basin 
scale at critical areas of litter windrows occurrence 
(e.g., south-east Bay of Biscay).

	» Investigate the 3D representation of FML transport in 
the Bay of Biscay to better understand the dynamic 
vertical displacement and fate of litter, including 
sinking or re-suspension processes of  floating items 
from surface to seafloor.

	» Benefit from other biological modelling studies orien-
ted to better understand fish egg transport patterns 
in the Bay of Biscay due to the similarities on size 
and shape between microlitter, particularly pellets, 
and fish eggs.
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TARGET 3: GOVERNACE 
FOR PREVENT AND MI-
TIGATE FLOATING MA-
RINE LITTER IN THE BAY 
OF BISCAY AND SOU-
TH-EAST BAY OF BISCAY

	» Further investigate the importance of climate change 
in the Bay of Biscay for FML circulation. One exam-
ple of this might be modelling future scenarios of sea 
level rising and their corresponding impact on the 
removal of litter trapped in accumulation areas at the 
coastline and along the river basins.

Understanding the abundance, composition, distribution, 
and fate of FML, including marine habitats of high ecolo-
gical value most affected (e.g., Marine Protected Areas), 
is key to implement appropriate prevention and mitiga-
tion strategies for the Bay of Biscay. However, given the 
nature and scale of the problem, the diversity of sources 
and the inherent mobility of floating marine litter, actions 
are needed at many levels, at all stages of the life cycle 
of the objects, and by all stakeholders. It is therefore 
recommended to:
	» Examine the effectiveness of the current internatio-

nal and European instruments transposed at regional 
scale for marine litter management (e.g., EU’s 
Directive on single-use plastics or Directive on port 
reception facilities). It is necessary to identify gaps 
and reasons for any lack of implementation in current 
French and Spanish strategies and legislation.

	» Promote best practices of marine litter on-board 
Spanish and French fishing fleets and gear marking 
schemes. It is needed to increase the availability of 
port reception facilities within the Bay of Biscay for 
end-of-life gear to prevent and reduce fishing-related 
items (e.g., abandoned lost or otherwise discarded 
fishing gear).

	» Explore fundings for floating marine litter collection 
at the Bay of Biscay by fishermen on a voluntary 
(and paid, or otherwise incentivized) basis and for 
providing facilities and equipment to storage the litter 
generated on-board.

	» Reinforce the actions for collecting and monitoring 
floating marine litter which are already underway in 
the south-east Bay of Biscay (e.g, https://fmltrack.
rivagesprotech.fr/) and support the multi-stakeholder 
mechanisms between France and Spain to tackle 
marine litter at transboundary level.

	» Allocate financial resources to measure the effecti-
veness of wastewater plants and sewage systems in 
the south-east Bay of Biscay. Most treatment plants 
are still unable to filter all types of polluting mate-
rials derived from land-based sources, particularly 
microplastics, so it is essential to reduce the impact 
of wastewater at regional and sub-regional scale.

	» Overall, increase funding for data collection and 
research to generate evidence required for FML ma-
nagement and policy change proposals at all scales.
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