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EXECUTIVE SUMMARY

The magnitude of plastic pollution is truly staggering, with global impacts on the
marine environment that are beginning to emerge. Over the past decade, plastic pollution in the
oceans has attracted much attention from both researchers and the general public. In the Azores
archipelago, little is known about the scale and implications of this issue. Yet, there is an urgent
need for a comprehensive understanding of this persistent pollution matter for implementation
of adequate management measures. The project Azorlit “Establishing a Baseline on Marine
Litter in the Azores” was conceived to fill this gap and address fundamental questions regarding
this growing environmental problem. The goals of the project were to document abundance and
composition of litter on the coastline and the seafloor and to quantify the level of plastic
ingestion in selected marine organisms. Additionally, the project aimed to provide assistance to
a local NGO: “the Azores Sea Observatory” (OMA) throughout marine litter outreach activities,
focusing particularly on children and teenagers.

The results of this 12 months research project revealed that the Azores is directly affected by
high amounts of anthropogenic litter present in the oceans. We found a high variability in
marine litter abundance on the coastline, largely dominated by plastic items (mainly
polyethylene and polypropylene). Although average density (0.54 + 0.13 litter items m™) of
macro-plastic items (>2cm) was within the same densities reported throughout the world, some
beaches had considerably higher quantities of plastic debris (>4 items m?). The extent of micro-
litter (<2cm) densities in some sandy beaches was even more alarming. Three beaches spread
throughout the archipelago accumulate high densities of small plastic fragments and pellets,
with more than 1000 items m™ found inside the highest tide line. The high quantities found may
be related to beach orientation (south-west) coupled with specific hydrologic characteristics
promoting the accumulation of floating particles.

Evidence of potential impacts of plastic pollution in Azorean marine fauna was supported by
analysis of stomach contents in selected organisms. Plastic ingestion by loggerhead turtles
(n=23) and seabirds (n=149) was persistent, being observed in 83 and 86% of the sampled
individuals, respectively. These results suggest that these two species are directly threatened by
plastic pollution, and validate their potential as useful indicators to monitor the impact of litter
in the Atlantic Ocean. On a brighter note, no records of plastic ingestion were found in the 209
demersal fishes sampled (13 species). However, the project allowed the collection of different
pelagic species (Scomber colias, Trachurus picturatus and Katswonus pelamis) that remain to
be analysed, in order to obtain a more complete assessment of plastic ingestion in fish.
Throughout the project, public knowledge and result on plastic pollution were shared with local
stakeholders, the scientific community and the general public. Notably, we organised public
seminars, activities at local schools, clean-ups, visit to our laboratory and participated to
international and national conferences.

Overall, the project was successful in obtaining uttermost value baseline data on marine litter in
the Azores that address current policies being implemented, such as the Marine Strategy
Framework Directive (MSFD). This initial investigation calls for long-term monitoring
programs of plastic pollution and dedicated research projects to fully quantify ecological and
socio-economic impacts of marine litter in the Azores.
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GENERAL INTRODUCTION

Litter disposal and accumulation in the marine environment is one of the fastest growing threats
to the health of the world’s oceans; being this issue highlighted by the United Nations
Environment Program (UNEP, 2009) and included in the 11 Descriptors of Good
Environmental Status set by Europe’s Marine Strategy Framework directive (2008/56/EC).
More recently, during the 415 G-7 Summit (June, 7-8, 2015), G-7 leaders acknowledged marine
litter as a global challenge and emphasized the need to increase effectiveness and solution-
orientated efforts in order to reduce marine litter.

The presence and widespread dispersal of plastic debris in the marine environment is of special
concern due to the potential bioavailability of these materials to a wide range of marine biota.
Ingestion and entanglement in marine litter have been reported for a wide variety of organisms,
ranging from small zooplanktonic animals to large baleen whales (Kiihln et al., 2015). So far,
more than 700 species have been reported to ingest marine plastics (Gall and Thompson, 2015)
and the number of occurrences is constantly increasing. In some areas, entire populations are at
risk (Knowlton et al., 2012; Richards and Beger, 2011) with cascading effects that may
eventually result in the disruption of key ecosystem function and services (Newmann et al.,
2015). As a result, marine litter is an extra stressor of significant importance to marine
ecosystems, already under pressure from anthropogenic disturbances. Given plastics ubiquitous
nature, physical and chemical properties, which enable them to adsorb persistent pollutants from
the surrounding environment, it constitutes a global and indiscriminate threat to the ecosystem
health. In addition to the ecological consequences previously mentioned, marine litter has
considerable socio-economic impacts. Some local studies show that economic impacts and
financial costs are extremely high (Mouat et al., 2010; Jang et al., 2014).

Currently, it is estimated that about 13 million tonnes of plastic are entering the marine
environment on a yearly basis (Jambeck et al., 2015). Hence, it is not surprising that plastic
debris are commonly observed virtually everywhere in the ocean (Galgani et al., 2015).
Although geographically isolated from large population centres, the Azores is not immune from
this emergent environmental threat. The archipelago is located at the edge of the floating litter
accumulation zone in the Atlantic Ocean (Maximenko et al., 2012; Erikssen et al., 2014) and
the few coastal surveys and studies conducted so far, suggest that the large amount of macro and
micro litter is located on the coastline and on the seabed (Pham et al., 2013; Pieper et al., 2015).
To date, no scientific research projects have been dedicated to the study of marine litter in the
Azores region. Yet, circumstantial information suggests that many organisms are affected by
this problem (e.g. turtles; Barreiros and Raykov, 2014; fish; Barreiros and Guerreiro, 2014) but
consistent monitoring needs to be implemented. The presence of marine debris in stomachs of
sea turtles (Frick et al., 2009) and Cory’s Shearwaters (van Franeker and Bried, unpublished
data) suggests a real threat to these species in the Azores and highlights the importance of
researching this topic into more detail. A recent workshop (“Towards a Solution for Marine
Litter in the Azores”) organized in Horta, Faial Island (June, 19-20"™ 2015) confirmed the
concern of local stakeholders and highlighted the need for the implementation of management
and strategic tools, based in more research in this field.

The overall goal of this research project is to provide solid baseline data on the abundance of
marine litter and its potential impacts in the Azores archipelago that will enable policy makers
to better address this problem at the local level. Additionally, Azorlit aims to increase awareness
among the general public, focusing particularly on children and teenagers and other relevant
stakeholders (e.g. fisherman and beach-goers).



TASK 1.

ASSESSING THE ABUNDANCE AND COMPOSITION OF MARINE
LITTER ON SELECTED PORTION OF THE AZOREAN COASTLINE

Background

Marine anthropogenic litter pollution is among the most pervasive environmental problems that
the oceans are currently facing, directly affecting ecosystems, wildlife and local economies
(GEF, 2012; Bergmann et al., 2015). Among all litter types, plastic is reported as the most
common item in worldwide surveys of the coastline (GEF, 2012). The lightweight and
malleability of this material, makes it useful for human daily activities, however, when not
properly disposed it can contribute to a widespread distribution and persistence in the
environment. As a result, marine litter can be found in coastal zones (~15%), at the sea surface
(~15%) or at the deep-sea level (~70%) (UNEP, 2005). Oceanic islands are important case-
study areas, as they are particularly susceptible to the influence of winds and sea currents that
might contribute to determine marine litter sources, accumulation areas and density distribution.
In the case of the Azores archipelago, the proximity to the North Atlantic Gyre, a vortex
accumulation area, also makes it extremely relevant for this purpose (Figure 1).
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Figure 1. Location of the Azores Archipelago and proximity to Accumulation Zone of the North Atlantic
Gyre.

Due to the likeliness of marine litter accumulation, the main goal of this study was to establish a
baseline for marine litter in the coastline of the Azores archipelago, through (1) mapping the
accumulation of marine litter on the coastline in the region; (2) providing a detailed
characterisation of micro, meso and macro litter based upon several criteria such as size, weight,
colour and type of material; and (3) understanding the influence of other variables (tides and
wind direction) associated with marine litter accumulation on coastal areas. In situ approaches
were coupled with laboratorial techniques in order to retrieve, count and measure marine litter.



Methodology

Definition of size class of litter items

The specific methodology used to sample litter items is intimately linked to the size fraction
targeted by the study. We adopted the size classification proposed by the EU Marine Strategy
Framework Directive subgroup on Marine Litter (Galgani et al, 2013), with minor
modifications (Figure 2). Here, the term macro-litter is used for items larger or equal to 20 mm,
while micro-litter encloses all items smaller than 20 mm. Micro-litter is further divided into the
following; meso-litter (ML: 5.1-19.9 mm), large-micro-litter (LML: 2.1-5 mm) and small-
micro-litter (SMLs: < 2.0 mm). On the beaches, we used 3 distinct methodologies to sample
and quantify: (1) macro-litter, (2) meso-litter and large-micro-litter and (3) small-micro-litter.
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Figure 2. Size classification for macro-litter, meso-litter, large-micro-litter and small-micro-litter
(adapted from European Marine Strategy Framework Directive subgroup on Marine Litter, Galgani et al.,
2013).

Beach selection criteria and in situ sampling

A total of 42 beaches were selected across the archipelago and sampled according to several
criteria such as accessibility throughout the year; wind exposure; proximity to urban areas
and/or water streams, substrate type, total width and length. In total 19 sandy beaches, 9 rocky
beaches and 14 pebble beaches were sampled (Figure 3 and 4).
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Figure 3. Location of selected beaches for monitoring marine litter in the Azores.



Table Al in the annex provides detailed information on GPS coordinates, beach substrate and
total area sampled for each beach. Samples were collected in all beaches between February and
March 2016. Since local authorities regularly clean most beaches, prior to the surveys it was
ensured (at least with one week in advance), that no cleaning actions had been taken place on
survey areas.

Once on site, a large amount of information related to the characteristics of the site was
collected such as: weather conditions, beach slope (in degrees) and proximity to human
activities. Sampling was always performed at low tide.

Figure 4. Examples of the beaches sampled; (A) Alagoa da Fajanzinha, Terceira; (B) Mosteiros, Sao
Miguel; (C) Agua d’Alto, Sdo Miguel and (D) Praia da Areia, Corvo.

Macro-litter (=20 mm)

All 42 beaches (regardless of substrate type) were monitored for macro-litter following the
Guideline for monitoring marine litter on the beaches in the OSPAR maritime area (OSPAR,
2010), with the aim to identify 5 “reference beaches” to be monitored four times per year.

Fundamentally, the quantification of macro-litter was conducted as follows: a fixed 100m long
section of the beach was delimited, covering the whole area between the water line to the beach
backshore i.e. start of the dunes (the sampling unit; Figure 5). Each surveyor monitored a small
strip of about 2-3 meters, recording all items within the categories defined by the OSPAR
guidelines. Ideally, various surveyors walked simultaneously with another person recording the
information. After reaching the 100m border of the monitoring area, the surveyors made a turn
and proceeded to the next strip. This method was repeated until the sea line was reached. At the
end of the survey, when possible, all litter items were removed from the beach and weighed. A
total of 1000 kg were collected from 30 beaches. For sandy beaches, where micro-litter was
sampled, the process was done immediately after obtaining samples for micro-litter (see below).
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Figure 5. Example of sampling area, with sampling unit in detail.

Meso and large-micro-litter (2.1 — 19.9 mm)

Out of the 42 beaches, 19 sandy beaches were specifically sampled for meso, large-micro and
small-micro-litter. Within the sampling unit defined above, we divided the beach into four
different sampling levels (Figure 6): F1, defined as the highest accumulation zone deposited by
the high spring tide; F2, defined as the accumulation zone resulting from the last high tide line;
M1, an area located between the two accumulation zones (F1 and F2) and M2, an area between
the lowest accumulation zone and the water line. For each sampling level, a total of 6 quadrats
(50x50cm) placed 18 meters apart from each other (Figure 6), were used to collect and/or sieve
sediment. The first layer of sand (1cm deep) was carefully collected in each quadrat and directly
sieved through a 2mm mesh. After sieving, samples were properly labelled and transported to
the laboratory.

In the laboratory, before sample sorting was performed, all samples were individually weighed.
In order to facilitate sorting, samples were sieved using a nested column of metal sieves (size
mesh 1 and 2 mm) on a mechanical shaker, for 1 minute.

Samples were individually processed by hand, where natural organic litter items were separated
from anthropogenic related litter. All natural debris were weighed and discarded. Anthropogenic
litter sorting was assigned to the following categories: plastic fragments; styrofoam; pellets;
foam; fishing line; glass; metal; paper; and others.

Data collection (weight, size and colour categories) varied according to the type of litter items
and is described as follows: each fragments (with the exception of glass) and plastic pellets was
assigned to one of the following size class: (Imm, 2mm, 3mm, 4mm, Smm, 6mm, 7mm, 8mm,
9mm, 10mm, 10.1-15 mm and 15.1-19.9 mm). Glass fragments were assigned to two categories
(£5mm and 5.1 - 19.9 mm). Plastic fragments, pellets and glass were weighed in two different
groups according to their size (<5mm and >5 mm). Each pellet was assigned to one colour
category (white, aged, coloured and black) based on the adapted methodology of Antunes et al.,
2013. Fragments and glass were also separated by colour but divided into two size classes:
<S5mm and 5.1 — 19.9 mm. For glass, colour separation included 4 classes: brown, green, white
and yellow. For fragments, colour separation included 11 classes: white, blue, green, grey,
yellow, black, pink, red, orange, brown and purple. Figure 7 shows a flowchart of the whole
micro litter sampling with several photos of the whole process.
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Figure 6. Sampling methodology for Micro litter. Transparent squares correspond to 50x50cm quadrats
used to quantify meso and large-micro-litter. Black squares correspond to 10x10cm quadrats used collect
sediment samples for quantifying small-micro-litter.
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Figure 7. Sampling methodology for Micro litter. Examples of sampling and flowchart from collection to
laboratory separation.
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Small-micro-litter (< 2.0mm)

In order to quantify the abundance of small-micro-litter (in this case, specifically targeting
plastic items), sediments from 3 quadrats (10x10cm) per level were collected within the larger
50x50cm quadrats, resulting in a total of 12 replicates per beach (Figure 6). Sediments were
collected (5cm depth) and placed directly into a plastic bag before sieving the sand for the meso
and large-micro-litter.

In the laboratory, small-micro-litter were retrieved using density separation extraction
techniques (Hidalgo-Ruz et al., 2012, Bergmann et al, 2015; and van Cauwenberge et al.,
2015), based on the method used by Thompson et al., (2004), with slight adjustments.

Due to considerable differences in grain size and water content of the collected sediment across
the archipelago, 50mL of sediment was separated for each replicate, weighed (wet weight) and
oven-dried at 60°C for 48h, in a decontaminated glass recipient covered with aluminium foil to
avoid contamination.

After drying, each sample was weighed (dry weight) and carefully transferred to a 1L beaker,
adding a 200mL volume of saturated sodium chloride (NaCl) solution (1.2 g cm™). Sodium
chloride was chosen to separate polymers contained in the sediments, as it is a non-toxic
substance and recommended by the MSFD subgroup on Marine Litter (Galgani et al., 2013).
The sediment/solution mixture was agitated for 2 minutes, and then left to rest for 2 minutes to
enable sediment particles to sink to the bottom and let the plastic float. The supernatant obtained
was filtered with a vacuum pump onto Whatman® GF/B filters (1 pm pore and ¢ 47mm). After
filtration, filters were stored in petri dishes and dried at 60°C for 24h, prior to examination under
a microscope. Control filters were used to verify cross contamination from airborne fibres.

To ensure no contamination, all the material was cleaned with ethanol (96%), mili-Q
15Q water and a nitric acid solution (HNO3 1M 10%). In addition, the sediments were
covered by aluminium foil during all the entire process. Metal and glass containers were
chosen instead of plastic, whilst care was taken to avoid synthetic clothing during the
manipulations. Petri dishes with laboratory blanks accompanied all the procedure in
order to recover particles from the air while contamination was likely to occur.

Polymer identification

In order to identify the composition of polymers, a fingerprinting technique that provides
characterisation at a molecular level was used. This technique is the micro-Fourier Transform
Infrared Spectroscopy (u-FTIR) and allows identification of different materials, through the
interaction between infrared radiation and matter.

The interactions are different for each material, resulting in a fingerprint spectrum with specific
characteristic bands (Hummel, 2002). This method of vibrational spectroscopy is extremely
sensitive to molecular structural changes (bending and stretching). When a microscope is
coupled with the p-FTIR device, it is possible to identify pieces with a size range of
micrometres (Afremow et al., 1969; Hummel, 2002). The match between the micro sample
spectrum and database reference spectra assures the reliability of the technique. In order to
identify a polymer with high probability, the match between sample and reference should be
above 80%. In order to characterise the most common plastic polymers found on beaches across
the archipelago, a composite of 86 samples, which included plastic fragments, fishing lines,
sponges, ropes and pellets, were analysed according to the u-FTIR technique.

13



Statistical analysis

Statistical analyses were performed using R statistical software and Statistica 7.0 from StatSoft,
Inc, After checking the required assumptions, we applied relevant parametric (ANOVA) or
non-parametric (Kruskall-Wallis, Spearman, MannWhitney U test, etc) statistics. The

significance level (a) considered was a =0.05. Statistically relevant differences are considered
when p-value <0.05.
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Results
Macro-litter (= 20mm)

Density and abundance

A total of 31 776 items were collected throughout the 42 beaches, varying from 9 to 5895 items
per beach. The area sampled in each beach, varied between 137 m? (Porto Afonso, Graciosa) to
a maximum of 6468 m? for Praia dos Moinhos in Sdo Miguel. Average macro-litter density
throughout the archipelago was 1 + 0.5 litter items m? (+SE), ranging between 0.008
(Almoxarife, Faial) to 19.5 items m™ (Porto Afonso, Graciosa) (Figure 8 and 10). Porto Afonso
is a small beach (137 m?) where an unusual high quantity of litter items had accumulated.
Removing this location, average macro-litter density throughout the archipelago was 0.54 + 0.5
litter items m™, ranging between 0.01 and 4.8. Figure 9 shows some examples of macro litter
collected across the Azores archipelago.

30°W 28°W 26° W

40°N - i 40°N

o

38°N 38°N

Macro-litter density (n m-2) m

e 00-04
® 05-10
@ 11-20
@® 21-200 @

SO Km
37°N10 2040 80 120 160 37°N

30°W 28°W 26°W

Figure 8. Macro-litter density throughout the study area.
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Figure 9. Macro-litter recovered from the beaches sampled in the Azores
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Figure 10. Macro-litter density obtained for sampled beaches in the Azores



Besides Almoxarife, two other beaches had similar low litter densities (0.01 items m): Sdo
Jodo and Canto da Areia, both on the island of Pico. Likewise, two other beaches presented a
high density of macro-litter, namely Anjos in Santa Maria (2.2 items m™) and Praia da Areia in
Corvo (4.8 items m™).

There were statistically significant differences between litter densities found for different type
of substrates (H=15.9; p<0.05). Specifically, litter density was significantly higher for pebble
beaches (2.15 + 1.3 items m™) compared to rocky and sandy substrates (Figure 11A). On the
other hand, we did not find significant differences between the densities of macro-litter
calculated for each island groups (H=5.5; p=0.06) or between individual islands (H=11.2;
p=0.18) (Figure 11B & C).
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Figure 11. Average macro-litter density per (A) substrate type; (B) island group and (C) islands.

The two beaches with highest densities of macro-litter are southwest orientated (Figure 12A).
Although other factors, related to orientation, could be responsible for higher litter densities,
this azimuth corresponds to the most frequent wind direction in the Azores between 2014 and
2015 (Figure 12B). However, the correlation between predominant wind direction and litter
density was not significant (Spearman Correlation coefficient=0.13; p=0.4) since some beaches
most frequently exposed to wind, did not present high density of macro-litter (Figure 12C).
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Figure 12. Azimuths and macro-litter densities found in 43 different beaches of the Azores.

Litter composition

From all macro-litter collected, 87% were plastic items, followed by paper (3%), glass (3%),
and others (7%) that included metal, wood, textile and ceramic (Figure 13A). Within plastic
items (Figure 10B), the largest fraction of items (37.6%) was large plastic pieces ranging
between 2.5 and 50cm, followed by smaller (26%) fragments (2.1-2.5cm). Other relevant items
included pieces of strings, bottle caps, bottles, shoes or bags (Figure 13B). Larger plastic pieces
(>50cm) represented only 3.3% of the litter collected.
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Figure 13. Contribution of (A) different types of materials composing the 31 776 macro-litter items and
(B) different types of the 27 512 plastic items collected throughout the 49 beaches in the Azores.
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Figure 14. Material composition of the litter items collected throughout 42 beaches in the 9 islands.

The composition of litter items was similar between the nine islands (Figure 14), the dominant
class in all islands being plastic, with the exception of Sdo Jorge, where a large amount of
ceramic was collected. Such high abundance of ceramic most likely results from a local

intentional disposal event.

Overall, the relative composition of plastic items was proportionally similar for pebble and
rocky beaches (Figure 15). For these two substrate types, plastic/polystyrene fragments between
2.5 and 50cm (OSPAR Code 46) dominated the plastic items. In opposition, in sandy beaches
plastic/polystyrene fragments between 2.1 and 2.5cm (OSPAR code 117) dominated. Larger
fragments (found to dominate pebble and rocky shores) were far less abundant on sandy

beaches.
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Large-micro-litter (2.1 — 5.0 mm) and meso-litter (5.1 — 19.9 mm)

Abundance and density

A large variability in the micro-litter density between sandy beaches sampled was found (Figure
16). The lowest average litter density (excluding glass) was 0 item m in Canto da Areia at Pico
island, and the highest density was 666.5 + 140.6 items m™ in Praia de Porto Pim at Faial island.
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Figure 16. Average density of micro-litter (large-micro-litter and meso-litter) throughout the 19 sandy
beaches sampled in the Azores archipelago.

Throughout the sandy beaches sampled, the average density was 127.3 + 23.5 items m™ (+SE).
Out of all these beaches, three locations (Porto Pim at Faial island, Milicias at Sdo Miguel
island and Praia da Areia at Corvo island) revealed as being significantly more polluted
(H=122.2; p<0.05), with a higher density of micro-litter, when compared with other beaches
(Figure 17).
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Figure 17. Average microplastic density (items m) and associated standard errors in sandy beaches.

Overall, 97% of all micro-litter items were recovered from the two accumulation areas (level F1
and F2). As expected, densities were significantly higher (H=109.3; p<0.001) in accumulation
areas compared to areas outside of accumulation areas. Average litter density within
accumulation areas was 236 + 45.6 items m while average density outside accumulation areas
was 6.7 £ 1.2 items m?. Furthermore, the density of litter items was significantly different
between the highest tide line (F1) and the most recent tide (F2). On average, litter density was
324 + 80 items m™ in F1 compared to 144 + 80 items m™ for F2. Figure 15 illustrates the
difference in micro-litter density between level F and level M for the 3 beaches presenting the
highest densities. There was a significant correlation (Pearson correlation coefficient = 0.95;
p<0.05) between average micro-litter densities found in the two accumulation zones (Figure
19).
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Figure 19. Relationship between litter densities on the highst spring tide line (F1) and on the lowest tide
line (F2) for 19 sandy beaches.

All three beaches with significantly higher micro-litter densities had a SW orientation (Figure
20A). Figure 20B shows that predominant winds in the Azores range between 180° and 270°. A
positive correlation was found (Spearman correlation coefficient=0.84; p<0.01) between the
frequency of wind exposure for a particular beach and micro-litter density (Figure 20C).

23



(A) (B)
Central group
Eastern group

Western group

1000 800 600 400 200

920

Mean microplastic density (n m.z) ?Nind aic“renloe (%)

(©)

1000

800 -

600

+

Frequency of wind exposure (% per year)

Microplastic density (n m'z)
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different beaches of the the Azores. (B) Frequency of wind direction between 2014 and 2015.(C)
Predominant winds (left) in the Azores archipelago and relationship between microplastic density and
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Composition of items; type, size and colour

Throughout the 89326 anthropogenic items collected, glass corresponded to 85% of all
collections, followed by plastic (14%) and other materials (1%). The latter category includes
metal, paper, cigarette filters, textiles and other pollutants. Although glass was the most
abundant material, we decided to exclude this category from the rest of the analysis because its
high abundance would interfere with our analysis. Furthermore, it is not regarded as a material
negatively affecting the environment.

By omitting glass from the data, plastic represented 98% of the total number of items recovered
from the beaches. Table A2 (in the annex) shows the most common items of micro and meso-
litter found in the Azores. Overall, plastic fragments were dominating both meso and large-
micro litter, followed by styrofoam and pellets (Figure 21). A total of 1021 pellets (raw material
for plastic production) were found, whose source and origin is not the Autonomous Region of
the Azores, as there are no plastic industrial facilities in any of the 9 islands.
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Figure 21. Major type of micro-litter (large-micro-litter and meso-litter) found in the Azores archipelago.

Figure 22 shows the size composition of large-micro-litter and meso-litter, excluding glass.
Large-micro-litter ranging between 4.1 and Smm in diameter was the most abundant size class
for both fragments and pellets.
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Figure 22. Size range (mm) in diameter of micro and meso marine litter, excluding glass

For both fragments and pellets, the most abundant colour was white (Figure 23). For fragments,
white represented 72.98% of the total number of fragments, followed by blue (10.32%) and
green (4.41%). Other relevant colours of fragments included grey, yellow and black. For pellets,
white represented 71% of the pellets, followed by aged (14%) and black (12%).
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Figure 23. Colour composition of plastic fragments and pellets of large-micro-plastic and meso-plastic
collected in 19 beaches in the Azores

Polymer identification

Synthetic polymers identified in this study were polyethylene (PE), polypropylene (PP),
copolymer mixtures between PE and PP [PE+PP and PP+P(E:P)], Rayon (synthetic cellulose
fibre), polystyrene (PS), Poly(vinyl chloride) (PVC), Poly(vinyl acetate) (PVAc),
Poly(ethylene-vinyl acetate) (PEVA), Polyester (PES) and Nylon. Considering plastic
fragments, fishing lines, sponges, ropes, the most common polymer identified was PE (57%),
followed by a copolymer mix (19%) and PP (9%). Figure 24 shows all the polymers identified
by micro Fourier Transformed Infrared Spectroscopy (p-FTIR), being particularly relevant
Poly(ethylene-vinyl acetate) (PEVA); Polyester (PES); Polystyrene (PS); Nylon; Poly(vinyl
chloride) (PVC); a mixture of PE with Poly(vinyl acetate) (PVAc) and Tygon B-44-4X, which
is a PVC with additives.
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Figure 24. Polymer types from fragment, fishing line and sponge samples collected in the Azores
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Figure 25. Polymer characterization of plastic pellets

Regarding plastic pellets, PE is also the most common polymer (72%), followed by PP:P(E:P)
(17%) and a mix of PE+PP (6%), as represented in Figure 25. Figure 26 shows examples of

common polymers retrieved from Azorean beaches.
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Figure 26. Infrared micro-sample spectrum and comparison with reference spectra for (A) polyethylene;
(B) polypropylene; (C) nylon and (D) Poly(ethylene.vinyl acetate) recovered from Azorean beaches.
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Relationship between the densities micro-litter and macro-litter

Most of the sandy beaches investigated had less than 200 micro-litter m™ and less than 1 macro-
litter item m™ (Figure 27). Although one would expect a linear relationship between the amount
of micro and macro litter, we found that the sandy beaches with high micro-litter density did not
necessarily have a high density of macro-litter (Figure 27). The two beaches (Porto Pim and
Milicias) with high densities of micro-litter (>400 items m™) but with low densities of macro-
litter (< 1 items m™) are often hand-cleaned by municipalities, which may explain the low
abundance of macro-litter but high number of micro-litter. On the other hand, one beach (Praia
da Areia, Corvo) had high densities of both size fractions. It is a beach far less visited by
tourists or beachgoers with few cleaning actions, which may explain the high abundance of
macro-litter together with micro-litter.
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Figure 27. Relationship between micro and macro-litter densities in sandy beaches.

Conclusions

This large-scale survey revealed that marine litter is ubiquitous but highly variable along the
Azorean coastline. Segments of the coastline were identified with low densities of marine litter
whilst some other sampled areas had a high density of litter items. The beach with highest
quantity of macro-litter is located on Graciosa island, reaching an impressive density of 19 litter
items m™. This is comparable to the average quantities reported for polluted beaches in India
(Jayasiri ef al., 2013a) or on recreational beaches in Uruguay (Lozoya et al., 2016). Removing
this unusual site, average litter density (0.54 + 0.13 litter items m) in the Azores archipelago
was within the levels reported for most locations around the globe (Galgani et al., 2015), though
higher than beaches in Italy (Munari et al., 2016); Scotland (Velander and Mocogni, 1999) or
Ireland (Benton, 1995).

Plastic was the dominating material in all macro-litter items recovered during the surveys. The
predominance (64%) of large plastic fragments (>2.5cm) as opposed to entire items suggests
that it originates from far away sources.
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Similarly to macro-litter, there was a high variability in microplastic densities throughout the 19
sandy beaches sampled, ranging from 2.8 to 666.5 items m?>. Three beaches stood out as
hotspots of microplastic; Porto Pim in Faial island (666.5 + 285.7 items m?), Milicias in Sdo
Miguel island (509 + 186.5 items m?) and Praia da Areia in Corvo island (411.2 + 140.6 items
m™). Extrapolating our estimates for the entire beaches, Porto Pim is estimated to contain 5.5 +
2.3 billion microplastic items (fragments and pellets) in its top layer (2cm), whilst Milicias 7.8 +
2.8 billion and Praia da Areia 250 + 85 thousands. The reason for which those three beaches had
considerably more microplastics is puzzling. Unfortunately, our data is unable to provide an
explanation. Nevertheless, out of the 19 beaches sampled, these were the only three sandy
beaches with a South/South-West orientation, which is the dominating wind direction in the
Azores. Although this may explain the patterns observed, the exact environmental factors (local
physiographic conditions, current patterns, depth or others) responsible for a significant
accumulation of microplastic at these location need to be carefully assessed for a better
understanding of accumulation processes in the region.

Compared to other beach sites throughout the world (Table 1), average microplastic densities in
the Azores are within the range of microplastic densities reported elsewhere.

Density results outside tide line are similar to lower limits in Europe and India. Regarding
densities inside tide line, densities are slightly higher to most beaches, except one beach in
Portugal, whose collection was done after spring tides in winter close to industrialised area.
Comparison between different studies should be treated with caution because of the great
variability in methodologies and units used.

Regarding polymer composition, the results were similar to other studies conducted elsewhere
suggesting Polyethylene (PE) and polypropylene (PP) to be the most common polymers
(Galgani et al., 2015). Other studies also identify other common polymers such as alkyd resins,
rayon  (synthetic  cellulose),  polyethylene  terephthalate = (PET);  poly(methyl
methacrylate) (PMMA),  polyacrylonitrile (PAN), polybutylene  terephthalate (PBT) and
acrylonitrile butadiene styrene (ABS) (Corcoran et al., 2009; Frias et al., 2014; Képpler et al.,
2015; Neves et al., 2015; Frias et al., 2016; Qiu et al., 2016; Corcoran et al., 2016).

It is important to stress that this study only offers a snapshot of microplastic densities at a
specific point in time. It is possible that this spatial pattern may not hold for consecutive months
(although our preliminary results on subsequent monthly samples confirm this is the case).
Nonetheless, the high densities in the highest tide line (spring tide line) strongly suggest these
three beaches act as accumulation areas for microplastic in the Azores. Indeed, the densities of
microplastic on the highest tide line offers a better perspective for comparing litter input on
beaches. This is because the highest tide line reflects the accumulation of microplastics over a
long period whereas tide lines located lower on the beach are the result of the latest tide,
representing the past 6 hour input of litter. Subsequently, an elevated microplastic density on the
highest tide line of a beach reflects a chronic input of microplastic. A consistent monitoring of
microplastic densities for consecutive months, which is a