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The constant increase of marine plastic pollution poses an unprecedented risk to oceanic
islands, which become increasingly exposed to a hazard of which they have very little
control. Located in the Northeast Atlantic Ocean, the Macaronesia is comprised by the
Azores, Madeira, Canary Islands, and Cabo Verde. Although past studies suggest that
most plastic items collected on these islands are from offshore regions, their actual
sources remain unclear to present date. As such, we focus on the characterization
of the potential sources and pathways of plastic particles reaching the Macaronesia
archipelagos. This is achieved by combining modeled datasets for ocean currents, winds
and waves with a Lagrangian tool used to track virtual particles released around the
archipelagos for a 10-year period, making a distinction between surface and submerged
particles. Global drifter trajectories are also assessed, selecting those that intercept the
archipelagos. Our results demonstrate that the North Atlantic subtropical gyre is the
most conspicuous feature in particles and drifter trajectories. The Gulf Stream acts as
the main pathway for all archipelagos at a regional scale, though with less significance
to Cabo Verde. Surface particles are connected to regional sources in a shorter
timescale than mixed particles, mainly because of the wind. Intercepting high-windage
particle trajectories are dominant at the center of the North Atlantic subtropical gyre,
demonstrating that particles originating from the North Atlantic “garbage patch” are most
likely to intercept the archipelagos if considerably exposed to the wind. Regarding the
connectivity to sources, all archipelagos are significantly exposed to areas of intensive
fishing activity, mainly those located in the Gulf Stream (Azores), in international waters off
the Portuguese coast (Madeira and Canary Islands) and along the Northwestern African
coast (Cabo Verde). The east coasts of Central and North America are the main sources
of land-based particles reaching the Azores, Madeira, and Canary Islands, whereas the
Northwestern African coast is the main source for land-based particles reaching Cabo
Verde. Our results demonstrate how vulnerable the Macaronesian archipelagos are to
marine plastic pollution, highlighting the urgency for international cooperation to mitigate
the exposure of oceanic islands to marine plastic pollution.

Keywords: Lagrangian transport, Azores, Madeira, Canary Islands, Cabo Verde, North Atlantic subtropical gyre,
surface drifting buoys
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1. INTRODUCTION

The exponential growth of global plastic production from 5
million tons in the 1950s to 322 million tons in 2015 (Andrady,
2011) led to an equally exponential input of plastic objects
into the marine environment (Ryan et al., 2009), with estimates
between 4 and 12 million tonnes per year (MT.year~!; Jambeck
etal,, 2015). As a result, marine plastic litter has not only become
ubiquitous in the world’s oceans in the past few decades (e.g.,
Cozar et al., 2014; Law, 2017), but also continues to increase at
an alarming rate (Lebreton et al., 2018). In fact, it is estimated
that plastic items account for up to 80% of marine litter (Barnes
et al., 2009), with estimates of abundance ranging from 5.2
trillion pieces (Eriksen et al, 2014) to 15-51 trillion pieces
(van Sebille et al., 2015). However, recent studies have argued
that the global load of plastic floating at the ocean surface
is much lower than predictions (Cozar et al., 2014; Eriksen
et al., 2014; van Sebille et al., 2015). Such discrepancy can relate
with a variety of factors. For example, although surface-trawling
plankton nets are mostly used to sample plastic debris at the
ocean surface (e.g., van Sebille et al., 2015; Lebreton et al,
2018; Lacerda et al., 2019), it is now known that a significant
amount of small-sized plastic debris are concealed in sub-surface
layers, with a exponentially decreasing concentration along depth
(Pabortsava and Lampitt, 2020). The vertical displacement of
plastic particles can be driven by a variety of mechanisms,
such as wind-induced vertical mixing (Kukulka et al., 2012;
Reisser et al., 2015) or biofouling, which increases/decreases the
average material density of plastic fragments and causes them
to sink/re-suspend when the conditions for biological growth
are favorable/unfavorable (Fazey and Ryan, 2016; Kooi et al.,
2017). Recent studies have also demonstrated that besides being
considered hotspots for the degradation of plastic into smaller
fragments (Corcoran et al.,, 2009; Andrady, 2011; Isobe et al.,
2014), sandy and rocky beaches can retain significant amounts
of plastic fragments stranded at the surface (Thiel et al., 2013),
and in deeper layers (Chubarenko et al., 2018; McWilliams et al.,
2018). In fact, Turra et al. (2015) found plastic fragments as deep
as 2 m, with surface layers accounting for <10% of the total
abundance in the sediment column.

The growing accumulation of plastic litter in the marine
environment poses an unattended environmental threat to
islands, as they become increasingly exposed to pollution of
which they have very little control (e.g., Baztan et al, 2014;
Monteiro et al., 2018; Pham et al., 2020; Pieper et al., 2020).
Its impacts are extensive and can be felt on highly vulnerable
socio-economic sectors of which islands depend on, such as
tourism, fisheries and shipping industries (Rodriguez et al.,
2020). Beach clean-ups are often the only possible remediation
measure for the removal of stranded plastic debris from local
coastlines, representing an enormous cost to local organizations
and governments (Burt et al., 2020; Rodriguez et al., 2020).

Local ecology is also severely impacted by marine plastic
pollution through ingestion and entanglement, ranging from
zooplankton (Desforges et al., 2015) to cetaceans (Baulch and
Perry, 2014), seabirds (Avery-Gomm et al., 2018; Provencher
et al, 2018), and marine reptiles (Aguilera et al., 2018).

Persistent organic pollutants present in seawater are absorbed
very efficiently by plastics and can be transferred into tissues and
organs through ingestion (Rochman et al., 2013; Andrady, 2017),
having a direct or indirect impact in all trophic-level organisms
(Gassel et al, 2013) and potentially on humans (reviewed in
Campanale et al., 2020). In addition, floating plastics such as
resin pallets and derelict fishing gear have been reported to
transport microbial communities (Carson et al., 2013), algae,
invertebrates, and fish (Goldstein et al., 2014) to non-native
regions (Barnes, 2002; Gregory, 2009). The systematic report
of plastic debris stranded in uninhabited islands (e.g., Lavers
and Bond, 2017; Fernandes, 2019; Ryan et al., 2019; Burt et al.,
2020) further demonstrates how exposed such pristine and often
fragile environments are to such hazard, forcing them to act
as sentinels of global ocean pollution (Barnes et al., 2018).
For all the reasons stated above, it is extremely important to
understand how physical processes, such as ocean currents and
wind mediate the transport of marine litter to presumably remote
insular environments.

The Macaronesia is a biogeographic region located in the
Northeast Atlantic Ocean and consists of 31 volcanic islands
comprised in four archipelagos (blue polygons in Figure 1):
the Azores, Madeira (and Selvagens), Canary Islands (hereafter
referred as Canaries), and Cabo Verde (Freitas et al., 2019).
Politically, Azores and Madeira are under the sovereignty of
Portugal, whereas the Canaries are under the sovereignty of
Spain. Cabo Verde is the only independent state and the only
archipelago outside the European Union. In terms of oceanic
and atmospheric conditions, all islands are under the influence of
the North Atlantic subtropical gyre (Figure 1A) and the Azores
High atmospheric pressure system (Figure 1B), respectively. For
this reason, common patterns in the transport of incoming
marine litter are expected to occur between the archipelagos.
However, although recent studies strongly suggest that most of
the debris collected on the Macaronesian islands come from the
open ocean (e.g., Baztan et al., 2014; Fernandes, 2019; Alvarez
et al.,, 2020; Pham et al., 2020), the exposure of the archipelagos
to the regional transport of marine litter has, to the best of our
knowledge, not been addressed to present date.

Our study focuses on the characterization of the potential
sources and pathways of marine plastic litter affecting the
archipelagos of the Macaronesia. Special attention was given
to the ocean currents and winds responsible for the transport
of particles to the archipelagos. Lagrangian simulations were
performed, in which particles representative of micro- and
macro-plastics (plastic particles smaller and larger than 5 mm
in length, respectively; Barnes et al, 2009; Andrady, 2011)
with a varying degree of exposure to the wind were released
around the archipelagos and tracked backward in time to their
origins. Serving as an in-situ reference, floating drifter trajectories
intersecting the archipelagos were also characterized. As our
study focuses primarily on the transport of particles at a regional
scale, such as in the connectivity between archipelagos and
continental coastal areas, the transport of particles between
islands of the same archipelago is beyond the scope of this study
and is not considered herein. This article is organized as follows: a
brief introduction to the geographic setting of the archipelagos is
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FIGURE 1 | Ten-year climatology (2006-2016) for: (A) ocean currents from CMEMS, (B) wind from ECMWF, and (C) stokes drift from WWa3. Black area in (A)
represents the delimitation of the finer-resolution ocean currents dataset (GLORYS12V1). Blue polygons mark the location of the Azores, Madeira, Canaries, and Cabo
Verde archipelagos (from north to south). Red arrows represent the main ocean currents: Gulf Stream (GS), Labrador Current (LC), Azores Current (AzC), North
Atlantic Current (NAC), Portugal Current (PC), Canary Current (CC), Mauritania Current (MC), North Equatorial Current (NEC), North Equatorial Counter Current
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presented in section 2; data being used, along with the modeling
framework and simulations set-up are described in section 3; the
main results and subsequent discussion are presented in section
4; and the main conclusions are summarized in section 5.

2. OCEANOGRAPHIC SETTING

As the north-westernmost islands of the Macaronesia, the Azores
archipelago extends for ~615 km across the Mid-Atlantic Ridge
and is composed by nine islands divided in three groups:
the western, central and the eastern groups (Figure 2A). The

Azores is the most remote archipelago of the Macaronesia, being
located at ~1,400 km distance from the nearest continental
coast and ~860 km distance from Madeira (the nearest islands).
The archipelago is surrounded by two main large-scale ocean
currents: (i) the Gulf Stream and associated bifurcations affect
the islands in the form of meanders and eddies from the west and
north-west (Caldeira and Reis, 2017); (ii) and the Azores Current
that originates from the southern branch of the Gulf Stream and
flows south of the archipelago between 32 and 35°N (Figure 1A;
Gould, 1985). Despite the dominant eastward-flow component,
the Azores Current is characterized by the frequent occurrence of

Frontiers in Marine Science | www.frontiersin.org

April 2021 | Volume 8 | Article 653502


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

Cardoso and Caldeira

Marine Litter Intercepting the Macaronesia Islands

A Azores B Madeira
p— ':'”Ef' 33.4°Np oo te] e e o
EEX oo b LoFL°T [o1° . b 1 .. f Y RS B
39°N o L T R 33.2°N 5% [ ." T ... .
X o L R e W . Nl R S A R P
38.5°N e S TSERTI BN T =
Windage factor (%) S oo S T e el st °° . o ey <
4 ol o ° -y 9 i
p— o [01] 32.8°N e o]y o (-
o o T ./ LY ¢ K
—_— e L2 C 32.6°N o R — R
e [2,3] d o ° ° 2 1\\\ o .
37°N [ ] [3,4] 'I‘-I- ox.‘:j 32.4°N S . L ‘o : :. 2
* [45] XK D ) HEA I NP
32.2°N
31°W 30°W 29°W 28°W 27°W 26°W 25°W 17.75°W 17.25°W 16.75°W 16.25°W
29.5°N 3 A P T ot P.d2
. oo -'_ hd 17°N > Jeo|% o
..0.. H 'oﬁﬂ' f o in X
onl [T T% T T T P Tk ooy oo Pl
L sl P Y 0 o e S X B A 16.5°N P
O o .“. . {‘ o o 2 o s o. .' * P b ® o ol
et ptell 4% 10 bod el i g
28.5°NHbTed/ Pl oY | o fo oot {00 ] 4 Tl 467
S AR D D O Y - 49 4|,
—— e ol —ale .'—1 e T O
o DRI . ® o N3 X s = i'.o' ° 5° Y . = e F° Y
28°N| | oo 2o |® °le 20 "’%\I‘ 2 .t L 1/ 2| =l‘. .r P LA P 15:5° s =Y A Y ': ol ®
<% I e X P P e G S L TEADE:
27.5°N| [ glo'elogfe | dops [ o faotpoe]eslee ] 15°N ce T s ke
a L a 2 / .. ...',v .o . [ [.. ® hoo
18°W 17°W 16°W 15°W 14°W 25 5°W 54 5°W 53.5°W 53 5°W
FIGURE 2 | Example of the release location of particles in the (A) Azores, (B) Madeira, (C) Canaries, and (D) Cabo Verde archipelagos. Black grids around the islands
represent the boundaries in which particles are randomly released. Colors represent the particle windage groups.

eddies (Zhou et al., 2000; Sangra et al., 2009; Barbosa Aguiar et al.,
2011) that often intersect the Azorean islands from the south and
from the west (Sala et al., 2016; Caldeira and Reis, 2017).

Along its eastward path, the Azores Current produces
three major bifurcations with a southward-flowing component
(Klein and Siedler, 1989). At the easternmost bifurcation
(~22°W), one branch meanders eastward toward the Gulf
of Cadiz (Johnson and Stevens, 2000), whereas another
branch turns southward and reaches the Madeira archipelago
through the west/northwest (Figure 1A; Zhou et al., 2000).
Here, this southward-flowing branch is separated into two
branches as it intercepts Madeira (Stramma and Siedler, 1988;
Barton, 2001), merging the south/southwestward-flowing Canary
Current downstream (Stramma, 1984; Klein and Siedler, 1989;
Zhou et al, 2000). Although weaker and wider (Martins
et al, 2002), the Portugal Current also feeds the Canary
Current as it flows toward Madeira from the north, being
strongly influenced by the dominant neighboring Canary and
Azores Currents at Madeira’s latitude (Pérez et al., 2001).
Being the smallest archipelago of the Macaronesia, Madeira is
composed by three islands (Figure 2B) located at an intermediate
geographical position between the Azores and the Canaries
(Sala et al, 2013). As a consequence, Madeira is exposed to
the seasonal oscillations of the Azores, Portugal, and Canary
Currents (Barton, 2001; Caldeira et al., 2002; Martins et al.,
2002).

As it progresses southward along the North-Western African
coast, the Canary Current intercepts the Canaries at ~500 km
distance from Madeira (Figure 1A; Martins et al., 2002). The
Canaries are composed by seven major islands extending from
near African coast to open ocean with a zonal orientation
(Figure 1C) and is the largest archipelago of the Macaronesia (in
terms of land surface area). These islands act as an obstacle to the
propagation of the Canary Current, being partly responsible for
the frequent generation of eddies in the lee side (e.g., Aristegui
et al., 1994; Barton et al., 2000; Sangra et al., 2009). Its close
proximity to the adjacent African coast (~94 km) also exposes
the Canaries to filaments and eddies pinching off from the
Canary Current upwelling system, which often interact with
island-induced eddies as they propagate offshore (Barton et al.,
2004).

The southern limit of the Canary Current detaches from the
continental margin between 25 and 20°N to connect with the
wind-driven North Equatorial Current (Figure 1A; Mittelstaedt,
1983, 1991). With a initial southwestward flow, the North
Equatorial Current intersects the Cabo Verde archipelago from
the northeast (Lazaro et al., 2005) and then veers westward to
become the southern limb of the North Atlantic subtropical
gyre (Bourles et al, 1999), closing the gyre as it intersects
the American continent and merges with the Gulf Stream
(and associated upstream currents) further west (Figure 1A).
Composed by 10 islands arrayed in a west-facing horseshoe
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disposition (Figure 2D, Ramalho, 2011), Cabo Verde marks
the southern limit of the Macaronesia region (Figure 1A).
The oceanographic context surrounding the archipelago is
characterized by the complex interaction of several large-
scale oceanic currents and features, strongly affected by the
seasonal meridional migration of the atmospheric Intertropical
Convergence Zone (Stramma and Schott, 1999). South of
archipelago, the basin-wide North Equatorial Counter Current
flows eastward and leaks Southern Atlantic waters into the North
Atlantic as it meanders along the southern limit of the North
Equatorial Current (Fratantoni, 2001). As the North Equatorial
Counter Current approaches the African coast, part of its flow
continues northward along the coast and forms the seasonal-
varying Mauritanian Current (Figure 1A; Lazaro et al.,, 2005).
Driven by the relaxation of the trade winds and consequent
intensification of the North Equatorial Counter Current, the
Mauritanian Current reaches its northernmost extension (20°N)
during summer and autumn, where it intersects the North
Equatorial Current and turns southwestward in the direction of
Cabo Verde. During winter and spring the opposite occurs, as
the trade winds intensify and force the Canary Current upwelling
system to reach its southernmost extension (15°N, Mittelstaedt,
1991; Van Camp et al, 1991). Such dynamic variability at
the Mauritania coast is expected to affect the Cabo Verde
islands, located 450-600 km west. For example, filaments rich in
Chlorophyll a have been observed to reach the archipelago during
the upwelling season (Lathuiliere et al., 2008; Ohde and Siegel,
2010), whereas eddies generated by the dynamic instabilities
of the Mauritania Current (Lizaro et al., 2005) and by the
interaction of coastal currents with topography (Schiitte et al.,
2016) are often blocked by the Cabo-Verdian islands as they
propagate westward (Cardoso et al., 2020).

3. DATA AND METHODS
3.1. Global Drifter Program

Surface drifting buoys (hereafter referred as drifters) are
valuable instruments in providing in-situ information on the
two-dimensional flow at the ocean surface or near surface,
depending on the depth at which the drogue (sea anchor) is
located (Lumpkin et al., 2017). As part of the Global Drifter
Program (GDP) from the National Oceanic and Atmospheric
Administration (NOAA), drifters are deployed throughout the
global ocean since 1988, maintaining an array of ~1,250 drifters
throughout the years. These drifters are drogued at 15 m depth
so that they follow near-surface currents (Lumpkin and Pazos,
2007). Although their position is received via ARGOS satellite
system at an irregular time interval, drifter trajectories are
processed for quality-control and interpolated to a six-hourly
interval (Lumpkin et al., 2013). A brief analysis of the GDP drifter
trajectories that intercept the archipelagos of the Macaronesia is
presented in the present study, comprising a total number of 632
trajectories in 32 years (Lumpkin and Centurioni, 2019).

3.2. Lagrangian Model and Forcing

Datasets
The transport of marine litter was simulated through the
modeling of virtual particles using version 2.0 of the

OceanParcels lagrangian ocean analysis framework (Lange
and van Sebille, 2017; Delandmeter and van Sebille, 2019).
This numerical toolkit takes advantage of the scientific Python
ecosystem, but simulations are carried in low-level C code for
computational efficiency. In addition, the modular nature of
OceanParcels enables the customization of kernels, meaning that
particle behavior can be augmented with specific features (e.g.,
windage, beaching). In the present study, particle trajectories are
integrated using a Runge-Kutta 4th order scheme, relying in the
combination of ocean currents, wind and stokes-drift.

For the ocean currents we used two eddy-resolving ocean
circulation reanalysis developed by Mercator-Océan in the
framework of Copernicus Marine Environment Monitoring
Service (CMEMS). These reanalysis products are produced with
general ocean circulation models that assimilate in situ and
satellite data, thus more representative of the ocean circulation
(van Gennip et al.,, 2019). With a daily time step, their velocity
components are based on the same ocean circulation models
as the Nucleus for European Modeling of the Ocean (NEMO)
framework, being forced at the surface by the ERA-Interim
wind reanalysis from the European Center for Medium-Range
Weather Forecasts (ECMWF). The GLORYS12V1 reanalysis is
the first domain of the nested grid configuration, covering an
area between 12-60°N and 33°W-10°E (black delimited area in
Figure 1A) with a 1/12° spatial resolution (~8km at the equator).
This area comprises the Macaronesia region and the neighboring
continental coasts. The GLORYS2V4 is used for the rest of the
study domain, covering an area between 0-70°N and 98°W-40°E
with a 1/4° resolution. Although both reanalysis extend up to
5,500 m depth (50 and 75 vertical levels for GLORYS12V1 and
GLORYS2V4, respectively), in the scope of this work lagrangian
simulations were confined to depths varying from 0 to ~108 m
(23 and 25 vertical levels for GLORYS12V1 and GLORYS2V4,
respectively) and neglect vertical flow velocities, following a
similar methodology as Delandmeter and van Sebille (2019). For
further information on GLORYS12V1 and GLORYS2V4 model
configurations and validation, please refer to Garric et al. (2018)
and Lellouche et al. (2018), respectively. Sub-grid processes were
parameterized using a stochastic zeroth-order Markov model
(van Sebille et al., 2018) with a constant horizontal diffusion
coefficient of Kh = 10m%s™!, a value well suited for the
resolution of the datasets being used (e.g., Lacerda et al., 2019;
Kaandorp et al., 2020; van der Mheen et al., 2020). One should
note that tidal forcing is not considered in the present study. Sterl
etal. (2020) suggested that although barotropic tidal currents can
have a significant influence in the transport of marine plastic litter
at coastal regions and semi-enclosed seas, such currents have
much less impact on the transport and accumulation of marine
plastic debris in the open ocean, being thus negligible at the scale
of the North Atlantic basin.

The transport of particles driven by the waves (i.e., Stokes
drift) was calculated at the ocean surface (ie., for particles
at <0.52 m depth) for all simulations with the wave model
WaveWatch II (WW3, The WaveWatch III Development
Group, 2016), distributed by the Institut Francais de Recherche
pour I'Exploitation de la Mer (IFREMER). Like CMEMS datasets,
this hindcast dataset is forced by the ECMWF ERA-Interim
winds and has a 1/2° horizontal resolution. Although it is

Frontiers in Marine Science | www.frontiersin.org

April 2021 | Volume 8 | Article 653502


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

Cardoso and Caldeira

Marine Litter Intercepting the Macaronesia Islands

distributed with a 3-h temporal resolution, we use a daily average
in the present study for consistency.

In order to maintain coherence between forcing mechanisms,
the same ECMWF ERA-Interim wind reanalysis (at 10 m above
sea surface) that is used to force the WW3 dataset is used to
account for direct wind forcing on particles. This data is available
with a 1/2° spatial resolution and a 3-h temporal resolution, being
subsequently averaged into a daily time step.

3.3. Particle Setup

Marine litter has been reported to appear in various forms
throughout the globe (e.g., Enders et al., 2015; Reisser et al., 2015;
Pabortsava and Lampitt, 2020), being very difficult to find an
universal distribution of their size, material densities and shapes
(Kooi and Koelmans, 2019). Morét-Ferguson et al. (2010) argued
that most marine litter found in the ocean is millimeter-sized
and has an average material density lower than sea water (965
kg.m~3). Nevertheless, debris of larger size and material density
higher than sea water can still be found floating at the sea,
mostly due to air enclosures (e.g., foamed materials; Enders et al.,
2015). As the distinction of particle shape and size is beyond the
scope of our study, virtual particles are representative of debris
with varying buoyancy ratios and neglect inertial forces. Released
with a 3-day interval, particles’ initial position was randomly
generated within every 0.25° cell of equally-spaced grids arranged
around the islands (Figure 2). Particles are removed from the
simulation when initiated on land, exit the domain through an
open boundary (Arctic or South Atlantic Ocean) or get stuck in
adry cell (i.e, land) and are considered beached. The verification
of beached particles is made after the integration of all velocity
fields (i.e., currents, wind, stokes drift, and diffusion) into the
particle trajectory.

Most modeling studies attribute hypothetical windage
coefficients (also known as wind drag or leeway drift) to their
virtual particles in order to simulate the direct wind drag exerted
on particles with specific buoyancy ratios (e.g., Gutow et al.,
2018; Pereiro et al., 2018). Low windage coeflicients are used in
particles with low buoyancy and limited surface area exposed to
the wind, whereas high windage coeflicients are used for highly
buoyant particles with large exposed surface area (Chubarenko
et al., 2016). Considering the variety of marine plastic litter
densities and shapes found in the Macaronesia region (e.g., Rios
et al., 2018; Fernandes, 2019; Herrera et al., 2020; Pham et al,,
2020), our model particles were divided into five groups with
random windage coefficients ranging from 0 to 1%, 1 to 2%, 2 to
3%, 3 to 4%, and 4 to 5% of the wind at 10 m height. This means
that all grid cells arranged around the islands contributed with
the release of five particles every 3 days, except when particles
were initiated on land (Figure 2). A total of ~1.3 million particles
were released in each simulation, from which ~360,000 were
released in Azores, ~145,000 in Madeira, ~500,000 in Canaries,
and ~320,000 in Cabo Verde.

3.4. Simulations

Four simulations were carried for a 10-year period between
2006 and 2016 (a summary of the simulations is shown in
Table 1). To determine the potential sources and pathways of

TABLE 1 | Simulations overview.

Simulation Bsurtace Bimixed Fsurface Frixed
Target particles Remote Domestic
Nature Backward Forward
Vertical distribution Surface Mixed Surface  mixed

Particle release period 2016/1/1-2009/1/1 2006/1/1-2013/1/1

Ocean GLORYS12V1 & GLORYS2V4
Data  Stokes WW3

Wind ECMWF
Start date 2006/1/1
Finish date 2016/1/1

remote particles reaching the archipelagos, simulations Bgy;face
and B,,;.q Were conducted in a backward-in-time scenario, in
which particles released around the islands between 2009 and
2016 were backtracked in time. This means that the particle’s
release location corresponds to the their destination, whereas
the particles’ final position correspond to their origins (e.g., van
Gennip et al,, 2019). On the other hand, simulations Fy;fc, and
F,ixed Were conducted in a forward-in-time scenario, in which
particles released around the islands between 2006 and 2013 were
tracked to their destinations. As the fate of domestic particles
is beyond the scope of the present study, results associated
to forward-in-time simulations were used as a complementary
information. Following the same temporal resolution of the
ocean circulation reanalysis, a daily time step was used for
the calculation of particle trajectories. Although the temporal
resolution of the forcing datasets may seem limiting, Onink et al.
(2019) demonstrated that differences between flow data with
3 and 24 h time steps were not significant at the scale of an
oceanic basin.

To elucidate on the differences between particles with strong
and weak buoyancy, both backward- and forward-in-time
scenarios were run with two configurations. In simulations
Biurface and Fypface> particles are transported only at the ocean
surface, being thus exposed to direct wind forcing. Such particles
(hereafter referred as surface particles) are mostly representative
of macro-plastics, known for staying at the surface longer
than micro-plastics (Chubarenko et al., 2016). Conversely,
particles in simulations By,iy.g and Fq have low buoyancy
and are immersed in near-surface layers most of the time,
being mostly representative of micro-plastics (Wichmann et al,,
2019; Pabortsava and Lampitt, 2020). Although the horizontal
transport of these submerged particles (hereafter referred as
mixed particles) is less affected by direct wind forcing, their
vertical positioning is strongly affected by the wind-induced
turbulent mixing (Reisser et al., 2015). A brief description of
how this vertical mixing is achieved is presented, but for full
details please refer to Kukulka et al. (2012) and Wichmann et al.
(2019). Considering the principle that the concentration of plastic
particles follows an exponential distribution throughout depth
(e.g., Reisser et al, 2015; Kooi et al., 2016), mixed particles
are randomly displaced in the water column at each time step
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according to the exponential probability distribution proposed by
Kukulka et al. (2012):

p(z) = re™™* (1)

For . = w,/Ao, the particle rise velocity w, assumes a
determinant role, followed by Ag = 1.5u,,kH; where u,,, is the
frictional velocity of water, k = 0.4 is the van Karman constant,
and H; is the significant wave height. H, is parameterized by
H; = 0.96¢g"'0%/2U2,, where g = 9.81 m.s™! is the gravitational
constant, o the wave age, and u,, the frictional air velocity. As
in Kukulka et al. (2012), we assume a fully developed sea with
o = 35. With the purpose of simulating strong mixing effects,
particle rise velocity w, was set to 0.001 m.s~!, which according
to Reisser et al. (2015) is the minimum rise velocities of plastic
particles found in the ocean. In this sense, we follow the same
methodology of Wichmann et al. (2019), albeit the later authors
used a w, of 0.003 m.s~!. Of course, such vertical positioning
of particles is a gross oversimplification of a highly complex
process, controlled mainly by particle density, shape, size (Kooi
et al., 2017). Considering that the distinction of such particle
characteristics is beyond the scope of this study, we believe that
this methodology provides an adequate approximation for the
proposed objectives.

3.5. Connectivity to Sources of Marine
Litter

Understanding the potential sources of marine litter is an
essential step in the mitigation of marine pollution (Ryan
et al., 2019), especially for islands that are considerably exposed
to debris originated elsewhere (e.g., Robinson et al, 2017;
Chambault et al., 2018; van Gennip et al., 2019; van Sebille et al.,
2019; Burt et al., 2020). As such, two distinct sources of marine
litter are assessed in the present study.

3.5.1. Marine-Based Sources

It has been estimated that marine-based human activities, such as
fishing, boating, and shipping are responsible for a considerable
amount of plastic waste entering the ocean, being fisheries the
most relevant activity with proportions ranging from ~18%
(Lebreton et al., 2019) to ~20% by number of debris collected
at the surface of the ocean (or 70% by weigh, Eriksen et al,
2014). Nonetheless, the proportion of fishing gear on stranded
debris collected at oceanic islands increases quite significantly
(Monteiro et al., 2018; Fernandes, 2019), reaching values as
high as 83% (by weight, Burt et al., 2020). As such, it is very
important to account for fishing activities as a likely source of
marine litter intercepting the Macaronesian islands. Assuming
that the quantity of waste particles is a function of the time
spent fishing (e.g., van Gennip et al., 2019; van Sebille et al.,
2019), we defined areas of intensive fishing activity as sources
of marine-based debris using the Global Fishing Watch database
(Kroodsma et al, 2018). This database quantifies the time
spent fishing in every 0.1° grid cell for the period 2012-2016.
As this fine spatial resolution generates many small areas of
intensive fishing activity and hampers the definition of intense
fishing zones, data was re-sampled to a 0.2° resolution grid and

smoothed using a Gaussian filter with a 0.8° standard deviation.
Areas of intense fishing were defined as those with >150 of
cumulative fishing hours, which corresponds to >50 hours in
the original 0.1° resolution (Supplementary Figure 1). Areas
with <5,000 km? were excluded from the analysis for the sake
of clarity.

3.5.2. Land-Based Sources

Regions of high population density have been considered
as the most probable land sources of marine plastic litter,
especially where they are coastal or near rivers (Andrady, 2017).
Indeed, ~12% of plastics entering the marine environment were
estimated to come from inland population via riverine transport,
whereas ~60% were estimated to originate from coastal areas
(Lebreton et al.,, 2019). For this reason, population density has
been commonly used as an index to estimate the input of marine
plastic debris from land (e.g., Lebreton et al., 2012; Maximenko
et al,, 2012; Eriksen et al., 2014; Robinson et al.,, 2017; van
Gennip et al,, 2019). Nevertheless, it is important to note that
this relation is overly simplified, as it depends on other factors,
such as environmental regulations, solid waste management, and
economic status (Jambeck et al.,, 2015; Kaandorp et al., 2020).
Considering that the emission of particles from coastal regions
is beyond the scope of this study, we used the population density
projections for 2020 from the “Gridded Population of the World”
dataset (Version 4, revision 11; Doxsey-Whitfield et al., 2015;
CIESIN, 2018) to assess the likelihood of coastal regions to act
as sources of marine litter.

It is important to note, however, that the beaching of marine
litter at the real ocean/land boundary is a highly complex process.
First, it is highly dependent on small-scale coastal dynamics
that most ocean circulation models fail to replicate (Isobe et al.,
2014; Zhang, 2017). Second, coastal geomorphology (Bowman
et al.,, 1998; Vianello et al., 2013; Jalén-Rojas et al., 2019) and
particle shape and size (Hinata et al., 2017) can mediate the rate
at which particles are terminally deposited or washed back to
sea. Third, physical processes, such as waves, tide, wind, or even
UV radiation increase the degradation rate of plastic particles
(Corcoran et al.,, 2009; Carson et al., 2013; Chubarenko et al.,
2020), which can facilitate the burial of smaller particles into
the sediments (Turra et al., 2015) or their transport to offshore
waters (Isobe et al., 2014). As our domain covers a wide range of
coastlines with different morphologies and under the influence
of coastal dynamics not feasibly represented at this scale, any
attempt of using a probabilistic approach to mimic the beaching
of marine litter (e.g., Lebreton et al., 2018; Hinata et al., 2020;
Kaandorp et al., 2020; van der Mheen et al., 2020) would be very
difficult to assess. For this reason, we deem the first contact with
dry cells as particle beaching, which depending on the nature
of the simulation (i.e., backward- or forward-in-time tracking)
represents a source or a sink location.

4. RESULTS AND DISCUSSION

4.1. Drifter Trajectories
The trajectories of drifters that intercept the Macaronesia
archipelagos are an important observational evidence for the
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analysis of simulated particle trajectories. As such, GDP drifter
trajectories before and after intercepting the Macaronesian
archipelagos are represented in Figure 3 left and right panels,
respectively. Areas delimiting the archipelagos were defined as
the combined grids used to release virtual particles around the
islands (Figure 2). Because of a mechanical failure of the buoy-
drogue connection, nearly 30 and 90% of GDP drifters lose
their drogues in the first 3 and 18 months after deployment,
respectively (Grodsky et al, 2011), increasing the estimated
windage coeflicient from 0.1 to 1% of the wind speed (Niiler
et al., 1995). Considering that 1% of the wind speed is still at the
lower end of the windage interval used in our simulations (0-5%),
drogued and undrogued drifter trajectories are not differentiated
in Figure 3, being mostly representative of submerged and low-
windage particles.

The generally long and old drifter trajectories intercepting
the Azores (Figure 3A) demonstrate that the archipelago is
vulnerable to far-field sources. Most of these drifters were
deployed along the Gulf Stream and although they intersect
the archipelago from all directions, they approach mostly from
the west. In fact, the exposure of the Azores islands to the
confluence of filaments and eddies pitching off from the Gulf
Stream and from the Azores Current led Sala et al. (2016) to
propose the archipelago as a potential retention zone for floating
particles. Such hypothesis was later reinforced by Pham et al.
(2020), who found that the Azorean beaches retain significant
quantities of small fragments that are rapidly washed back to sea,
acting as transitory repositories of small fragments in the region.
After intersecting the Azorean area, drifters are mostly advected
southward and eastward with varying meridional deflections,
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TABLE 2 | Overview of the GDP drifters intercepting the Macaronesia archipelagos
(top rows) and drifter connectivity between archipelagos (bottom rows).

Canaries cv

= -

Sink Azores Madeira

E -

Regional domain (6,536)

Beached drifters 42 13 46 16
Azores - - 11 0
Madeira 1 - 15 0
Canaries 1 2 - 3
Cabo Verde 0 0 0 -

Rows and columns represent sources and sinks, respectively. White-to-orange color
scale is used for the number of drifters intercepting and beaching in the archipelagos.
White-to-blue color scale is used for the drifter connectivity between archipelagos.

drifting through the Portugal and Canary currents and eventually
closing the North Atlantic Gyre as they follow the North
Equatorial Current and reach Central and North American coasts
further west (Figures 3B, 1A). From a total of 269 drifters, 42
beached in the archipelago, 20 intersect the Madeira archipelago,
and 11 intercept the Canaries (Table 2).

Similarly to the Azores, drifter trajectories intercepting
Madeira were mostly deployed west and north of the archipelago
(Figure 3C) but approach mainly from the north. Extending
from ~10 to 24°W (Pérez et al., 2001), the influence of the
oftshore branch of the Portugal Current (Figure 1A) is revealed
by the southward trajectories west of the Iberian coast, while
the influence of the Azores Current is revealed by the narrow
horizontal band of drifter deployments north of Madeira (circles
in Figure 3C). The Azores Current is still perceivable after
drifters intercept the archipelago, evidenced by the eastward
trajectories flowing toward Africa and by the swirling westward
trajectories passing south of the Azores (Figure3D), likely
related with westward-propagating eddies pinching off from the
Azores Current (Sangra et al., 2009; Barbosa Aguiar et al., 2011;
Caldeira and Reis, 2017). Nevertheless, most drifters that exit
the Madeira delimited area without beaching (84 out of 97)
flow south/southwestward, in which 15 cross the Canaries area
(Table 2), 10 reach the American continent further west and
8 veer north into the Sargasso Sea at the center of the North
Atlantic subtropical gyre (often referred as an important area for
the accumulation of floating marine litter; e.g., Lebreton et al.,
2012; Maximenko et al., 2012; Cozar et al., 2014; Eriksen et al.,
2014; van Sebille et al., 2015; Law, 2017; Onink et al., 2019).

Portugal and Azores Currents are also important pathways for
drifters intercepting the Canaries (Figure 3C). Even though these
trajectories are generally very similar to the ones intercepting
Madeira, a more careful inspection reveals that some of the
drifters that intercept the Canaries are advected closer to the
western Iberian coast. Such proximity is likely related with the
Portugal Coastal Current which is active when the predominant
northward Portugal Coastal Counter Current is suppressed by
southward winds (mostly during summer, Martins et al., 2002).
After intersecting the Canaries delimited area, most of the drifters
that do not beach in the islands (158 out of 204, Table 2) continue
southward along the Canary Current and then westward along

the North Equatorial Current, reaching southern territories of
the Central America, such as the Lesser Antilles in ~9 months
(Figure 3D).

Three of the drifters leaving Canaries reach the Cabo Verde
archipelago as they float in the easternmost branches of the
Canary and North Equatorial Currents (Figures 3A, 1A), being
the only common trajectories between Cabo Verde and the
other archipelagos of the Macaronesia (Table 2). Although Cabo
Verde lies at the southern limit of the North Atlantic Gyre,
the archipelago is predominantly exposed to westward drifters
released along the Northwestern African coast, most likely
advected by the seasonal Mauritania Current (dashed arrow in
Figure 1A; Lazaro et al., 2005), upwelling filaments (Lathuiliere
et al., 2008; Ohde and Siegel, 2010) or coastal-generated eddies
(Schiitte et al., 2016; Cardoso et al., 2020). Nevertheless, the
eastward-flowing North Equatorial Counter Current can still be
responsible for the advection of drifters released south of the
archipelago. As 16 drifters beached in the islands of Cabo Verde
(Table 2), some of the remaining 46 drifters followed a general
westward trajectory and reached the Lesser Antilles islands, while
two drifters crossed the equator (South Atlantic, Figure 3G).

To summarize, Azores is the archipelago most intercepted by
drifters (269), followed by the Canaries (204), Madeira (97), and
Cabo Verde (62, Table 2). Even though the number of drifters
intercepting the archipelagos is linked to the extension of the
delimiting areas, the location where drifters are deployed also
play a key role in the pathways they follow (Reisser et al., 2013).
For example, Madeira’s delimiting area is significantly smaller
than Cabo Verde’s area, but it is exposed to oceanic currents
that cover a broader area (Figure 1A) and are thus “seeded” by
a larger number of drifters. Drifter trajectories intercepting the
Azores are generally older and longer than the ones intercepting
Madeira, Canaries, and Cabo Verde. Nevertheless, the exposure
of these three archipelagos to far-field sources should not be
completely discarded, given the fact that GDP drifters have a
limited transmitting lifetime (Lumpkin and Pazos, 2007) which
can hinder long-term patterns. Furthermore, Alvarez et al. (2020)
argued that the dominance of cold colors (such as white, black,
gray, and blue) in micro- and meso-litter collected in Madeira
were likely related to the photo degradation of the incorporated
pigments (Matsuguma et al., 2017; Syakti et al., 2017). This
suggests that the collected fragments were exposed to sunlight for
a considerable period of time before intercepting the archipelago
(Yu et al., 2018).

4.2. Exposure to Remote Particles

4.2.1. Regional Pathways

In order to assess the potential pathways of remote marine
litter affecting the archipelagos of the Macaronesia, we focus
our attention in the proportions of Bface and Byixeq particles
detected in every 0.5° grid cell (Figure4). Corresponding
seasonal variations were also assessed, but since the variations
were not significant, seasonal Bgyface particle proportions are
included as Supplementary Figure 2. It is important to note,
however, that as our simulations do not take into account the
actual sources and distribution of marine litter in the Atlantic
Ocean, the trajectories of particles tracked backward in time can
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only serve as an indication of the possible directions taken by
particles before reaching the archipelagos (Reisser et al., 2013).
In general, Bgysface and Byixeq particle trajectories have similar
patterns (Figures 4A-H, respectively), though By, f. particles
are much more dispersed throughout the North Atlantic basin.
In fact, <0.1% of B,jx.q particles traveled through the Sargasso
Sea at the center of the North Atlantic subtropical gyre (between
20-30°N and 70-40°W). Considering that B,,;.s particles are

submerged most of the time and that the inclusion/exclusion
of the wind drag from the equation of motion has been linked
to the divergence/convergence of particle trajectories (Neumann
et al., 2014), it is fair to assume that such spatial differences are
caused by the particle exposure to the wind. Furthermore, GDP
drifter trajectories before intercepting the archipelagos (Figure 3
left panels) resemble more closely with B,,;y.4 (especially in Cabo
Verde, Figures 3G, 4H) than with By, patterns, reinforcing
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the idea that drifter trajectories are mostly representative of
submerged and low-windage particles.

The influence of the North Atlantic subtropical gyre is
naturally the most evident pattern in the transport of incoming
Bsurface and Bixeq particles. The Gulf Stream acts as the dominant
pathway for all archipelagos at a regional scale, though with
less impact for Cabo Verde (Figure 4H). In fact, up tp ~30%
of Byixed particles and ~20% of By, particles converge
into the initial extension of the Gulf Stream (Figures 4A,C,
respectively), which is impressive considering the >5,000 km
distance from the southeast coast of the United States (US) to
the archipelagos of the Macaronesia. The upstream currents that
feed the Gulf Stream (i.e., the Florida, Loop, Antilles, Caribbean,
and even the North Brazil Currents, Figure 1A) are still
noticeable in the proportions of particles intercepting the Azores,
Madeira, and Canaries (mainly B,,;.4 particles, Figures 4C,D,G,
respectively). Such signal demonstrates that these archipelagos
are significantly exposed to Central and North American sources,
which according to Lebreton et al. (2012) account for 64-66% of
the debris floating in the North Atlantic. The higher exposure of
the Azores archipelago to Central and North American sources
is consistent with plastic densities sampled at the beaches of
the archipelago (>15,000 items m~2, Pham et al., 2020), which
are among the highest densities reported for beaches of oceanic
islands in the Atlantic Ocean (Herrera et al., 2018; Monteiro
et al., 2018). Flowing southeastward along the northeastern coast
of Canada (Lazier and Wright, 1993), the Labrador Current
(Figure 1A) also acts as a source of particles transported by the
offshore extension of the Gulf Stream. Although the Labrador
region is less impacted by human activities on land, high levels
of small-sized plastic debris were observed along the shoreline
(McWilliams et al., 2018) and in gastro-intestinal samples of
the Arctic seabird (Fulmarus glacialis, Avery-Gomm et al., 2018;
Provencher et al., 2018), possibly linked to industrial fishing
activity (Supplementary Figure 1; Bond et al., 2012).

Similarly to drifter trajectories (Figure 3A), Bysface and Byixed
particles reaching the Azores from the west and from the
north are mainly transported by the eastward Gulf Stream
and associated branches (Figures 4A,C, respectively), whereas
particles reaching the archipelago from the south are mainly
transported by the eastward Azores Current (Figure 1A), more
easily depicted in B4 particle trajectories (Figure 4C). Spatial
patterns in By, particle trajectories are in better agreement
with Sala et al. (2016) than Bgyface particles, which is expected
as these authors only considered ocean currents in their
simulations. Some of the particles intercepting the Azores were
also detected along the eastern boundary of the North Atlantic
(0.1-2%), though Bgyface in higher proportion than Bixeq
(Figures 4A,C, respectively).

Predictably, the main differences between the Azores and
Madeira archipelagos appear at the local scale, as By, fc. and
Biixed particles reaching Madeira are mostly transported by the
southward Portugal Current and by the eastward Azores Current
(Figures 4B,D). Due to its seasonal meridional displacement,
the Azores Current has an higher impact when the current
reaches its southernmost latitude during Summer and Autumn
(Supplementary Figures 2G,H; Stramma and Siedler, 1988;

Klein and Siedler, 1989). In fact, the Azores Current has a bigger
influence in particles intercepting Madeira than in particles
intercepting the Azores (Figures 4B,D and 4A,C respectively),
being more perceptible in B,,;..4 particle trajectories (Figure 4D).
Although present results demonstrate that Madeira is more
frequently exposed to particles intercepting the archipelago
from the north and from the west, Alvarez et al. (2020) was
unable to find a clear distinction in the accumulation of marine
debris between the north and south coasts. Such non-conformity
between model results and field surveys can relate to a variety of
factors, such as variable beach substrates and exposure to wind
and wave action (Herrera et al., 2018; McWilliams et al., 2018;
Rios et al, 2018; Pham et al, 2020) or even the transport of
marine litter by coastal currents (Isobe et al., 2014; Pereiro et al.,
2018; van Sebille et al., 2020).

Exposed to similar oceanic and atmospheric conditions as
Madeira, the Canaries are intercepted by Bgrface and Bipixed
particles mostly from the north (Figures4E,G, respectively).
These particles are advected by the wind-driven Canary Current,
which in turn is fed by the same Portugal and Azores
Currents that intercept the Madeira archipelago upstream
(Barton, 2001; Martins et al., 2002, Figure 1A). Such results
are in good agreement with previous studies, that found the
highest concentrations of micro-plastics at the beaches directly
exposed to the Canary Current and the trade winds (i.e., in the
northern side of the islands; Baztan et al., 2014; Herrera et al,,
2018). Despite the close proximity between archipelagos, the
proportion of particles transiting in the Gulf Stream is lower
for particles intercepting the Canaries (Figures 4E,F) than for
particles intercepting the Azores and Madeira (Figures 4A-D,
respectively). As first observed in GDP drifter trajectories
(Figure 3E), such differences can be explained by the higher
proportions of Canarian particles transiting closer to the
Northwestern African and Western European coasts. As a
consequence, such proximity increases the probability for particle
beaching (i.e., connectivity to land-based sources) and reduces
the number of particles transported by upstream currents.

Clearly, the same is applicable to particles intercepting
Cabo Verde, which apart from being the most differentiated
archipelago of the Macaronesia, is the archipelago with largest
differences between Bgpce and Bpixeq Pparticle trajectories
(Figures 4F,H, respectively). The major pathway for incoming
Biurface particles is depicted by the high proportions of particles
flowing along the Northwestern African coast. Naturally, these
particles are exposed to persistent trade winds (Figure 1B;
Cardoso et al., 2020), which in turn are partly responsible for the
equatorward flow of the Canary Current (Barton, 2001) and for
the initial southwestward flow of the North Equatorial Current
(Lazaro et al., 2005). On the other hand, the major pathway of
incoming By,;y.s particles is depicted by the high proportions
of particles that connect the archipelago to the Northwestern
African coast in the east. As By, particles are less exposed to
the wind, the transport of these particles is mainly influenced by:
(i) the North Equatorial Current that detaches from the African
Coast near Cape Blanc (Mittelstaedt, 1983); (ii) by the wind-
driven Ekman currents associated with the seasonal upwelling off
the Mauritanian coast (Mittelstaedt, 1991; Van Camp etal., 1991);
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(iii) by the Mauritanian Current that is active during summer
and autumn (Supplementary Figures 20,P; Lazaro et al., 2005);
(iv) or by westward-propagating eddies pinching off from the
Northwestern African coast (Schiitte et al., 2016; Cardoso et al.,
2020). Another characteristic that distinguishes Cabo Verde from
the other archipelagos of the Macaronesia is the fact that B,jxeq
particles floating in the South Atlantic or in South American
coastal regions can reach the Cabo Verde islands directly through
the eastward North Equatorial Counter Current (Figure 4H).
Such findings are consistent with the detection of plastic additives
originated from the Amazon River plume along the entire length
of tropical North Atlantic Ocean, reaching the longitudes of Cabo
Verde (Schmidt et al., 2019).

4.2.2. Particles Travel Time

As marine plastic litter floats throughout the ocean, it is exposed
to several environmental agents that can modify their properties
(i.e., density, shape, and size) through fragmentation, weathering,
erosion, or biofouling (reviewed in van Sebille et al., 2020).
These changes can have profound implications in the transport
of plastic debris. For instance, changes in particle buoyancy can
lead them to sink/rise, making particles less/more exposed to the
wind. For this reason, it is important to account for the estimated
time a particle takes to intercept the archipelagos. The median
travel time (ie., particle age) for Bgyface and Byixeq particles
detected in every 0.5° grid cell is presented in Figure 5, with
reference to the moment of particle release (i.e., interception).
We choose to present the median instead of the mean because
the variability in particles’ age passing through each cell is quiet
large (>2 years standard deviation, Supplementary Figure 3).
We suspect this is related with the fact that some particles remain
at the ocean for a large period of time before beaching, leading
them to pass through the same region more than once. Thus,
we believe this analysis prevents an overestimation of the typical
travel time a particle takes to intercept the archipelagos.

In general, the timescales associated with the transport
of intercepting particles (Figure5) are of the same order of
magnitude as the timescales associated with the GDP drifter
trajectories before intercepting the archipelagos (Figure 3 left
panels), especially B,;ixeq particles which are less exposed to the
wind. Bgyrface and Bpyixeq particles connect the North and Central
American east coasts to the Macaronesian archipelagos in ~1-
1.5 and ~1.5-3 years, respectively (Figure 5). On the other hand,
the Southwestern European and Northwestern African coasts
present a much more variable connectivity timescale, in which
Burface and Byixeq particles take ~0.25-4 and ~0.25->5 years,
respectively, to reach the archipelagos. Naturally, the fact that
timescales associated with the B4 particles are higher than
those associated with Bgyface particles can be explained by the
absence of wind advection and by the lower current velocities in
subsurface layers.

Besides providing valuable information on the connectivity
timescales, particle travel time (Figure5)—in conjunction
with particles pathways (Figure4)—can also indicate the
dominant direction taken by the particles before intercepting
the archipelagos. For example, Figures 4A,C shows that some of
the particles intercepting the Azores archipelago were detected

off the Southwestern European and Northwestern African
coasts. Although Bg,ace and Biveq particles are physically
closer to the Azores when transiting through this region,
Figures 5A,C shows that such particles take >2 and 3 years
longer to intercept the archipelago than those detected off
the Northeastern American coast. This means that particles
from Central and North American sources are less susceptible
to fragmentation (e.g., Andrady, 2017; Lebreton et al., 2019)
and biofouling (e.g., Fazey and Ryan, 2016; Kooi et al., 2017)
before reaching the Azores, whereas particles from Southwestern
European and Northwestern African sources have an increased
probability of sinking before intercepting the archipelago. The
same reasoning can be applied to Madeira, Canaries, and Cabo
Verde, considering that the Central and North American coasts
are located upstream of all Macaronesian archipelagos, whilst
thats not always the case for the Southwestern European and
Northwestern African coasts.

As expected, the travel time of By, face and Byireq particles
intercepting the archipelagos of Madeira and Canaries have
similar patterns at a regional scale, connecting the archipelagos
to the Central and North American east coasts in ~1.5 and 3
years, respectively (Figures 5B-G). Nevertheless, a more careful
analysis reveals that although the Iberian Peninsula is physically
closer to Madeira than to the Canaries, By;face particles take ~3
months longer to connect the Madeira archipelago to this region
(Figures 5B,E). Considering that B, particles connecting
both archipelagos to the Iberian Peninsula share identical travel
times (~0.75-1 year), such disparity in Bg,fac. particles can only
be related with the wind.

Given the unique exposure of Cabo Verde to the complex
interaction of large-scale currents and features (Figure 1A;
Cardoso et al., 2020), Cabo Verde is the only archipelago in which
intercepting particles can approach from very distinct directions
(Figures 5E,H). Furthermore, By, particles intercepting Cabo
Verde are the ones that cover the broadest area in a relatively
short period of time, connecting the archipelago to coastal
regions that extend from Guinea (10°N) to the British Isles
(50°N) in up to ~9 months travel time (Figure 5F). Naturally,
the wind is the main contributor to the high-velocity transport of
Bgurface Particles intercepting the archipelago.

4.2.3. Windage Effects on Surface Particles
As demonstrated by the differences between Bsurface and Byixed
particle trajectories (Figure4) and travel time (Figure5),
windage effects can have important implications in the
distribution of floating marine debris (e.g., Neumann et al,,
2014; Maximenko et al., 2018), being even considered the most
important mechanism in the transport of light micro-plastics
when floating at the surface (Chubarenko et al., 2016). In order to
assess how different windage coefficients mediate the transport of
particles intercepting the archipelagos of Macaronesia, Figure 6
illustrates the most frequent windage coefficient group of Bqy;face
particles detected in every 0.5° grid cell. Since submerged
particles are much less affected by wind drift (Reisser et al., 2015),
Binixed particles are excluded from this analysis.

The most frequent occurrence of high-windage particles at
the center of the North Atlantic subtropical gyre (Figure 6)
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is unquestionably the most conspicuous pattern between
archipelagos, revealing the importance of the wind in the
transport and delivery of particles from the North Atlantic
“garbage patch” to the archipelagos of the Macaronesia.
Considering the backward-in-time nature of this simulation,
present results are consistent with past studies which reported
that low- and null-windage particles tend to accumulate at the so-
called “Great Pacific Garbage Patch” (a plastic accumulation zone

formed in subtropical waters between California and Hawaii),
whereas high-windage particles tend to be pushed out from
this region by the wind (e.g., Lebreton et al., 2018; Maximenko
et al., 2018). Furthermore, Lebreton et al. (2019) found that most
objects captured at the “Great Pacific Garbage Patch” exhibited
no or very little air draft when placed in seawater and argued that
high-windage particles have higher probability of exiting oceanic
“garbage patches” and being transported over larger areas. In
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fact, such pattern is confirmed by the accumulation of Fyace
(Supplementary Figures 4A,B,E,F) and most significantly F,,;y.q
particles (Supplementary Figures 4C,D,G,H) at the center of
the North Atlantic subtropical gyre, being the particles with
low-windage coefficients the most frequent at this location
(Supplementary Figure 5).

Apart from the regional similarities, a careful inspection at
each of the archipelagos reveals distinct pathways of low- and
high-windage particles. For instance, particles intercepting the
Azores from the north and from the south have mostly low- and
high-windage coefficients, respectively (Figure 6A). Considering
that high-windage particles have the highest probability for
beaching (Lebreton et al., 2019), present results corroborate
with past studies that found the highest density of plastic
debris on Azorean beaches oriented southwestward, facing the
predominant wind direction (as illustrated in Figure 1B, Rios
et al., 2018; Pham et al., 2020). Furthermore, Pham et al. (2020)
found that 59% of plastic items collected at the Azorean beaches
were within the dominant size range (2.1-5.0 mm) reported
to be floating in the western North Atlantic (Morét-Ferguson
et al.,, 2010) and follow similar sizes and colors as the majority
of fragments collected in the same region (Prunier et al., 2019),
leading the authors to attribute their origin to the “large offshore
plastic soup floating in the wider Atlantic Ocean.”

Contrary to the Azores archipelago—that is strongly affected
by the Azores high atmospheric pressure system—the Madeira,
Canaries, and Cabo Verde archipelagos are exposed to persistent
northerly trade winds with varying intensity throughout the

year (Figure 1B, Barton et al., 2000; Caldeira and Tomé, 2013;
Cardoso et al., 2020). For this reason, particles that intercept
these archipelagos from the north have mostly high-windage
coeflicients (Figures 6B-D). Indeed, beach surveys conducted in
the Canaries (Baztan et al., 2014; Herrera et al., 2018; Alvarez-
Herndndez et al,, 2019) and in a uninhabited island of Cabo
Verde (Santa Luzia, Fernandes, 2019) revealed that the north
coasts of the islands are accumulating significantly more amounts
of macro- and micro-litter (with similar characteristics to those
found in the Azores) in comparison with beaches from the south
coasts. It is highly likely that the same is occurring in Madeira
(Figure 6B), but further research is needed to confirm this trend
(Alvarez et al., 2020).

Naturally, particles with low-windage coefficients are mostly
transported by the currents. Such transport mechanism is easily
depicted by the most frequent occurrence of low-windage
particles intercepting the Azores from the west/northwest,
concurrent to the eastward flow of the Gulf Stream (Figure 6A).
Similarly, low-windage particles intercept the Madeira
archipelago from the west as a result of the eastward-flowing
Azores Current (Figure 6B), an hypothesis further supported by
the high proportions of By, f;c, and By ixeq particles that make the
Azores Current easily discernible (Figures 4B,D). Furthermore,
most particles that intercept Madeira and Canaries archipelagos
from the east and northeast have predominantly low-windage
coefficients (Figures 6B,C), demonstrating that the neighboring
continental coastal regions (i.e., Morocco, Portugal, and Spain)
are more likely to act as sources of low-windage particles than
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FIGURE 7 | Proportion of Bs,fce particles released in the Azores (A), Madeira (B), Canaries (C), and Cabo Verde (D), detected in 0.5° grid cells and clipped by the
areas with >150 h of fishing effort (per 0.2° grid cell) reported in the Global Fishing Watch dataset (Kroodsma et al., 2018). Only fishing areas with >5,000 km? are
represented by the red contours. Color maps are in logarithmic scale, in which cells with < 0.1% are masked.
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high-windage particles. The same applies to Cabo Verde, given
the dominance of incoming low-windage particles originating
from the adjacent Mauritanian and Senegalese coasts on the east
(Figure 6D).

4.2.4. Connectivity to Sources of Marine Litter

With the purpose of making a distinction between the two
main sources of marine plastic litter affecting the Macaronesian
archipelagos, we herein focus our discussion in the connectivity
of the archipelagos to marine-based and land-based sources.

4.2.4.1. Marine-Based Sources

Although land-based emissions have been commonly
acknowledged as the principal sources of marine litter
(Nollkaemper, 1994; Jambeck et al, 2015; Andrady, 2017;
Lebreton et al.,, 2019), recent studies have demonstrated that
marine-based sources are generally more important for macro-
plastic debris stranded on islands (Unger and Harrison, 2016;
Edyvane and Penny, 2017; Burt et al., 2020), being derelict
fishing gear the most commonly sampled material on islands
of the Atlantic Ocean (up to 40%; Monteiro et al, 2018;
Fernandes, 2019). In order to assess the connectivity of the
archipelagos to areas of intensive fishing activity, Figure 7 shows
the proportion of B, particles detected in 0.5° grid cells
(following the same methodology as Figure 4), highlighting
those that transited through these areas. For the sake of brevity,

the corresponding analysis for B, particles is included in
Supplementary Figure 6.

In general, all the archipelagos are exposed to common areas
of intensive fishing activity, with varying degrees of exposure
according to their surroundings and more importantly with their
relation with upstream currents. Local fishing activity is relatively
intensive around the Azores, Madeira and Canaries, as these
archipelagos are almost entirely surrounded by such activity
(Figures 7A-C). Indeed, surveys conducted at the seafloor
of Azorean fishing grounds (around Faial and Pico islands)
revealed that macro debris are mainly composed of derelict
fishing gear (Pham et al., 2013; Rodriguez and Pham, 2017).
Conversely, Chambault et al. (2018) noted that among 2,406
visual transects, derelict fishing gear was the third main type of
debris floating around the archipelago, accounting for 18% of the
total debris. Still, derelict fishing gear floating at the surface or
lost on the seafloor caused the highest number of marine-litter
related incidents in the archipelago, which often resulted in the
entanglement of ship propellers and fishing gear (Rodriguez et al.,
2020).

At a regional scale, the extensive fishing area located off
the northeastern coast of the US shows similar proportions
of particles intercepting the Azores, Madeira, and Canaries
archipelagos (~2-5%, Figures 7A-C). Further to the east,
patches of intensive fishing activity located along the offshore
extension of the Gulf Stream and along the Azores Current have
higher probability of acting as sources of debris reaching the
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Azores and Madeira archipelagos (Figures 7A,B). Most likely
due to their proximity, Madeira and Canaries have very similar
proportions of incoming particles (up to ~3%) passing through
areas of intensive fishing activity located in the Labrador and
Newfoundland region, but much more significant proportions
(up to ~20%) are observed in offshore regions west of the
Iberian Peninsula and in the West European Continental Shelf
(Figures 7B,C). Such exposure to areas of intensive fishing
activity off the Portuguese coast makes Madeira and Canaries
archipelagos vulnerable not only to the abundant amount
of floating debris observed in that region (likely originated
from fisheries), but also to discharges and cargo losses from
commercial vessels and cruise ships transiting through the
major shipping corridors that connect Mediterranean, Northern
European, and African countries (Sa et al., 2016).

As expected, Bgyface particles intercepting Cabo Verde are
more likely to pass through the highly productive (e.g.,
Mittelstaedt, 1991; Van Camp et al., 1991; Lathuiliére et al., 2008)
areas of intensive fishing activity along the northwest African
coast, extending from the Canaries to the Mauritanian coast
(Figure 7D). Indeed, Fernandes (2019) found that >60% (by
mass) of the plastic debris collected in the northern side of Santa
Luzia island in Cabo Verde were fishing gear. Considering that
derelict fishing nets can have a draft of several meters and are thus
less influenced by the wind (Lebreton et al., 2019), fishing gear
with low- or null-windage coefficient collected in Cabo Verde are
most likely being discarded by fishing activities off the Western
Sahara (disputed territory with Morocco), Mauritanian, and
Senegalese coasts (Figure 4D and Supplementary Figure 6D). In
fact, it is possible that the high amounts of octopus traps found
in the northern side of Santa Luzia island (Fernandes, 2019)
are related with the high abundance of such traps found at the
Moroccan seafloor (>75%; Loulad et al., 2017). Octopus traps are
normally deployed with a block of cement to fix it in the seafloor,
but often loose these blocks due to rough weather conditions or
vandalism, making them afloat (Loulad et al., 2017). Important
areas of intensive fishing activity are also observed to the south
and southwest of Cabo Verde, but as these areas are located
downwind of the archipelago (Figure 1B), only low- or null-
windage debris discarded at this location are able to reach
the archipelago due to the advection by the North Equatorial
Counter-Current (Supplementary Figure 6D).

4.2.4.2. Land-Based Sources

In order to assess the connectivity of the archipelagos to potential
sources of marine litter on land, the final location of beached
particles (tracked backward in time) was considered as the
source, which then served to calculate the proportion of land-
based particles emitted by coastal countries. As the exposure to
the wind increases the probability of particle beaching (Lebreton
et al,, 2018, 2019), we choose to present only the proportions of
land-based B/face particles per country coastline (represented
by the respective Exclusive Economic Zones, Figure 8) for
the sake of brevity, but the proportions of land-based B,jxeq
particles are included in Supplementary Figure 7 and in Table 3
for comparison. Considering that the vulnerability of the
archipelagos to land-based sources is not only dependent on the

connectivity to land, but also to the respective population size
(Jambeck et al., 2015), population density was included in the
figures to assess the likelihood of such coastal regions to act as
sources of marine litter.

It is important to note that according to Onink et al. (2019),
stokes drift is one of the most important drivers for particle
beaching when tracked in forward time. This means that the
effect of wave-driven particle beaching is reversed for backward-
in-time simulations, thus acting as a potential buffer to particles
being transported nearshore. Nevertheless, the coarse temporal
and spatial resolution of the Stokes Drift data used in the present
study are not sufficient to resolve such nearshore wave-related
processes. In fact, present results show that almost all B, face
and B,;yq particles reached land, specifically: 91.94 and 82.55%
for Azores; 93.05 and 82.83% for Madeira; 95.30 and 90.39% for
Canaries; and 98.00 and 95.24% for Cabo Verde, respectively.
For this reason, we believe that the reverse wave-driven beaching
effect on particles tracked backward in time are in this case
negligible. The reason why the proportions of beached particles
are significantly higher in relation to past studies (e.g., Robinson
et al., 2017; van Gennip et al, 2019) can be related with the
longer simulation period (10 years) and with the fact that the
North Atlantic basin is surrounded by land in the west and in
the east, constraining particle advection and ultimately leading
to beaching.

In terms of Byy,face particle connectivity between archipelagos,
the connectivity between Canaries —> Cabo Verde is the most
significant (7.31%), followed by Azores —> Madeira (2.52%),
Canaries -> Azores (1.49%) and vice versa (1.37%), and
Canaries —> Madeira (1.17%; Table 3). The fact that Canaries
acts primarily as a source to the Azores and Madeira is
quite surprising, considering that the Azores and Madeira
are located upstream of Canaries (Figure 1). Nevertheless, the
Canaries becomes a sink to Fy, . particles released in the
Azores and Madeira archipelagos (Supplementary Figure 8).
This inconsistency between the two scenarios can be related with
the different interpretations associated with backward- (origin)
and forward-in-time (fate) simulations, as in the backward-
in-time simulations we only track particles that intercept the
archipelagos (e.g., van Sebille et al, 2019). Naturally, the
proportions of “self-recruited” particles (i.e., the ones beached
at the respective archipelago) are proportional to the size of
the archipelagos.

In terms of connectivity of the archipelagos to external
land-based sources, our results show that the Macaronesia
archipelagos can be divided into two groups: the Azores, Madeira,
and Canaries constitute one group due to the similar degree
of exposure to particles entering the ocean from the Central
and North American continent; whereas Cabo Verde is isolated
from the other archipelagos due to the higher exposure to
particles entering the ocean from the Northwestern African
coast (especially B,ieq particles, Table 3). Curiously, Freitas
et al. (2019) found significant differences in marine species
between Cabo Verde and the other Macaronesian archipelagos
and proposed an identical distinction for the restructuring of
the Macaronesia as a biogeographic unit, in which the authors
followed previous definitions (Spalding et al., 2007) and deemed
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FIGURE 8 | Proportion of Bsyce particles released in the Azores (A), Madeira (B), Canaries (C), and Cabo Verde (D) and beached per country coastline. Countries
with coastlines in different seas are divided accordingly (e.g., Atlantic and Mediterranean Spain). On land, gray colors map represents population density.

the Azores, Madeira and Canaries as the Lusitanian archipelagos, ~ the amount of plastic debris entering the marine environment, it
whereas Cabo Verde was included in the West African Transition  is highly probable that it followed the same trend as the amount
province (along with the Northwest African Upwelling region). of mismanaged plastic waste, which increased from 0.28 Mt in
The east coast of North America acts as the primary source ~ 2010 to 0.51-1.45 Mt in 2016 (Law et al, 2020). All things
of land-based By, particles to the Azores (69.37%), Madeira  considered, it is fair to assume that the east coast of the US is the
(73.73%), and Canaries (56.63%), and the secondary source to  most probable source of By, fyce and Bypixeq land-based particles
Cabo Verde (27.7%; Figure 8 and Table 3). Jambeck et al. (2015)  reaching the Lusitanian archipelagos.
used global solid waste management data compiled by the World In agreement with Figure 4, the Lusitanian archipelagos are
Bank for the year of 2010 (Hoornweg and Bhada-Tata, 2012) and  also vulnerable to countries from Central America that can act
showed that although the US had the lowest rate of mismanaged = mainly as sources of incoming B,,;y.q particles (Table 3). From
waste (2%) among the top producers of plastic marine litter  these countries, and most likely due to its geographic position in
worldwide, the US had the highest annualized per capita plastic ~ relation to the Gulf Stream (and associated upstream currents),
waste generation rate (~122 kg.person.year—!). This, together = Cuba stands out at as the main Central American source of
with a large coastal population (112.9 million people) lead to an  land-based particles to all archipelagos.
estimated production of 0.04-0.11 MT.year~! of plastic marine Albeit closer to the archipelagos than the American continent,
debris (Jambeck et al.,, 2015). As the global plastic production  the European continent can be deemed as a secondary and
increased by 26% (from 334 to 422 Mt) between 2010 and 2016  tertiary source of land-based particles to the Lusitanian and
(Geyer et al., 2017), Law et al. (2020) used updated data reported ~ to Cabo Verde archipelagos, respectively (Table 3). Given the
by the World Bank for 2016 (Kaza et al., 2018) and found that the ~ meridionally long coastline facing the North Atlantic, Portugal
US was still the largest producer of waste in the world, increasing  is the dominant European source for all archipelagos, having
the annualized per capita plastic waste generation rate by ~7% (to  a more significant impact for particles reaching the Canaries
~130 kg.person.year—!). Although this study does not estimate  (especially for Bgurface Particles, Table 3).
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TABLE 3 | Connectivity between sources (rows) and sinks (columns).

Azores Madeira Canaries Cabo Verde
Sink AzSurface  AzMixed MadeiraSurface MadeiraMixed CanariesSurface  CanariesMixed CVSurface CVMixed
Macaronesia 13.04 11.97 7.14 7.98 16.83 26.22 17.79 15.96
Azores 11.22 11.65 2.52 1.96 1.37 0.60 0.56 0.02
Madeira 0.12 0.04 3.32 5.72 0.48 0.66 0.16 0.02
Canaries 1.49 0.18 117 0.23 14.91 2488 7.31 2.04
Cabo Verde 0.21 0.10 0.13 0.07 0.08 0.03 9.77 13.88
Europe 1.17 0.25 4.68 11.37 14.24 21.41 7.22 1.51
Portugal 0.53 0.16 2.13 8.17 8.34 16.32 3.9 1.12
Spain (Atlantic) 0.47 0.06 1.98 3.00 4.69 4.89 2.67 0.38
France (Atlantic) 0.14 0.00 0.56 O 11 0.89 0.14 0.41 0.01
North America 5585 28.42 27.7 1.62
United States (Atlantic) 12.33 - 9.31 - 4.47 12.69 0.28
United States (Gulf) 3.78 1.01 3.15 0.67 0.30 1.01 0.02
Central America 13.05 21.15 11.9 14.92 7.72 6.42 2.82 0.28
Cuba 847 705 851 5.26 5.7 2.32 2.1 0.1
Haiti 1.23 1.90 0.88 1.19 0.51 0.50 0.14 0.02
Jamaica 0.95 1.99 0.72 1.35 0.42 0.59 0.17 0.02
Bahamas 0.86 4.76 0.756 3.33 0.52 1.55 0.23 0.09
South America 0.94 8.74 0.45 6.07 0.21 2.27 0.01 0.06
Colombia 0.47 4.24 0.22 2.78 0.1 0.99 0.01 0.02
Venezuela 0.34 2.98 0.17 2.25 0.07 0.91 0 0.03
Africa 2.32 2.04 1.58 2.56 4.11 15.26
Western Sahara 1.65 0.87 1.07 0.62 0.78 0.45 - -
Morocco (Atlantic) 0.28 0.09 0.27 1.19 3.23 14.57 1.57 1.49
Mauritania 0.25 0.43 0.15 0.30 0.07 0.10 7.1 2074
Senegal 0.05 0.12 0.03 0.10 0.01 0.02 1.42 11.38

Values are expressed as the percentage of land-based particles, represented in Figure 8 and Supplementary Figure 7. \White-to-orange color scale is used for the cumulative
proportion per continent, whereas white-to-blue color scale is used for the corresponding countries (only the most significant values are shown). Bold values are used to highlight the

percentage of beached particles per continent.

Partly due to their proximity to the continent, Cabo Verde and
the Canaries are the only archipelagos considerably exposed to
Northwestern African sources (Table 3). As previously observed
in Figures 3G, 4H, almost all B,,;,., particles intercepting Cabo
Verde (81%; Table 3) originated from the Western Sahara,
Mauritania, and Senegal. Although coastal population density
is relatively low in this region (Figure8), the lack of good
waste management policies and infrastructure makes these
countries probable sources of land-based marine litter. In
fact, Morocco (including Western Sahara) ranks as the 18th
country with the highest production of plastic marine debris
worldwide (0.05-0.12 MMT.year~!), producing as much as all
the coastal European Union countries combined (Jambeck et al.,
2015).

5. CONCLUSIONS

Our study focused on the identification of the potential sources
and pathways responsible for the transport of land- and marine-
based litter to the archipelagos of the Macaronesia. To achieve

this, we set up lagrangian simulations with surface particles—
representative of floating plastics with a varying exposure to
the wind—and mixed particles—representative of submerged
plastics due to wind-induced vertical mixing—released around
the archipelagos (Figure 2) and tracked backward in time to
their origins. A forward-in-time scenario was also conducted,
but was used as complementary information. As observational
evidences, GDP drifter trajectories intercepting the archipelagos
were also assessed.

In general, our simulations agreed well with the GDP drifter
trajectories. Although the number of intercepting drifters differs
quite substantially from the number of particles released in
each archipelago (e.g., 269 drifters in comparison to ~360,000
particles released in the Azores), drifter trajectories and travel
time before intercepting the archipelagos (Figure 3 left panels)
show similar patterns as the distributions and the transport
timescales of virtual particles, especially B,,iq particles that
are less impacted by the wind (Figures 4C,D,G,H, 5C,D,G,H).
The clockwise-circulating system of ocean currents termed as
the North Atlantic subtropical gyre was the most conspicuous
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pattern in GDP drifter (Figure3) and particle trajectories
in both backward- and forward-in-time scenarios (Figure 4
and Supplementary Figure 4, respectively). Within this system,
the Gulf Stream acts as the dominant pathway of particles
intercepting all archipelagos at a regional scale, though with
less impact for Cabo Verde. At a local scale, however, the
Gulf Stream only has a direct impact to the Azores archipelago
(Figures 3A, 4A,C). In conjunction with the atmospheric
circulation (Figure 1B), the southward Portugal and Canary
Currents act as important pathways for particles intercepting the
Madeira and Canaries, respectively (Figures 3C,E, 4B,D,E,G).
The Azores Current also plays an important role in the advection
of particles to the Canary Current, having a more and an equally
significant impact to the Madeira and Canaries archipelagos,
respectively, in comparison to the Azores. For Cabo Verde, the
initial extension of the North Equatorial Current acts as the
dominant pathway for incoming By, f, particles (Figure 3F),
whereas the seasonal Mauritanian current, upwelling filaments
and eddies generated off the Mauritanian coast are the most
likely features driving the westward transport of incoming Bi;;xeq
particles (Figure 3H).

Present results also demonstrate that B4 particles are
connected to regional sources in significantly longer timescales
than By, ace particles (Figure 5A), which is naturally related with
the absence of wind advection and to the lower current speed
along depth. Due to the archipelagos exposure to impinging
currents and winds, the Central and North American east
coasts are the regions from which plastic marine litter is more
likely to reach the Azores in a shorter period of time, whereas
Southwestern European and Northwestern African coasts are
the closest regions to the other Macaronesian archipelagos time
wise. Although counter-intuitive, the fact that By face and Bypixed
particles are in some cases physically closer but take significantly
longer time to intersect the archipelagos (as it is the case of
particles intercepting the Azores from Southwestern European
and Northwestern African sources) demonstrate how important
it is to account for “oceanographic distances” instead of physical
distances in studies of this nature.

As expected, differences in the dispersion of Burface and
Biuixed particles are mainly related with the exposure to
the wind, an hypothesis further supported by the distinct
patterns between low- and high-windage particles (Figure 6
and Supplementary Figure 5). In agreement with past studies
(e.g., Lebreton et al., 2018; Maximenko et al., 2018), our results
demonstrate that particles originating from the center of the
North Atlantic subtropical gyre are more likely to intercept the
archipelagos of the Macaronesia if considerably exposed to the
wind (i.e., high-windage particles). This is further supported by
the fact that low-windage particles tend to accumulate at this
region and are thus less likely to exit (Supplementary Figures 4,
5). On the other hand, incoming low-windage particles are more
likely to originate from distant sources, such as sub-polar regions
and the South Atlantic Ocean (Figure 6).

In what concerns the connectivity to marine-based sources of
marine litter—often deemed as the most important for insular
environments (e.g., Monteiro et al., 2018; Fernandes, 2019; Burt
etal., 2020)—present results demonstrate that all archipelagos are

exposed to common areas of intensive fishing activity (Figure 7).
Nevertheless, the archipelagos’ geographical location ultimately
determines the degree of exposure to such areas. For instance,
areas of intensive fishing activity located in the offshore extension
of the Gulf Stream are much more important to the Azores
(Figure 7A and Supplementary Figure 6A) than to Madeira and
Canaries, which are more exposed to fishing activity located
offshore and along the western Iberian coast (Figure 7C and
Supplementary Figure 6C). The same applies to Cabo Verde, as
the archipelago is mostly affected by different pathways and is
thus more exposed intensive fishing activity carried along the
Northwestern African coast (Figure 7D).

A similar pattern was observed in the connectivity to
land-based sources. The west coast of North America is
unquestionably the dominant source of land-based particles
intercepting the archipelagos of Azores, Madeira and Canaries
(Figures 8A-C), whereas the Northwestern African coast is
the primary source for land-based particles reaching Cabo
Verde (Figure 8D). This is especially true for B,  particles
intercepting Cabo Verde, as almost all of them originate from
the Northwestern African coast (81% of the land-based particles;
Table 3). In addition, and despite the fact that the Lusitanian
archipelagos are also exposed to Southern Atlantic particles
(mostly Byixq and low-windage particles; Figures 4C,D,G,
6A-C, respectively), Cabo Verde is the only archipelago directly
intercepted by such particles due to its exposure to the North
Equatorial Counter Current (Figures4H, 5H). Such findings
reinforce the idea that Cabo Verde is located in a rather
complex oceanographic context, which make the archipelago
exposed to significantly different sources in relation to the other
Macaronesian archipelagos.

Following the same trend as other islands located in different
oceanic basins (e.g., Robinson et al., 2017; van Gennip et al., 2019;
van Sebille et al., 2019), our study shows that the archipelagos
of the Macaronesia are significantly vulnerable to marine litter
originating from distant sources. Although at a greater distance
from the America than from Europe, these archipelagos are much
more exposed to marine litter entering the North Atlantic Ocean
at the western boundary, with the exception of Cabo Verde
that is much more exposed to Northwestern African sources. It
was also demonstrated that the archipelagos are not as exposed
to marine litter from the North Atlantic “garbage patch” as
previously thought (e.g., Pham et al., 2020), unless these particles
are significantly exposed to the wind.

It is important to note that the lagrangian set up used in our
simulations is relatively general and uses course resolution. There
are also some knowledge gaps associated with the transport of
marine plastic particles at the present date. There are several
important factors to consider: (i) the coarse temporal and
spatial resolution of the ocean circulation and wind datasets is
not able to fully resolve sub-mesoscale processes and coastal
dynamics; (ii) the fact that our particles do not take into account
plastic properties (such as density, shape, and size) that can
influence their horizontal and vertical displacement; (iii) the
negligence of particle weathering, fragmentation, and biofouling;
and (iv) the simplification of highly chaotic (or turbulent)
processes associated with particle beaching. Nevertheless, our
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modeled results demonstrate the importance of understanding
how currents, waves and wind mediate the transport of marine
litter from marine- and land-based sources to oceanic islands in
the North Atlantic basin. Such understanding is vital, and it is
expected that a multi-disciplinary approach between modeling
and field-based results can benefit the creation of management
and mitigation policies to reduce the vulnerability of oceanic
islands to exogenous marine plastic pollution. It is also expected
that some of the limitations of our study will be improved
with the advent of new products with better resolution and
calibration, made possible by future advances in computational
power and numerical optimization routines, and by future
satellite missions that will measure oceanic parameters with
unprecedented precision, such as the Sea surface Klnematics
Multiscale monitoring (SKIM) concept (Ardhuin et al., 2018).
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Particle trajectories files cannot be provided due to size (>100
GB). Python scripts used to run the lagrangian simulations
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