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THESIS SUMMARY

Synthetic debris, more specifically plastic pollution, is a major concern to ocean
ecosystems and wildlife globally. Five major accumulation zones (i.e. gyres) are
identified to hold vast quantities of floating debris with concerns the Arctic is fast
becoming a sixth. Despite growing research and political action, rates of production
and emission continue to rise, with recent reports estimating around 10 million
tonnes of plastic leaks into the marine environment every year (Boucher and Friot,
2017). This number forecast to increase in coming years (Geyer, Jambeck and Law,

2017).

In Chapter 1 | present comparable assessment of sea-surface debris concentrations
across three ocean basins. Using a single methodology, sea-surface trawl samples
(n=44) were obtained from numerous locations within Arctic (ARC), Atlantic (ATL)
and Pacific (PAC) Ocean basins, reporting a 100% incidence of synthetic material.
Although particles appear ubiquitous, | report great variability in composition and
type with concentrations varying greatly over spatial scale. With most identified
particles offering no clear origin or form, except for pellets or microbeads, it is likely a
vast proportion of sea-surface debris is of secondary origin, likely to have been
floating at sea for some time. To the best of our knowledge, this is the first study of
its kind to successfully utilise a single methodology to analyse and compare sea-
surface concentrations of floating marine debris in numerous ocean basins, providing
data in support of theories that the Arctic Ocean is fast becoming the world’s sixth

major gyre.



Chapter 2 sees me discuss and critically evaluate current attempts to combat the
issue of marine plastic pollution. Encompassing both ‘hard’ (legally binding) and ‘soft’
(non-legally binding) policy, alongside preventative, mitigative, removal and
behavioural strategies and solutions, developments, challenge and fragmented or
flawed efforts are evaluated. Identifying ten focal point suggestions for the
development of an effective global treaty, this Chapter sees me discuss avenues of
research or policy - built on previous experience and success - necessary for the

construction of a global agreement to combat marine plastic pollution.

The findings presented in this thesis contribute to the understanding of marine plastic
pollution as a trans-boundary planetary threat demanding immediate global action. They
also highlight the need for collaborative action and research between global stakeholders,
organisations, maritime industry and researchers stimulating coordinated attempts to
mitigate its effect. Especially considering its support in theories suggesting concentrations
of global plastic pollution in our oceans is increasing. Lastly it is hoped that both Chapter 1
and 2 provide useful criteria for methodologies (Chapter 1) and focal points (Chapter 2), to
aid in the collection of baseline data, generate awareness and fundamentally aid in

preventing vast quantities of plastic waste entering waterways across the globe.
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INTRODUCTION

The current era now more commonly deemed the ‘Anthropocene' (Crutzen, 2006;
Steffen, Crutzen and McNeill, 2007), has witnessed growing human populations and
associated demand for resource, affect and critically transform nature (Steffen et al.,
2007). Amongst a number of major human induced drivers, environmental pollution
is transforming ecosystems worldwide: affecting ocean health, climatic stability, food
security, sustainable development and the viability of global populations (Barange et
al., 2014; Alava et al., 2017). Amongst other forms of pollution (e.g. atmospheric,
chemical), marine pollution or ‘litter’, (that defined as “any persistent, manufactured
or processed material discarded, disposed of or abandoned in the marine and
coastal environment”, UNEP, 2009) is a growing planetary threat. In recent years the
phrase “plastic pollution” has largely been used to refer to synthetic debris or
industrial material entering the natural (or marine) environment. Due to its
lightweight, inexpensive and durable nature (Laist, 1997; Sigler et al., 2014), plastic
is now considered one of the most pervasive pollutants, persisting in nature for long
periods of time (Hansen, 1990). It is now predicted that every ocean and waterway
across the globe is polluted with plastic (Morissey, 2019), with recent studies
highlighting that all plastic ever produced likely persists somewhere on earth today

(Bergmann et al., 2019; Rochmann et al., 2019).

In the last decade alone, plastic production is predicted to have increased almost
50% (Plastics Europe, 2016). Typically derived from oil or fossil-fuel based
feedstocks (Laist, 1997; Lambert and Wagner, 2018), ‘plastic’ is produced using
numerous chemical, synthetic or semi-synthetic compounds (or polymers). Despite

large-scale production only dating back to the 1950’s (Steffen et al., 2007; Shah et
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al., 2008; Steffen et al., 2015), it is difficult to envision a world without plastic, with a
significant reliance on its use in all aspects of modern-day life (e.g. medicine,
agriculture, construction). However, with a lack of understanding or control over
discarded waste, both on land and at-sea, it remains that the overall mass of plastic
entering the ocean is not fully understood, with predictions (e.g. Jambeck et al.,

2015) likely underestimating the true quantity (Lebreton et al., 2018).

Once in the ocean, plastic particles, more specifically microplastic (MP) (particles
<5mm, Thompson et al., 2004), become available to a wealth of marine taxa
(Goldstein et al. 2012; Wright et al., 2013; Fazey and Ryan 2016; Germanov et al.,
2018; Duncan et al., 2019). Known to significantly impact a wide range of organisms
(Cole et al., 2011; Schuyler et al., 2014; van Franeker and Law, 2015; Duncan et al.,
2019), habitats (Cézar et al., 2014; Bergmann et al., 2019; Jamieson et al., 2019)
and ecosystems (Eerkes-Medrano et al., 2015; Cozar et al., 2017; Horton et al.,
2017; Waller et al., 2017), whilst more recently it has been suggested plastic could

indirectly lead to a rise in global temperatures (Villarrubia-Gomez et al., 2018).

Given its rapidly growing production, persistence, and significant risk of harm
(O’Hara et al., 2019), scientific research has understandably increased drastically in
recent years (Gall and Thompson, 2015; Covernton et al., 2019), with studies around
the subject having exploded four-fold in just a few decades (Bergmann et al., 2015;
Dauvergne, 2018). Whilst awareness of its persistence and ecological consequence
grows, alongside other planetary threats (e.g. Global warming, climate change),
plastic pollution is increasingly considered as a planetary threat, demanding urgent

global action (Kuhn et al., 2015; Villarrubia-Gomez et al., 2018).
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There are difficulties in knowing how our oceans and waterways are connected,
with uncertainty persisting in how marine litter accumulates and is transported
across the globe (Hardesty et al., 2018). Connecting remote areas and continents
across the globe, populating volcanic islands with seeds (Renner et al., 2004),
providing food for marine life, sinking particles (e.g. marine snow) to support
ecosystems on the ocean floor, in addition to shaping climatic cycles (Dupont et
al., 2009), the world’s oceans play an integral role in the transport of material over
long distances. No longer is this process limited solely to natural processes:
coupling its persistent nature and natural buoyancy allowing wide-scale
dispersion, plastic debris has the ability to be transported on oceanic currents to

locations far from its origin (Carvalho and Baptista Neto, 2016).

Captain Charles Moore first identified large patches of floating plastic litter during
a shortcut through the North Pacific in 2001 (Moore et al., 2001). Efforts have
since focused on the identification and modelling of large areas of accumulation of
the open ocean (i.e. ocean gyres; e.g. Eriksen et al., 2013; Cozar et al., 2014,
Lebreton et al., 2018), reported to hold concentrations of floating marine debris
significantly greater than that elsewhere (e.g. the open ocean; Brach et al., 2018).
The most famous and well-studied of earths accumulation zones sitting in sub-
tropical waters between California and Hawalii, the ‘Great Pacific Garbage Patch’
(GPGP) is predicted to hold nearly 50% (46%) of all plastic mass floating in the
upper ocean (Lebreton et al., 2018). More recently, studies have begun to focus
on locations such as the poles, where plastic has been found on beaches

(Bergmann et al., 2017), trapped within sea ice or sediment (Bergmann et al.,
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2017; Peeken et al., 2018; Kanhai et al., 2019) and floating on the sea surface
(Lusher et al., 2015; Bergmann et al., 2015, Cézar et al., 2017, Kanhai et al.,

2018).

Understanding densities of debris at sea, areas of accumulation and the factors in
which its distribution can be influenced (e.g. ocean currents, physical characteristics,
sources and pathways) is necessary in generating baseline data. Unfortunately,
disparities in methodologies, reporting units and terminology often result in
ambiguous communication and the generation of incomparable data. This, alongside
research constraints and economic or logistical challenge is generating large gaps in

data, with studies often lacking synthesis or use at the global scale.

To address the lack of synthesis and comparability of global research, Chapter 1
sees me develop and use a single methodology to compare floating marine debris
across three ocean basins (Arctic, Atlantic and Pacific). During three citizen science,
commercial or expedition operations, Arctic, Atlantic and Pacific ocean basins were
analysed to compare and contrast the composition and concentration of sea-surface
debris. Whilst Atlantic and Pacific ocean basins have long reported high
concentrations of floating plastic debris in both their North and South sub-tropical
gyres, it remains unclear to what extent remote areas like the Arctic are becoming

increasingly susceptible to plastic pollution.

Development in research and increased awareness of harm, boasts the power to increase

political salience of the issue with recent years seeing attention focus on political

responses, legislative tools and strategies to formulate urgent solutions (Covernton et al.,
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2019). Whilst numerous responses or protocols have been pursued (Chen, 2015), it is clear
that gaps remain in the way science is translated into policy (Vince and Hardesty, 2018).

It is increasingly apparent that current legislative attempts are failing to stem the tide

of plastic waste entering oceans and waterway across the globe, with rates of

production and emission continuing to rise to unmanageable levels (Barnes et al.,

2009; Geyer et al., 2017).

Given its growing threat and increasing calls for action, in Chapter 2 | evaluate
existing political frameworks across national and international scales, pointing to the
challenges and shortcomings that have so far impeded efforts to combat the issue of
marine plastic pollution. I further this research, discussing preventative, mitigative,
removal and behavioural strategies or solutions, identifying limitations impeding
current progress and possible developments for future change. With emphasis on a
more holistic and interdisciplinary approach to ocean governance, underpinned with
fact-based scientific research, the Chapter concludes with ten focal point
suggestions essential in the design of a future global treaty to more effectively
combat the issue of plastic pollution. Given the numerous threats we as a planet are
facing, turning the tide on plastic pollution must be at the forefront of immediate
action, as we step ever closer to a point of no return for world health and survival

(UNEP, 2019).
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CHAPTER 1
A comparison of floating marine debris across three ocean basins

ABSTRACT

Synthetic debris, more specifically plastic pollution in ocean ecosystems, is now a
global concern. Five major ocean gyres have been identified as holding vast
guantities of floating debris, with concerns the Arctic is fast becoming a sixth
accumulation zone. Disparities in methodologies and reported results make accurate
and reliable comparisons among studies difficult. Here we present a comparable
assessment of sea-surface debris concentrations across three ocean basins. Sea-
surface trawl samples (n=44) were obtained from locations within the Arctic (ARC
n=13), Atlantic (ATL n=24) and Pacific (PAC n=7) Oceans, reporting a 100%
incidence of synthetic material. Primarily particles were: <Smm in size (ARC: 98.1%;
ATL: 94.2%; PAC: 92.2%), fragmented (ARC: 52%; ATL: 72.4%; PAC: 92%) or
fibrous (ARC: 41.2%; ATL: 17.1%; PAC: 4.5%) material and white (ARC: 32.3%;
ATL: 44.5%; PAC: 61.6%) or black (ARC: 29.6%; ATL: 15.2%; PAC: 6.2%) in colour.
Using Fourier Transform-Infrared Spectroscopy (FT-IR), Polyethylene (PE) (ARC:
32.3%; ATL: 27.7%; PAC: 67.9%) and Polypropylene (PP) (ARC: 10.7%; ATL: 4.9%;
PAC: 13.4%) were the most prevalent polymer types identified from a sub-sample of
suspected plastic particles (SPP’s; n=484 ARC: 65; ATL: 184; PAC: 299). The
methodologies utilised here could be utilised by citizen science projects across the
globe, generating essential, comparable baseline data of plastic debris whilst

furthering awareness and education of the subject.
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1. INTRODUCTION

1.1. Marine Plastic Pollution
Due to its lightweight, inexpensive and durable nature coupled with careless disposal
(Sigler et al., 2014), plastic has become one of the most pervasive global pollutants
(Hansen, 1990). Plastic constitutes nearly 80% of all marine debris (Reisser et al.,
2015) and is thought to have considerable detrimental effects to the health of marine
organisms (Bergmann et al., 2019), as a result of entanglement and ingestion
(GESAMP, 2010; Sigler et al., 2014). Anthropogenic debris can also physically
damage marine habitats (Derraik, 2002) and facilitate the transport of invasive
species (Barnes et al., 2009). Microplastic (MP) particles, less than 5mm in diameter
(Thompson et al., 2004) have received a significant amount of interest by
researchers due to their increasing presence and bioavailability in marine systems
(Phuong et al., 2016). MP can be sub-divided into two major sources (Arthur et al.,
2009). Primary MP’s are those released directly into the natural environment (e.g.
microbeads, pellets, abrasives), through domestic and industrial use (e.g. ship
blasting, cosmetic products) (Arthur et al., 2009). Secondary MP’s (e.g. microfibres,
fragments), however, are created due to the break-up and degradation (e.g. UV
exposure, biofouling, erosion) of discarded macroplastic items (Andrady, 2011; Cole

etal., 2011).

1.2. Risk to marine species
Once in the ocean, plastics accumulate and are transported across oceans (Barnes
et al., 2009) becoming available to organisms across all trophic levels (Goldstein et

al. 2012; Wright et al., 2013; Fazey and Ryan 2016; Germanov et al., 2018; Duncan
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et al., 2019). Due to their small size and bioavailability, MPs are known to be
ingested, often having detrimental physiological and ecological effects (Phuong et
al., 2016; Galloway, Cole and Lewis, 2017). This includes their ability to be passed
through the food chain (i.e. trophic transfer, Nelms et al., 2018) and the possibility to
act as a vector of chemical compounds or persistent organic pollutants (POP’s; e.g.
Polychlorinated biphenyl (PCB), Dichlorodiphenyltrichloroethane (DDT); Fossi et al.,

2012; Cole et al., 2013).

1.3. Ocean Transport & Gyres
Synthetic debris in the ocean is not constrained by national boundaries, often
travelling great distances from its origin (Lebreton et al., 2018), making it particularly
challenging to identify source locations and implement effective management
strategies (Barnes et al., 2009). Using empirical data and models, five areas of the
open ocean are identified as zones (i.e. gyres) where marine debris may
preferentially accumulate (Goldstein et al., 2012; Eriksen et al., 2013; Law and
Thompson, 2014). Distributed both northward and southward of the equator and the
Indian Ocean sub-tropical gyres (depicted in Figure 1.1) comprise up to 40 per-cent
of the global sea (25 per-cent of the globe; Sonam et al., 2019), and exhibit debris
concentrations frequently orders of magnitude greater than elsewhere in the open-

ocean (Brach et al., 2018).

Plastic within sub-tropical gyres in the Northern Hemisphere has long been reported
in the Atlantic (Carpenter and Smith, 1972; Colton et al., 1974; Law et al., 2010) and
Pacific (Day et al., 1990; Moore et al., 2001; Hidalgo-Ruz et al., 2012), although the

Southern hemisphere remains relatively understudied (Cozar et al., 2014). Polar sea
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ice and sediment are now considered temporary sinks of high plastic debris
concentrations (Bergmann et al., 2017; Munari et al., 2017; Peeken et al., 2018;
Kanhai et al., 2019), likely a combination of long-range transport, local maritime use,
sea-based inputs and human activity (Cozar et al., 2017; Waller et al., 2017,
Kulklinski et al., 2019). During a global comparison of MP levels, Arctic surface
waters evidenced unexpectedly high concentrations of floating debris despite their
remote location (Barrows et al., 2018), supporting previous reports that suggest the

Arctic may be considered the “sixth gyre” (Cézar et al., 2017).

1.4. Methodological challenges
Understanding densities of debris at sea, zones of accumulation and the factors
which influence its distribution (e.g. ocean currents, physical characteristics, sources
and pathways) is necessary to underpin a full understanding of likely impacts and
potential future mitigation efforts. Thus far, discrepancies in how researchers isolate,
identify and quantify marine debris (Hidalgo-Ruz, et al., 2012), makes robust and
meaningful comparisons difficult. This extends to consensus in mechanisms of

categorising (e.g. type, size, shape) and reporting units.

1.5. This study
Here we utilise a single methodology to compare sea-surface concentrations of
synthetic debris in the Arctic, Atlantic and Pacific (ARC, ATL and PAC) Ocean
basins. We seek to further current understanding of floating marine debris in known
accumulation zones, gain understanding regarding the composition of floating
marine debris, identifying colour, type, polymer, size and concentration. Utilising data

gathered through collaborative research expeditions by non-governmental
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organisations (NGQO’s) we hope to demonstrate citizen science as a useful platform
for marine plastic research; generating essential baseline data that will further inform
modelling and other synthetic approaches. This, in turn, may aid in raising
awareness and the implementation of effective policy and legislation that leads to
positive change. We make all data wholly open access to facilitate feeding into future

modelling efforts.

2. MATERIALS & METHODS
2.1. Study sites
Sea-surface samples were taken opportunistically from Arctic (ARC), Atlantic (ATL)
and Pacific (PAC) Ocean basins (n=44) (Figure 1.1), during three ocean voyages
(June 2018 - May 2019). ARC and ATL samples were obtained aboard the tall ship
‘TS Blue Clipper’ during scientific research expedition ‘Sail Against Plastic’ (ARC,;
June - August 2018) and during normal commercial operation (ATL; November 2018
- May 2019). PAC samples were collected during the eXXpedition® research
mission through the North Pacific Gyre aboard the vessel ‘Sea Dragon’ (June - July
2018). Both expeditions were founded on the principle of citizen science, contributing
world-class data to global understanding, whilst furthering awareness and exploring

avenues of change through a mutli-disciplinary network of individuals.
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Figure 1.1: Study locations. Location of sea-surface trawls indicated by black dots in
sub-figures a:d, total sample number (N) noted in bottom right corner of each sub-
figure for reference. (a): Sample locations for global reference, ocean currents
indicate major gyre systems with Arctic (ARC), Atlantic (ATL) and Pacific (PAC)
noted for relevance to this study. Red boxes represent location of further inspection
in remaining sub-figures. (b): ARC sample locations. (c): ATL sample locations. (d):
PAC sample locations. Note difference in scale, latitude and longitude from

graticules in b, c and d.
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2.2. Plastic trawling
All samples were gathered using a sea-surface trawl net (e.g. manta, neuston),
adapting previous methodologies (Law et al., 2010; Eriksen et al., 2014; Lusher et
al., 2015; Kovac Virsek et al., 2016; Pan et al., 2019), known to be highly efficient for
sampling floating marine debris. ARC / ATL samples utilised a purpose designed
Hydrobios® Microplastic Trawl net (0.40 x 0.70 x 2.6m, mesh 330um) fitted with two
lifting buoys for floatation. PAC samples were gathered using a Manta Trawl, built
and designed by 5Gyres® (0.57 x 0.25 x 1.64m, mesh 335um; Eriksen et al., 2014).
We consider the minor difference in mesh sizes used (ARC/ATL: 330um; PAC:
335um) insignificant for overall comparison using a single methodology. Trawls were
towed for 10-60 minutes at an average speed of 1-4 knots, dependent on conditions.
Time and location (latitude, longitude) recorded at start and end of each trawl and
average boat speed recorded (Table 1.1). All trawl samples were taken

opportunistically, outside of the wake of the vessel, on the leeward side only.

2.3. Visual identification of suspected plastic particles (SPPs)
Contents of the net were passed through a series of metal sieves (sizes; 450um,
200um) to aid visual identification (Figure 1.2). Non-organic or synthetic items (i.e.
suspected plastic particles) were identified using the following simple criteria (Kovac
VirSek et al., 2016); i. No cell structure, ii. Uneven (sharp or crooked) edges, iii.
Uniform thickness and iv. Distinctive colouration. All suspected plastic particles
(SPPs) were rinsed with de-ionised water before storage in mesh (200pm) and
aluminium for transportation to the laboratory for further analysis. No particle
inspection or categorisation was carried out on-board the vessel due to risk of

contamination.
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Figure 1.2: Sea-surface plastic trawling and sorting aboard the Tall ship TS Blue

Clipper in the surrounding wasters of Svalbard, Arctic Ocean. a: Hydro-Bios
Microplastic trawl Net (0.40m x 0.70m x 2.6m), mesh size 300um, fitted with two
lifting buoys for floatation. Trawl net rigged using line and steel from the leeward side
of the vessel. b: Manual inspection of the cod end (200um) to ensure no particles or
fibres were missed. c: All samples passed through a 300pm metal sieve following
appropriate contamination procedures (see Appendix 3) before manually inspected
by eye. All suspected plastic particles collected using tweezers and placed in de-

ionised water prior to storage in mesh and aluminium foil.
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2.4. Laboratory analysis - categorisation and FT-IR
Physical categorisation of SPPs involved identification of type, colour and size in the
laboratory (Figure 1.3). The dominant colour of each individual SPP noted, as was
type (fibre, film, foam, fragment and pellet; see Eriksen et al., 2013; Eriksen et al.,
2014; Hartmann et al., 2019). Every SPP classified into the following size ranges;
microplastic: <lmm, 1.1-2mm, 2.1-3mm, 3.1-4mm, 4.1-5mm; mesoplastic: 5.1-
20mm; microplastic: >20mm. It should be noted that based on mesh size, the
minimum detection limit of particles collected in each trawl is 330 um. A
representative sub-sample (Figure 1.4) of identified SPPs (h=548) was analysed
using Attenuated Total Reflection Fourier Transform - Infra-Red (ATR FT-IR)
Spectroscopy to determine polymer composition (see Appendices for more detail).
Only particles with spectral match scores of confidence level of 0.70 or greater
(Lusher et al., 2013) and those confirmed upon further detailed microscopic visual
inspection (LJ, DS) were considered a reliable match and accepted for further

analysis. All particles were categorised, counted and concentration calculated

(Appendix 1 and 2) into three reporting units (number of particles m-2 / km-2 / m-3;
Table 1.2) to facilitate overall comparison with the wider literature (see Table 1.3 for

detailed literature review).
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Figure 1.4: Comparison between all Suspected Plastic Particles (SPP’s) (N=3627) and those sub-sampled for Fourier Transform-
Infra-Red Spectroscopy (n=548) from ocean basins (ARC, ATL, PAC). (a), (b) and (c) demonstrate proportion of sub-sampled
particles used in FT-IR analysis, broken down into the relative proportion of; Colour, Type and Size (>0.5 or <0.5mm), respectively.

(d), (e) and (f) demonstrate overall proportion in Colour, Type and Size (>0.5 or <0.5mm), respectively for all SPP’s
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Figure 1.3: Sub-sample of suspected plastic particles (SPPs) obtained during a

single sample in waters surrounding Svalbard, Arctic Ocean.

2.5. Contamination Control
Strict sampling procedures were maintained throughout, minimising possible
contamination of samples during at-sea sampling and laboratory analysis (see

Appendix 3 for more detailed information).

3. RESULTS
3.1. Ocean basin variation
Synthetic particles were identified in every trawl sample (n=44) from all ocean basins

(ARC: n=13, ATL: n=24, PAC: n=7), demonstrating a 100% incidence rate of
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synthetic debris pollution. In total, 3627 particles of synthetic origin (ARC: 456; ATL:
1522; PAC: 1649) were counted and analysed. Sea-surface debris concentrations
were significantly different across ocean basins (Kruskal-Wallis rank sum test;
particles km-2: x2 = 12.465, p= 0.001, df= 2). Greatest sea-surface debris
concentration occurred in PAC (Dunn’s Post-Hoc, ARC-PAC: p < 0.01; ATL-PAC: p
< 0.01; ATL-ARC: p= 1.00; Figure 1.5), with all ocean basins demonstrating great
variation in concentration across spatial scale (see Table 1.2 for more detailed

information).

2.0x10+s
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Concentration (number of particles km-2)

Figure 1.5: Boxplot of sea-surface debris concentration (number of particles km-2),
for Arctic (ARC), Atlantic (ATL) and Pacific (PAC) ocean basins. Median value
shown from heaviest line with upper quartile (UQ) and lower quartile (LQ) of values
demonstrated by upper (UQ) and lower (LQ) bounds of the box. Number of samples
(N) within each ocean basin demonstrated from width of each box, (ARC, N=13;

ATL, N=24; PAC, N=7).
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Table 1.2: Summary of ocean basin variation in sea-surface debris concentrations.

Minimum, maximum, median and average concentrations provided in units of

measurement as the number of particles per km-2 /m-2 / m-3.

ARC ATL PAC
No. particles | km™2 m2 m3 km m2 m3 km m2 m3
Minimum 3,526 0.004 0.018 4,872 0.005 0.024 32,665 0.033 0.284
Maximum 223,696 | 0.224 1.118 185,669 0.186 0.928 278,703 0.279 2.424
Median 21,471 0.021 0.107 25,281 0.025 0.126 167,304 0.167 1.455
Average 36,321 0.036 0.182 50,032 0.050 0.250 168,619 0.169 1.466

3.2. Type, Colour, Size
Fragments were the dominant type of particle identified in all ocean basins (ARC:
52.0%, ATL: 72.4%, PAC: 92.0%) with fibres second most prominent (ARC: 41.2%,
ATL: 17.1%, PAC: 4.5%) (Figure 1.6a). Colour of identified synthetic material among
ocean basins was similar, with eleven colours noted in total. Particles were most
commonly identified as white (ARC: 32.3%, ATL: 44.4%, PAC: 61.6%) with black
second most common (ARC: 29.6%, ATL: 15.2%, PAC: 6.2%) (Figure 1.6b). Debris
considered micro (<5mm) in size heavily dominated the range of identified particles
(ARC: 98.1%, ATL: 94.2%, PAC: 92.2%), with remaining particles considered meso
(5-20mm) (ARC: 1.3%, ATL: 4.5%, PAC: 7.4%) or macro (>20mm) (ARC: 0.6%,
ATL: 1.3%, PAC: 0.4%) in scale. Of these micro particles, the <1lmm size class
dominated in every ocean basin (ARC: 77%, ATL: 54.9%, PAC: 36.7%) comprising a

much greater proportion of ARC than ATL and PAC (Figure 1.7).

27




PAC

B Fibre
Film
Foam
Fragment

B Pellet

[l Black
Blue

[ Brown
Green
Grey
Orange
Pink

M Purple

M Red
Translucent
White
Yellow

j EPDM
I PA

Figure 1.6: Composition of suspected plastic particles (SPP’s) obtained in Arctic
(ARC), Atlantic (ATL) and Pacific (PAC) ocean basins. Broken down into; Type (a),
type of plastic broadly categorised as; fibre, film, foam, fragment or pellet; Colour (b),
dominant colour of particle and Polymer (c), spectral match results (>0.70) of
dominant polymer type identified using Fourier Transform-Infrared Spectroscopy
(FT-IR). Commonly found polymer types; Polyethylene (PE), Polypropylene (PP),
Polystyrene (PS), Polyethylene terephthalate (PET), Polyvinyl chloride (PVC),
Polyamide (PA) and Polyurethane (PUR), Paraffin wax (PW) and Ethylene propylene
diene rubber (EPDM). Total number (N) of particles shown in the centre of every

doughnut, with each doughnut representing proportion.
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Figure 1.7: Size range of suspected plastic particles (SPP’s) obtained in sea-surface
trawls in (a) Arctic (ARC); (b) Atlantic (ATL) and (c) Pacific (PAC) ocean basins.
Microplastic (<5mm) sub-categorised into: <lmm, 1-2mm, 2.1-3mm, 3.1-4mm &

4.1-5mm; Mesoplastic: 5.1-20mm; Macroplastic: >20.1mm.
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3.3. Polymer type and FT-IR
Of the particles analysed using FT-IR, the majority (n=484, 88.3%, ARC: 90.7%;
ATL: 84.7%; PAC: 90.0%) were confirmed as material of synthetic origin (Table 1.4).
Just 2% of analysed particles were first classified ‘unknown’ but later confirmed
synthetic due to presence of chemical compounds (e.g. plasticizers). Not all spectra
identified as polymers typically considered ‘plastic’ with molecules such as EPDM
rubber (n=2, PAC) and Paraffin wax (PW) (n=3, PAC) incorporated with confirmed
spectra for overall analysis. A minority of particles provided scores <0.70 or provided
a spectral match of naturally occurring substances (e.g. cellulose, yeast) (n=64,
11.7%, ARC: 9.3%; ATL: 15.3%; PAC: 10.0%). Of particles confirmed with synthetic
origin (n=484) spectral characteristics matching those most commonly identified in
floating marine debris: polyethylene (PE), polypropylene (PP), polyester (PES),
polystyrene (PS), polyethylene terephthalate (PET), and polyamide (PA), comprise
over 80% (n=449) of the tested sub-sample. PE was the most commonly identified
polymer in all ocean basins (ARC: 32.4%; ATL: 30.2%; PAC: 71.8%) with PA (ARC:
18.6%; ATL: 10.3%; PAC: 1.1%), PP (ARC: 11.9%; ATL: 5.8%; PAC: 14.9%) and PS

(ARC: 3.4%; ATL: 10.2%; PAC: 0.4%) also prominent (Figure 1.6c).
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4. DISCUSSION
4.1. Overview

To the best of our knowledge, this study is one of the first of its kind to assess
composition and provide comparable concentrations of floating marine debris across
three major ocean basins utilising a single methodology. Previous reports have
successfully provided measured (Eriksen et al., 2013; Law et al., 2010; Kanhai et al.,
2018) and predicted (Lebreton et al., 2018) estimates of marine debris
(predominantly plastic) in global oceans, however disparities in methods, post-
processing and units of estimation limit broad-scale analysis and comparability. The
current research helps further understanding of concentrations of floating marine
debris in major accumulation zones, providing in-depth categorisation of its
composition and type; highlighting possible sources, pathways and leading causes of
marine pollution. Utilising non-governmental organisations (NGQO’s) and cross-
collaborative research expeditions (e.g. eXXpedition, Sail Against Plastic), the
methodologies and tools used in this research provide a standard operating
procedure (SOP) with the potential to greatly enhance global understanding and
awareness around the threat of marine pollution, suggesting its possible use as a

tool to generate large, long-term datasets through citizen science.

4.2. Sea-surface debris concentration
Our current findings concur with previous reports (e.g. Lusher et al., 2015; Cozar et
al., 2017; Kanhai et al., 2018) that the Arctic is becoming a sixth accumulation site of
floating marine debris. With gyres known to hold significantly greater concentrations
of synthetic debris than surrounding ocean (Goldstein et al., 2012; Eriksen et al.,

2013; Law and Thompson, 2014; Lebreton et al., 2018), it is no surprise that
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concentrations of sea-surface debris are significantly greater in locations such as

PAC compared to coastal waters or remote areas of ARC. Previous studies report
concentrations of PAC debris at 0-120,000 particles km-2 (Eriksen et al., 2014; Law

etal., 2014, Pan et al., 2019), averaging 28,698 particles km-2 (Eriksen et al., 2013),
whilst a long term study of the North ATL average concentrations at 2,500 particles

km-2 (Law et al., 2010) (Table 1.3). Our findings suggest concentrations (ATL, PAC)
(Table 1.2) markedly higher, suggestive of how the abundance and concentration of

floating marine debris in global oceans is increasing.

4.3. Variance in size and colour
Microplastic, a collective term used to describe a range of small plastic particles
typically <6mm in length (Thompson et al., 2004), were the most commonly identified
size class of marine debris in all ocean basins (ARC, ATL, PAC). Despite growing
efforts in research, there is so far “no internationally agreed definition of the size
below which a small piece of plastic should be called a microplastic” (Hartmann et
al., 2019), with different measurement and size classes frequently reported in
studies. Harnessing the most commonly accepted definition (e.g. Thompson et al.,
2004), and following three categories typically used to describe plastic according to
size (macroplastic, >20mm; mesoplastic, 5-20mm; microplastic, <5mm; Barnes et
al., 2009), we chose to further describe particles identified as micro, reporting
measurements for each millimetre of diameter, allowing a more accurate comparison
with past and future studies. While MP’s <330 um were included in analysis, it is
likely these are under-reporting the true extent in nature due to our sampling method

and chosen mesh sizes.
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Through fragmentation, UV exposure, wave action and weathering, particle size is
reduced over time (Arthur et al., 2009; Andrady, 2011), for example over the course
of two decades (1991-2007) mean size of plastic in the North ATL reduced from 10
to 5mm (Moret-Ferguson et al., 2010). Interestingly the smallest form of MP (those
<1mm) was most prevalent in all ocean basins (ARC, ATL, PAC). Despite
fragmentation rates of plastic largely being unknown; with most identified particles
offering no clear origin or form (except for pellets or microbeads), it is likely a vast
proportion of sea-surface debris is of secondary origin, likely to have been floating at

sea for some time.

Results from this study contrast to previous reports of plankton and marine species
ingestion or environmental seawater and sediment samples which predominantly
consisted of black, blue or red particles (Glven et al., 2017; Steer et al., 2017; Gago
et al., 2018; Nelms et al., 2018). As plastic degrades in the natural environment, it is
known to become more brittle, fragment and lose colour (Gewert et al., 2015), with
colourless plastic and those with a yellow hue considered an indicator of oxidation
and time spent floating in the ocean (Endo et al., 2005; Ogata et al. 2009). The
relatively high proportion of white particles in this study could demonstrate a
combination of purposefully white products and those that have lost colour due to

weathering.

4.4. Debris type
Particles obtained in this study support previous theories stating synthetic particles

abundant in sea-surface waters are heterogeneous in their composition, boasting
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varying characteristics and form between ocean basins. The most commonly
identified type of floating synthetic material in all ocean basins was fragments
originating from the break-up of larger items (Andrady, 2011; Cole et al., 2011). A
large proportion of particles we identified in ARC were categorised as fibre, more
often referred to as ‘microfibre’. Microfibres have a number of different sources and
outputs from both land (tyre wear, degradation of cigarette filters, textile washing and
wear) and sea (mechanical and chemical stress of larger items and fragmentation of
maritime equipment such as ropes and fishing material; Napper and Thompson,
2016; De Falco et al., 2018). Although a less obvious source of MP pollution, these
fibrous plastics are now considered one of the most prolific and commonly observed
forms of MP pollution in nature (Gago et al., 2018), commonly identified in a number
of marine species (Besseling et al., 2012; Eriksen et al., 2014; Watts et al., 2015;
Taylor et al., 2016), sediment types (Jamieson et al., 2019; Kanhai et al., 2019) and

waterways (Grgsvik, 2018; Bergmann et al., 2019).

4.5. Polymer identification
Using FT-IR analysis, polymers identified in this study are concurrent with those
most commonly described in oceans across the globe (Gago et al., 2018). Despite
there being over 5000 different synthetic and/or semi-synthetic polymers, blends and
additives used and produced in the plastic industry (Lambert and Wagner, 2018),
80% of total plastic entering the marine realm consists of five primary types;
Polypropylene (PP), Polyethylene (PE); both high (HDPE) and low (LDPE) density,
Polyvinyl chloride (PVC), Polyethylene terephthalate (PET) and Polystyrene (PS)
(Lambert and Wagner, 2018). PE and PP are low density polymers typically used in

packaging material and single-use disposable products, boasting a short shelf life
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and predisposition to appearing in the waste stream leaking into the ocean (Gago et
al., 2018). It is therefore unsurprising that PE and PP dominate our samples,
reflecting previous reports of sea-surface debris (Rios et al., 2010; Hidalgo-Ruz et

al., 2012; Reisser et al., 2013; Cozar et al., 2014; Pedrotti et al., 2016).

Studying synthetic debris in the natural environment provides numerous challenges.
The most commonly used method to identify debris type (i.e. MP) is visual
examination, although useful in-situ, boasting low cost and high efficiency, there
remains inherent difficulty in distinguishing plastic particles from other synthetic (e.g.
Rayon, Viscose) or natural (e.g. cellulose) material. The use of analytical chemistry
(such as FT-IR) to identify particles can be challenging (Silva et al., 2018), however
understanding the make-up and composition of polymer types can aid in the
identification of possible source or fate locations of marine debris (Jung et al., 2018;
Nelms et al., 2018). Despite their appearance and identification as a suspected
plastic particle, a small proportion of analysed particles lacked a clear spectral
match, reflecting recent reports in the literature (Remy et al., 2015; Nelms et al.,
2018; Duncan et al., 2019). Some material (e.g. Synthetic Regenerated Cellulose
Fibres; SRCF) such as rayon or viscose, undergo changes in chemical structure at
manufacture (Comnea-Stancu et al., 2017; Gago et al., 2018), resulting in slower
degradation than pure cellulose fibres. These are an emerging pollutant, as changes
in chemical structure or misidentification may under-report the true extent of
microplastic (fibre) pollution (Comnea-Stancu et al., 2017; Duncan et al., 2019). In
contrast, natural fibres (e.g. cotton) can appear visually similar to acrylic fibre

(Dyachenko, Mitchell and Arsem, 2017; Silva et al., 2018).
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4.6. Call for standardisation among methodologies
A recent report (Covernton et al., 2019) suggests the size and shape of equipment in
methods used can greatly influence the qualification and quantification of MP and
synthetic debris in natural environments. With most at-sea sampling done using a
mesh size 300um or 330um which optimises the volume of water sampled whilst
attempting to minimise clogging with plankton or organic matter, there remains a
trade-off between the volume of seawater sampled and the limit of detection.
Inconsistencies and a lack of comparable methods often make it hard to build a
global understanding of marine litter accumulation, and researchers have stressed
comparison between sampling methods and reporting units (GESAMP, 2016).
Defining a common criteria or standard operating procedure (SOP) in estimating the
composition, distribution and abundance of synthetic marine debris will be valuable
in predicting and understanding contamination in marine environments and food

webs across the globe (Doyle et al., 2011; Loder and Gerdts 2015).

By adopting methodologies previously used in assessing sea-surface plastic
concentrations (Law et al., 2010; Eriksen et al., 2014; Lusher et al., 2015; Kovac
Virsek et al., 2016; Pan et al., 2019), this research has utilised a single methodology
to provide a comparison of floating sea-surface synthetic debris between ARC, ATL
and PAC Ocean basins. Whilst these particles appear ubiquitous, there is a clear
need for more studies such as ours to enable an integrated global understanding of
spatio-temporal variability, possible sources and pathways and heterogeneity in type

of floating marine debris (Rochmann et al., 2019).
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4.7. Citizen science as a tool for research
Citizen science programmes are instrumental to research which may otherwise be
impossible due to time, financial or logistical constraints (Hidalgo-Ruz and Thiel,
2015). Widely used in the field of marine plastic pollution, citizen science has
become a fundamental tool to generate data, however, disparities in methodologies
(e.g. sampling technique) and survey protocols (e.g. researcher effort) is an area of
concern, with recent studies calling for standardisation in survey protocols (e.g.
OSPAR, 2010), to ensure its comparability across the globe (Nelms et al., 2017).
Including people of all ages and social spectra, citizen science holds the potential to
create positive change in behaviour and attitudes surrounding environmental issues
through enhanced awareness and education in the community (Wyles et al., 2016).
The latter aspect is particularly significant given the importance and impact of social
viewpoints in the acceptance and success of environmental policies or measures
(UNEP, 2016). The UN'’s Clean Seas Campaign (UN Environment, 2017) has been
instrumental in calling on local stakeholders, actors and governments to engage the
educational and private sector in improved waste management, aid the generation

and design principles of circular economy and reduce day-to-day plastic footprints.

With the vast majority of in-situ data collection of ocean-going debris and marine
pollution obtained opportunistically on commercial vessels, incorporating simple
methodologies and citizen science initiatives designed by academic institutions and
researchers with maritime users (e.g. sailors, fishers) or marine organisations (e.g.
sail training, expedition cruises), large, long-term, accurate and comparable datasets
can be generated across the globe (Wyles et al., 2016). Studies to date, range in the

quality and quantity of data provided in research papers with some utilising a small
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number of samples (e.g. Reisser et al., 2015; Pan et al., 2019) and others (e.g. Law
et al., 2010; Eriksen et al., 2014) much greater, providing vast meta-analysis or long-

term trends with often decades of data.

Appropriately designed survey methods and analysis such as those used in this
research, could minimise concerns regarding the generation of reliable data by
collectors whilst providing a logistically feasible method to generate data of baseline
sea-surface debris concentration. Our sampling method does not require advanced
knowledge or scientific laboratory space during at-sea sampling with minimal running
costs following a minor initial expenditure for equipment. It has potential to be utilised
by a number of maritime users and marine organisations, our method offers

significant contributions of data to researchers and scientists across the globe.
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Table 1.2: Summary of total collected data from Arctic (ARC), Atlantic (ATL) and Pacific (PAC) sea-surface trawls. Table lists;

ocean basin, date, number of suspected plastic particles (SPP’s), distance trawled in nautical miles (nm) and concentration of

SPP’s (particles m-2; particles km-2; particles m-3).

Ocean Date Latitude Longitude Time (mins) SPP’s Distance Volume (m3) m-2 km-2 m-3

ARC 25/06/18
78.138960 14.202610 20 54 1.20 311.1 0.167 166,622 1.449

26/06/18
77.438170 14.445240 20 43 1.06 274.8 0.211 210,773 1.833

27/06/18
77.450290 14.440260 20 9 1.06 274.8 0.149 148,652 1.293

28/06/18
76.593230 15.474100 20 68 1.26 326.7 0.167 167,304 1.455

28/06/18
77.008830 16.315220 20 18 0.73 189.3 0.279 278,703 2.424

29/06/18
77.006390 16.163030 20 16 0.70 181.1 0.176 175,613 1.527

02/07/18
78.027950 13.111270 20 27 0.97 2515 0.033 32,665 0.284

03/07/18
78.142850 15.085870 21 41 1.05 272.2 0.029 29,157 0.146

03/07/18
78.155360 15.242880 21 37 1.30 337.1 0.025 24,543 0.123

12/07/18
79.538280 12.255750 6 87 0.30 77.8 0.014 13,976 0.070

16/07/18
76.466660 17.501060 30 8 1.75 453.7 0.066 66,247 0.331

01/08/18
77.098000 13.587600 30 8 1.75 453.7 0.025 24,777 0.124
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04/08/18

74.086500 19.214050 31 40 181 469.3 0.036 35,569 0.178

ATL 15/11/18 30.060370 -13.574300 22 79 2.09 541.9 0.019 18,513 0.093
22/11/18 28.012800 -15.199000 22 42 1.32 342.2 0.186 185,699 0.928
24/11/18 24521450 -18.406240 21 26 1.44 372.1 0.011 11,324 0.057
10/12/18 17.309800 -25.092500 17 73 0.85 220.4 0.070 70,349 0.352
11/12/18 17.537760 -28.028630 18 53 1.65 427.8 0.128 127,572 0.638
18/12/18 15.209640 -44.005250 20 83 1.80 466.7 0.010 9,714 0.049
13/01/19 12.129400 -61.452250 20 16 0.67 172.8 0.012 12,397 0.062
15/01/19 12.260620 -61.310000 18 65 0.27 70.0 0.031 30,610 0.153
16/01/19 12.429890 -61.210400 20 23 1.57 406.2 0.093 92,564 0.463
22/01/19 17.132190 -62.412740 25 76 0.83 216.1 0.013 13,430 0.067
27/01/19 18.064600 -63.076650 13 43 0.26 67.4 0.046 45,915 0.230
31/01/19 17.171990 -62.437580 23 14 111 288.2 0.005 4,872 0.024
01/02/19 17.130980 -62.406440 20 15 0.93 242.0 0.024 24,105 0.121
03/02/19 15.563330 -61.425090 14 25 0.63 163.3 0.026 25,786 0.129
08/02/19 16.590240 -61.501300 5 30 0.25 64.8 0.022 22,039 0.110
08/02/19 17.138050 -62.104730 14 13 0.75 193.6 0.149 148,828 0.744
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18/02/19 16.078190 -61.476500 27 75 1.26 326.6 0.011 10,776 0.054
21/02/19 15.271980 -61.783940 40 16 2.53 656.8 0.152 152,000 0.760
01/04/19 24.360450 -80.404550 14 35 112 290.4 0.035 34,712 0.174
01/04/19 25.008480 -80.069660 14 39 1.17 302.5 0.031 31,291 0.156
02/04/19 26.839890 -79.139800 21 21 0.74 190.6 0.007 6,549 0.033
06/04/19 27.386210 -74.259000 20 328 1.70 440.7 0.042 41,629 0.208
08/04/19 30.035970 -69.536750 17 19 1.36 352.6 0.019 19,020 0.095
09/04/19 30.503420 -67.348730 19 312 1.58 410.5 0.018 17,631 0.088
PAC 30/06/18 31.598486 -152.327453 37 197 112 136.0 0.021 21,471 0.107
01/07/18 33.380128 -150.488234 32 178 0.80 97.1 0.030 30,120 0.151
02/07/18 35.493115 -149.244405 30 204 1.30 157.8 0.022 21,954 0.110
03/07/18 35.103035 -148.148440 31 219 1.24 150.5 0.224 223,696 1.118
03/07/18 35.117089 -148.105737 30 559 1.90 230.7 0.004 3,526 0.018
06/07/18 38.102027 -142.118817 30 241 1.30 157.8 0.004 3,526 0.018
07/07/18 40.031361 -139.478606 31 50 1.45 176.0 0.017 17,047 0.085
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Table 1.3: Comparison of marine debris concentration studies from across the globe, in the present day. ldentifying; Location, year

of study, methodologies used, number of samples (N), proportion containing synthetic debris (%), concentration (particles km-2 m-2

m-3, size categories and properties identified in each study. Boxes highlighted grey demonstrate reported concentrations in the

research with remaining concentrations (boxes remaining white) calculated for comparison where possible.

Location

Year

Methodology N

%

km-2

Concentration (particles)
m-2 m-3

Size (mm)

Property Reference

ATLANTIC

Atlantic

Atlantic

NW Atlantic

NE Atlantic

2007-2013

2015

1986-2008

2013

Manta trawl 1571

Sub-surface pump 76
FT-IR

Surface net tow 6136

Sub-surface pump (11m) 470
Raman spectroscopy

92

62

94

1.3x10-5

2500

42

0.13

1.15

0.0025

2.46

0.33-1.0

1.10-4.75
4.76 — 200
>200

0.25-0.5
0.50-0.75
0.75-1.0
1.00-2.0
2.00-5.0

<1.25
1.25-25
250-5.0
5.00-7.5
7.50-10
>10

Eriksen et al., 2014

Type Kanhai et al., 2015
Polymer

Law et al., 2010

Type Lusher et al., 2014
Polymer




North Atlantic 2014 Multi-level trawl 12 1.69 05-1.0 Polymer Reisser et al., 2015
Gyre Raman spectroscopy 15-20

25-3.0

35-4.0

45-5.0

>55
ARCTIC
Arctic Central 2016 Sub-surface pump (8.5m) 58 0.7 0.25-0.50 Type Kanhai et al., 2018
Basin FT-IR 0.50 - 0.75 Colour

0.75-1.00 Polymer

1.00 - 2.00

2.00-5.00
Arctic 2014 Manta trawl 96 93 1.31-2.68 <5.0 Polymer Lusher et al., 2015

Sub-surface pump (6m)
FT-IR

Greenland & 2013 Sub-surface tow 63 6.3x10-3 0.006 >0.5 Type Cozar et al., 2017
Barents seas
MEDITERRANEAN
NW 2010 Manta trawl 40 920 116,000 0.116 0.3-5.0 Type Collignon et al.,2012
Mediterranean
Central- 2012-2013 Manta trawl 30 100 0.15 <5.0 Type De Lucia et al., 2014
Western
Mediterranean
NW 2014-2016 Surface net tow 43 100 100,000 0.1 <5.0 Schimdt et al., 2018
Mediterranean
PACIFIC
South Pacific 2011 Manta trawl 48 96 26,898 0.0026 0.355 - 0.499 Type Eriksen et al., 2013
Gyre 0.500 — 0.709

0.710 - 0.999

1.000 —2.79

2.800 — 4.749

>4.75
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Pacific 2007-2013 Manta traw! 1571 92 1.2x10-5 0.012 0.33-1.0, Eriksen et al., 2014
Visual survey 1.1 -4.75,
4.76 —200,
>200
NE Pacific 2009-2010 Manta trawl 137 21,000 — 448,000 0.021 —0.448 20-100 Type Goldstein et al.,2013
Sub-surface trawl (210m) 100 - 300 Colour
FT-IR >300 Polymer
Eastern 2001-2012 Surface net tow 2529 42 0-106 0.1 Law et al., 2014
Pacific
NW Pacific 2017 Manta trawl 18 100 1.0x10-4 0.01 05-1.0 Type Pan et al., 2019
Raman spectroscopy 1.0-25 Colour
25-50 Polymer
WORLDWIDE
Laurentian 2012 Manta trawl 21 95 43,000 — 466,000 0.04 — 0.46 0.355 —0.999 Type Eriksen et al., 2013
Great Lake 1.000 — 4.749
>4.75
Seto Inland 2010-2012 Surface net tow 6.3x10-4 0.06 <4.0 Isobe et al.,2014
sea 4.0-10.0
>10
East Asian 2014 Surface net tow 1,720,000 1.72 <5.0 Isobe et al., 2015
Sea >5.0
Southern 2016 Surface net tow 5 100 100,000 0.1 <5.0 Isobe et al., 2017
Ocean
Australia 2012 Surface net tow 57 80 4256.4 0.004 <2.5 Type Reisser et al., 2013
Manta trawl 25-49 Polymer
FT-IR 5.0-10.0
>10
East China 2013 Surface net tow 15 20 0.167 0.5-5.0 Shape Zhao et al., 2014
Sea >5.0
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Table 1.4: Results from subsample of isolated suspected plastic particles from

Arctic (ARC), Atlantic (ATL) and Pacific (PAC) basins, analysed with FT-IR.

Origin Group FT-IR spectra PAC ATL ARC

Synthetic Polymer Polyethylene (PE) 203 51 21
Polypropylene (PP) 40 9 7
Polystyrene (PS) 1 16 2
Polyamide (PA) 3 16 11
Polyvinyl chloride (PVC) 1 1
Polyethylene terephthalate (PET) 8 4
Polyurethane (PUR) 8
Paraffin wax (PW) 3
Ethylene propylene diene rubber (EPDM) 2

Unknown Poly (diallyl isophthalate) 1
Plym 550 plasticizer 3
Stearamidopropyl Dimeth-beta-hydroxyethylam 1 1
Plasticizer CHCL3 5
Zinc oxide 1
BBP12-4, Indust P-174-1 Msha, IRS 1
Octadecyl 3 (3,5 di-tert-butyl-4-hydroxyphenyl) 1
Other Phenoxy Resin 1

Poly (dimethylsiloxane) PDMS 5
Polyphenylene-sulfide (PPS) 2 3
Hydroxypropyl (methacrylamide) HPMA
Polyvinylidene-flouride (PVDF) 1 1
Polyacrylonitrile (PAN) 1
Polytetrafluoroethylene (PTFE) 3
Poly (vinylidene chloride) (PVDC) 9

Non- Organic Cellulose 6 7 2

synthetic
Oxytocin biochemika 8 2
Animal protein 2 4 6
Brewers yeast 5 9 1
Soya bean powder 4
Alcohol 3 3
Milk agar 3
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CHAPTER 2
A critical evaluation of global solutions to the marine plastic pollution

problem

ABSTRACT

Marine plastic is known to have polluted waterways and oceans across the
globe. Despite growing awareness of threat, and recent consideration as a
trans-boundary planetary threat demanding urgent global attention: plastic
production and emission continues to rise. A number of ‘hard’ (legally binding)
and ‘soft’ (non-legally binding) policies, conventions and declarations
encompass current global attempts surrounding marine pollution law. Similarly;
social solutions, from preventative and mitigative strategies to removal attempts
and behavioural change have developed in recent years with growing
knowledge and awareness around the issue. However it remains that almost
every environmental compartment on earth is polluted with plastic, as modern
day society increases its reliance on the material for everyday life. This
research sees the critical evaluation and discussion of an expansive, but not
complete, range of policies and solutions enacted at the global scale. Identifying
challenges, loopholes, success and demands — we illustrate the advantages
posed from a number of international legal agreements, social solutions and
strategies with examples drawn from policy and law, business and economics to
growing consumer pressure and awareness. Surmising ten focal point
suggestions for the development of a global treaty, encompassing a number of

systemic solutions whilst maintaining the ability to adapt.
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1. INTRODUCTION

Marine litter (that defined as “all human-created material that has been
discharged into the environment”, Williams and Rangel-Buitrago, 2019), is fast
accumulating in oceans and waterways across the globe. Alongside vast
guantities of waste including metals, glass, ceramics, textiles, paper and timber
(Eriksen et al., 2014; Schneider et al., 2018), plastic is now considered one of
the fastest growing, most pervasive pollutants in global oceans (Beaumont et
al., 2019; Pierdomenico et al., 2019), critically affecting and transforming nature

(Steffen et al., 2007).

Plastic is a threat of great environmental concern. Its presence creating a
myriad of problems and challenges: biologically (Garcia-Vazquez et al., 2018;
Ivkic et al., 2019; Gracia and Rangel-Buitrago, 2020); economically (Jang et al.,
2014; Portmann and Brennan, 2017; Wilson and Verlis, 2017) and more
recently health-related (Araujo and Costa, 2019; Campbell et al., 2019; Rangel-
Buitrago et al., 2020). In recent years, research efforts have focused on the
emerging threat of microplastic (particles <6mm, Thompson et al., 2004) (Maes
et al., 2019). Formed, either intentionally (i.e. primary microplastic; Arthur et al.,
2009) or through the break-up of larger macroplastic items (i.e. secondary;
Andrady, 2011; Cole et al., 2011), microplastic abundance and distribution has
grown steadily over the past decades (Cole et al., 2011; Thompson et al.,

2015), with the average size of marine plastic decreasing (Barnes et al., 2009).

The problem of marine plastic pollution is not recent and, as will be discussed
below, various measures have already been undertaken at local, regional, and

international level (Chen, 2015). Growing consequence and impact of marine

47



(plastic) pollution, is acting as a catalyst within ocean governance. Increasingly,
international bodies, governments and non-state actors across the globe are
recognising the need to address and combat such threats in myriad disparate
ways. A primary means of doing so is through political and legal action. Recent
years have seen the growth and advent in both legally binding (‘hard’) and non-
legally binding (‘soft’) government regulation (Abbott & Snidall, 2000; Sheridan,
2020). Developed to address and appropriately manage the production, use
and disposal of plastic, these laws are a political attempt to soften the negative
impact of marine plastic pollution already felt across the globe. Offering the
opportunity for law and policy, enforceable through both international and
domestic courts, such governance shows promise in its commitment, state
agreement, principles and understanding but appears to lack strength in both

enforceability (i.e. saction for non-compliance) and in its abilty to adapt.

Community action and social response, complimentary to but independent of
state or global governance, is encouraging consumer driven solutions at both
small and large scale (Bergmann et al., 2015). Societal solutions can be
generally encompassed within Preventative (i.e. minimising production,
preventing release); Mitigative (i.e. reducing spread); Removal (i.e. extraction
from natural environment) and Behavioural (i.e. increase awareness for positive
change in behaviour) strategies (Kuo and Huang, 2014; Bergmann et al., 2015;
Kiessling et al., 2017). Such solutions, developed and implemented at the level
of civil society, generating a shift in control and responsibility from the hands of

policymakers to corporate industries, economic markets and consumer choice.
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This work attempts to provide an overview of existing voluntary and legally
binding efforts in ocean governance and policy, alongside strategic tools and
solutions developed at the level of society to more effectively combat the issue
of plastic pollution in the natural environment. Through critical evaluation and
identification of potential flaws and challenges that have so far impeded current
efforts, this work ends with ten focal-point suggestions for a global treaty. Given,
simply putting a stop to the pollutant remains difficult, findings presented in this
research demonstrate the importance and complexity of the marine plastic
pollution crisis, demanding immediate, multi-disciplinary and collaborative effort

across global scales.

2. GLOBAL GOVERNANCE & POLICY
Historically, laws governing the marine environment so far broadly exist on a
legally (i.e. hard law) and non-legally (i.e. soft law) binding basis (Table 2.1)
(Abbott & Snidall, 2000; ECCHR, 2020). The latter (soft law) generally used to
denote weaker and less stringent obligation such as agreements, principles and
declarations, whilst hard law refers to more precise, legally binding obligations -
enforceable through domestic and international court, with appropriate third-
party delegation (Abbott & Snidall, 2000; ECCHR, 2020). Both ‘hard’ and ‘soft’
legislative tools and frameworks evaluated below are discussed in a problem-
oriented manner, relative to the issue of marine plastic. This by no means
provides a thorough representation of all global policy, legislative framework or
convention but rather provides understanding of challenges to marine

governance, highlighting areas of weakness, strength and gaps in governance

49



(Table 2.1): to aid in the development of an effective global treaty for marine

plastic pollution.

2.1. LEGALLY BINDING (HARD-LAW) POLICY
Adopted in 1972, the Convention for the Prevention of Marine Pollution by
Dumping of Wastes and other Matter, more commonly known as the ‘London
Convention’, acts as one of the earliest ‘global rules and standards’ (London
Convention, 1972) designed, under the International Maritime Organisation
(IMO), to promote protection of the marine environment from any polluting
source (London Convention, 1972). Complemented by its 1996 ‘Protocol’, the
London Convention and Protocol (London Protocol, 1996) further prohibit the
dumping at sea of any waste or other matter, except materials listed in Annex |
(e.g. fish waste, dredged material). Most notably, this included plastic and other
persistent synthetic material (London Protocol, 1996), however, did not come
into effect as a global ocean treaty until a decade later (2006). As a lead global
attempt in combating the issue of marine pollution, the most important
innovation fostered by the London Protocol, 1996, is the adoption of the
precautionary approach or ‘polluter-pays principle’ (Gaines, 1991). Which
despite numerous annexes and amendments, encompassing detailed and
legally binding scientific regulation, it remains that effectiveness of the London
Protocol, 1996, largely relies on its ability to attract participation and
environmental responsibility, through ‘guidelines’ and awareness in contrast to

more traditional enforcement, punishable by law (Vince and Hardesty, 2018).

At a similar time (1973), the International Convention for the Prevention of

Pollution from Ships (MARPOL) was adopted, again under the IMO
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(Raubenheimer, 2016; Simon and Schulte, 2017). Composed of six annexes,
MARPOL aims to prevent pollution of the marine environment, and dumping
from ships due to operational loss or accident at sea, namely dealing with: oil,
noxious liquid substance, harmful substances, sewage, garbage (rubbish) and
air pollution. Following its first introduction, 2011 saw an important revision
(Annex V) to MARPOLs commitment. Signed by more than 150 countries,
Annex V (entering into force in 2013) prohibits the ‘deliberate’ release and
disposal of plastic (such as rope, fishing net, plastic bags) and waste from ships
(not including ‘black’ or ‘grey’ water), however fails to incorporate unintentional
loss of plastic (e.g. hull blasting, gear loss). Further with signatories and states
having to provide their own framework for compliance, the year 2000 witnessed
adoption of the Port Reception Facilities Directive (2000/59/EC) to help facilitate
effective enforcement of MARPOL, specifically aimed at increasing use and
prevalence of port reception facilities to ensure a cleaner and more sustainable

marine environment.

However, since MARPOLSs enactment and adoption of aforementioned
amendments, no significant decrease in the levels of marine debris have been
observed in areas of high fishery and merchant activity (e.g. The North Sea,
Unger and Harrison, 2016). Likely the result of inadequate enforcement,
particularly in lesser developed regions that lack facilities and resources (Tan,
2012; Chen and Liu, 2013) or a lack of regulation, especially considering
MARPOL fails to incorporate land-based sources of pollution (Reisser et al.,
2015; Maximenko et al., 2019), known to contribute approximately 80% of all
marine debris (Tanaka, 2016). Additionally, a recent study concluded that

amendments to Annex V and adoption of the Port Reception Facilities Directive
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(2000/59/EC) could aid the encouragement of illegal dumping of waste at sea,

due to often significant economic cost (Unger and Harrison, 2016).

Building on the London Protocol, 1996 and MARPOL, the 1982 United Nation
Convention on the Law of the Sea (UNCLOS) — particularly Part Xll — provides
a mandate that regulatory states take action in preventing, reducing and gaining
control in pollution of the marine environment, from any source (United Nations,
1982; Raubenheimer & Urho, 2020). With support from its 168 parties, including
the European Union, this treaty focuses on the preservation and protection of all
aspects of the marine environment (e.g. marine life, maritime activity, water
guality) including those of risk or harm to human health (Culin and Bielic, 2016;
Rech et al., 2016; Alina et al., 2018). Most notably, UNCLOS extends its
mandate (Article 207) to terrestrial environments, adopting measures and
procedure to mitigate the pollution of waste and harmful substances originating

on land (Kirk, 2018).

Despite recognising six different sources of pollutants from land-based sources
to seabed activities, and pollution through the atmosphere, UNCLOS lacks
detail on the types of pollutants its legislation encompasses (Palassis, 2011). In
alignment with other global treaties (e.g. MARPOL), UNCLOS set no official
documentation on what legislation should entail, with no specific instrument or
ruling mechanism for compliance (Schmalenbach, 2019). Rather, it gives
legislative power to its member states, requiring them to develop their own
legislation in accordance with the IMO to establish regulatory rules for ship-
based sources of pollution (Vince and Hardesty, 2018), and stakeholder liability

in the case of non-compliance on land.
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Whilst UNCLOS aids in the vital reduction of large quantities of debris entering
the natural or marine environment from land, a vital issue remains. Despite the
vast majority of marine plastic pollution originating on land (Pettipas et al., 2016;
Landon-Lane, 2018), the nature of the pollutant (e.g. lightweight, persistent;
Laist, 1997) ensure it is not constrained within national boundaries (Liu et al.,
2016). Often travelling great distances from its source (Lebreton et al., 2018) to
areas beyond national jurisdiction (ABNJ) or even the high seas
(Raubenheimer, 2016; UTas Interview, 2018), making legislation, responsibility

and enforcement within international water, increasingly difficult.

Additionally, raw virgin plastic and recycled or waste material is frequently
traded between countries, crossing continents and borders with intention (Ten
Brink et al., 2017). More commonly known as the ‘Basel Convention’, the
Convention on the Transboundary Movements of Hazardous Wastes and Their
Disposal, adopted in 1989, regulates the transfer of ‘hazardous’ waste and
‘other’ (e.g. household, incinerator ash). Using steps and measures to ensure
the environmentally sound management of waste material, the Convention aims
to protect the environment and human health against possible adverse effects
of such waste (Article 2.8). At time of its development, plastics were not yet
considered ‘hazardous’, hence were not included in the Convention, however
following a formal proposal (Norway, 2018) at the fourteenth Conference of the
Parties (COP), the Convention was amended to include plastic waste (Annex Il,
VIII and IX). Perhaps most notably the Basel Convention was the first of its kind
to encompass societal health effects. Whilst its aims and definitions could be

viewed too vague, given its ability to adapt, core belief to reduce production of
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plastic and efforts in reducing the trade of waste, the importance of the Basel
Convention in the fight against plastic pollution is sure to be increasingly

relevant.

Despite member states or country-to-country efforts in the prevention, mitigation
and removal of marine plastic debris (Borelle et al., 2017), the complexity
highlighted within the issue of marine plastic pollution (e.g. ABNJ, trade,
sources, movement) ensures it is increasingly difficult to enforce effective
legislation. Whether legally binding or voluntary, when treaties provide no higher
authority, measure or control to effectively legislate and guarantee enforcement
in the case of non-compliance, it must become “self-enforcing” (Finus, 2001),

with set and measurable targets.

Following growth in global unity and commitment in the success of the
Millennium Development Goals (MDGs), September 2015 witnessed the United
Nation (UN) General Assembly adopt and ratify the Sustainable Development
Goals (SDGs), as part of an agreement to overcome global challenges and
improve sustainability by 2030 (UN, 2015). Addressing a wide range of issues,
17 interconnected goals relevant across the globe including themes such as
poverty, environmental degradation, food insecurity, climate change, gender
inequality and the sustainable development, incorporate specific targets — 169

in total — with indicators used to measure, review and monitor their progression.

Most notably the issue of environmental pollution and plastic waste - some of
the Goals commit to the treatment of wastewater (SDG 6), waste management

(SDG 11), and the prevention and reduction of air, soil and marine pollution,
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including litter (SDG 3), whilst more broadly, conservation of oceans, seas and
marine resources (SDG 14) is at the forefront of its agenda. A document entitled
‘Our ocean, our future: call for action’ developed at a UN meeting (2017)
explicitly identifies the reduction of plastic (and microplastic) as a matter of

urgency (UN Environment, 2017).

With law, more particularly legally binding and international law, providing a
useful tool in obtaining global commitment to declared targets and objectives,
many of the SDGs include a legal component. With follow-up and review at the
national, regional and global level, ensuring state responsibility and action in
regard to progress, goals, targets and implementation. For instance, a minimum
of ten percent of global oceans, coastal and marine areas are to be conserved
subject to area-based protection by 2020 (Target 14.5) (Freestone, 2020).
Similar to aforementioned conventions, there remains a great deal of ‘ambiguity’
with member states lacking guidance on effective or appropriate tools and
measures required to successfully adopt targets. Alternatively, the UN
acknowledge regional and national discrepancy or ability, providing a framework
of adaptability to member states (Wise, 2014; Fleming, 2016; Collof, 2017),
encouraging transition through a smaller scale, context-dependent, evolutionary
and non-linear process, encompassing success as well as failure (Bowen et al.,

2017; Van Asche et al., 2014).

In similarity; legislative tools (e.g. tax / levy / charge), that penalise behaviour
which increase waste sent to landfill are designed to generate positive
actionable change through market control (Ten Brink et al., 2009; Oosterhuis et

al., 2014; Shortle and Horan, 2017). Where a ban may otherwise be impossible
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or considered damaging to the market, such tools act as a concrete example of
the “polluter pays” principle (Gaines, 1991), requiring manufacturers and
consumers to make a more conscious decision regarding behavioural choices

(Knoblauch et al., 2018).

Denmark, was the first offer a tax on plastic bag production (1993) with retailers
enforcing mandatory charges on consumers, successfully reducing plastic bag
consumption among Danes to just four bags a year (Daur, 2018). Similarly, in
2002, Ireland introduced a small €0.15 levy on general purpose plastic bags,
immediately reducing consumption by 90% in a single year (UNEP, 2018).
Wales did something similar in 2011, introducing a charge on bag use at food
(70-96% decrease) and fashion retailers (68-75% decrease) (Welsh
Government, 2012), with England later enforcing a 5 pence charge on single-
use plastic bags in large retailers (85% decrease) in 2015 (Guardian, 2016). All
demonstrating significant positive impact on bag use and pollution (WRAP,
2013). Similar bans in India (1999), Bhutan (1999) and Bangladesh (2002)
however failed to see success, with failure in the ban likely the result of poor
implementation or enforcement and lack of affordable alternatives available
(Earth Policy Institute, 2013; Prata et al., 2018). Additionally, with economically
competitive and financially strong corporations often the primary producers of
plastic, it remains unclear whether the implementation (or subsequent lack) of
small penalties (levies or taxes) in domestic law will be sufficient enough to
hinder production or use. There are also concerns that charges or taxes for

correct and appropriate disposal may incentivise fly-tipping or illegal landfill.
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Despite the large number, this by no means provides an exhaustive evaluation
of all ‘hard’ law attempts, rather it underlines the comprehensive and perhaps
detailed nature of legally binding ocean governance, demonstrating its complex
and evolving nature. Policy and law, particulary at international level, is often
criticised in the way it develops — boasting a tendency to be slow and
fragmented, requiring little consensus. Large gaps remain, however it remains
that integration of ‘hard’ law policy throughout the international community has
use in the way forward for ocean governance — particularly when managing
activities that pose significant risk to the natural environment at a global scale,

which currently lack viable alternative.

2.2. NON-LEGALLY BINDING (SOFT-LAW) POLICY
International regulations regarding marine litter are more commonly found on a
‘soft’ law basis (Sheridan, 2020), with commitments (e.g. Honolulu) or
frameworks (e.g. GPML) in which states pledge to commit, without legal
obligation. Despite ‘hard’ law appearing to demonstrate increased enforcement
(i.e. sanction for non-compliance), it could be argued that soft law offers
increased implementation, through state understanding and control when

compared to its hard, legally binding alternative (e.g. MARPOL) (Table 2.1).

Through the collaboration of the United Nations Environmental Programme
(UNEP) and the US National Oceanic and Atmospheric Administration (NOAA),
the Honolulu Strategy was adopted as a global framework to combat marine
litter in 2012. Consisting of three over-arching principles, the Honolulu Strategy

attempts to reduce marine litter within every marine habitat, with strategies to:
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(i) reduce the amount and impact of land-based litter / solid waste; (ii) reduce
the amount and impact of sea-based sources of debris, including solid waste,
abandoned, lost or discarded fishing gears (ALDFG) and lost or abandoned
cargo; and (iii) reduce the amount and impact of accumulated marine debris on
shorelines and in benthic and pelagic habitats across the globe (UNEP, 2016).
Perceived to be “more about public and international education than concrete
commitments and expressions of responsibility and/or liability” (UNEP and
NOAA, 2012; Stoett, 2016), the Honolulu Strategy is increasingly considered as
a planning framework. Utilised as an awareness tool to reduce global impacts of
harm through appropriate management, prevention and awareness (UNEP and
NOAA, 2012; Ten Brink et al., 2016), rather than simply legislating against ‘bad’

behaviour.

Guided by the Honolulu Strategy, the Global Partnership of Marine Litter
(GPML), under the auspicious arm of the Manila Declaration (Furthering the
Implementation of the Global Programme of Action for the protection of the
Marine Environment from Land-based Activities) is an international multi-
stakeholder initiative, with a primary focus to implement principles of the
Honolulu Strategy (UNEP, 2016). Implemented in the same year (2012), GPML
is freely and easily accessible to a multitude of organisations, authorities and
stakeholders: both open-ended and voluntary it requires no formal or legally
binding sanction in case of non-compliance. Officially launched at Rio20+,
GPML acts as a coordinating forum to exchange tools for success, examples of
failure and adequate measures for compliance (Chen, 2015; Lohr et al., 2017).
Additionally having identified a lack of understanding and awareness as a

barrier to conservation at high political agendas (e.g. G7, Convention on
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Biological Diversity, Conference of the Parties), GPML has more recently
focused its attention on developing educational material (e.g. Massive Open

Online Course on Marine Litter).

The G7 group of nations (consisting of Canada, France, Germany, Italy, Japan,
the United Kingdom and the United States of America), first released the Action
Plan to Combat Marine Litter in 2015, pledging to address both land and sea-
based sources of marine litter (G7, 2015). Two years later (2017), the G20
Action Plan on Marine Litter was launched where the remaining thirteen
stakeholder governments and countries, banded with the previous G7 coalition,
in commitment to “take action and reduce marine litter of all kinds, including
from single-use plastics and microplastics” (G20, 2017). Largely in response to
commitments made in support of the 2030 Agenda for Sustainable
Development (e.g. Sustainable Development Goals) (UN, 2015), marine litter
and environmental pollution entered the forefront of political discussion.
Although only agreed upon by five of the seven G7 nations (Canada, France,
Germany, Italy and the UK), 2018 witnessed development of the most recent
action plan, the Ocean Plastics Charter, with a sole intention of addressing
marine plastic pollution. This was the first action plan to provide explicit targets
or actionable timelines for change. Pledging to work with industry in the resolve
of taking a more life-cycle approach in product design and stewardship both on
land and at sea, promoting the re-use, recovery and recyclability of plastic items

where viable alternatives do not yet exist (Simon et al., 2018).

Although at smaller scale, in line with the Ocean Plastics Charter, the European

Commission released the European Strategy for Plastics in a Circular Economy
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(Circular Economy Action Plan) communication in January 2018. Adopting the
first ever Europe-wide strategy on plastics, its principle objective is transitioning
to a circular economy (Liu et al., 2018), where “the design and production of
plastics and plastic products fully respect reuse, repair and recycling needs and
more sustainable materials developed and promoted” (European Commission,

2018).

Following its launch, the Directive has since been amended to include recycling
targets, with the Waste Framework Directive (EU, 2008), as its fundamental
core (European Parliament, 2008). This has aided the generation of targets to
reduce waste sent to landfill, increase quantity and ability for reuse of plastic
products, and further recycling of primary waste streams (e.g. plastic
packaging) (European Commission, 2020). Alongside targets such as 100% of
EU plastic packaging available for reuse or recycling by 2030 and more recently
the EU ban on single-use plastic (SUP) (e.g. cutlery, straws, cotton buds)
(European Commission, 2018), transitioning to a more circular economy will
undoubtedly aid in reducing the unnecessary release of plastic waste into the
natural environment. Unfortunately, there are growing concerns that
manufacturers and producers could market single-use plastic items as ‘re-
usable’ to avoid the EU ban. However, with the EU encompassing some of the
world’s largest producers of plastic, this commitment may provide a significant

opportunity to regain control and create systemic change.

Voluntary agreements and conventions (e.g. Honolulu Strategy), amendments
(e.g. Annex V, MARPOL) or developments to legally binding conventions (e.g.

UNCLOS) are promising new developments, as they incorporate land-based
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sources of marine litter and plastic into their frameworks (UNEP, 2012; 2017)
(Table 2.1). Acting as voluntary agreement with the lack of legally binding
instruments and tools; governance or enforcement is left primarily to domestic
regulation: particularly challenging considering the far-reaching and persistent

nature of the pollutant (GESAMP, 2016, Ten Brink et al., 2017).

Summary

At both the national and international scale, countries around the world are
taking legal approaches in addressing the marine plastic pollution problem from
legislation and policy to action plans and agreements. Generally speaking,
existing global efforts to combat the plastic pollution crisis are dominated by
softer more domestic law. Lacking a legally binding policy such attempts rely on
established targets and follow up by stakeholders, signatories and states.
However there remains complexity in the multi-faceted contribution and role of

numerous responses, be them legally binding or not.

It is not yet clear how effective policies and legislation, such as those listed
above, have been in sufficiently conserving and protecting ecosystems from the
threat of marine plastic pollution. Though undoubtedly well-intended, with little
coordination between states, inconsistent standards, systemic illegalities or
loopholes, and erratic implementation (Dauvergne, 2018) — it is unsurprising
that the United Nations Environment Assembly (UN Environment, 2017)
describe current frameworks as “fragmented and uncoordinated”. With some
organisations suggesting efforts should focus on the development of a new

global framework (Hugo, 2018; Simon et al., 2018), with current piecemeal
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attempts lacking strength or comprehension needed to effectively stem the tide

of plastic (Dauvergne, 2018; DeSombre, 2018).

3. SOLUTIONS
With growing awareness and understanding around the subject of marine
plastic pollution, numerous fronts of solution-oriented action are continuously
developed to combat environmental pollution. Policy and legislation is only as
effective as the implementation of societial behavioural change — not through
sanctions or enforcement — but through changing expectations, furthering
education and generating awareness around the impacts of marine debris
(Derraik, 2002). Harnessing consumer power, steering change through the
momentum and pressure from environmental groups and embedding localised
social objectives within larger governmental or community efforts has the
potential to have substantial impact in reducing marine pollution, establishing

effective, bottom-up, community led governance solutions.

Broadly, solutions can be defined as belonging to one of four categories (Kuo
and Huang, 2014; Kiessling et al., 2017): (i) Prevention: solutions to minimise or
prevent litter entering the environment, avoiding production and limiting its
spread; (ii) Mitigation: tools to reduce the generation of litter through adequate
collection or disposal; (iii) Removal: strategies in which accumulated litter or
waste is extracted and removed from the natural environment; and (iv)
Behavioural Change: a cross-cutting solution with the aim to alter or influence
stakeholder behaviour and thought pattern, encouraging greater custodianship

and more environmentally kind activity (Bergmann et al., 2015).
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3.1. STRATEGIES FOR PREVENTION
Be it the generation of primary plastics (e.g. pellets, nurdles, microbeads)
(Arthur et al., 2009) or secondary items (e.g. fragments and fibres) (Andrady,
2011; Cole et al., 2011): simply avoiding the generation of virgin plastic, or
using phase-outs and bans, is likely the most effective way to prevent plastic
litter entering the marine environment and stop the pollutant at its source. In
recent times, society has witnessed dramatic growth in production and use of
alternative, more sustainable ‘plastic’ material (e.g. bioplastic), as a developing

instrument of change on the market.

3.1.1. PHASE-OUTS & BANS
Phasing out or banning plastic material items, from (partial) bans, taxes or fees
to voluntary measures is a strategy increasingly seen within regional, national
and even international legislation to prevent use, and reduce demand of

everyday plastic items (Table 2.2) (Xanthous and Walker, 2017).

The last decade has witnessed a rapid growth in awareness and intervention
regarding bans or restrictions in the sale and use of microbeads (plastic beads
<1mm in size). With growing pressure and public outrage from consumers and
anti-microbead activist groups, following dissemination of evidence of
persistence and harm, an increasing number of industries, corporations and
states are taking action to remove microbeads from industrial (e.g. ship
blasting) and commercial (e.g. cosmetic and personal care) products. A number
of large cosmetic companies (e.g. Unilever, L’Oreal) and supermarket chains

(e.g. Waitrose) rolled out voluntary microbead phaseouts from their products
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and/or company prior to legislative change (Xanthous and Walker, 2017,
Dauvergne, 2018): a useful sales technique, whilst beneficial to both the planet
and consumer. Similarly, plastic bags have received increasing attention after
developing countries initiated strict regulatory action against their use in the
1990’s, after poor waste management and lack of recycling made the littering of
plastic bags more apparent (e.g. on beaches, rivers) and impactful (e.g.
blocking drains, flooding) (Figure 2.2). In time, interventions have advanced
significantly in countries across the globe, with governments, organisations and
large-scale corporations since introducing bans (varying in range and scope) in
the sale of plastic bags, applying voluntary or mandatory charges (i.e. levy) and

even generated income (i.e. tax) from their sale (Xanthous and Walker, 2017).

3.1.2. ALTERNATIVE MATERIALS
With plastic now conspicuous in modern day life, efforts to promote the
development and use of ‘bio-degradable’ plastic — promoting faster and more
friendly breakdown of an item — has grown significantly in recent years. As a
result, more environmentally ‘compostable’, ‘degradable ’and ‘bio-degradable’
alternatives are increasingly seen on the market (Table 2.2). In contrast to
traditional oil-based plastic (i.e. petroleum), natural polymers used to produce
more environmentally sustainable plastic can be entirely or partly derived from
renewable: typically, plant, or biological material (e.g. corn, sugarcane). Unlike
conventional polymers, those made using plant material (i.e. bio-plastic (BP))
are stated to degrade easily under conditions commonly found in the natural
environment, over short periods of time, aided by the presence of
microorganisms (Balestri et al., 2017): most notably, with no harmful affect

(Haider et al., 2019).
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Materials such as PLA (Poly-lactic Acid), now produced in large scale factories
(e.g. ethanol plants), form the vast proportion of bio-plastic (BP) material utilised
in food packaging, plastic bottles, utensils, textiles and medical devices
(National Geographic, 2018). BP material provides a more sustainable and
environmentally friendly way of producing plastic, requiring less damaging
resource and energy in its production (Gross and Kalra, 2002; Bioplastic
Feedstock Alliance, 2016; Trucost, 2016). However, production remains low,
with BP material (including polylactic acid (PLA), polyhydroxyalkanoate (PHA),
polyhydroxybutyrate (PHB), and polyhydroxybutyrate (PHV)) accounting for less
than 1% of annual ‘plastic’ production (European Bioplastics, 2019).
Unsurprising considering costs of BP production are often 3-10 times that of

conventional plastic (Luyt and Malik, 2019).

It remains unclear as to whether BP materials are in fact ‘safer’ from an eco-
toxicological perspective (Haider et al., 2019) or if they even fully degrade
(Napper and Thompson, 2019). Recently, cases (such as Musiol et al., 2017;
Napper and Thompson, 2019) have shown that most BP materials (e.g. PLA)
do not biodegrade as effectively as first thought, requiring specific conditions
found only within industrial composting facilities (i.e. temperatures above 50
degrees Celsius, specific pH and humidity, constant exposure to ultra-violet
light). In contrast, polymer Poly-hydroxy-alkanoate (PHA), is fully degradable
(rate dependent on conditions) in a marine environment (Gross and Kalra,
2002). Additionally, experts report that BP may in fact accelerate the formation
of microplastic due to accelerated break down (Eyheraguibel et al., 2018;

Markowicz et al., 2019), and further plastic leakage through improper disposal

65



encouraging consumers to “abandon it in the environment or add it to their

private compost” (Simon et al., 2018).

Although the term itself lacks clear definition (Gold et al., 2014; Haider et al.,
2019), use of the label ‘bio’ offers potential source of confusion to consumers
wanting to make more environmentally conscious decisions (Van Sebille, 2016).
Commonly deemed ‘Greenwashing’; concerns exist regarding the use of ‘bio’ as
a marketing and sales tool (Brennan and Binney, 2008), misleading consumers
to influence their purchasing choice regarding the environmental conduct or

content of a product or service (Schmuck et al., 2018).

In a process commonly known as ‘down-grading’ (Hopewell, Dvorak and Kosior,
2009), materials such as paper, cardboard or glass are increasingly seen as a
more sustainable alternative to plastic, with increasing numbers of retailers and
producers offering plastic-free alternatives. Demanding increased water and
energy in production and boasting greater economic cost (Ellen MacArthur
Foundation, 2016) switching to material such as paper can too pose its
challenges and may not provide an appropriate substitute for conventional
plastic in its current form (Rujniésokele and Pilipovi¢, 2017). This is not to
mention the demand on already threatened resources such as wood or food
crop (given levels of food insecurity and deforestation) to produce a disposable

resource.

Market innovation
Rapid expansion of ‘zero-waste’ (Table 2.3) and ‘plastic-free’ stores worldwide,

is allowing consumer driven economic change, following an increasing desire
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for products free of waste (Ellen MacArthur Foundation, 2016; Dauvergne,
2018). Many of these stores utilise re-usable packaging or require customers to
bring personal food containers, reducing both packaging and unnecessary food
waste (Bepakt, 2016; Eriksen et al., 2018). Alongside large UK food retailers
(e.g. Tesco, Sainsburys, Lidl) aspiring to 100% re-usable, recyclable or
compostable packaging by 2025 (Guardian, 2018), the UK supermarket chain,
Iceland, recently pledged to eliminate plastic from its aisles by 2023. Instead
utilising bamboo and sugar cane in the development of ready-meal trays, pulp
packaging for fresh items (e.g. vegetables, chicken, fish) and removing plastic

from its operations and consumables department (Iceland, 2018).

Although such developments have their benefits (e.g. reducing the demand for
oil, returning feedstock to the soil (Chinaglia et al., 2018), there is no single
conclusive fix (Table 2.3). Developments using unconventional feedstock (e.g.
mushroom, algae, seaweed) and growth in reusable (e.g. coffee cups, bottles)
or degradable items (e.g. ovenware, cutlery, straws) offer considerable
advancement (Packaging News, 2017; Bakey’s India, 2018; COLPAC, 2018;
Table 2.2), decoupling the production and demand of primary virgin plastic from

fossil-fuel feedstocks where alternatives exist (Schweitzer et al. 2018).

Biomimicry

Through time, animal and plant evolution has given rise to time-tested patterns
and solutions to some of nature’s most complex problems (French, 1996;
Benyus, 1997). Alongside developments of alternative material and bio-plastic
products (Table 2.3), inspiration is turning to nature, providing effective

solutions (e.g. feedstock; Monnier et al., 1998), engineering (e.g. strength
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technology; Gordon, 1976) and material (e.g. natural polymers; Carlson et al.,
2012). Whilst synthetic (typically plastic) material has been engineered by
humans for decades (Cole et al., 2011), current advancements are unable to
provide the necessary complexity or working functionality of natural polymers.
Through an approach known as ‘biomimicry’ (Benyus, 1997), or ‘biomimetics’
(Bhushan, 2009) natural polymers (e.g. glucose, starch) or processes (e.g.
hydrodynamics, flight) identified within strong material (e.g. cotton, hemp,
wood), species (e.g. sharks, bees, birds) or those with well-designed structure
(e.g. spider silk) are providing innovative solutions to modern day challenges

(Bhushan, 2009; Ellen MacArthur Foundation, 2016).

3.2. STRATEGIES FOR MITIGATION
Achieving zero plastic use or production is deemed near impossible due its
preferable characteristics (lightweight, cheap, durable and versatile; Laist, 1997;
Figure 2.1). Once produced or consumed in the market, attempts turn to limit
the damage and leakage of plastic into the natural environment, require

exhaustive and environmentally sound efforts of disposal.

3.2.1. RECYCLING
Despite recycling fast becoming the most widely utilised waste management
strategy at the consumer level (Table 2.3) it remains that only a small
percentage of waste is effectively prevented entering landfill (Geyer, Jambeck
and Law, 2017). A 2015 study reported surprisingly low rates of recycling, with
just 9% of all discarded plastic effectively recycled, whilst 80% enters landfill

and the remainder (11%) incinerated (Geyer, Jambeck and Law, 2017). Further,
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a more recent study predicts global (recycling) rates at approximately 14%
(Daur, 2018), however just 5% is effectively recycled (Daur, 2018), meaning
that once plastic has entered the recycling stream (e.g. roadside collection

schemes, recycling plants), there remains room for significant leakage.

Fifty percent of all globally recycled plastic is exported across the globe, with
China accounting for almost half (45%) of imports (Brooks, Wang and Jambeck,
2018). This process symbolises what Clapp (2002) denotes “the distancing of
waste”. Through both the mental and physical distancing of modern society
from enormous amounts of waste, citizens believe that by putting their waste in
a recycling bin, they have contributed to a cleaner and healthier environment

(Clapp, 2002), whether or not it is effectively recycled by the importing country.

Another flaw in the simplistically, linear process of recycling is the apparent lack
of ability to deal with diversity in design and composition of plastic items.
Frequently derived from a number of polymers (Figure 2.1), colourings, toxic
additives and chemicals (e.g. phthalates, flame retardants) (Groh et al., 2018),
variation and complexity within plastic products can be problematic, challenging
recycling systems to maintain quality and efficiency. As an example, black
plastic — such as that used in food packaging and trays — is often missed or
rejected by recycling facilities, due to infra-red technology failing to detect it as
plastic. Additionally, regardless of complexity, unlike alternative materials (e.g.
paper, steel, glass), plastic does not recycle as effectively second time round
(Table 2.3) (Ellen McArthur Foundation 2016), meaning some items enter the
environment through incineration or landfill following only a single recycling

(Geyer et al., 2017). Further, it is possible that ‘bio-plastic’ may contaminate
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recycling or compositing facilities following improper disposal (Napper and
Thompson, 2019), with less than 5% contamination, problematic for industrial
recycling systems (Samper et al., 2018). Eighty percent entering landfill sites

across the globe (Geyer, Jambeck and Law, 2017).

Despite recycling remaining the primary and most accessible strategy for
consumers to reduce plastic pollution, it only slows the inevitable fate of plastic
in the natural environment. With advanced separation technology, increased
awareness and responsibility, effective labelling and removal of colour or
contaminates, recycling could provide an effective mitigation technique, whilst it
may also balance tremendous economic cost associated with the disposal of

throwaway plastic items (e.g. Cole, 2017; Simon et al., 2018).

3.2.2. CIRCULAR ECONOMY
Shifting to a Circular Economy — which seeks to retain the greatest value of
products parts and materials throughout a continuous ‘looping’ lifecycle (Ellen
MacArthur Foundation, 2016) — is increasingly seen as an alternative model to
help minimise costs associated with marine plastic pollution (Figure 2.2).
Shifting from the current, economically demanding, ‘production-consumption-
disposal’ system of linearity, into a system of redesign, re-use and repair will
help maintain value of biological and technical resource (Ellen MacArthur
Foundation, 2012; 2015; Figure 2.2). Reducing ecological footprints of goods
and services whilst generating less waste, long-term resilience and economic
opportunity, a circular economy boasts potential to instigate systemic change in

human thought and behaviour (Boulding, 1966).
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Fundamentally, the transition to a circular economy, where “the nature of
environmental impacts derived from a product can be minimized and even
avoided during the early design phase of product development” (Williams et al.,
2019), has the potential to create significant ecological and economic value (ten
Brink et al., 2017). With an estimated US$ 80-120 billion per year (in natural
capital) lost to the global economy through single-use plastic packaging (Ellen
MacArthur Foundation, 2016), up to US$ 8 billion per year (in natural capital) is

lost simply by the presence of plastic in the natural environment (UNEP, 2014).

Sadly, in accordance with the development of alternative ‘bio-plastic’ material,
concerns have arisen that the apparent branding of a ‘circular economy’ or
green pledges made by corporations, may enter into the same phase of
Greenwashing (Bruno, 1997; Smith, 2010; Lane, 2012), with businesses
increasing sales or developing new market territory (e.g. Zink and Geyer, 2017).
However, despite advancing practices and infrastructure, whilst the demand for
recycled plastic (e.g. 6% in Europe, European Commission, 2018) and item re-
use remains low, the development of a circular economy will struggle to see

success within the global community (Table 2.3).

Plastics Pact

The UK Plastics Pact is a collaborative initiative led by the Ellen MacArthur
Foundation’s New Plastics Economy and the UK Government (e.g. WRAP,
2018), attempting to create a circular economy for plastics by 2025 (Ellen
MacArthur Foundation, 2018; European Commission, 2018). Uniting the entire
plastic packaging chain (e.g. producers, consumers, recyclers), the projects aim

is to (i) reduce the quantity of plastic packaging, (ii) develop re-usable
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alternatives and (iii) find solutions to overcome challenges in recycling of day-to-
day goods (e.g. black plastic). With ambitious targets, the Plastic Pact hopes to
transform the UK packaging sector, stimulating new and innovative business
models, with a common vision, to reduce plastic packaging whilst generating

environmental, economic and social sustainability.

UK retailers

Large UK corporations and retail outlets are already showing interest or action
in reducing plastic packaging and produce with a number of retailers sourcing
alternative material and textile when possible. Leading UK supermarket,
Morrisons, pledged to introduce traditional brown paper bags (100% recyclable)
in September 2018, saving 150 million plastic bags currently used for loose
fresh fruit and vegetables, whilst 81% (by weight) of Morrisons plastic
packaging is already widely recyclable through roadside collection systems
(Morrisons, 2018). The retailer, Marks and Spencer, have recently removed all
black plastic packaging from their disposable ready-meal trays, as part of their
‘Plan A’ environmental scheme (Marks and Spencer, 2020), alongside their
long-standing ‘schwopping’ scheme, which has seen more than 7.7 million
items of clothing donated to charity (Oxfam) rather than discarded as waste
(Marks and Spencer, 2008). Similarly, John Lewis is beginning to buy back old
and preloved textiles and electrical goods for repurpose, in an attempt to reduce

the quantity of waste entering landfill every year (The Guardian, 2018).

3.2.3. EXTENDED PRODUCER RESPONSIBILITY (EPR)
Responsibility for waste is beginning to shift upstream from consumers to

producers and corporate actors. As an extension of the ‘polluter pays’ principle;
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in that costs associated with the recovery and disposal of a product become the
producers responsibility, Extended Producer Responsibility (EPR) is an
environmental policy concept incentivising manufacturers and producers to
incorporate environmental consideration in the design of products (OECD,
2001; Kunz et al., 2018; GlZ, 2018). In practice, EPR includes the shift of both,
physical and financial responsibility (fully or partially), from consumers and
taxpayers to producers and manufacturers. Already successful in Norway,
mandatory EPR schemes are entering into effect within the European Union,
holding explicit 2025 targets for recycling (65% packaging, 50% plastic),
complemented by the ‘Circular Economy Action Plan’ (see point 2.2) to see
manufacturers take responsibility and re-design products to be more

sustainable (European Parliament, 2019).

3.2.4. CORPORATE SOCIAL RESPONSIBILITY (CSR)
In a world of growing consumer pressure, demanding interest and commitment
to the development, life cycle and disposal of products, brand image is
becoming a critical tool, with companies identifying sustainable branding as a
primary driving force for economic gain. Corporate Social Responsibility (CSR)
sees Trans-national Corporations (TNC’s) (e.g. Coca-Cola®) voluntarily
integrate social and environmental concerns into core business principles
(Crane et al., 2008), in an attempt to counter-balance associated harm (Landon-
Lane, 2018) and develop ‘eco-consumerism’ (Dauvergne, 2016; Cutler and
Dietz, 2017; Landon-Lane, 2018). Whilst it may seem TNC'’s are leading a
"green revolution" (Humes, 2011), offering a sense of stewardship and care, it is
increasingly apparent that gains or promises from CSR often do not result in

global solutions. For example, despite global beverage corporation ‘Coca-
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Cola'® stating its packaging vision is ‘zero-waste’ (The Coca-Cola Company,
2018), it remains that only 7% of plastic used to produce a single bottle is

sourced from recycled material (Laville and Taylor, 2017).

CSR donations to funds such as the Marine Responsibility Fund (MRF) (Simon
and Schulte, 2017), where actors and industry members provide monetary
support for effective management of waste, or innovation in technology and
engineering offers at least some level of acceptance and responsibility.
However, economic savings are more frequently used to re-invest in new or
better products (Clapp, 2012; Dauvergne and Lister, 2012), with the TNC’s
themselves ultimately in control of funds, policies or social license. Again,
despite Coca-Cola® using donated funds to develop recycling facilities, this
provided the ability to create smaller and lighter bottles, reducing costs of
transportation yet increasing overall production of plastic (Coca-Cola Company,

2017).

3.2.5. DEPOSIT RETURN SCHEMES
Tools rewarding ‘good behaviour’ such as Deposit Return (also refund)
Schemes (DRS) or ‘pay-as-you-throw’ are those which reward consumers who
“by offering the refund of a deposit that was charged upon the purchase of the
potentially polluting product” (Geyer, Jambeck and Law, 2017). Designed to
encourage recycling and re-use of material, deposits on polluting items (e.g.
bottles) are refunded once the item or packaging material is effectively returned
to manufacturers and/or an established point of return (Ochiewo et al., 2007,

Mcllgorm et al., 2011), offering significant contribution in the reduction of litter

74


https://www.sciencedirect.com/science/article/pii/S0959378017314140?via%3Dihub#bib0280

entering landfill, the natural environment and waste disposal systems (EPA,

2001; Ecorys, 2011; Hogg et al., 2011).

It remains difficult to establish success of DRS on waste reduction as it
becomes hard to solely determine the impact against other policies and
initiatives (OECD, 2016). Evidencing high success in the return rate of
pollutants (Oosterhuis et al., 2009; Ten Brink et al., 2009; Ecorys, 2011) when
applied both voluntarily or as public policy (e.g. in Denmark, Germany and a
number of US states; Kulshreshtha et al., 2001), DRS could be considered
more efficient than roadside recycling largely due to its monetary incentive
(Ashenmiller, 2009). However, this ignores significant economic cost (Hill et al.,
2008) associated with the implementation and use of DRS (e.g. infrastructure,
maintenance, retaining unclaimed deposits), as well as the loss in market gain
through the reduced sale of items. Additionally, deposit and collection points are
few and far between, meaning recovered packaging often travels great
distances to producers and manufacturers from recovery locations, harnessing

further environmental burden (Hopewell, Dvorak and Kosior, 2009).

Looking forward, deposit costs must be set at a level which incentivise the
return of items whilst ensuring a purchase. This remains challenging; too much
and consumers will look elsewhere for a cheaper purchase, but too little and

DRS may fail to influence correct recycling (Kulshreshtha et al., 2001).
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3.3. STRATEGIES FOR REMOVAL
Adopting tools, people power and technology to aid in the removal of plastic
waste already in the marine environment (Chen, 2015) is receiving increasing
innovation and thought (Zielinski et al., 2019), rapidly gaining support and
momentum from members of the scientific community, politicians and civil
society (Rambonnet et al., 2019). Appearing a ‘win-win’ approach; removal
strategies decrease the persistence of waste in the natural environment, play an
increasingly important role in the generation of qualitative and quantitative data
used to guide management programs and influence political agenda, whilst

furthering awareness and environmental consciousness.

3.3.1. CLEAN-UP
Clean-up programmes (e.g. Surfers Against Sewage (SAS), Marine
Conservation Society (MCS), Ocean Conservancy, International Coastal
Cleanup) are one of the most commonly employed activities across the globe to
remove litter from the natural environment (most commonly the water-land
interface). However, despite their immediate aesthetic result, clean-ups are
often time consuming and costly (Newman et al., 2015), focusing only on areas
of waste accumulation (i.e. a sink), clean-up activities fail to target a vast
proportion of litter that has since become trapped (e.g. ice) or been transported
to locations far out of reach (e.g. the ocean floor), capturing only a fraction of
the overall polluting litter. Further, clean-up strategies provide no benefit or
contribution in reducing primary production of plastic waste or preventing it
entering the coastal environment (i.e. the source). There remains confusion as
to the correct disposal or use of plastic litter once it has been removed from the

natural environment, to prevent its re-entry.
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However, clean-ups provide a valuable contribution to the collection of data
(e.g. Nelms et al., 2017; Nelms et al., 2020), and further promote custodianship
and responsibility of care to ocean communities across the globe (Hidalgo-Ruz
and Thiel, 2013; Hong et al., 2014; Smith and Edgar, 2014). The simple act of
picking up everyday waste litter items is thought to encourage those that
participate to think critically of their own actions, questioning how behavioural
choices can have ecological (i.e. biological harm), economic (i.e. clean-up
costs, damage) or social (i.e. attitudes, enjoyment) implication (Storrier et al.,

2006; Bravo et al., 2009).

3.3.2. INNOVATION
Albeit witnessing great success in the removal of plastic debris, acting as a
powerful motivator of hope and custodianship, removal strategies have up to
now only touched the surface of the problem. Pahl et al., (2017) surmise the
strategy as “akin to fixing an overflowing bath by mopping up the water spilling
onto the floor rather than turning off the tap”. Combining alternate ways of
thinking with technology and engineering, scientists across the globe have
developed methods to both prevent waste entering our oceans (e.g. waste

management) and aid in its removal (e.g. clean-up).

Engineering

Designed in Australia by two water-loving boat builders, The Seabin Project®
was one of the first of its kind to design a marine ‘bin’, built with the intention of
sieving out and capturing plastic waste (e.g. plastic bags, bottles) (Figure 2.3).

Having generated a significant global following and over 700 bins worldwide
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implemented in just five years, the bin is since reported to capture less than a
fifth (18%) of microfibres, with efforts focusing increasingly on man-made litter
entering ports and harbours across the globe (Seabin Project, 2013). Under the
guise of The Ocean Cleanup® (The Ocean Cleanup, 2013), Dutch inventor
Boyan Slat aided the curation of six 100 metre drifting booms (Figure 2.3),
aiming to rid the North Pacific Gyre of 40% of its litter within a decade.
Following trials (summer 2018), models predict that a full-scale expansion of the
clean-up system (approximately 60 systems) has the potential to remove 50%
of the Great Pacific Garbage Patch by 2025 (The Ocean Cleanup, 2018).
Despite being widely criticized for its significant economic cost, distraction from
the problem “further upstream” and apparent ignorance to the scale of the
problem (The Guardian, 2016; The Inertia, 2017; Science, 2018; Morrison et al.,
2019) it is projected that 90% of the oceans plastic could be removed using this
technology by 2040 (The Ocean Cleanup 2018). With Slat arguing we must
focus on cleaning up what is already in the ocean, alongside efforts to “intercept

plastic before it becomes ocean plastic” (The Inertia, 2017).

Microfibres

Micro plastic fibres (microfibres) (e.g. acrylic, polyamide, polyester) have a
number of different sources, from both land (e.g. tyres, cigarette filters,
textiles) and sea (e.g. fragmentation and stress of maritime equipment, rope,
fishing material) (Napper and Thompson, 2016; De Falco et al., 2018). In
recent years, microfibres have become increasingly problematic with growing
research into its loss and shedding, following use in the clothing and
upholstery business (Pirc et al., 2016). Browne et al., (2011) reported a

single garment to shed more than 1900 fibres (<1mm) during a single
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machine wash whilst Napper and Thompson (2016) suggest over 700,000
fibres can be released during an average 6kg load. Although a less obvious
source of pollution, these fibrous plastics are now considered one of the most
prolific and commonly observed forms of plastic pollution in nature (Gago et
al., 2018), identified to impact a number of marine species (Besseling et al.,
2012; Eriksen et al., 2014; Watts et al., 2015; Taylor et al., 2016), habitat
types (Jamieson et al., 2019; Kanhai et al., 2019) and ecosystems (Grgsvik,

2018; Bergmann et al., 2019), across the globe.

Attempts to limit the quantity of microfibres entering waste systems and
eventually the aquatic environment include washing machine (lint) filters,
designed to trap fibres that shed off clothes (87% capture) (Mcllwraith et al.,
2019), and machine friendly objects designed to collect fibres during a wash
(e.g. Cora Ball; Cora Ball, 2020). Environmentally conscious brands such as
Patagonia® have collaborated with developers GUPPYFRIEND® to produce
laundry bags (e.g. ‘guppy bags’; Gear of the Future, 2016; Fake Plastic Fish,
2017), which hold fibrous clothes during machine washing, containing and
trapping released fibres, preventing their loss. However it remains unclear as to
the most efficient disposal of fibres once trapped to prevent entry through

alternative means (e.g. waste disposal).

Abandoned, lost or discarded fishing gear

Abandoned, lost or discarded fishing gear (ALDFG) contributes a significant
load of marine plastic pollution to global oceans every year (Lebreton et al.,
2018), posing harm to marine organisms primarily through entanglement and

ingestion (Anastasopolou et al., 2013; de Stephanis et al., 2013; Kuhn et al.,
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2015; Lusher et al., 2015). Advances are being made to accurately identify
equipment and discarded gear through personal identification numbers and
codes (e.g. lobster pot tags) in an effort to reduce the quantity of discarded and
lost gear, attaching responsibility of waste to its individual user. However, with
vast quantities of ALDFG already in the environment, efforts are being made to
utilise and remove it to minimise risk. Organisations (e.g. Networks®, Fishy
Filaments UK®, Global Ghost Gear Initiative) and designers (e.g. Henry
Holland®, Fourth Element®, French Connection®) are utilising ALDFG for
active recovery and re-purposing of the material. In turn creating sustainable
nylon (e.g. Econyl) used in the textile and clothing industry (e.g. swimwear,
underwear, t-shirts) (Econyl, 2020), to create filament for 3D printers (Chong et
al., 2016) whilst less developed communities utilise the material to produce

carpets and rugs to be sold on, generating income (Networks, 2012).

Enzymes

Despite being at an early stage of its development, bacterial enzymes are
providing significant optimism around the breakdown of plastic products,
offering a new definition for what could be considered ‘bio-degradable’ (Austin
et al., 2018; Carrington, 2018; Wierckx et al., 2018). Following novel work
carried out by Yoshida et al., (2016) the engineered enzyme ldeonella
sakaiensis (201-F6, Yoshida et al., 2016) was shown to consume the common
polymer polyethylene terephthalate (PET), utilising it as a major source of
energy and carbon. Reports state the enzyme could completely degrade a fine
sheet of PET in just six weeks at a high temperature (308 degrees Celsius)

under controlled settings. Further research is required to identify and engineer
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bacterial enzymes to allow for more efficient and logistically feasible mechanism

for the breakdown of plastic material (Wierckx et al., 2018).

3.4. STRATEGIES FOR BEHAVIOURAL CHANGE
Actions have thus far dealt with the symptoms of marine plastic pollution,
production streams and poor waste management (Blihdorn, 2007), however it
should be noted that such strategies are likely only successful with awareness
of the problem and responsible consumer behaviour (Haider et al., 2018).
Andrady and Neal (2009) state that the problem is less that of increased
production or incorrect disposal of plastic waste; but rather it is a behavioural
problem, thus hypothesising possible solutions lie within broad scale societal
change (Andrady and Neal, 2009). Behavioural economics has long examined
which factors most effectively influence the strength and longevity of cultural
trends (i.e. norms). Weak political or corporate resistance, intense activism and
consolidating evidence of harm, alongside education within the community have
been identified as some of the ways in which norms generally diffuse and gain
strength within a culture (Sunstein and Thaler, 2009; Alger and Dauvergne,
2017; Dauvergne, 2018). Strategies that target behavioural change (e.qg.
encouraging activities that eliminate, remove, or reduce quantities of litter in the
natural environment) are possibly the most effective, albeit challenging tool (see

Bergmann et al., 2015; Pahl et al., 2017).
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3.4.1. EDUCATION & AWARENESS
Recent years have seen growth in the size of demonstrations (Hardiman, 2013,
e.g. Extinction Rebellion, 2018), campaigns and commitment (e.g. EU Ban on
Single-use Plastic / Circular Economy Action Plan, European Commission,
2018), support for ‘plastic-free’ initiatives (e.g. ReFill, City to Sea, 2015; Beat
the Microbead, 2015) and collaborative platforms (e.g. SHIFT, 2020; Plastic
Solutions Fund, 2020). As a result, growing media attention and awareness of
the plastic problem is causing a societal shift, nudging individuals, consumers
and societies, with a multitude of “bottom-up”, community-led activism (e.g.
strikes, campaigns, non-violent protests) rapidly proliferating at the turn of the
decade (Derraik, 2002; Rambonnet et al., 2019; Vince and Stoett, 2020).
Building momentum for environmental causes (such as reducing marine plastic
pollution), communicating effectively (Dietz, 2003) and developing social
networks — governance solutions from communities are changing the nature in
which environmental governance and policies are developed, implemented and

enforced (Rambonnet et al., 2019).

Environmental problems, and their relative solutions, are fundamentally
anchored in society and modern ways of living. Hence, it could be considered,
the most effective solutions to combat such threats lie in than hands of
individuals and society. Education (that defined “the process of facilitating
learning, or the acquisition of knowledge, skills, values, beliefs and habits”) was
listed recently as one of the ‘best practices’ to successfully reduce marine waste
(Loizidou et al., 2014; Willis et al., 2018) - since Hartley et al., (2015) identified

children as crucial agents of change, shaping the perception of others

82



encouraging and influencing their friends, family and surrounding community to

take more action (Hartley et al., 2015).

Alongside awareness campaigns (e.g. ‘Oceans Day’, UN Clean Seas
Campaign), the inclusion of environmental topics (such as ocean pollution,
recycling, waste management) within the school curricula, is an effective way to
target children. These have boasted significant effect in the adoption of pro-
environmental behaviour (Derraik, 2002; McPherson, 2015; Prata et al., 2018),
whilst also reporting to improve behaviour (Hartley, Thompson, and Pahl, 2015)
and enhance future participation in environmental activities (Hidalgo-Ruz and
Thiel, 2013). TeachWild, an Australian collaboration with Earthwatch, Shell
Australia and the Commonwealth Scientifc and Industrial Research
Organisation (CSIRO) build on awareness activities, actively engaging students
in citizen science; tracking marine debris, inclusion in the scientific method and
contributing to analysis (Department of the Environment, 2015; Jambeck &
Johnsen, 2015). Increasing engagement and interaction around environmental
issues, between communities and scientists is fundamental to the filtering of
behavioural change and material use within a broader demographic — providing
a consistent message of the role and value society provides around
environmental change (e.g. removing plastic from the marine and coastal

environment) (Jambeck & Johnsen, 2015).

MOOC on Marine Litter
MOOCs or Massive Open Online Courses are widely accessible, often free,
online education platforms providing courses and lectures on a broad range of

subjects (e.g. Economics, Fashion design, Languages). In collaboration with the
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United Nations (UNCLOS), the Open University of the Netherlands ran the first

‘MOOC on Marine litter’ in 2015 (https://www.unenvironment.org/explore-

topics/oceans-seas/what-we-do/addressing-land-based-pollution/global-

partnership-marine-2; UNEP, 2015) — developed with the fundamental aim “to

educate people on the issue of marine litter, and equip them to become leaders
in their communities capable of inspiring local action on the issue” (UNEP,
2015). A second course (2017) later designed to target a range of sectors and
stakeholders, enhancing their knowledge and stimulating leadership and
responsibility (Lohr et al., 2017). Through this, policymakers and governments,
private business and industries, non and inter-governmental organisations and
academics were offered an array of material around the subiject, including the
identification and reduction of land-based and sea-based sources, practical and
innovative solutions, and further evidence of environmental, economic and

social impact (Lohr et al., 2017).

3.4.3. NON-GOVERNMENTAL ORGANISATIONS (NGOs)
Non-governmental organisations (NGOSs) play a fundamental role in the creation
of data, generating awareness and creating large scale political and ecological
change through clean-up and legislative campaigns. Serving as a
communicative bridge between science, academia, policy and industry, and
education, NGOs are becoming a critical tool to provide and inform on practical
solutions to global problems (e.g. marine litter) (Ocean Wise interview, 2018).
From issue-specific organisations such as Sea Shepard (e.g. protecting marine
wildlife; Sea Shepard, 1977) and the World Wildlife Fund (e.g. endangered

species conservation; WWF, 1961) to organisations campaigning for growth in
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knowledge and transparency (i.e. Beat the Microbead ‘App’, 2015) or activism
(e.g. Greenpeace,1971) — NGOs act as influential factors in community

governance.

Global NGO, Parley for the Oceans, provides a collaborative space where
“creators, thinkers and leaders come together to raise awareness for the beauty
and fragility of our oceans” to “end their destruction” (Parley, 2020).
Collaborating with large industrial players (e.g. Adidas®), Parley are working to
develop alternative business models (i.e. Parley A.l.R) and ecologically sensible
products (i.e. Econyl) to prevent the pollution of our oceans with plastic,
providing everyday more sustainable alternatives. Through collaborative
projects (such as those with Adidas) and global events (UN x Parley, General
Assembly), Parley is creating a wave of change, including global education
programs, supporting at risk communities and generating global economic

solutions.

Media

Visual and media tools become especially useful when actions and impact are
vastly disconnected (e.g. land-based sources vs coastal or marine pollution)
(Pahl et al., 2017). For instance, applying a similar approach to plastic products,
like that used by anti-smoking campaigns (e.g. packaging), has the potential to
influence behaviour around the consumption and disposal of products (Pahl et
al., 2017). The UK charity ‘Surfers Against Sewage’ (SAS, 2018) has long
utilised images, creative tools and infographics to generate awareness around
campaigns. More recently (SAS, 2017) constructing a replica made military boat

(Figure 2.4) using plastic bottles obtained through beach cleans to educate
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communities along the South Coast of England of the problem whilst similar
campaigns exist around the use of plastic pellets (i.e. nurdles) (Arnold, 2016),
flip flops (The Flipflopi, 2018) and cigarette filters (The Cigarette Surfboard,
2017) (Figure 2.4). Additionally, opinion pieces and fact-based commentary in
widely read journals or magazines can herald great coverage and considerable
media attention (Parker, 2018), such as the June 2018 edition of National
Geographic boasting a 50-page special on plastic pollution. When aired on
mainstream television, (such as the BBC documentary series Blue Planet II),
viewers that may otherwise be ignorant of the problem are reached (SAPEA,
2019), whilst also instigating enhanced compassion toward a ‘narrative’ or story
to generate intrinsic motivation for change (Dahlstrom, 2014). Alternatively,
media and communicative tools presenting negative environmental problems
(such as pollution) can mobilise emotions of fear or disgust, such as so-called
‘pollution fatigue’ rather than generating action or positive change (Lupton,

2014).

3.4.4. RISK TO HUMAN HEALTH
The full extent of potential health repercussions of our current ‘throwaway
lifestyle’ is not yet fully understood (Landrigan et al., 2017; Easman et al., 2018;
Lotze et al., 2018). However, an emerging question — which has the ability to
generate a shift in conversation and action among consumers — is whether
plastic poses a threat of significant harm to human health. From navigational
hazards at sea (Macfadyen et al., 2009; Gold et al., 2013), to injury of maritime
(Cheshire et al., 2009) and beach users (Campbell et al., 2019), plastic pollution
can boast a number of threats. In addition to those particles that are ingested

(e.g. microplastics) following accumulation in shellfish (e.g. crustaceans,
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bivalves) and commercial fish species (van Cauwenberghe and Janssen, 2014),
with reports from European countries estimating up to 11,000 micro plastic
particles (size range 5 — 1000 um) are ingested with average seafood
consumption of two to three times per week (van Cauwenberghe and Janssen,
2014). Particularly concerning considering the presence of toxic chemical
building blocks (e.g. Bisphenol A) and additives (e.g. phthalates) that leach from
ocean plastic (Teuten et al., 2007; Rios et al., 2010; Gauquie et al., 2015).
Identified as an endocrine disrupting compound, Bisphenol A has been linked to
disruption in development, early puberty, obesity, hyperactivity and learning
difficulties (Rubin, 2011; Canesi and Fabbri, 2015), whilst phthalates are known
to implicate male reproductive systems (Dalsenter et al., 2006) and lead to
insulin resistance (Bonefeld-Jgrgensen et al., 2007; Pak, McCauley and Pinto-
Martin, 2011; U.S. EPA, 2016). However it remains unclear as to whether
current levels of daily exposure to humans - of toxic chemicals such as BPA
and phthalates - is significant enough to cause harm. Especially given human
data is limited when compared to the large body of research documenting

developmental or reproductive effects on animals (Kumar, 2018).

From a psychological perspective, plastic pollution on beaches or in the natural
environment is known to hinder the restorative value of nature, with a locations
aesthetic value or ‘pristineness’ (absence of litter) identified as psychologically
damaging (Tudor and Williams, 2008; Wyles et al., 2016). Of particular
importance to combatting threats of environmental concern as stronger or
greater connection with nature and more restorative and positive experience, is
linked to more environmentally kind behaviour (Hartig, Kaiser and Bowler, 2001;

Hartig, Kaiser and Strumse, 2007). A study by Klockner (2013) identified a
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series of attributes known to influence processes and principles of human
behaviour. Among others: awareness of consequence, positive (e.g. hope) and
negative (e.g. worry) emotion, attitude and pro-environmental-self-identity are
thought to be associated with behavioural actions (Klockner, 2013; Pahl and

Wyles, 2017).

It remains challenging to say for certain whether plastic pollution is having
severe effect on human health, due to the numerous and multi-faceted factors
incorporated into human society (e.g. air pollution, diet, healthy lifestyle).
However, since risk is often not presented in a form identifiable to everyday
existence, it is only when the perceived risk or effect to human health seems
tangible and significant enough to warrant concern, that behavioural change or
political action occur (Haines et al., 2009; Albayrak, Aksoy and Caber, 2013).
Due to the fact that human emotion, needs or mentalities rarely change
overnight, behavioural change strategies and educational tools provide
increasingly long-term, holistic solutions to global environmental change, within

day-to-day life: rather than a short-term, unsustainable fix.

Summary

Arguably, conservations around plastic production, use and emission are
growing within society. Fortunately, unlike other environmental threats, both the
cause and solution to the plastic pollution problem is solely attributed to humans
(Pahl and Wyles, 2017), meaning we as a species hold the power to fully
combat the issue. Prevention is perhaps the simplest and most effective
solution in minimising the influx of plastic pollution into natural and marine

environments, stopping the pollutant at its source. Whilst the shift to safe ‘bio-
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degradable’ and alternative material is on-going, attempts to shift responsibility
and cost on to the consumer has seen success. With consumers holding
significant influence on markets — preventative methods and incentives to
reduce use (i.e. bans, ‘zero-waste’ stores) is changing the way plastic is utilised
in goods and everyday life. Despite increase in awareness and consumer
pressure, it remains that achieving zero plastic production and use within
society is near impossible, whilst there is no replacement material, yet to
demonstrate as preferable characteristics as plastic. Mitigative techniques from
effective recycling systems, shifts to a more circular economy and proactive
regulation (e.g. EPR, CSR) provide exhaustive, consumer friendly solutions in
an attempt to prevent leakage and limit damage of plastic into the environment,

post-production.

Whilst preventative and mitigative solutions demonstrate effective approach in
curbing the flow of plastic pollution, strategies for removal (e.g. clean-ups,
innovation) provide valuable contribution to the reduction of plastic waste
already in the environment. Essential, not only in its ability to decrease
guantities of waste circulating in the natural environment but also has an
increasingly important role in shifting behaviour through increased awareness.
Changes in behaviour or shifts in environmental norms are perhaps the most
challenging solutions; requiring broad-scale societal change these are often met
with resistance within both the community and governance. However, as noted,
strategies for prevention, mitigation and removal rely to some extent on the
support and awareness of responsible consumers. Any solution, be it removing
waste from the marine environment, advent of new global policies and

governance or simply increasing awareness and education around the issues of
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planetary change — all have significance. It is only in combination of such
efforts, with more interdisciplinary research, science and policy that efforts to

reduce plastic marine debris will succeed.

4. SUGGESTIONS FOR A GLOBAL TREATY
With growing efforts to reduce amounts of waste being sent to landfill, through
increased roadside recycling schemes (Lohr et al., 2017), removal strategies
(Dauvergne, 2018), implementation of bans and levies (Knoblauch et al., 2018),
growing consumer pressure, and increasing numbers of corporations taking
drastic steps to reduce plastic consumption, it appears that global governance,
in the case of marine plastic pollution is improving. However, it remains that the
amount of plastic flowing in to the ocean by the year 2025 is predicted to be
double that of 2010 (Dauvergne, 2018), whilst it is plausible that up to 33 billion
tons of plastic could be manufactured or produced by 2050, likely finding its way
into natural environments across the globe (Rochmann et al., 2013; Geyer et
al., 2017). Despite current efforts, there remains a lack of solitary, integrated
management or agreement at a global level (UNEP, 2017; 2019), it is therefore
no surprise that key players and stakeholders are voicing the need for a new
global agreement (Simon, 2016; Borrelle et al., 2017; Raubenheimer and

Mcllgorm, 2017; Worm et al., 2017).

Critically evaluating the current legislative challenges, strategic flaws and

growth in innovation identified in this research, below sees the proposal of ten

focal point suggestions to aid the potential development of a global treaty
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designed to combat the tide of plastic pollution entering natural and marine

environments.

4.1. Based on scientific evidence

Firstly, it is essential that at the fundamental core of any political agreement or
legislative tool, peer-reviewed scientific literature and fact-based evidence
provide the backbone of its narrative. Unfortunately, it remains that there is a
gap between scientific findings or propositions and the way in which they are
interpreted or translated into policy, meaning necessary steps for more
sustainable practices, enforcement and understanding are increasingly

muddled.

4.2. Ability to adapt to change

Similarly, for a treaty to be successful it must be able to adapt within changing
global conditions, environmental demands and political circumstances (Chayes
and Chayes, 1995). With current findings and research around the subject of
plastic pollution increasing, a global plastics treaty must be designed with the
flexibility and fluidity to adapt alongside scientific developments, altering
severity, control and time frames of its targets. For example, the Montreal
Protocol (i.e. Controlling for the use of Ozone depleting substances, UN
Environment, 1987), allowed the addition of further substances of harm to be
added to the list of banned substances as well as more radical timeframes for

phase out.
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4.3. Engage and educate stakeholders

Encompassing preventative, mitigative and removal strategies, behavioural
change, resulting from the education and mobilisation of communities will aid in
the enactment of both new and pre-existing measures, thus shifting
environmental norms and cultural trends. These approaches appear more
favourable against traditional policy measures, enhancing long-term
engagement, increasing waste management and recycling, whilst obtaining a
more desirable spill-over of environmental education into other avenues of pro-
environmental behaviour (e.g. in the fight against climate change) (Mayer,

2004).

4.4. Phase out oil-based plastic

Given the legislative strategies and tools outlined in this report, an outright ban
on oil-based plastics would appear on the surface the most impactful option,
simply stopping the pollutant at its source. However, the development of a
global treaty should recognise that given modern day reliance on plastics, and
wider socio-economic context, an outright ban could be considered impossible
and highly unlikely to succeed. Focusing a ban on the most polluting items
where alternatives exist (e.g. straws, plastic bags), like the EU’s single-use
plastic ban, could provide a significant initial step in the reduction of plastic
pollution. Conversely, transitioning to a more circular economy — where special
attention is devoted to the design of plastic, ensuring its sustainability, broad-
scale function or ability for re-use — phasing out use and market dominance of
oil-based plastic boasts the potential to minimise eco-toxicological, biological

and economic impacts across the globe.
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4.5. Support innovation and design

Shifting from a linear to circular economy demands more effective design and
re-use of plastic material, thereby avoiding the creation of single-use products,
which inevitably find their way into the natural environment. Policies must
promote the transition to developments with a more circular flow of material,
encouraging the design of readily recycled or re-usable products, diverting
guantities of waste from landfill, whilst improving the yield of manufactured
goods. This includes the application of chemical additives used to improved
mechanical and thermal stability of plastic polymers, which should pass a series
of environmental criteria. Technological innovations that demonstrate the
potential to support large scale production, shifting toward material that allows
for increased recyclability, whilst maintaining functionality alongside enhancing
separation technologies for multi-material or alternative (biomass) packaging is

essential.

4.6. Create competitive and viable markets for alternative plastic products
A fundamental factor is the economy. It is essential that established market
alternatives to environmentally damaging plastics are both available and
successful within the market, meeting consumer demand for recycled, re-used
or renewable material. In other words, there must be a viable economic supply
and demand chain (Young, 2011). However, unlike the aforementioned
Montreal Protocol — there are currently no (or very little) viable market
alternatives for plastic. Ignoring costs associated to extraction and use of fossil
fuel - costs of production, processing and purchase of alternative materials are
at present, significantly greater than those of virgin, oil-based material

(Raubenheimer & Urho, 2020). Alternatives to plastic will only see success in a
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global treaty when markets begin to favour alternatives that de-materialise the

plastics industry.

4.7. Improve waste management

To better the efficiency and success of current industry practices, a global treaty
must attempt to expand and improve the collection and processing of waste
material, whilst coping with the impossibility of infinite exports of goods abroad.
Emphasis must focus on improving infrastructure, maximising collective
guantities and type, increasing recovery rate and reducing leakage into the
natural environment, thus ensuring that recycling becomes a convenient and
efficient option. The treaty must work alongside international organisations,
regional actors and industry to provide the most appropriate methods of
collection (given the economy, level of development, infrastructure), both on
land and at sea. Although less desirable, when waste management systems
and infrastructure cannot support effective recycling, investment must also

focus on sanitary landfills.

4.8. Specific targets and effective enforcement

Treaties and legislation witness increased success when targets and goals are
clear, strategic and achievable, alongside effective enforcement and a sufficient
degree of consequence in the case of non-compliance. If enforcement is
insufficient or there is no higher authority to guarantee it, a treaty will ‘only exist
on paper’, contributing little to effective change (ISOE interview, 2018).
Enforcement becomes simpler at the national or regional level, with states using
their own legal measures of national sovereignty and geographic or socio-

economic awareness to mitigate more effectively (David Suzuki Foundation
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interview, 2018). Determining the most suitable factors for success or
determining enforcement methods most appropriate is where legislation at
global scale falls short (Finus, 2001), retaining flexibility and understanding in

strategic tools will allow for more effective enforcement and legislative success.

4.9. Communication

One of the main hurdles regarding any environmental crisis or political
framework is language (Dietz et al., 2003). From scientific terms and phrases
used in research to the range of market-based tools, variation within recycling
processes or definitions for increasingly ‘degradable’ alternatives, conversation
surrounding current practices bring little clarity. A treaty’s array of instruments
and tools will be greatly enhanced if manufacturers and governmental bodies
simplify terminology, labelling and procedures to allow increased understanding
and transparency, harmonise objectives, share knowledge and overcome
challenges. In turn, stakeholders and citizens feel empowered to make a more
informed, educated decision, which utilises their own ability and resource to

more effectively combat the issue of plastic pollution.

4.10. Interdisciplinary

Lastly, a new global approach must be interdisciplinary. Like the numerous
societal impacts of plastic pollution (e.g. ecological, biological, economical), the
needs and demands of stakeholders and strategic solutions are just as diverse.
Used in isolation, policy instruments are often ineffective. To be truly successful,
a treaty should be designed as a long-term, flexible and interdisciplinary
process, aligning growth from the ground level, complimenting other strategies

and solutions with scientific research and data as its fundamental backbone
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(Vince and Stoett, 2018). With no singular “silver bullet” solution (Worm et al.,

2017), a global treaty must build on the strengths of humans (Pahl et al., 2017)
as a social, adaptive and collaborative species to contribute significantly in the
fight to stem the tide of plastic pollution entering oceans and waterways across

the globe.
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Table 2.1: Summary table of hard and soft law policies listed in this research. Identifying: its year of ratification, primary aims and

objectives, policy amendments, major outcomes and drawbacks of each policy. It should be noted that evaluating the outcome of each

treaty remains difficult, especially considering variation (or lack thereof) in measures and targets each treaty imposes and the challenge

in quantifying success, however for use in this research, aspects considered fundamental to the success or failings of each treaty is

noted above. NA = not applicable.

environment and dumping from
ships due to operational loss or
accident.

prohibits the
‘deliberate’
release and
disposal of plastic
waste.

Organisation (IMO) enforcement
and guidelines.

Signed by 150 countries.

Port Reception facility adopted
2000.

Discharge and release of plastic
waste into the sea prohibited.

Policy Framework Year | Aim Amendments Outcomes Drawbacks
or Strategy
Hard The London | 1972 | Prevention of marine pollution by | (1996) Protocol. One of the first global Only encompasses polluting of the
Convention dumping of wastes and other conventions to deal with the ocean from ships, platforms or
matter at sea. impact of human activity on the aircrafts (sea-based sources).
environment.
Plastic not listed as pollutant to be
Offers guidelines to assist prevented.
authorities and stakeholders
implement strategies.
MARPOL 1973 | Prevent pollution of the marine Annex V (2011) International Maritime Only prevents pollutions from ships

(sea-based sources), difficulty with
flags of convenience.

Does not prohibit ‘unintentional’
release (i.e. hull blasting or ‘black’
and ‘grey’ water until 2011.

No mention of plastic until Annex V
(2011).
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High cost of port reception waste
facilities could promote improper /
illegal disposal.

UNCLOS 1982 | Preventing, reducing and gaining | Article 207 Support from 168 parties. UNCLOS provides no official
control in the pollution of the extends mandate documentation, specific ruling
marine environment from any to terrestrial Covers all aspects of the marine | mechanisms or instruments for
source. environments environment (e.g. estuarine, compliance.

mitigating coastal)

pollution and No specific mention of plastics.
harmful Addresses six sources of marine

substances pollution.

originating on

land.

The Basel 1989 | Ensure the environmentally (2018) 14t Ability to adapt, inclusion and Difficult to enforce, lacking specific

Convention sound management of identified | Conference of the | flexibility in materials considered | targets or timelines, whilst aims and
waste material and regulate the Parties formal ‘hazardous’ with advancing definitions considered vague.
transfer of ‘hazardous’ material. proposal research.

(Norway), coming
into force in 2021
(except the US)
Sustainable | 2015 | Address the global challenges NA Number of SDGs include a Great deal of ambiguity, targets are

Development
Goals
(SDGs)

and improve global sustainability
by 2030 (UN, 2015).

legally binding component (e.g.
target 14.5).

Goals committed to the treatment
of wastewater (SDG 6) and
waste management (SDG 11).
SDG 3 aims to prevent and
reduce air, soil and marine
pollution, including litter with
SDG 14 more broadly conserving
oceans, seas and marine
resources.

both difficult to enforce and to
measure effectively.

No real clarity or guidance in how
targets can be assessed on a rolling
basis.

Concerns goals are too far-fetched
and unachievable.
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Legislative power given to
stakeholder countries and
member states.

Soft

Honolulu 2012 | Reduce marine litter within every | NA Principles to reduce: Lacks commitment from signatories.
marine habitat i — land-based / solid waste
il — sea-based / solid waste / Increasingly considered an ‘on
abandoned, lost or discarded paper’ planning framework and
fishing gear awareness tool to reduce global
iii —waste on shorelines, benthic | impacts of harm rather than
habitats and coastal legislating against ‘bad’ behaviour.
environments
Identified as a planning
framework for management,
education and awareness among
stakeholders.
The Circular | 2018 | Transition to a circular economy Specific recycling | First ever Europe wide strategy. Potential for greenwashing and
Economy to develop a sustainable, low targets - Waste dishonesty within marketing (e.g.
Action Plan carbon, resource efficient and Framework Critical component in the EU’s producers marketing material as ‘re-
competitive economy. Directive (2008) effort to develop a circular usable’ to avoid the ban).
at fundamental economy (European
core. Commission, 2018). No clear definition for single use or
bio-degradable items.
EU ban on single-use plastic
(SUP) (e.g. cutlery, straws,
cotton buds).
Specific re-use and recycle
targets and timelines for change
(e.g. 100% of EU plastic
packaging available for reuse or
recycling by 2030).
GPML 2012 | Acts as a coordinating forum to NA Aided the development of Lacks commitment from signatories,

exchange information of success,

regional programmes and
activities to raise awareness,

both open-ended and voluntary, it
requires no formal or legally binding
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failure and adequate measures
for compliance.

understanding and educate
stakeholders on the impacts,
losses and movement of debris
in the marine environment (e.g.
Online marine litter network,
‘MOOC on Marine litter’).

Incorporates connectivity
between the terrestrial,
freshwater, coastal and marine
ecosystems.

sanction or agreement in case of
non-compliance.

Mirrors Honolulu strategy. Could
offer up confusion and lack of
commitment if numerous strategies
and frameworks are adopted.

G7 and G20
Action Plans

2015 | ‘Action Plan to combat Marine NA Small scale commitment from only
Litter’ — pledging to address both a handful of key global players.
land and sea-based sources of
matrine litter, involving over-
arching principles and tools in
actions of removal, education
and community outreach.

2017 | ‘G20 Action Plan on Marine NA In line with the development of Small scale commitment from only
Litter — committing to take action 2030 SDG’s, remaining thirteen a handful of key global players.
in reducing marine litter of all stakeholder countries banded
kinds, notably including single- with previous 7 (G7, 2015)
use plastic and microplastic. committing to take action.

2018 | ‘Ocean Plastics Charter’ — work NA Promote the transition to a more | Small scale commitment from only

with industry in the resolve of
taking a more life-cycle approach
in the design and stewardship of
a product both on land and at
sea, promoting the re-use,
recovery and recyclability of
plastic items where viable
alternatives do not yet exist
(Simon et al., 2018).

circular economy.

This was the first of all action
plans to provide explicit targets
or actionable timelines for
change, ensuring both
measurable progress and
apparent failings.

a handful of key global players.

Commitment only from five of the
seven G7 nations (Canada, France,
Italy, Germany and the UK).
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Table 2.2: Summary of top 15 plastic producing items, consumption and waste production across Norway for 2018. Data adapted as part
of a collaborative project between the Norwegian Environment Agency European Union and EUNOMIA to reduce littering of single use
plastic (Norwegian Environment Agency, 2019). Table also lists viable ‘plastic-free’ alternatives already on the market. EU data was used
if Norwegian data unavailable, for reference. As it is uncertain whether bio-degradable plastics do not harm the environment to a similar
extent to regular plastic they have not been included as a viable alternative. It should be noted that fishing items or those used by the

maritime industry were not included in the study. ND = not defined.

Iltem Consumption | Waste Litter entering % of single-use Alternative
(millions pa) generated marine plastic item
(tonnes) environment recycled
(tonnes)
1 Drink cartons 1,361 18,240 7.5 56 Glass, cardboard and wax, re-usable bottle
2 Lightweight plastic | 1,033 7,030 29.4 38 Paper bag, re-usable bag (e.g. heavyweight plastic), natural
carrier bags alternative (e.g. hessian, tote, jute)
3 Cigarette butts 800 96 ND 0 No suitable alternative
and filters
4 Drink bottles, caps | 632 22,570 7.2 87 Glass bottles, re-usable bottle
and lids
5 Cotton buds 631 150 0.54 1 Paper stick cotton bud
6 Wet wipes 599 650 1.0 0 Re-usable or single use cotton pads, cotton flannel
7 Straws and stirrers | 526 260 0.11 1 Paper, wood, re-usable (metal)
8 Sanitary towels, 478 2,780 20.8 0 Menstrual cup, bamboo alternative, re-usable sanitary cloths
tampons and
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tampon

applicators

9 Cutlery 455 1,180 0.31 Wood, biomass alternative (e.g. sugarcane)

10 | Contact lenses 274 3.4 ND No suitable alternative

11 | Crisp packet / 184 990 1.0 No suitable alternative
sweet wrapper

12 | Take-away food 137 2,750 3.7 Card and wax alternative, re-usable alternative, bio-mass
packaging (non- alternative (e.g. bamboo)
EPS)

13 | Cigarette 126 1 ND No suitable alternative
packaging

14 | Take-away food 122 610 0.8 Card and wax alternative, re-usable alternative, bio-mass
packaging (EPS) alternative (e.g. bamboo)

15 | Hot beverage 106 1,490 4.8 Paper cup, biomass alternative lid, re-usable cup

cups and lids
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Table 2.3: Available waste streams with their intended outcomes, positives and drawbacks for disposed plastic waste. How waste

streams are currently or could be developed into a circular economy also noted.

Waste stream

Outcome

Positives

Drawbacks

Solutions for a CE

(Ignatyev,
Thielemans and
Vander Beke,
2014).

Long term: Materials can be recycled
indefinitely without degradation.

Energy input: Energy (e.g. heat, electric)
required to process the material
damaging to the environment.

Degradation: Polymers can degrade

under certain processing conditions (e.g.

heat, oxidation, light) common when
dealing with mixed material items.

Zero waste Materials and Environmentally kind: Ideally Infrastructure: Heavily relies on systems | Zero waste provides the ‘ideal’ waste
resources products become assimilated by and economies designed for effective stream for material re-use and re-
designed with either technical or biological systems | and affordable re-use and zero waste purpose within a circular economy.
end of life fate with positive effect. Zero carbon and | society (i.e. circular economy).
and lifecycle in water emission. Increased innovation and reduced cost
mind to ensure Cost: Initial expenditure on heavy-duty will aid in the implementation of zero
items are re- Minimise waste: No waste sent to (re-usable) material or long-life products | waste streams throughout society for a
used or landfill or disposed of through the (e.g. glass) for re-fill and re-use, greater | circular economy.
disposed of below processes (regardless of than economic cost of plastic, both in
without harm recycling stream), minimising non- production and transport.

(Zero Waste degradable waste entering natural

Alliance). and marine environments.
Economical: Greater economic
efficiency.

Closed Loop Used material Efficient: Maintains high quality of the | Harm: Plastic resin manufactured by a Increase capacity for cleaning and

(primary recycled and material through cycling products into | non-renewable resource such as sorting technologies. To retain the

mechanical converted into the same application (e.g. from PET | petroleum. Can release volatile organic greatest value and quality of the

recycling) (almost) the bottle to PET bottle) or of similar compounds (VOC’s) both in use and in material as possible, at each step of

“cradle-to- same raw virgin | quality (Ellen McArthur Foundation, processing. recycling and reprocessing, intensive

cradle” material 2016). cleaning, polymer identification and

separation will be required (PP).
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Open Loop Used and Broad use: Useful for most polymers | In addition to the drawbacks of Closed In addition to the solutions of Closed
(secondary recycled plastic | utilised on the market, acts as the Loop streams (see above): Loop streams (see above):
mechanical reprocessed into | most common method of recycling.
recycling) a different Value: Leads to a loss in value of both Advances in cleaning technologies to
“cradle-to- material to the Widely applicable: Entire product the polymer and its economic value extract additives and contaminants
grave” one originally (both functional and obsolete), non- along the recycling chain (i.e. down- advantageous to maximise product
recovered. functional or old and already grading) (Ellen McArthur Foundation, purity and allow easier processing to
recycled, re-used or scrap material 2016). precise targets and material
can be utilised. specifications.
Inefficient: Waste is usually limited to a
Resource: Delays disposal of an single round of recycling before the Chemical separation will ensure
already used product, minimising the | material eventually finds its way to polymers remain intact whilst they are
extraction of new resource as raw landfill. separated from other polymers,
material. allowing recycling into mono-material
pellets for raw material afterwards
(currently possible for PP and PE
only).
Chemical Polymers Number of techniques: Processes Economics: Significant high cost Chemical waste stream processes
(tertiary or broken down involve: depolymerisation, catalytic attached to the processes in which such as depolymerisation and catalytic
feedstock into monomer cracking, pyrolysis (Ellen McArthur satisfactory level feedstock can be cracking that incorporate end of life
recycling) (or other Foundation, 2016). produced, due to requiring advanced design should be developed within a
hydrocarbons), technology. circular economy, providing potential
serving as Widely applicable: Viable option for waste streams for plastic already in

primary building
blocks
(feedstock) for
the production
of new virgin-
like material.

after-use plastic and multi-material
packaging that cannot be
mechanically recycled due to
complexity or the number of
cascading cycles has been fulfilled
(Ellen McArthur Foundation, 2016).

Use: Not yet developed at large scale.

use, where mechanical recycling is not
possible.

Chemical recycling is a relatively newly
developed form of waste management.
Ecological and economic impacts must
be assessed and conceptualised so
material output and efficiency is
defined.
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Energy
Recovery
(Incineration)

Synthetic
polymers
incinerated after
use to produce

energy (typically
heat, electricity).

Widely applicable: Available when
mechanical, chemical recycling not
possible. Can be used on mixed or
contaminated waste (i.e. medical)
(Ignatyev, Thielemans and Vander
Beke, 2014).

Economical: Most frequently used
waste stream for managing
discarded plastic waste in Europe
(41%).

Efficient: Reduces (plastic) waste to
approximately 1% of its initial
volume.

Inefficient: Initial effort, finance and
resource used to create initial product,
lost.

Harm: Large quantities of greenhouse
gases, toxins and volatile organic
compounds (VOC’s) released into the

atmosphere (Ellen McArthur Foundation,

2016).

Material recovery loops, integrating
hydrocarbon outputs and / or products
as a feedstock into the chemical
industry must be developed to see
energy recovery become part of a
circular economy (i.e. no waste
output).

Disposal
(landfill)

Used items
directly enter the
natural
environment
(typically landfill)
without waste
management.

Cost: Little economic cost for
collecting and processing waste.

Harm: Open disposal sites (e.g. dumps)
provide little to no environmental
protection. Plastics can easily enter the
natural (or marine) environment through
the wind, due to lack of adequate
containment or microparticles and
chemical contaminants leach into soil
and waterways. Waste is often openly
burned (especially in remote
communities); releasing VOC'’s.

Landfill does not feed into solutions for
a circular economy due to resource
being lost from the biological or
technical material flow. Landfill is to be
used as a last resort for items already
produced or ‘in flow’.
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Bottles, plastic containers, disposable food packaging

——

Milk bottles, condiment tubs, lightweight plastic bags, fresh
produce bags, some bottles and caps, toiletries

Cosmetic containers, commercial cling film, piping,
construction material, medical devices

Trays, heavy duty film, long-life bags, black (bin) bags,
squeezeable bottles

Microwaveable dishes, re-usable products, thermoplastic
composites, carpeting

v
' Water station cups, plastic cutlery, electronics, imitation
‘glassware’, car parts

‘ Foamed disposable food cups and containers, protective
packaging, construction material

) “everything else”, mutli-material packaging, ‘bio-plastic’

Figure 2.1: Resin identification codes of recyclable plastic and their applications. Source adapted from Project Mainstream Analysis.
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Increasingly powered by
renewable energy
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Figure 2.2: Principles of a Circular economy. Diagram demonstrates the continuous system flow of technical and biological material
through the ‘value flow’. Infographic sourced: Ellen McArthur Foundation, SUN, and McKinsey Center for Business and Environment,

Drawing from Braungart & McDonough Cradle to Cradle (C2C), (Ellen MacArthur Foundation, 2016).
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Figure 2.3: Clean-up engineering programmes. (a) The Seabin Project® marine

‘bin’; (b) The Ocean Cleanup® drifting booms.
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Figure 2.4: Existing campaigns around the use of plastic items to shift environmental norms. (a) SAS Military boat (SAS, 2017); (b)
Easter island nurdle head (Arnold, 2016); (c) The Flipflopi traditional vessel (The Flipflopi, 2018); (d) Cigarette Surfboards (The Cigarette

Surfboard, 2017).
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DISCUSSION

This research
The work in this thesis makes a significant contribution to understanding in the
presence, composition and fate of marine plastic pollution, across a global
scale. By adapting methodologies previously used in assessing sea-surface
plastic concentrations, Chapter 1 sees the utilisation of a single methodology to
accurately compare the concentration and composition of floating marine debris
among the Arctic (ARC), Atlantic (ATL) and Pacific (PAC) ocean basins. These
methods have the capacity to be expanded for wider use in maritime research,
incorporating citizen science and educational programs to further the
understanding of the distribution of floating marine debris in global oceans -
research that could help underpin policy and legislation and even a global treaty

to address the issue of marine plastic pollution.

As noted in Chapter 2, current political frameworks are failing to stem the tide of
plastic pollution. Difficulties arising due to the far-reaching and transborder
nature of the pollutant including Areas Beyond National Jurisdiction, the fact
that a significant proportion of plastic enters the environment from sources
lacking effective control (i.e. land-based pollutants, at-sea enforcement), and
that current frameworks and policies are fragmented in their efforts. The work of
Chapter 2 highlights the enormity in scale of the challenge and barriers to
progress, critically evaluating both legally binding and voluntary treaties
alongside current preventative, mitigative, removal and behaviour changing
strategies. In doing so, | highlight ten focus points for the development of a new
Global Treaty, utilising current practices and effective enforcement protocols to

help curb the tide of plastic pollution entering the natural (marine) environment.
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Challenge of assessing floating marine debris
With gyres known to hold significantly greater concentrations of synthetic
debris than the surrounding ocean (Lebreton et al., 2012; Eriksen et al.,
2013; Brach et al., 2018), it is no surprise that concentrations of sea-surface
debris are significantly greater in locations close to so called ‘convergence
zones’ (PAC) compared to coastal (ATL) or remote (ARC) areas. So far,
efforts have focused on studying areas of known accumulation (i.e. gyres)
due to vast quantities of waste providing the most visible manifestation of
plastic debris. Research in these locations both increases our understanding
of the composition and persistence of possible pollutants, and furthers
awareness of the issue within society. However, whilst uncertainty persists
regarding understanding of source, pathways and fate of polluting items
(Hardesty et al., 2018), efforts must begin to focus on determining possible

‘sinks’ as well as sources.

Lack of consistency in methods, terminology and reporting units (Hidalgo-
Ruz et al., 2012) limits global understanding. A recent report (Covernton et
al., 2019) suggests the size and shape of equipment can greatly influence
the qualification and quantification of marine plastic or synthetic debris when
assessing natural environments. Smaller particles and long fibres can readily
pass through large mesh sizes due to their relatively small width (Barrows et
al., 2017), whilst smaller mesh sizes, more commonly used in techniques
such as Grab (whole-water) sampling (e.g. Lusher et al., 2015) capture
greater numbers of synthetic particles. With most at sea-sampling using a

mesh size typically 300pum or 330um, there remains a trade-off between the
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volume of seawater sampled and limit of detection. Numerous reports argue
that manta, bongo and plankton nets are almost certainly underestimating
concentrations of microplastic fibres, compared to whole-water methods due
to their larger mesh size (Chubarenko et al., 2016), they remain, however,

the most commonly used and effective method for sea-surface analysis.

Whilst research in Chapter 1 reports a 100% incidence of synthetic debris within
all surface trawls and particles appear ubiquitous, it seems there is vast spatial
variability, heterogeneity of type and composition, pointing to numerous
possible sources and pathways (Rochmann et al., 2019). Demonstrating - how
plastic pollution (and more specifically micro plastic, <5mm, Thompson et al.,
2004) - requires global attention and shared responsibility. Particularly within
already fragile and vulnerable ecosystems such as the Arctic, where increased
“last chance” tourism and polar exploration is putting increased pressure on
waste management and resource infrastructure (Forbes, Monz and Tolvanen,

2004).

Challenge of marine plastic pollution policy
The last decade has witnessed a growing number of stakeholders (e.g. non-
governmental organisations, governments, citizen scientists, industry) with an
interest in researching, documenting and preventing plastic pollution in our
oceans (Covernton et al., 2019). Recent awareness campaigns and an
increasing number of published studies have highlighted the issue as a
robust field of scientific research (Kuhn et al., 2015). Unfortunately, as it
stands, current legal frameworks for ocean governance are fragmented in

approach, especially on the topic of plastic pollution where ocean currents,
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atmospheric processes and climatic circulation ensure plastic (as with other
environmental pollutants e.g. greenhouse gases) is not constrained by
national boundaries. Additionally, marine plastic pollution poses further
challenge in that harm caused is often geographically or temporally distanced
from its predominantly land-based polluters, hence largely invisible to
everyday citizens. It has long been argued (e.g. Clapp’s ‘Distancing of
Waste’, Clapp, 2002) that such distance or ignorance to impact, is associated
with perceived lack of urgency, motivation or relevance to an individual or

community, hampering effective change (Moser and Dilling, 2007).

National, Regional & International frameworks
Whilst a global treaty appears the most influential and called for intervention in
governance and policy, synthesis from this thesis highlights the need for global

infrastructure which in turn encompasses national and regional frameworks.

Such regional or national frameworks could take the form of conventions or
action plans such as the Circular Economy Action Plan (EU), incorporating
resource management, alongside scientific research and economic
development for an increasingly sustainable production system. Similarly,
conventions such as the Convention for the Protection of the Marine
Environment of the North-East Atlantic (OSPAR) may set out rulings or
regulations for measures involved in frameworks, providing self-management,
data generation and progress reports (Vince and Hardesty, 2018). Such
regional conventions and frameworks have been rolled out in locations across
the globe, all with a common purpose to combat marine plastic pollution. It

could be argued that these (regional frameworks) alongside ‘soft’, non-legally
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binding policy actions (e.g. Sustainable Development Goals), reap greater
success. More aware of their political, logistical or economic challenge, a global
treaty that passes responsibility and governance to member states or regions
will be better equipped to combat the issue of marine plastic pollution at its
source. Additionally, considering the significance of harm to both ecosystem
and human health, it would be in the best interest of the region or member state
to maintain a minimal level of pollution. It should be noted that this of course
does not take into account, pollutants transported to such locations from outside
its jurisdiction, however, with 80% of all litter entering the oceans attributed to
land-based sources (Reisser et al., 2015) effective control and enforcement on

land will likely see a decline in pollutants, limiting potential for transport.

It is increasingly apparent that the threat and impact of plastic is not equal
across the globe. Geography, disparity in wealth, level of development and
population growth just some of the key factors identified to influence quantities
of marine plastic pollution (Jambeck et al., 2017). A study by Jambeck et al.,
(2017) identified that out of 192 countries, over 80% (83%) of plastic debris
entering the world’s oceans is attributed to just 20 countries. Of these,
predominantly island nations (e.g. Sri Lanka), countries with archipelagos (e.g.
The Philippines) and those with long coastlines (e.g. USA, China) contribute the
greatest quantities (Jambeck et al., 2017). This demonstrates that although
marine plastic pollution is a global issue, the key to success could be in
improving waste management within a small suite of countries, to stem the flow
of plastics accumulating in oceans on a global scale (Ocean Conservancy,

2015; Jambeck et al., 2017).
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Socio-cultural and behavioural change
Fundamentally, no matter the strategic (preventative, mitigative, removal), or
legislative (convention, declaration, agreement) tools developed to combat
marine plastic pollution, it will see limited success if there is not support,
understanding and willingness within communities (Haider et al., 2018). Without
a shift in human mindsets, a newly developed treaty will fail to see actionable
change or responsibility toward lowering emissions to reduce the flow of plastic
pollution into natural (marine) environments. Utilising tools that encompass
behavioural change (e.g. education / citizen science, Boulding,1966; Bergmann
et al., 2015; Haider et al., 2018; Rambonnet et al., 2019) demonstrate the ability
to not only increase awareness and educate around issues of environmental
pollutants, but so too for other environmental crises (e.g. climate change), (Van

Sebille, 2016; Prata et al., 2018; Rambonnet et al., 2019).

Across both regional and international scales, increased awareness and
understanding of modern-day crises has triggered a broad change in the way
citizens and societies evaluate or perceive their environment (Dauvergne, 2016;
Cutler and Dietz, 2017; Landon-Lane, 2018). With increasing efforts to shift
towards an increasingly sustainable civilization, emphasis is no longer solely on
meeting the needs and demands of today but encompassing needs and
environment of the future (Rangel-Buitrago et al., 2017). The last few years
have witnessed an uprising of activism and ‘rebellion’, stimulating positive
actionable change, through consumer pressure and global responsibility in the
fight against pressing environmental issues (Landon-Lane, 2018; Covernton et
al., 2019; Rambonnet et al., 2019). Where policy is failing, individuals and

groups are taking governance into their own hands, raising the voice of
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planetary issues whilst re-inventing the wheel of activism (e.g. Greenpeace,
1971, Friends of the Earth, 1996; Extinction Rebellion, 2018) (Hardiman, 2013).
Appearing in environmental campaigns and gaining media attention, plastic
pollution has emerged as a critical feature of ‘rebellion’ in recent years, in doing
so, shifting attitudes toward its production and use: ultimately changing the

status quo.

The future of marine policy and governance
Compared to agreements on climate change and global warming (e.g. the UN
Framework Convention on Climate Change (UNFCCC)), current political
agreements on plastic pollution, at the global scale, are lagging by some
decades, with an effective treaty not likely to come into effect for another fifteen
or twenty years. By which point, emissions are expected to have quadrupled,
with more plastic (by weight) than fish in the sea (Ellen MacArthur Foundation,
2017). However, there is hope in that there are currently no fact-based denials
that plastic pollution is a global problem (unlike climate change), and whilst the
two issues are in reality somewhat connected (oil extraction, production of fossil

fuels), there is already ample evidence to warrant immediate action.

Many unknowns remain around the issue of marine debris (Mendenhall, 2018),
however, regardless of strategy (e.g. prevention, mitigation, removal,
behaviour), it is first essential to understand sources, pathways and fate of
plastic debris. This includes the need for harmonised research methods and
terminology (Hidalgo-Ruz et al., 2012; Besley et al., 2017), whilst it remains
essential that science attempts to understand environmentally relevant

concentrations, ensuring ex situ investigations in a laboratory setting are
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realistic, representing the true extent of ecological risk in the natural

environment.

In the case of marine plastic pollution, a reliable and comparable detection
protocol for floating synthetic debris (Nelms et al., 2017), is essential for
strengthening the ability to accurately assess ecological risk, identify potential
‘source’ and ‘sink’ locations and generate a global assessment of the plastic
pollution problem (GESAMP, 2015; 2016; Koelmans et al., 2017; Covernton
et al., 2019). Governance and policy with comprehensive, accurate and
reliable scientific knowledge necessary for more effective regulation and
monitoring. Given logistical and often financial difficulties in obtaining reliable
data, it is increasingly necessary to rely on contributions from other
academics, institutions and organisations to generate data. Tools such as
citizen science are likely to be an essential contributor in developing
understanding, however it is crucial that methodologies used incorporate the

guestion being asked, ensure its use as a tool for global comparison.

Secondly, although it is not currently possible to prevent all plastic waste
emission, preventative strategies which attempt to slow its release, play a
fundamental role in drastically reducing quantities of debris entering the
environment. From enhanced waste management, to growth in alternative
technologies or engineering and even educational awareness campaigns:
developing preventative strategies to simply stop the pollutant at its source are

critical.
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Given a cultural change or behavioural shift is not likely to happen overnight,
such strategies or solutions must give rise to innovation. Whether it’s in the form
of replacement material (i.e. biomass) or technology (i.e. waste management),
or alternative clean up and removal methods (i.e. plastic eating bacteria), future
policy or governance must support the development of increasing numbers of

‘out-of-the-box’ ideas, allowing flexibility and adaptability with changing science.

Lastly, despite the wealth in advancements of clean-up and removal
technology, there is so far little understanding around what is physically or
economically possible. Whilst efforts to generate baseline data is vital, this in
itself presents a far greater issue, posing the common question of ‘to what
extent must we restore our oceans to ensure a ‘healthy’ state?’. Unlike
understanding of other planetary processes or climatic variability where
baseline data (e.g. cores, geological rock formation) persists, for novel entities,

such as marine plastic, there is no such baseline.

Conclusion
The problem of marine litter is like no other we have faced so far in human
history. With costs (e.g. biological, ecological, economical) significant whilst
production and emission continue to rise, it is paramount we act quickly
(Dauvergne, 2018). Effective legislation and policy are requiring a coordinated
and integrated approach encompassing economic, technical and social viability,
across regional and global scales (Rangel-Buitrago et al., 2018). Curbing the
flow of plastic into our oceans is a complicated and multi-faceted issue:
nevertheless, it is not an impossible task, demanding new perspective, global

unity and planetary action.
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APPENDICES
Appendix 1: Concentration calculations
Distance (nautical miles) = average boat speed (knots) x sampling time (hour)

eg.26 x 0.5=1.3

Distance (metres) = distance (hm) x 1852 (length of nautical mile)

e.g. 1.3 x 1852 =2408

Surface area (m?) = distance (m) x trawl diameter (ARC, ATL:0.7; PAC:0.57)

e.g. 2408 x 0.57 =1372

Concentration (m?) = number of SPP’s |/ Surface area (m?)

e.g. 197 / 1182.2 = 0.167

Concentration (km2) = concentration (m?) x 1,000,000

e.g. 0.167 x 1000000 = 167,000

155



Net aperture = trawl height (m) x trawl diameter (m)
e.g. ARC and ATL samples: 0.70 x 0.40 =0.28

e.g. PAC samples: 0.57 x 0.23 =0.13

Volume (m?3) = (net aperture x distance (m)) / 2 (assuming 50% efficiency)

e.g. (0.28x3871) / 2 = 541.9

Concentration (m3) = number of suspected plastic particle / Volume (m3)
e.g. 197 / 135.9 = 1.449

Appendix 2: Laboratory analysis

Physical categorisation of SPPs involved identification of type, colour and size
in the laboratory (Figure 1.3). The dominant colour of each individual piece
noted as was type, classified into five forms commonly found in the marine
environment: fibre, film, foam, fragment and pellet (see Eriksen et al., 2013;
Eriksen et al., 2014; Hartmann et al., 2019). Utilising its greatest diameter,
every SPP was classified into the following size ranges; microplastic: <1mm,
1.1-2mm, 2.1-3mm, 3.1-4mm, 4.1-5mm; mesoplastic: 5.1-20mm; microplastic:
>20mm. It should be noted that based on mesh size, the minimum detection

limit of particles collected in each trawl is 330 pm.

A sub-sample of no less than 10% of all SPP’s (n=548) were subjected to
further analysis using attenuated total reflection-Fourier Transform Infra-red
(FT-IR) Spectroscopy (ATR-FTIR; PerkinElmer Spotlight 400 FT-IR Imaging
System). Commonly used to identify polymer type, confirming its identification
as a true plastic following visual identification as a suspected plastic particle

(SPP). Particles were scanned individually operating in reflectance mode, at
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wavelength 4000-650cm-*, with a resolution of 4cm for optimum efficiency.
Spectral comparisons were analysed using PerkinElmer Spectrum software
(version 10.5.4.738), incorporating eight commercially available libraries of
polymer, polymer additives and adhesive spectra; (adhes.dlb, Atrpolym.dlib,
ATRSPE~1.DLB, fibres.dlb, IntPoly.spl, polyl.dib, polyaddl.dlb and
POLYMER.DLB), in addition to a library compiled at the Greenpeace Research
Laboratory to identify and exclude common laboratory contaminants (i.e. fibre
from tissues or clothing, glove fragments, airborne contaminants etc). The
Spectrum software allows for comparison of obtained particle spectra with the
nine built-in libraries, reporting the ten most likely as a spectral match certainty
out of 1. The most robust method for acceptance for further analysis was to
include spectral results that generated a search score of 0.70 or greater (Lusher
et al., 2013), and those confirmed upon further detailed microscopic visual
inspection (LJ, DS). In all cases, spectral matches were checked by the analyst,

to verify the quality of the match and reliability in its identification.

All particles were categorised, counted and concentration calculated
(supplementary material) into three reporting units (number of particles m-2 /

km-2 / m-3) (Table 1.1) to facilitate overall comparison to the wider literature

(Table 1.3).

Appendix 3: Contamination Control

Strict sampling procedures were maintained throughout, minimising possible
contamination of samples during at-sea sampling and laboratory analysis. 1.
Keeping samples covered and stored appropriately when not in use, handling

them only in rooms with limited access and controlled circulation; 2. Samples
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stored consistently in foil and 200 micron mesh where possible, only using glass
or metal equipment rather than plastic; 3. Laboratory surfaces cleaned using
70% ethanol and tissue, with all sampling equipment in the field rinsed with de-
ionised water prior to and following use; 4. A 100% cotton lab coat was worn at
all times during laboratory analysis, avoiding the use of synthetic textile clothing
during sampling; 5. Procedural blanks and contamination samples taken where
possible, no particle analysis carried out on-board the vessel, with all samples
transported to the lab to be analysed; 6. A library of laboratory contaminants
were present in the Perkin Elmer Software library system, highlighting any
spectral matches of concern, to control for possible airborne contamination. It
should be noted that whilst the vast proportion of sampling and research carried
out on large commercial vessels through citizen science programmes boasts
significant risk of contamination (through lack of space or appropriate
equipment), the vast majority of analysis within this methodology is completed
by trained professionals in a laboratory environment, following extensive

procedures to minimise contaminants.

A single black fibre (n=1), was identified in all procedural blanks (n=5), thought
to originate from synthetic clothing or rope. A number of fragments (n=7), with
spectra results matching that of anti-foul paint (multi-component system, with a
base of Polyurethane) were identified in ATL samples during FT-IR analysis,
however given difference in colour (grey) from control samples and colour of the
vessel (blue), visual presence of fouling and degradation in addition to a
spectral match of previous library polymer ‘Grey Paint 036 Arctic Sunrise’, it
was concluded that these particles were obtained during sea-surface trawls,

hence included in analysis. This successfully demonstrates that measures used
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and implemented during sampling and laboratory analysis were highly effective

In preventing contamination.

Appendix 4: Detailed attribute table of all individually isolated suspected
plastic particles

Table lists; Ocean basin (ARC; ATL; PAC), Date of trawl, sample number
and particle number in addition to identified type (Fibre; Film; Foam;
Fragment; Pellet), primary colour and size (sub-categories in mm:
Microplastic: 0.1-1, 1.1-2, 2.1-3, 3.1-4, 4.1-5; Mesoplastic: 5.1-20;

Macroplastic: 20+). Due to the size, the database can be downloaded here.
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https://docs.google.com/spreadsheets/d/1Do8mIKKoMa98azrhfKZ05Sx-qzpuS9JhQngMT9t4oyg/edit?usp=sharing
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