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Preamble

| am a university academic with an interest and track record in marine debris research, mostly
in Australian waters. | have completed a number of large-scale projects and have many more
currently underway (mostly student projects with some citizen science components). In
addressing the Terms of Reference for the Inquiry, | refer to relevant material from some of
my publications and from other pertinent works, but also share some of the findings of
unpublished work that is currently being summarised for publication. One of my recent
papers, co-authored with international and Australian researchers, provides a very readable

review of some of the matters under investigation - | have provided this paper as Appendix 2.

There is now a large body of international literature on the topic of marine plastic pollution
and it is not possible to summarise that effectively in this short submission. However, | would
be more than happy to further assist the Senate Committee in their assessment of the scale

of the problem in Australia and approaches to help mitigate impacts.
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Terms of reference

(a) The review of current research and scientific understanding of plastic in the marine
environment
The global body of research into the distribution, abundance, sources, fates and
impacts of marine plastic poliution has burgeoned over the last decade. This not only
reflects growing public awareness leading to increased research spending on the issue,
but also the recognition of the magnitude of the problem at a global scale. The
discovery of the North Pacific Garbage Patch over a decade ago represents a key
catalyst with respect to public awareness, with the discovery of similar concentrations
in gyres in all of the major oceans further highlighting the scale of the problem.
Research has primarily focused on the following main issues: patterns of distribution,
abundance and accumulation (i.e. demographics and identification of hotspots); and
interactions between plastics and wildlife (mostly larger charismatic species such as
reptiles, birds and mammals}. The majority of the earlier work focused on
macroplastics (>5mm in size} but there has been much more emphasis on the
prevalence and impacts of microplastics in the recent literature. By far the majority of
research has focused on intertidal habitats and floating debris, despite the fact that
50% or more of plastic marine debris items are thought to sink to the seafloor once

they become fouled by marine growth.

Marine debris research has not been a priority area in Australia in the past (since 2010,
only 26 papers are listed in Scopus for the search string “debris” and "marine” and
“Australia” as at 01/09/2015 - see Appendix 1}, partly because the problem is less
evident here than in countries with higher population densities and lower GDP per
person. Nevertheless, much of the research conducted overseas is highly relevant to
Australia, in particular providing insight into the potential impacts of plastics on a
range of taxa and ecosystems. In Australia, the majority of recent publications
resulting from marine debris research have been led by researchers at CSIRO as well
as a range of universities {those leading 3 or more publications — SCU, CQU, UQ) and
non-government organisations (e.g. Tangaroa Blue). By far the majority of papers deal
with the effects of entanglement or ingestion on charismatic megafauna (mostly birds
and reptiles) with fewer dealing with patterns of distribution and accumulation rates.
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{b) Sources of marine plastic pollution

General

For over a decade, researchers have operated under the general assumption that 80%
of marine debris is sourced from adjacent terrestrial environments with only 20% from
marine-based activities (e.g. shipping, boating, fishing). However, this paradigm is
currently being challenged by a number of researchers (e.g. 56% of stranded debris in
Korea was sourced from marine activities — Jang et al. 2014). In remote northern
Australia, one survey found that ocean-sourced debris accounted for up to 85% of
debris items, with most originating from commercial fishing and shipping (Whiting
1998). A key problem with determining the source of all items is that fragmented
plastics are often the most numerous (e.g. Smith et al. 2014) and there is no simple
way to determine their source. Our current research has shown that this problem can
be overcome if plastic bottles are used as indicators, as the source and product
identity can be determined with a little effort (barcodes, distinguishing text and
features) (but note that transport mechanisms may be different for bottles versus

other types of debris).

This research stemmed from observations on the NSW north coast during biodiversity
surveys of rocky headlands which revealed that that most of the plastic bottles found
on adjacent beaches bore foreign scripts. In response to this, in July 2015 we
established a citizen science project to collect as many bottles as possible over a 500-
km stretch of coast in order to determine their source. This work is continuing but
indicates that as much as 60% of the bottles originate from overseas sources with
China being the primary contributor. Of concern is that very few bottles show
evidence of being at sea for a protracted period (i.e. they lack marine growth)
suggesting that the most likely source is passing vessels. If this proves to be correct, it
suggests that a large proportion of debris comes from illegal dumping from vessels, in

direct contravention of international and national legislation.

More broadly, the source of marine plastics is likely to be highly site dependent and

linked to adjacent human activities. For example, at Rottnest Island, WA, a large
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proportion of debris on beaches adjacent to visitor accommeodation results from in
situ deposition from beach-goers. In contrast, debris on beaches on the western side
of the island is dominated by fragmented plastics, much of which can be traced to
commercial fishing activities in the region (Smith et al. 2014). Similarly, debris along
much of Australia’s northern coast originates from fishing and other activities in
countries to the north {(esp. Indonesia} (White 2005}. These studies highlight that:
sources may vary considerably over even relatively small spatial scales; in order to be
effective, any efforts to deal with marine plastic pollution in Australian waters must

consider inputs from overseas sources (this is developed in d), below).

Coastal habitats

Estuaries have been highlighted as a primary conduit of marine debris into marine
waters. This is because many major estuaries have become the focus of urbanisation
and consequently drain areas with high population densities. Urban debris is readily
transported into storm-water drains and natural creeks and is then transported into
the marine environment. This sequence of events is well recognised with a number of
mitigation measures in place in most urbanised areas. These include devices to trap
debris (e.g. gross pollutant traps) as well as awareness-raising to reduce debris
disposal (e.g. signs on drains). Despite these measures, estuaries remain a primary
source of debris and have recently been found to be the most debris-polluted subtidal
coastal habitats in NSW (Smith and Edgar 2014). Averaged over coastal NSW, ~30% of
this debris results from recreational fishing activities: the proportion related to fishing
increases substantially on subtidal reefs >150m from the coast {Smith et al. 2008;
Smith and Edgar 2014). Very recent surveys (Leigh-Smith and Smith, unpublished)
suggest that highly accessible sections of estuaries in areas with high population
density, such as the Gold Coast Seaway, support very high loads of benthic (sea floor)
debris which is dominated by fishing-related items, most notably monofilament line
{e.g. densities of 290 items per 125m?, 90% resulting from fishing). These data provide
justification for prioritising mitigation measures in coastal catchments and for
increased efforts to promote sustainable fishing practices in relation to discarded
gear. Ideally, the latter would be conducted in conjunction with gear manufacturers

and/or distributors and fishing organisations/clubs.
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Another potentially important source is from Council garbage bins adjacent to
beaches. Observations both in my own area {the Coffs Harbour LGA} and elsewhere
(e.g. Sydney, Gold Coast), indicate that even if people “do the right thing” placing
items in the bins provided, these items may be transported onto the beach through:
strong winds which lift the lids and mobilise lighter items; birds and animals that
scavenge and remove items. The impact of these mechanisms can be addressed (and
is in many places) by restricting the angle of opening of the bins. Another key issue
with public bins is the frequency of emptying. My experience is that this is often too
low to deal with the rate of disposal leading to the placement of items outside the
bins where they are more likely to be blown/transported into coastal habitats. These
issues require commitment to flexible management by Councils, such as more

frequent servicing during busy periods or at sites where litter disposal rates are high.

{c) The impacts of marine plastic pollution, including impacts on species and
ecosystems, fisheries, small business, and human health
This topics has been the subject of many reviews and, rather than paraphrase those, |
have provided a copy of a recent review paper (the authors of which include most of
Australia’s active researchers in this field) that summarises impacts on marine wildlife

and synthesises expert opinion on the priority research areas (Vegter et al. 2014).

(d) Measures and resourcing mitigation
A range of mitigation measures is evident across the Australian coast with the majority
implemented by local government, often funded through applications for State or
Federal funding. These generally fall into active and passive approaches. The most
common active approach is through infrastructure to reduce transport of debris into
waterways — mostly using gross pollutant traps (GPTs). However, from my experience,
while most coastal LGAs have protocols for removing accumulated debris, these are
not often met due to staffing/funding issues. A review of coastal LGAs in northern
NSW clearly identified that the Councils interviewed seldom met their nominated
schedules for the removal of debris from GPTs (Smith 2010). A key assumption with

the use of GPTs is that they are effective in removing debris from stormwater. Recent
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research in the Coffs Harbour region (Ekman and Smith, unpublished) suggests that
this is the case for larger items, but generally not the case for smaller items which are

more likely to be ingested by wildlife (Vegter et al. 2014).

Passive approaches primarily revolve around public education and there are some
very effective programs run through Schools, government organisations and NGOs to
raise awareness and encourage changes in littering behaviour. These are essential
components of any reduction strategy and have undoubtedly been highly effective in
changing the behaviour of some community members. Nevertheless, debris continues
to make its way into the ocean in increasing quantities (Jambeck et al. 2015). Thus,
passive mechanisms alone will arguably fail to mitigate the problem.

There is enormous potential for mitigation at the end point (i.e. once debris reaches
the ocean and ocean beaches) through community engaged activities, both as
organised events (e.g. Clean Up Australia Day, World Clean Up Day) and through
regular activities by beachgoers. For example, our current study of plastic bottles on
beaches has highlighted the comparatively low density on beaches that are regularly

visited, suggesting removal by beachgoers.

However, the key to mitigating the generation of plastic waste and its subsequent
transport into coastal waters is by reducing its use, or by providing adequate
incentives to reduce littering. | recently spent 3 weeks in Vancouver, Canada, where a
refundable deposit scheme has been in place for many years. Despite spending many
hours walking beaches and foreshores, | found very little marine debris and only 1
plastic bottle! | have little doubt, and considerable visual, albeit anecdotal, evidence,
that this is directly related to the deposit scheme (people appear to consume as many
drinks from plastic bottles as in Australia but, even if these are discarded, they are
collected in order to generate income from the deposit refund). We urgently need a

refundable deposit scheme in all Australian states and territories.

A further approach to mitigation is the gradual replacement of {especially) single-use
plastics with biodegradable substitutes. This is already occurring {e.g. compostable lids

for take-way coffee, starch-based packaging material, bamboo cutlery) but needs to
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be supported through appropriate incentives. Communities should also be
encouraged to substitute plastic bags for reusable or paper bags with the objective of
phasing-out single-use shopping bags (this has already occurred in a number of
forward-thinking urban areas). A current impediment to this is that paper bags are
often more expensive than plastic bags. In some towns {e.g. Yamba, NSW), some
businesses are trialling a transition to paper bags which are printed with the names of
the business — a win-win situation - and actively promoting the use of shoppers’ own
reusable bags. There are many innovative ways to mitigate the issue and being
involved in developing these gives communities greater ownership of solutions and is
likely to improve community-led stewardship. An example of a program that was
proposed for Coffs Harbour {but failed to gain funding) was to extend a challenge to
local schools to come up with ways of reducing debris in Coffs Creek which drains the
CBD of the city. The plan was for finalists to present their innovative solutions to the
public during a week-long program to raise awareness about plastic pollution in
coastal environments. At the very least, events such as these raise community
awareness and at their best, may generate highly innovative solutions to pressing

problems.

All the mitigation measures listed above relate to plastic waste generated in Australia.
As indicated above, much of the debris entering out coastal waters is from overseas
sources, some transported long distances by ocean currents and some resulting from
illegal dumping at sea within Australia’s territorial waters (based on evidence of short
transport times from disposal to stranding). Thus, the overall solution to plastic
pollution in Australian coastal waters necessarily involves close liaison with countries
contributing this waste. This can be done in a number of ways, the most obvious of
which are: enforcing MARPOL (International Convention for the Prevention of
Pollution from Ships) through Australia’s membership of the International Maritime
Organization (IMO); providing targeted support to help neighbouring countries reduce
the generation and inappropriate disposal of waste. My experiences in Indonesia and
Papua New Guinea have highlighted the enormous quantities of plastic waste that
makes its way into coastal environments, with obvious effects of ecology and

wellbeing (Smith 2012).
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(e} Any other relevant matters
I have little doubt that there is exceptional willingness within the Australia public to
tackle plastic pollution in marine waters. However, | believe this can only be achieved
by strong leadership which includes adequate investment to implement change. The
plethora of NGOs that promote reductions in plastic use are a clear indicator of the
support for such measures, but a more coordinated and policy-driven approach is

needed to hasten change.
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Appendix 2. Vegter, A.C., Barletta, M., Beck, C., Borrero, J., Burton, H., Campbell, M.L.,
Eriksen, M., Eriksson, C., Estrades, A., Gilardi, K.V.K., Hardesty, B.D., Ivar do Sul, J.A., Lavers,
J.L,, Lazar, B., Lebreton, L., Nichols, W.J., Ribic, C.A., Ryan, P.G., Schuyler, Q.A., Smith, S.D.A,,
Takada, H., Townsend, K.A., Wabnitz, C.C.C., Wilcox, C., Young, L.C., Hamann, M., 2014.
Global research priorities to mitigate plastic pollution impacts on marine wildlife.
Endangered Species Research 25, 225-247.
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ABSTRACT: Marine wildlife faces a growing number of threats across the globe, and the survival
of many species and populations will be dependent on conservation actien. One threat in particu-
lar that has emerged over the last 4 decades is the pollution of oceanic and coastal habitats with
plastic debris. The increased occurrence of plastics in marine ecosystems mirrors the increased
prevalence of plastics in society, and reflects the high durability and persistence of plastics in the
environmenl. In an effort to guide future research and assist mitigation approaches to marine con-
servation, we have generated a list of 16 priority research questions based on the expert opinions
of 26 researchers from around the world, whose research expertise spans several disciplines, and
covers each of the world's oceans and the taxa most at risk from plastic pollution. This paper high-
lights a growing concern related to threats posed to marine wildlife from microplastics and frag-
mented debris, the need for dala at scales relevant to management, and the urgent need to
develop interdisciplinary research and management partnerships to limit the release of plastics

into the environment and curb the future impacts of plastic pollution,

KEY WORDS: Marine wildlife - Plastic - Pollution - Priorily - Global

INTRODUCTION

As a material, plastic has existed for just over a cen-
tury (Gorman 1993), and mass production began in
earnest in the 1950s (Beall 2009). By 1988, 30 million
tons of plastic products were produced annually
(O'Hara et al. 1988), reaching 265 million tons by
2010 (PEMRG 2011) and accounting for 8% of global
oil production {Thompson et al. 2009). Most plastic
products are lightweight, inexpensive, and durable.
These defining characteristics make plastics a con-
venient material for the manufacture of everyday
products. However, these same attributes make plas-
tics a threat to ecosystems due to their persistence in
terrestrial, aquatic, and marine environments. Mar-

* Corresponding author: mark.hamann®jcu.edu.au

Resale or republication not permitied without wrilten consent of the publisher

ine litter, and plastic pollution in particular, is ubiqui-
tous, and, in fact, the proportion (in terms of mass) of
ocean debris that is plastic increases with distance
from the source (Gregory & Ryan 1997}. Plastic pollu-
tion is now recognized worldwide as an important
stressor for many species of marine wildlife and their
habitats (Moore 2008).

Marine wildlife is impacted by plastic pollution
through entanglement, ingestion, bicaccumulation,
and changes to the integrity and functioning of habi-
tats. While macroplastic debris is the main contribu-
tor to entanglement, both micro- and macrodebris
are ingested across a wide range of marine species,
The impacts to marine wildlife are now well estab-
lished for many taxa, including mammals (Laist 1987,
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1997, Page el al. 2004), seabirds (Laist 1997, van
Franeker et al. 2011), sea turtles (Beck & Barros 1991,
Tomds et al. 2002, Wabnitz & Nichols 2010, Guebert-
Bartholo et al. 2011, Lazar & Gra an 2011, Schuyler et
al. 2014), fish {Boerger el al. 2010, Possatto et al.
2011, Ramos et al. 2012, Dantas et al. 2013, Choy &
Drazen 2013), and a range of invertebrates (Chiap-
pone et al. 2005). Over 170 marine species have been
recorded to ingest human-made polymers that could
cause life-threatening complications such as gut
impaction and perforation, reduced food intake, and
transfer of toxic compounds (Miller et al. 2012).
Although marine debris affects many species (Laist
1997, Convention on Biological Diversity 2012), there
are limited data from which to evaluate the collective
impact at community and population levels, even for
a single species,

Until recently, the vast expanse of the ocean cou-
pled with the perceived abundance of marine life led
resource managers to dismiss the proliferation of
plastic debris as a potential hazard and to overlook
this significant threat (Derraik 2002). Researchers
began studying the occurrence and consequences of
macrocategories of plastic debris in coastal and mar-
ine environments during the 1970s. However, once in
the marine environmenlt, plastics degrade and frag-
ment into smaller pieces. Scientists are now increas-
ingly aware that these fragments of plastic or small
virgin plastic pellets pose a substantial threat to mar-
ine biota (Carpenter & Smith 1972, Derraik 2002,
Barnes et al. 2009, Ivar do Sul & Costa 2013). Since
the discovery of microplastics in the North Atlantic
(Carpenter & Smith 1972, Carpenler el al. 1972) and
through subsequent research on the continued accu-
mulation of plastic in all ocean basins (e.g. Moore et
al. 2001, Law et al, 2010, Titmus & Hyrenbach 2011,
Eriksen et al. 2013), the significance of plastic pollu-
tion as a threat to marine wildlife has been increas-
ingly recognized at international {e.g. UNEP 2009)
and national (e.g. Australia's Marine Debris Threat
Abatement Plan and the US NOAA Marine Debris
Task Force) scales. However, despite increased sci-
entific and public awareness, gaps in our knowledge
of the prevalence and impacts of plastic pollution
persist, and it remains challenging te both better
understand and to mitigate the effects of this type of
material on marine species and ecosystems.

Given ongoing plastic production and the related
problem of increasing amounts of plastic debris in
oceans, it is timely to identify key areas in which we
need to further cur understanding of plastic pollution
to enable effective mitigation of the impacts of plastic
debris on marine wildlife. In a similar fashion to Don-

Jan et al. (2010), Hamann et al. (2010}, Sutherland et
al. (2011), and Lewison et al. (2012), we develop a list
of priority research questions that could aid the con-
trel and mitigation of impacts from plastic pollution
on marine wildlife and habitats. Our study differs
from previous priority-setting studies because this is
the first study that brings together leading marine
pollution and marine wildlife experts from around
the world to address the knowledge gaps for an
important, threatening process impacting on marine
habitats and many species of marine wildlife.

METHODS

To quantify the global research effort on the topic
of plastic pollution in the marine environment, we
searched the Scopus literature database {up to
December 2013) for publications related lo plastic
poltution in the marine environment using combina-
tions of the search terms 'marine + plastic pollution’,
‘marine + litter’, and 'marine debris’. We repeated
the search adding terms to allow quantification of
research effort on air-breathing marine wildlife ‘'mar-
ine turtles’ or ‘sea birds' or 'marine mammals’. From
the literature output on marine wildlife we compiled
a list of 46 authors with either >1 peer-reviewed
paper on plastic pollution published between 2007
and 2012, or 1 or more publications cited > 5 times by
others. The 46 authors were invited to suggest up to
10 priority research questions to assist in the mitiga-
tion of plastic pollution impacts on marine wildlife
and associated ecosystems.

A total of 27 (13 male and 14 female) marine sci-
entists contributed 196 initial research questions.
These scientists were bhased in 9 countries and
represented working experience from all oceans
where plastic pollution is known to affect marine
fauna and their habitats, specifically: the eastern
Pacific (n = 4), central Pacific (3), western Pacific
(4), western Atlantic (3), central Atlantic (2),
eastern Atlantic and Mediterranean (3}, Indian
Ocean (4), Southern Ocean (3}, and South Atlantic
(2). Questions were then compiled and sorted to
reduce redundancy and to create overarching cat-
egorical questions as per Hamann et al. (2010) and
Lewison et al. (2012). Based on these responses,
we assembled a final list of 16 priority research
questions, which are presented in no particular
order of importance (Table 1). Following each
question, we include a summary of information
related to the question topic and suggestions for
further research.
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Table 1. Summary table of priority research questions

Global research priorities to mitigate plastic pollution impacts on marine wildlife

. What are the impacts of wildlife entanglement?

W o0 = & oLh o W~

plastic pollution?
13.
14.
15.

16. What are the alternatives to plastic?

. What are the impacts of plastic pollution on the physical condition of key marine habitats?
. What are the impacts of plastic pollution on trophic linkages?

. How does plastic pollution contribute to the transfer of non-native species?

. What are the species-level impacts of plastic pollutien, and can they be quantified?

. What are the population-level impacts of plastic pollution, and can they be quantified?

. How will climate change influence the impacts of plastic pollution?
. What, and where, are the main sources of plastic pollution entering the marine environment?

. What factors drive the transport and deposition of plastic pollution in the marine environment, and where have these
factors created high concentrations of accumulated plastic?

. What are the chemical and physical properties of plastics that enable their persistence in the marine environment?
. What are some standard approaches for the quantification of plastic pollulion in marine and coastal habilats?
. What are the barriers to, and opportunities for, delivering effective education and awareness strategies regarding

What are the economic and social effects of plastic pollution in marine and coastal habitats?
What are the costs and benefits of mitigating plastic pollution, and how do we determine viable mitigation options?
How can we improve data integration to evaluate and refine management of plastic pollution?

RESULTS
Literature search

Our literature search identified 561 publications
from 192 scientific journals on various aspects of mar-
ine plastic pollution (Fig. 1). Approximately half
(47 %) were published in Marine Poliution Bulletin.

804

The first publications on plastic pollution appeared in
the scientific literature in the 1960s, and by the mid-
1980s marine ecologists were starting to acknowl-
edge that plastic debris in the ocean would have sig-
nificant long-term impacts on marine ecology (see
Shomura & Yoshida 1985 and the special edition of
Marine Poliution Bulletin: 1987, Volume 18, 6B). Of
the 561 publications, 143 were related to interactions
between marine plastic pollution and air-
breathing marine species. In addition, the
Proceedings of the First International Marine
Debris Conference included 11 abstracts doc-
umenting marine plastic pollution inleractions
with marine wildlife (Shomura & Yoshida
1985). Some of these were likely published
in subsequent peer-reviewed literature. The
earliest paper on the impacts of plastic pollu-
tion on wildlife reported a gannet (Sula bas-
sana) with a yellow ring of plastic coated wire
around its leg (Anon. 1955); however, from the
account provided, it is not possible to deter-
mine whether it was a case of entanglement or
a deliberate banding. We found the earliest
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Fig. 1. Trends in the number of publications on ‘marine + plastic pollu-
tion' or ‘marine debris’ or ‘'marine + litter' using a Web of Science
search from 1972 to 2013. The publication spikes in 1985 and 1987
relate to the Proceedings of the 1st International Marine Debris Con-
ference and a special edition of Marine Pollution Bulletin covering the
theme of plastics at sea from the 1986 International Ocean Dispersal

Symposium, respectively

2010

accounts of ingestion were published in 1969,
documenting seabirds consuming plastic
(Kenyon & Kridler 1969). In the early 1970s,
the first accounts of microplastics at sea in the
Atlantic Ocean emerged (Carpenter & Smith
1972, Carpenter et al. 1972, Gochfeld 1973,
Rothstein 1973, Hays & Cormons 1974), and
the first interactions between microplastics
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and marine mammals and sea turtles
were published in 1978 (Waldichuk
1978) and 1987 (Carr 1987), respec-
tively, although records with marine
turtles were reported in the first mar-
ine debris symposium (Balazs 1985). It
is possible that we missed some of the
early literature or literature contained
in journals that are not indexed by
online databases. However, it is evi-
dent that since the 19705, and particu-
larly since the year 2000, there has
been an increasing trend in the num-
ber of publications on plastic pollution
and its relationship to marine ecosys-
tems (Fig. 1).

Priority research questions

1. What are the impacts of plastic
pollution on the physical condition of
key marine habiltats?

Plastic pollution now impacts all
marine and coastal habitais Lo varying
degrees. In particular, there are sub-
stantial empirical data identifying,
and in some cases quantifying, the
impacts of plastic and other debris in
oceanic walers, on the sea floor, on
sandy beaches, and in other coastal
environments (Fig. 2). It is also clear that effecis on
habitat condition are not uniform and depend on the
ecological, economic, and social value attributed to
the habitat, the physical environment, and the type,
size, accumulation, and/or degradation rates of plas-
tic. In addition, there is substantial spatial and tem-
poral variation in accumulation patterns, polymer
type, and source of plastics (e.g. Willoughby et al.
1997, Ribic et al. 2010, Eriksen et al. 2013).

Quantifying the impact of plastic polluticn on the,

physical condition of habitats has received littie
attention {but see Votier et al. 2011, Bond & Lavers
2013, Lavers et al. 2013, 2014) relative to the impacts
of plastic pollution on organisms (e.g. Derraik 2002,
Gregory 2009). However, in intertidal habitats, accu-
mulation of plastic debris has been shown to alter
key physico-chemical processes such as light and
oxygen availability (Goldberg 1997), as well as tem-
perature and water movement (Carson et al. 2011).
This leads to alterations in macro- and meiobenthic
communities (Uneputty & Evans 1997) and the inter-

Fig 2. Clockwise from top leit
Catholic Island, Grenadines (courtesy Jennifer Lavers); debris accumulation
on an urban beach (Stradbroke [sland, Australia) (courtesy Kathy Townsend});
entanglement and damage lo soit coral by fishing line (courtesy Stephen
Smith); and fishing line entanglement of a pier with aigae and sponges grow-
ing on it (courtesy Kathy Townsend)

beach debris from a remote beach on

ruption of foraging patterns of key species (Aloy et al.
2011). On sandy beaches, the occurrence of micro-
plastics may change the permeability and tempera-
ture of sediments, with consequences for animals
with temperature-dependent sex-determination, such
as some reptiles (Carson et al. 2011). In addition,
heavy fouling can lead to loss of important biogenic
habitat, which may have considerable flow-on effects
to broader ecosystem processes (Smith 2012}, Large
plastic debris may change the biodiversity of habitats
locally by altering the availability of refugia and pro-
viding hard surfaces for taxa thal would otherwise be
unable to settle in such habitats (Katsanevakis et al.
2007). Similar observations have been made in sub-
tidal habitats, including the deep sea (Walters et al.
2010, Schlining et al. 2013).

In tropical and subtropical shallow-water coral reef
habitats, a decline in the conditien of corals has been
attributed to progressive fouling caused by entan-
gled fishing line, as well as direct suffocation, abra-
sion, and shading of fouled colonies caused by nets
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(Yoshikawa & Asoh 2004, Richards & Beger 2011),
This may contribute to ecological phase-shifts at
heavily affected sites {Asch et al. 2004, Yoshikawa &
Asoh 2004, Richards & Beger 2011). Taxa with
branching morphologies {e.g. gorgenians, sponges,
milleporid and scleractinian corals, macroalgae, and
seagrass) are most likely to be affected by entangle-
ment. While some taxa may be able to overgrow
entangling debris, it is unclear how this may affect
their inlegrity, longevity, and resilience lo change
{Chiappone et al. 2005, Smith & Hattori 2008).

Overall, there is a general bias toward studies
reporting on how plastic pollution impacts the condi-
tions of sandy beaches and urban coastlines, and less
knowledge on the conditions of other habitats (e.qg.
estuaries, mangroves, benthic habitals, deep-sea
zones), especially those in remote areas with limited
human access. Hence, advancing knowledge about
how plastic pollution impacts the conditions of
diverse marine habitats remains a pricrity, Uselul
starting points would be (1) field-
based experimental research that
either documents change in condition/
function of habitats or establishes
thresholds of concern that can then be
used as indicators for monitering and
(2) design and testing of survey tech-
niques to determine baseline condi-
tions and/or condition changes in
remote or difficult-to-access habitats.
These could include the application of
rapid assessment techniques, remote
sensing, or citizen science. Filling
these knowledge gaps would be
important, because information on
habitat condition can assist manage-
ment agencies in quantifying the
degree of impact, in selling priorities,
and in implementing mitigation.

2. What are the impacts of plastic
pollution on trophic linkages?

Ingestion of microplastic has been
reported at almost every level of the
marine food web, from filter-feeding
marine invertebrates (Wright et al.
2013), to fishes (Boerger et al. 2010,
Choy & Drazen 2013), seabirds, sea
turtles, and marine mammals (Fig. 3,
see Questions 4 & 5). Plankton and
plastic particles <333 pm in size co-

occur in marine systems, and smaller (<100 pm)
diameter polymer [ibers have been identified in sed-
iments, suggesting that plastics exposure is occurring
at the base of the food web (Thompson et al. 2004,
Browne et al. 2011). Recent studies have identified
impacts to marine invertebrates associated with for-
aging on nano- and microparticles of polystyrene
(Wegner et al. 2012, Besseling et al. 2013), and labo-
ratory studies have demonstrated and examined
plastic ingestion by zooplankton (e.g. De Mott 1988,
Bern 1990, Cole et al. 2013). There is also recent evi-
dence thal ingested microplastics can bridge trophic
levels into crustaceans and other secondary con-
sumers {Farrell & Nelson 2013). Furthermore, recent
research has detected plastic-derived compounds in
the tissues of seabirds that had consumed plastics
(Lavers et al. 2013, 2014, Tanaka et al. 2013; see
Questions 4 & 5).

When taken in conjunction, il is clear that plastic
pollution is impacting food webs through ingestion

Fig. 3. Top left to bottom right — magnificent frigatebird Fregata magnificens

carcass from Battowia Island, Grenadines, with orange foam contained within

stomach (courtesy Jennifer Lavers); Antarctic fur seal Arctocephalus gazella,

with plastic ring entanglement at King George Island, Antarctica (courtesy

Juliana Ivar do Sul); juvenile green turtle Chelonia mydas trapped in dis-

carded crab trap and plastic fragments recovered from the gut of a juve-
nile green turtle {bottom 2 photos: courtesy Kathy Townsend)
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and bioaccumulation of particles and toxic chemicals
and thus is likely to be influencing ecosystem pro-
cesses in ways that have yet to be elucidated. In par-
ticular, there is a need to better understand the influ-
ence of nano- and microplastics on zeoplankton and
planktivorous species (especially in a natural set-
ting), the role(s) of plastic ingestion at several trophic
levels in the transfer of organic pollutants along the
food chain, and the influence of plastic pollution on
epipelagic ecosystems (e.g. Ryan & Branch 2012,
Setila et al. 2014). Filling these knowledge gaps will
require developments in both field and laboratory
science. From a laboratory research perspective, use-
ful starting points would be improving knowledge of
plastic chemistry and of the fate of chemicals in bio-
logical systems, as well as identifying the thresholds
of concern. From a field science perspective more
knowledge is needed about rates and patterns of
accumulation; a starting point could be the develop-
ment of biological indicators, such as investigating
the use of ‘plastic in fish-gut treatments' (e.g. on
large {actory trawlers) that have low-laber inputs bul
sample large numbers of planktivorous fish with
acceptable precision and measurable variance.

3. How does plastic pollution contribute
to the transfer of non-native species?

A number of transporl mechanisms exist for the
transfer of marine species to non-native environ-
ments, such as hull fouling, ballast water, aquacul-
ture, dry ballast, rafting, and the aquarium trade
(Orensanz et al. 2002, Hewitt et al. 2004a,b, Haydar
2012). However, relatively little is known about spe-
cies rafting (as biofouling) on plastic debris or non-
native bacterial biofouling of plastics (i.e. biofilms)
(yet see Winston et al. 1997, Lobelle & Cunliffe 2011}
Introduced species have a higher propensity to foul
man-made substrates, such as plastics (Whitehead et
al. 2011), than native species (Wyatt et al. 2005,
Glasby et al. 2007, Tamburri et al. 2008). Couple this
propensity with the durability and persistence of
plastics, and the likelihood of plastics transporting
non-native species increases substantially. Conse-
quently, species that have a propensity to foul plastic
will have a greater likelihood of dispersing further by
rafting or hitchhiking on debris.

A wide range of species is known to foul debris,
and the level and composition of fouling of debris
varies spalially and temporally (e.g. Ye & Andrady
1991, Artham et al. 2009) with the type of substrate
and the distance from source areas (and hence resi-

dence time at sea). For example, Whitehead et al.
(2011) determined that of stranded debris in South
Africa, kelp and plastics were the most frequently
colonized (33 and 29%, respectively). In contrast,
Widmer & Hennemann (2010} reported that only 5%
of marine debris was biofouled in southern Brazil
{27°S), of which 98 % of the items were plastic (Wid-
mer & Hennemann 2010).

To date, relatively few published articles have
focused on rafting of introduced species on plastic
debris. Although the biomass of fouling species car-
ried by plastic debris is far less than that carried on
the hulls of ships (Lewis et al. 2005), debris repre-
sents a considerable amount of the surface area
available for colonization. A key starting point would
be to quantify the potential and actual contribution of
rafting on plastic debris for the primary introduction
of a species inlo a new region and then the secondary
spread within that region. Another key area that war-
rants further investigalion is to better understand the
transport of non-nalive biofilms; molecular science
could offer a useful starting point in this regard
{Barnes & Milner 2005, Lewis et al. 2005, Goldstein et
al. 2012},

4. What are the species-level impacts of
plastic pollution, and can they be quantified?

Plastic pollution affects marine species of all tro-
phic levels, ranging from zooplankton to whales
(Laist 1987, Passow & Alldredge 1999, Jacobsen et al.
2010). Both macro- and microplastic debris can affect
individual species either lhrough ingestion or en-
tanglement ({including entrapment} (Day et al. 1985,
Laist 1987, Moore 2008, Ceccarelli 2009, Kaplan Dau
et al. 2009, Schuyler et al. 2012} (see Question 6).
Large plastic debris items, such as rope, cargo straps,
fishing line, fishing pots and iraps, and net, are the
main contributors to entanglement, while both whole
and fragmented micro- and macroplastic debris is
ingested across at least 170 marine vertebrate and
invertebrate species (Carr 1987, Laist 1987, Bjorndal
et al. 1994, Derraik 2002, Ceccarelli 2009, Boerger et
al. 2010, Jacobsen et al. 2010, Baulch & Perry 2012,
Fossi et al. 2012, Schuyler et al. 2012, Besseling et al.
2013). In general, the size of ingested plastic items is
related to body size (e.g. Furness 1985, Ryan 1987)
and ontogenetic phase (Ramos et al. 2012, Dantas et
al. 2013). The degree of impact is likely related to the
size, shape, and quantity of the ingested items and a
range of physiological, behavioral, and geographical
factors.
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Ingestion effects include gut perforation, gut
impaction, dietary dilution, toxin introduction, and
interference with development (Ryan 1988a, Bjorn-
dal et al. 1994, McCauley & Bjorndal 1999, Mader
2006, Teuten et al. 2009, van Franeker et al. 2011,
Gray et al. 2012, Tanaka et al. 2013). Importantly,
swallowed plaslic does not need to be large in quan-
tity to cause serious injury to an animal (Bjorndal
et al. 1994). Gastrointestinal perforation caused by
swallowed hooks and hard plastic can cause chronic
infection, septicaemia, peritonitis, gastrointestinal
motilily disorders, and eventual death (Day et al.
1985, Jingling et al. 1994, McCauley & Bjorndal
1999, Cadée 2002, Guebert-Bartholo et al. 2011).
Impaction of the gastrointestinal tract affects many
species; the offending blockage can paralyze the
gastrointestinal tract, inhibit the digestive process,
and result in symptoms such as bloaling, pain, necro-
sis, and mechanical abrasion or blockage of absorp-
tive surfaces in the digestive tract (Mader 2008).
Nutrient dilution is the result of a reduction of nutri-
lious food intake due to ingestion of non-nutritive
and space-occupying plastic reducing fitness and
affecting both adult and juvenile animals {Day et al.
1985, Ryan 1988a, Bjorndal et al. 1994, McCauley &
Bjorndal 1999, Auman et al. 2004, van Franeker et al.
2011, Gray et al. 2012).

Some species are more susceptible than others to
the ingestion of marine debris. For example, sea tur-
tles are particularly susceptible due to their feeding
strategies (i.e. some specialize on jellyfish for which
floating debris may be mistaken), as well as down-
ward-facing papillae on their esophageal mucosa
that have evolved to allow efficient ingestion of food
but that inhibit the ability of sea turtles lo regurgitate
(Wyneken 2001). Seabirds, especially those that feed
in oceanic convergence zones, consume plastic debris
directly, but also feed it to their chicks (Ryan 1988a,b,
Cadée 2002, Moore 2008, Ryan 2008, van Franeker et
al. 2011, Kihn & van Franeker 2012, Verlis et al.
2013). Species that are adapted to regurgitating indi-
gestible dietary items like squid beaks may off-load
ingested debris, but species that lack these adapta-
tions are more vuinerable to the effects of cumulative
ingestion (Ryan 1988h). A useful starting peint for
managing species—plastic interactions could be a
review that quantifies the risk each species faces
within a global setting. A proxy for this review could
be the mean load size of ingested plastic as a propor-
tion of body mass or identification of long-term
trends {e.qg. Schuyler et al. 2014).

Causes of ingestion and entanglement need to be
better understood across most marine species im-

pacted by plastic pollution. Many studies on plastic
consumption have shown species-based preferences
for different colors, tastes, types, and sizes of debris,
but evidence remains largely speculative (Day et al.
1985, Ryan 1987, De Mott 1988, Bjorndal et al. 1994,
Bugoni et al. 2001, CIiff et al. 2002, Colabuono et al.
2009, Mrosovsky et al. 2009, Boerger et al. 2010,
Denuncio et al. 2011, Gray et al. 2012, Schuyler et al.
2012, Lavers et al. 2014}, Current hypotheses for why
animals consume marine debris include mistaken
identity (mimicking natural prey items), curiosity/
play, and failure of distinction (plastic debris mixed
with normal dietary items) (Balazs 1985, Eriksson &
Burton 2003, Schuyler et al. 2012). These hypotheses
need more testing across a wide range of species and
would constitute a useful starting point for future
field and laboratory research. Furthermore, because
the size categories and definitions for macro- and
microdebris vary in the literature, a review (with rec-
ommendations) of ecologically relevant size classes
for plastic items, in light of research findings such as
overlap with plankton size ranges, would be useful
(Eriksson & Burton 2003, Cole et al. 2011).

5. What are the population-level impacts of
plastic pollution, and can they be quantified?

Details of long-term survivorship impacts from
marine debris are poorly known, and the links be-
tween plastics and their harmful effects at the popu-
lation level are not clear. Notably, survival and re-
productive rates of Laysan albalrosses Diomedea
immutabilis from the early 1960s on Midway are vir-
tually identical to rates today, despite increases in the
rates of plastic ingestion (Fisher 1975, van der Werf &
Young 2011). For most species it is challenging to
identify even the proportion of individuals impacted,
let alone the population mortality rate attributable to
plastic ingestion. Furthermore, most studies look at
lethal impacts, as sub-lethal impacts to populations
are likely to be harder to identify (Baulch & Perry
2012).

A further area of concern is the potential toxicologi-
cal effect of plastic on growth rates, survivorship, and
reproduction, all of which are important areas for
population stability, Plastic marine debris contains not
only potentially harmful plasticizers incorporated at
manufacture (Meeker et al. 2009), but plastics can ad-
sorb and accumulate additional toxic chemicals such
as polychlorinated biphenyls (PCBs) and heavy melals
from seawater (Mato et al. 2001, Ashton et al. 2010,
Holmes et al. 2012, Rochman et al. 2014; and see
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Question 10). Tagatz et al. (1986) showed that high
concentrations of dibutyl phthalate, a commonly used
plasticizer, significantly affecled the composition and
diversity of macrobenthic communities. While chemi-
cals can leach into the tissues of wildlife that ingest
plastic {Teuten et al. 2009, Tanaka et al. 2013, Lavers
et al. 2014), quantification of population-scale effects
warrants further research. Animals exposed to com-
pounds such as phthalates and bisphenol-A (BPA)
showed adverse impacts on reproductive functional-
ity, particularly during developmental stages (Talsness
et al. 2009), and exposure to chemicals in ingested
plastic has led to hepatic stress in fish (Rochman et al.
2013a). Adsorbed chemicals from ingested plastics
such as dichlorodiphenyitrichloroethanes (DDTs),
PCBs, and other chlorinated hydrocarbons may de-
crease steroid levels and lead to delayed ovulation
{Azzarello & VanVleet 1987). The potential function of
plasticizers as endocrine disruptors has been hypo-
thesized to have resulted in a disproportionately
high level of mortality in female fulmars (Fulmarus
glacialis) during a 2004 stranding event (van Franeker
et al. 2011, Bouland et al. 2012). However, the links
between plastic ingestion and population drivers,
such as reproductive timing and female survivorship,
have yet to be shown conclusively.

To understand the long-term, population-scale
impacts of plastic pollution, it is critical to assess plas-
tic impacts on life-history traits such as fecundity,
reproductive success, mortality rates, and even po-
tential behavioral changes which might influence
courtship, migration, and other reproductive activi-
ties. Useful starting points for research would be
quantifying baseline levels of chronic and acute
exposure and the degree of both direct and indirect
impact. Doing this will require both field- and labora-
tory-based physiclogy and ecolegy and the design of
monitoring programs to ensure that relevant tissue
samples and envirenmental information are col-
lected. Furthermore, quantifying the magnitude of
impacts on different populations and life stages (e.g.
entanglement vs. ingestion; physical blockages vs.
perforations vs. toxicological effects, and how the
magnitude of these impacls compares with other
stressors) would improve the efficacy of various man-
agement approaches.

6. What are the impacts of wildlife entanglement?
Marine debris entanglement is now an internation-

ally recognized threat to marine taxa (Shomura &
Yoshida 1985, Kaplan Dau et al. 2009, Gilardi et al.

2010, Allen et al. 2012), with at least 135 species
recorded as ensnared in marine debris, including sea
snakes, turtles, seabirds, pinnipeds, cetaceans, and
sirenians (Laist 1897, Possatto et al. 2011, Udyawer et
al. 2013). Wildlife becomes entangled in everything
frem monefilament line and rope to packing straps,
hair bands, discarded hats, and lines from crab pots.
Entanglement effects include abrasions, lesions, con-
striction, scoliosis {(Wegner & Carlamil 2012), or loss
of limbs, as well as increased drag, which may result
in decreased foraging efficiency (Feldkamp 1985,
Feldkamp et al. 1989) and reduced ability to avoid
predators (Gregory 1991, 2009). To date, there are
scant data overall lo provide a global estimate of the
number of animals affected by entanglement, mostly
because reports are either restricted to opportunistic
observations of animals or are from heavily visited
coastal regions. Given that we likely observe only a
small fraction of entangled or injured wildlife {e.g.
scarring; B. D. Hardesty pers. obs.), actual or total
rates of wildlife entanglement are not known.

Entanglement is a key factor threatening survival
and persistence of some species (see Question 1;
Henderson 2001, Boland & Donchue 2003, Karaman-
lidis et al. 2008), including the northern fur seal
Callorhinus ursinus (Fowler 1987) and endangered
species such as Hawaiian and Mediterranean monk
seals (Monachus spp.) (Votier et al. 2011). Among
marine mammals there are important age-class driv-
ers of entanglement rates; for example, in pinnipeds,
younger animals (e.g. seal pups and juveniles) may
be more likely to become entangled in nets, whereas
subadults and adults are more likely to become
entangled in line (Henderson 2001). In general,
younger, immature animals are more often reported
as entangled, at least in pinniped studies for which
age class is reported (Fowler 1987, Hanni & Pyle
2000, Henderson 2001). Ghost nets also ensnare
cetaceans, turtles, sharks, crocodiles, crabs, lobsters,
and numercus other species (Poon 2005, Gunn et al,
2010, Wilcox et al. 2013).

Overall, we lack sufficient information to deler-
mine whether injury and mortality from incidental
entanglement has population-level effects on many
marine species (Gilman et al. 2006). A priority
research avenue is to investigale whether most en-
tanglement occurs when wildlife encounters lost,
abandened, or derelict fishing gear, or ‘ghost nets’,
and if there are spatial and temporal links to species
entanglement in derelict fishing gear and other forms
of plastic debris. If so, these could have considerable
financial, environmental and safety implications for
fisheries management, as the amount of fishing gear
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lost to the ocean is estimated to be 640000 tons yr™'
(Macfadyen et al. 2009, Gilardi et al. 2010).

7. How will climate change influence
the impacts of plastic pollution?

Changes to sea level, atmospheric and sea-surface
temperatures, ocean pH, and rainfall patterns are all
assoclated with global climate change. These factors
will alter biophysical processes that, in turn, will influ-
ence the source, transport, and degradation of plastic
debris in the ocean. Coastal cities and towns represent
one of the main sources of plastic pollution, serving as
point sources for the flow of plastic into the sea via ur-
ban and natural drainage systems (e.g. Faris & Hart
1994). Changes in precipitation patterns could alter
the rate and periodicity of plastic pollution transport
into the sea and/or change the functionality of storm-
water fillers and trash guards, reducing the ability of
these systems to remove solid debris before it enters
the ocean. Additionally, a rise in the sea level and the
increased frequency and duration of severe weather
events may inundate waste disposal sites and landfills.
Storms and rising sea levels also release litter buried
in beaches and dune systems. These factors could
lead to larger amounts of plastic debris being de-
posited into the marine ecosystem through runoff, and
may introduce toxic materials into the marine envi-
ronment (Derraik 2002). Thiel & Haye (2006) discuss
the importance of extreme weather events, such as in-
tense hurricanes/cyclones, for transporting organisms
and pollutants into and lhrough oceanic systems.
Overall, the patiern of extreme weather events is ex-
pected to change, potentially affecting the transfer of
plastic pollution and, possibly, non-native, invasive
species (see Question 3).

Ocean currents and gyres play a significant rele in
the distribution and concentration of floating marine
plastics (Lebreton et al. 2012). Alterations in sea-sur-
face temperatures, precipitation, salinity, terrestrial
runoff, and wind are likely to influence the speed,
direction, and upwelling or downwelling patterns of
many ocean currents. This could, in turn, influence
areas of plastic accumulation and spread plastics to
previously less affected regions, altering the expo-
sure rates of marine wildlife, For example, changes in
the currents interacting with the Southern Ocean
may lead to the transport, establishment, and spread
of plastics and/or invasive species into areas such as
Antarctica (Ivar do Sul et al. 2011). In addition,
changes to ocean circulation could cause further
damage to benthic environments through increased

deposition of plastic onto the sea floor, altering the
composition of normal ecosystems and causing
anoxic or hypoxic conditions (Goldberg 1997).

It is clear that the impacts of climate change will
vary temporally and spatially, and will affect the
environment in a variety of ways. The interaction of
climate change and other ecosystem stressors is an
important area of research, but how climate change
affects plastic pollution has yet to be investigated.

8. What, and where, are the main sources of
plastic pollution entering the marine environment?

Sources of plastic pollution are extensive and are
generally categorized as being either ocean- or land-
based (Sheavly & Register 2007}, with land-based
debris recognized as the most prevalent (Gregory
1991, Nollkaemper 1994, UNESCO 1994). Land-
based debris generally originates from urban and
industrial waste sites, sewage and storm-water out-
falls, and terrestrial litter that is transported by river
systems or left by beach users (Pruter 1987, Wilber
1987, Karau 1992, Williams & Simmons 1997, Santos
et al. 2005, Corcoran et al. 2009, Ryan et al. 2009,
Campbell 2012, O'Shea el al. 2014). Consequently,
large urban coastal populations are the main source
of debris (Cunningham & Wilson 2003) entering the
marine environment and advected elsewhere by
ocean currents {(Martinez et al. 2009). Ocean-based
marine debris is malerial either intentionally or unin-
tentionally dumped or lost overboard from vessels
(including offshore oil and gas platforms) and in-
cludes fishing gear, shipping containers, tools, and
equipment (Jones 1995, Santos et al. 2005). Specific
fishing-related debris includes plastic rope, nets
{responsible for ‘ghost fishing'; Cottingham 19288),
monofilament line, floals, and packaging bands on
bait boxes (Jones 1995, Ivar do Sul et al. 2011).

Currently we lack sufficient understanding of the
sources of plastic pollution at management-relevant
scales, such as catchments, municipal areas, or
coastal areas. If il were possible for managers to
identify the step(s) along the product disposal chain
where plastic is being lost to the environment, tar-
geted mitigation approaches could be implemented
and would likely enable cost-efficient and successful
management. Key starting points for research could
include: research and development of new technolo-
gies for processing waste; design and evaluation of
alternate packaging types or strategies; infrastruc-
ture to prevent waste from entering the environment;
techniques to remove plastic from the environment;
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improving the ability to recycle waste, especially in
developing nations and/or remote towns and com-
munities; or the development of rapid assessment
techniques to identify polymer types {see Ques-
tions 11 to 13). In addition, in areas with predictable
rainfall patterns (i.e. locations with distinct wet sea-
sons), research and monitoring could focus on under-
standing and mitigating impacts of urban storm-
water and riverine loads entering the marine
environment during the ‘first flush’.

9. What factors drive the transport and deposition
of plastic pollution in the marine environment,
and where have these factors created high
concentrations of accumulated plastic?

In the mid-1980s, Archie Carr described the con-
vergence zones in the Atlantic as white lines of
expanded polystyrene and likened the plastic debris
littering the Tortuguero Beach in Costa Rica to hail-
stones (Carr 1986, 1987). It is now clear that plastics
are distributed throughout the world's oceans,
deposited on most coastlines, and found in very
remote areas including the deep sea [e.g. Convey et
al. 2002, Eriksson & Burton 2003, Barnes et al. 2009;
see Question 8). The diverse physical and chemical
nature of plastic polymers affects buoyancy and,
thus, influences the transport and distribution of
plastics in the marine water column. Transport mech-
anisms and the location of sources and sinks have
been a research area of interest for some time.
Indeed, a one-day workshop focusing on this topic
was held at the 5" International Marine Debris Con-
ference in Hawaii (Law & Maximenko 2011). Recent
approaches to understanding the transport of debris
have used combinations of ocean circulation models,
including Lagrangian particle tracking {Lebreton et
al. 2012, Maximenko et al. 2012, Potemra 2012, Van
Sebille et al. 2012, Carson et al. 2013) and direct
tracking {e.g. using aircraft or satellites) of ghost nets
(Pichel et al. 2012, Wilcox et al. 2013) and debris from
the 2011 Japanese tsunami (Lebreton & Borrero
2013). Central to these recent approaches has been
the rapid improvement of computing power, as well
as GIS and remote-sensing technology (Hamann et
al. 2011).

To date, most models have been developed at large
scales [global, ocean, or basin), but there is now a
need for researchers to develop localized models to
better understand near-shore transport mechanisms
at scales relevant to management, such as state or
national levels (e.g. Potemra 2012, Carson et al. 2013,

O'Shea et al. 2014). Furthermore, the identification of
sinks, not only for pollution within the water column,
but also for benthic debris (Schlining et al. 2013},
especially in relation to key habitat areas for marine
wildlife (such as foraging areas, migration pathways,
and breeding sites) is needed. First steps could be the
refinement of existing high-resolution hydrodynamic
models and combining these models with satellite or
aerial imagery, in order to understand river input,
wave and wind drag influence on transport, and
beaching and washing of debris back into the water.
This could include testing the influence of wind drag
on plastic with different degrees of buoyancy and the
use of 3-dimensional hydrodynamic medels to im-
prove modeling of the movement of less buoyant
plastics,

10. What are the chemical and physical
properties of plastics that enable their persistence
in the marine environment?

Plastics absorb ultraviolet {UV) radiation and under-
go photolytic, photo-oxidative, and thermo-oxidative
reactions that result in degradation of their con-
stituent polymers (Gugumus 1993, Andrady et al
1998). The rate and process of various types of degra-
dation of synthetic polymers is likely to depend upon
a number of factors, including the bonds present
within the material and the amount of light, heat,
ozone, mechanical stress, or number of microorgan-
isms present. Overall, the structure of a polymer
determines its surface area, degree of cryslallinity,
polymer orientation, material components, accessi-
bility to enzymes, presence of additives, and degree
of persistence in the environment. The polymer
structure is thus critical in delermining the degree of
the material's degradability (Palmisano & Pettigrew
1992). However, there are limited data from which to
draw conclusions about degradation rates for most
pelymer types. Additicnally, little is known about
how physical properties such as weight and shape
determine whether or not plastics will float or be air-
driven, and how long they will persist as surface pol-
lution befcre sinking.

Environmental factors affecting the persisience of
plastics in the environment include physical and
chemical factors such as wind and wave exposure,
pH, temperature, sediment structure, oxidation po-
tential, moisture, nutrients, oxygen, and the presence
of inhibitors. Microbiological factors are also likely to
affect degradation rates of plastics, and these will be
influenced by the distribution, abundance, diversity,
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activity, and adaptation of microorganisms (Pal-
misano & Pettigrew 1992). Additionally, activities of
macrofauna, such as maceration of plastics by insects
or rodents, and potentially fish, may influence the
rate of degradation by increasing the surface area
available for colonization by microorganisms.

Research has also demonstrated that plastic pellets
can adsorb hydrophobic compounds such as persist-
ent organic pollutants (POPs) from the walter (Mato el
al. 2001, Teuten et al. 2007, Karapanagioti et al. 2011,
Holmes et al. 2012), The degree to which plastics
adsorb organic pollutants from the water is likely to
depend on the underlying chemical structure. This
also underpins the resilience and durability of the
plastic once in the environment and, when it breaks
down, its degree of buoyancy (Cooper & Corcoran
2010), There are likely strong links between the
chemical and physical properties of the plastic and its
persistence in the marine environment; yet, for most
polymers, these links remain to be quantified.

Research is needed to better understand the effects
of different degradation products from plastic poly-
mers on marine wildlife. There is a need for further
information on the interactions between the molecu-
tar structure and physical form of plastics {including
biodegradable plastics), methods of microbial attack,
and environmental factors influencing degradation.
A Kkey area to start would be to gain an understand-
ing of which polymer types have the greatest impact
on marine wildlife, and then to determine the physice-
chemical faclors that influence pelymer degradation
in order to identify steps in the manufacturing pro-
cess that might be altered 1o reduce the generation of
these polymer types. Such an understanding is criti-
cal when conducling life-cycle assessments for prod-
ucts and common types of waste and in developing
risk or threal abatement strategies. Hence, this
remains a key knowledge gap with substantial scope
for future research.

1t. What are some slandard approaches for
the quantification of plastic pollution in marine
and coastal habitats?

Understanding rates and patterns of dispersal,
accumulation and abundance of plastic in the envi-
ronment is an important step toward understanding
habitat and species vulnerability. However, compar-
isons among regions (and among studies in the same
region) are handicapped by a lack of uniformity in
approach to quantification (Ryan et al. 2009). A par-
ticularly common problem is the failure to standard-

ize, or even report, the lower size range of litter items
sampled, with drastic implications for resultant den-
sity estimates (Ryan 2013).

One established method of following changes in
marine plastic abundance is by regular shoreline
(strand-line) surveying (Cheshire et al. 2009). Al-
though commonly employed, the technique has
many challenges (Ribic & Ganico 1996, Velander &
Mocogni 1999). The first is that the human propensity
to stroll along beaches and pick up litter is both com-
mon and laudable. More challenging factors affect-
ing beach surveys are the local processes that affect
beach debris deposition, such as tides, wave surge,
wind speed, and direction, all of which increase the
temporal and spatial variances of beach surveys,
making change (e.g. due to mitigating actions)
harder lo detect (Ryan et al. 2009, Kataoka et al.
2013}. Though not commonly done on a daily basis,
collection of debris each day can provide improved
variance estimates (Eriksson et al. 2013, Smith &
Markic 2013}, Despite being challenging, shoreline
cleanups can be used 1o increase social awareness of
the issue, identify particular plastic items to target
mitigation efforts {e.g. uncut strapping bands, six-
pack beverage rings, plastic pellets, and weather
balloons) and, if done systematically, provide a com-
parative baseline on distribution, abundance, and
accumulation of plastic debris (Edyvane et al. 2004,
Ribic et al. 2010, 2011, 2012, Eriksson et al. 2013,
Rosevelt et al. 2013, Thiel et al. 2013, Wilcox et al.
2013). Improving data collection from beach surveys
and ensuring that data collection is useful for man-
agers will require an improved understanding of how
local circulation and weather patterns (e.g. tide cy-
cle, wind strength and direction, and storms}) affect
the number and type of plastic marine debris items
that wash ashore and are washed back into the water
(i.e. can be bounced along a coastline).

While debris loads on shore can reflect debris loads
in coastal waters (Thtel et al. 2013}, understanding de-
bris loads in the open ocean is challenging due to eco-
nomics (e.g. ship costs for dedicated surveys) and the
spatial area that needs to be surveyed (Morishige et
al. 2007). However, these issues could, at least par-
tially, be overcome by implementation of techniques
that use ships of opportunity (Reisser et al. 2013, Ryan
2013), which have been used successfully for continu-
ous at-sea monitoring of parameters such as chloro-
phyll, salinity, and even zooplankton. Regular data
flows from instruments deployed on commercial ves-
sels that agree to participate could be used to monitor
plastic pollution loads. Additionally, it is possible that
relatively ‘low-tech’ sampling can be developed to ac-
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cess malerials filtered from seawater intakes for en-
gine cooling water used by shipping; ballast-water
sampling protocols that have been developed may be
a reasonable starting point for this. Also, field tech-
niques currently used for biological oceanegraphic
studies could be refined or developed to quantify
debris loads, particularly microplastics, e.qg. plastic
debris can be quantified in known volumes of sea wa-
ter sieved by neuston net, plankton net, or even by
known surface areas and depths sampled by other
means such as by pump (e.g. Hidalgo-Ruz et al. 2012,
Howell et al. 2012, Eriksen et al. 2013). Larger
macroplastic items (loo large to be sampled by nets)
can be surveyed with ship-based or aerial surveys
{e.g. Lecke-Miltchell & Mullin 1997), though under-
standing the many biases associated with these types
of surveys for plastic marine debris needs develop-
ment (Ryan 2013). There may be future possibilities in
using satellite imagery of the sea surface to estimate
the abundance of debris and also to characterize the
wavelength reflectance of plastics to distinguish them
from foam and organic malerials.

Irrespective of the habitat being sampled the great-
est limitation to the quantification of marine plaslic
debris loadings remains its general dependence on
the human eye. While many other disciplines over-
come similar challenges to provide quantitative meas-
ures, avenues for future research would be to improve
the way data on plastic pollution are collected by vi-
sual cues, the refinement of sampling techniques for
fragmented plastic pollution, and the development of
a quantitative 'characteristic chemical signature’ ana-
lysis system for plastic polymers. These would expand
our understanding of the ubiquity of plastic items and
their potential impact on marine wildlife.

12. What are the barriers to, and opportunities for,
delivering effective education and awareness
strategies regarding plastic pollution?

Public concern over marine debris received a
tremendous boost after the 1999 discovery of a region
in the North Pacific in which plastic litter was accu-
mulating, later termed the 'Great Pacific Garbage
Patch’ (e.g. Moore et al. 2001, Moore 2008). By the
mid-2000s the sensationalized media portrayal of a
mythical floating island of plastic wasle created a
wave of outrage against the amount of plastic in the
ocean, The plastics industry, environmental organi-
zations, legislators wishing to calm constituents, and
entrepreneurs of all kinds raced to understand and
explain the problem and solutions on their own

terms, creating a glut of misinformation about the
size, contents, source, and fate of plastic in the ocean.
Media strategies have ranged [rom dozens of short
films, to a variety of advertising campaigns aired on
television, the web, billboards, and in print. While it
is clear that traditional and social media can work in
tandem to distribute a story widely, research in the
health seclor is demonstrating that more emphasis
should be placed on the outcome evaluation of com-
munication strategies {(Schneider 2008).

Delivery of an education and awareness strategy to
minimize current and future impacts of plastic pollu-
tion on marine wildlife and habitats requires devel-
oping and distributing messages aimed at altering
human behaviors associated with the manufacture,
purchase, use, and disposal of plastic products. The
message needs to be built on a communication and
interpretation science and on accurate scientific
information and to be delivered to the public and
decision makers through traditional and social me-
dia, conferences, popular press, websites, and adver-
tising. However, the provision of information is only
part of the sclution (Bates 2010, Weiss et al. 2012). A
key role for research in developing and communicat-
ing education and awareness strategies involves
developing and testing incentives aimed at inducing
effective behavior change. There is a substantial
body of empirical literature on eliciting behavioral
change in the public health and environmenltal sec-
tors (see review by Darnton 2008). However, few
studies relate specifically to minimizing plastic pollu-
tion {see Slavin et al. 2012 for a focus on marine
debris, including plastics). As a starting point, there
is a need for researchers to test the models used in
environmental psychology (e.g. theory of planned
behavior; Ajzen 1991), environmental economics
(see Butler et al. 2013), persuasive communication
(see Ham et al. 2008), and social marketing (e.g.
Peattie & Peattie 2009) to understand factors that will
influence changes in behavior and to test the effec-
tiveness of marine debris campaigns. It is important
to involve these disciplines because they directly
provide a greater understanding of the barriers and
opportunities that drive human behavior and gover-
nance, and means of determining the costs versus
benefits of these changes.

13. What are the economic and social effects of
plastic pollution in marine and coastal habitats?

One of the more cbvious knowledge gaps concern-
ing plastic pollution mitigation relates to social and
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economic aspects. Indeed, <5 % of the relevant liter-
ature (i.e. in Fig. 1) comprises social or economic
studies (but see Nash 1992, Mcllgerm et al. 2011).
Changes in the condition ol natural assets due to
plastic pollution can influence social and economic
systems by altering environmental quality for future
generations {e.qg. beach litter; Balance et al. 2000),
decreasing the value of ecosystem services, and
potentially causing negative health implications (Tal-
sness et al. 2009). The cleanup of existing debris,
which can be very costly, often falis on local authori-
ties and environmental organizations, and often re-
lies heavily on a volunteer workforce. For example,
the cost of debris-related damage to marine indus-
tries in the Asia-Pacific rim countries and in Swe-
den was recently estimated at US$1.26 billion and
USS$ 3.7 million per annum, respectively {Hall 2000,
Mcllgorm et al. 2011). Power companies in Europe
report spending more than US$75000 each year to
keep their water intake screens clear of debris, How-
ever, it is not clear how many intakes are screened
(Hall 2000).

Research is needed to examine the direct and indi-
rect costs and benefits of plastic manufacture, use,
and disposal, and to enable relative comparisons
between the use of plastic and alternative malerials.
Useful starting points for this research could include
surveys of people on the use and disposal of plastic
products and the collection of empirical infoermation
on the costs of disposal and recycling gathered from
waste management companies. There is a clear need
for future research to include collaboration with
economists, neuroscientists, and psychologists to
quantify the cognitive and economic benefits pro-
vided by healthy, unpolluted waterways. These ben-
efils likely include relaxation, insight, self-reflection,
a sense of well-being, and creativity (White et al.
2010). Fouled environments may add to emotional
stress and diminish social well-being.

i4. What are the costs and benefits of mitigating
plastic pollution, and how do we determine viable
mitigation options?

A range of toels is available to manage environ-
mental issues such as plastic pollution, including
government regulation, market instruments (e.g.
incentives), and technical and operational proce-
dures (Kolstad 1986). The costs and benefits of these
management options vary according to a number of
factors, which, for marine pollution, typically include
distance to point source, population size, and wealth

(poverty) of the coastal populations. Preventative
technical measures, such as debris-retention booms
that intercept plastic debris prior to dilution at sea,
can significantly reduce damage to wildlife and eco-
nemic costs to industry {Durrum 1997, Carson et al.
2013). Regulatory appreaches to environmental man-
agement are commonly used, as they typically have
low transaction cosls due to operator compliance
(Mcllgorm et al. 2008). Legislation has been de-
signed to specifically address the marine pellution
issue {e.g. MARPOL Annex V), although reductions
in the amount of debris entering the sea or the impact
of debris on marine wildlife have not been detected
(Arnould & Croxall 1995, Henderson 2001).

Economic incentives, e.g. container deposit recy-
cling schemes (Bor et al. 2004) and programs that
explicitly pass costs for packaging such as shopping
bags (e.g. Ryan et al. 1996, Convery et al. 2007,
Avyalon et al. 2009, Barlow & Morgan 2013) on to the
consumer are increasingly used in environmental
management (Ferrara & Missios 2005), but their suc-
cess is rarely evaluated. Operational programs such
as beach cleanups can require substantial financial
and social input to build and maintain networks, with
benefits either limited to a small area, or not
observed at all {(e.g. no direct benefit for wildlife
reported; Page et al. 2004, Mcllgorm et al. 2008). A
key research question is: Do the cost-benefit ratios
differ between measures aimed at preventing plastic
pollution entering the marine system and reactive
measures (e.g. beach cleanups [Mcllgorm et al. 2008)
or derelict fishing gear recovery [Gilardi et al. 2010})?
Furthermore, cleanup events are likely to have social
benefits, and these can be difficult to quantify and
may be underestimated (Topping 2000, Storrier &
McGlashan 2006). A useful starting point for research
could be to quantify the costs and benefits of remov-
ing marine debris and how/il cleanup events can be
organized to achieve higher ecological, social, and
economic value (see Question 10).

The complexity and increasing scale of the marine
plastic pollution issue is teo large for any single
agency or country to resolve (Donochue 2003); hence,
empirical data at scales related to management and
the development of cost-effective regulatory tools to
reduce and prevent debris at its source are needed.
Key priorities for research include developing and
testing economic and social mechanisms that can be
used to compare the relative costs and benefits of
different mitigation techniques, and research to de-
velop and test new products and technologies that
may prevent the release of debris into our waterways
(see Question 16). An aspect of this could include re-
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search that improves our knowledge of alternatives to
plastic use in high-risk applications (e.g. single-use
plastics), the promotion of recycle-friendly packaging
that does not generate litter-prone items, and the de-
velopment of more efficient waste disposal systems.

15. How can we improve data integration lo
evaluate and refine management of
plastic pollution?

One problem with combating the global issue of
plastic pollution through local or regional initiatives
is that it requires coordination and management
across a number of different fronts. This requires the
development of aligned sampling and collection ini-
tialives coupled wilh the intent to share data {e.g.
Carr el al. 2011, Duffy et al. 2013, Meiner 2013, Yang
et al. 2013). For example, at a regicnal scale, the
United Nations Environment Program (UNEP) is
using its Regional Seas Programme (RSP} to develop
response activilies to the marine debris issue (UNEP
2008) and to collect and disseminate information.
However, while 18 regional seas are recognized
within the RSP, only 12 are participating in UNEP-
assisted marine litter aclivities. Most of these regions
have limited data on the magnitude of the problem,
have no standardized reporting or archiving of data,
and few recognize marine debris as an emerging
issue. This lack of information needs to be addressed
in order to convey a scientifically based global under-
standing of the plastic pollution issue.

First steps towards addressing this issue should
include the promulgation of standard approaches
and methods for collecting (Question 11), archiving,
and reporting data, in addition to efforts to reduce
barriers concerned with educating people and rais-
ing awareness {Question 12). Another priority for
national and regional mitigation of plastic pollution is
lhe development of databases thal store standard
information that can then be shared via internet (e.g.
Simpson 2004, Simpson et al. 2006, Carr et al. 2011,
Costello et al. 2013). By providing a standardized
suite of database fields, or creating open commons
data sharing, information can be made available for
national or global assessments (Simpson et al. 2006),
with appropriate strategies being developed to help
refine management of plastic pollution. For example,
in the USA, the West Coast Governor's Agreement
Marine Debris Action Coordination Team has
recently established an online database to collate
standardized marine debris data available for the
entire US West Coast (http://debris-db.wesicoast

oceans.org), and, in Australia, a non-profit organiza-
tion, Tangoroa Blue, has created a similar online data-
base for storing beach cleanup data (www.tangaroa
blue.org/database.html). These are relatively recent
and spatially limited initiatives; however, continued
research, monitoring, as well as the use of these data-
bases and development of similar databases in addi-
tional regions will enable jidentification of strengths,
weaknesses, and, if possible, improvements and co-
ordination. This will be especially true if these and
similar databases are able to record baseline marine
wildlife impacts and thus enable identification of
future changes to impact rates of occurrence.

16. Whal are the alternatives to plastic?

The plastics industry is one of the largest and
fastest-growing manufacturing industries world-
wide, driven to a large extent by increased global
consumerism and social pressure to favor conven-
ient, single-use products. However, although plastic
products offer short-term benefits, the longer term, or
lifetime, costs are rarely calculated {(Rochman et al.
2013b). An important area for future work will be in
the development of indicators and techniques to
assess the benefits of a product relative to the costs of
its lifetime environmental, carbon, and toxic fool-
prints. Single-use plastic products (e.g. packaging,
straws, disposable cutlery, cups, food trays, and bags)
may be suitable products for such a risk assessment,

Very few empirical data exist on the carbon and
toxin footprint of single-use plastics (Hendrickson et
al. 2006, Yates & Barlow 2013), but work on alterna-
tives to plastic has focused on this group of products.
Included in the growing list of alternate materials are
biodegradable materials such as those made with
prodegradant concentrates (PDCs), additives known
as TDPA (totally degradable plastic additives), or
MasterBatch Pellets (MBPs). However, the environ-
mental cost of biodegradable alternatives is rarely
assessed and warrants further research attention. As
an example, plastics made from polylactic acid (PLA),
a polymer-derived plant sugar, require a specific
controlled environment in order to degrade: temper-
atures must be very high and oxygen absent for bac-
teria to break down PLA plastics. The majority of
landfills and at-home composting systems cannot
provide these conditions, resulting in degradation
times for PLA products similar to those of traditional
plastic items. Other emerging problems with 'bio-
degradable plastics’ are that they often cannot be
bundled with traditional plastic items for recycling,
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and are often considered contaminants in recycling
centers. Furthermore, biodegradable plastics may
fragment at a greal rale, resulting in an increase in
the environmental burden of microplastics, and
packaging labeled biodegradable may lead to
increased littering. Hence, there is a clear need for
further research to develop and test approaches for
comparing the relative life-cycle costs and benefits of
alternative malerials when compared to the plastic
products they replace.

One method of reducing plastic is to use products
made from a wide range of alternative materials such
as cotton/hemp (e.g. shopping bags), stainless steel
(e.g. lunch boxes or drink containers), or glass (e.g.
straws). Yet, rarely have the efficiency and effective-
ness of these alternatives been assessed (Barlow &
Morgan 2013). Moreover, while it is clear that engi-
neering and product design efforts are ongoing, and
the development of alternative products or materials
to reduce plastic footprints is gaining momentum,
there is a clear need for research on economic and
social drivers to ensure the acceplance of alterna-
tives. Explicit calculations of the cradle-to-grave cost
of 'free’ plastic packaging is an effective way of
changing consumer behavior (Ryan et al. 1996), bul
there is substantial scope for further economic and
social-based research in this field.

Overall, the key challenge is to understand the rel-
ative economic, environmental, and social costs and
benefits of existing products compared to those of
new alternative materials. Collectively these data are
essential to allow effective evaluation of product
changes in order to ensure a net leng-term environ-
mental benefit.

DISCUSSION

Harnessing the knowledge and ideas of muliiple
experts on a single topic is powerful because it high-
lights important research questions or topics to help
focus attention on areas considered to be issues of
immediate importance for the conservation of
affected wildlife and habitats (Hamann et al. 2010,
Sutherland et al. 2010, Laurance et al. 2011, Lewison
et al. 2012). Herein, we identified as critical improve-
ments in our understanding of the magnitude of the
plastic pollution issue, the threats of plastic pollution
to marine wildlife and their habitats, how these
threats are currently managed, how mitigating
actions are currently implemented and evaluated,
and how mitigation measures can be improved in the
future. Collectively, the questions generated in our

study demonstrate that understanding and mitigat-
ing the impacts of plastic pollution on marine wildlife
will require a multi-disciplinary approach delivered
across various spatial and temporal scales.

While it is clear that plastic pollution impacts a
large number of marine wildlife species, our study
reveals an obvious need to (1) understand vulnerabil-
ity at the level of species or other management units
(e.g. genetic stocks; Dethmers et al. 20086) or regional
management units (Wallace et al. 2010) and (2)
improve knowledge of species, populations, or habi-
tats at scales relative to management. Ultimately,
understanding vulnerabilily lo plastic pollution at a
mix of ecologically and management relevant scales
(species or geographic) can assist with both local and
regional priority setting and mitigation across a
range of pressures.

We have provided a context for the key research
questions lo guide management of the plastic pollu-
tion impacts on marine wildlife. We identified a
strong need to involve disciplines related to under-
standing economic and social barriers and opportuni-
ties to change behavior {individual and governance)
and markets (Stern 2000, Brulle 2010, Ham 2013),
and to evaluate the benefits. Understanding human
behavior has traditionally been the purview of psy-
chology, and substantial scope exists to test and
apply behavior-change models such as the Theory of
Planned Behavior {see Darnton 2008 for a review) or
Prospect Theory (see Kahneman & Tversky 1979,
Wakker 2010) to adjust social attitudes towards man-
aging plastic pollution (e.g. Tonglet et al. 2004) and
changing littering behaviors (see Cialdini 2003). Sim-
ilarly, there is scope to include business themes such
as social marketing (see Peattie & Peattie 2009), viral
markeling (see Leskovec et al. 2007), social network
analysis {see Scott 1988, Weiss et al. 2012), and cost-
benefit analysis to support allerations in consump-
lion, use, disposal, and recycling in order to achieve
the best outcomes (e.g. Butler et al. 2013). Research
in these social domains should increase knowledge
and allow targeted dissemination of information,
improve attitudes towards plastic pollution impacts
and the mitigation of those impacts, improve aspira-
tions toward enabling changes (e.g. Ham 2013), and
enable evaluation of management instruments and
strategies (e.g. plastic bag use; Luis & Spinola 2010,
Dikgang et al. 2012) to quantify benefits.

This paper reflects ideas from an expert group of
researchers with a broad range of backgrounds. It is
the most current attempt to assemble the opinions of
experts in the field of plastic pollution and its impact
on marine wildlife and marine habitats. By focusing
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effort and expertise on what are collectively agreed
upon as priority research questions for the mitigation
of plastic pollution impacls on marine species around
the globe, we aim to move research and manage-
ment forward. Although there are still many ques-
tions surrounding the issue, the numerous negative
impacls of plastic pollution make it clear that we
must strive to reduce the amount of plastics reaching
our oceans. lf the methods for doing so are attainable
{e.g. reducing plastic use, improvements in wasle
management, better access to recycling) and the
costs are non-prohibitive, it would be feasible to
deal with what is ultimately an entirely avoidable
problem.

Acknowledgements. We acknowledge Eva Ramirez Llodra,
Ruth Kamrowski and 2 reviewers for their valuabie com-
ments on an earlier draft.

LITERATURE CITED

» Ajzenl(1991) The theory of planned behavior. Organ Behav
IHum Decis Process 50:179-211
» Allen R, Jarvis D, Sayer 5, Mills C {2012) Entanglement of
grey seals Halichoerus grypus at a haul out site in Corn-
wall, UK. Mar Pollut Bull 64:2815-2819
» Aloy AB, Vallejo BM, Juinio-Menez MA (2011) Increased
plastic litter cover affects the foraging activity of the
sandy intertidal gastropod Nassarius pullus, Mar Pollut
Bull 62:1772-1779
» Andrady AL, Hamid SH, 1Iu X, Torikai A (1998) Effects
of increased solar ultraviclet radiation on materials.
J Phatochem Photobiol B 46.96-103
Anon. (1955) Observations on diving of the Australian gan-
net (Sula bassana serrator Gray). Notornis 6:72-76
» Arnould JPY, Croxall JP (1995) Trends in entanglement of
Amtarctic fur seals (Arctocephalus gazella) in man-made
debris at South Georgia. Mar Pollut Bull 30:707-712
» Artham T, Sudhakar M, Venkatesan R, Madhavan Nair C,
Murty KVGK, Doble M (2009} Biofouling and stability of
synthetlic polymers in sea water. Int Biodeterior Bio-
degradation 63:884-890
» Ashton K, Holmes L, Turner A (201 0) Association of metals
with plastic production pellets in the marine environ-
ment. Mar Pollut Bull 60:2050-2055
» Asoh K, Yoshikawa T, Kosaki R, Marschall EA (2004) Dam-
age to cauliflower coral by monofilament fishing lines in
Fawaii. Conserv Biol 18:1645-1650
Auman HJ, Woehler EJ, Riddle MJ, Burton 11 (2004} First
evidence of ingestion of plastic debris by seabirds at sub-
Antarctic Ileard Island. Mar Ornithol 32:105-106
» Ayalon O, Goldrath T, Rosenthal G, Grossman M (2069)
Reduction of plastic carrier bag use: an analysis of alter-
natives in Israel. Waste Manag 29:2025-2032
» Azzarello MY, VanVieet ES {1987) Marine birds and marine
pollution. Mar Ecol Prog Ser 37:295-303
Balance A, Ryan PG, Turpie JK (2000) How much is a clean
beach worth? The impact of litter on beach users in the
Cape Peninsula, South Africa. S Air J Sci 96:210-213

Balazs G (1985) Impact of ocean debris on marine turtles:
entanglement and ingestion. In: Proceedings of the
workshop on the fate and impact of marine debris,
NOAA Tech Memo NMFS SWEFSC 54:387-429

» Barlow CY, Morgan DC (2013) Polymer film packaging for
foocd: an environmental assessment. Resour Conserv
Recycling 78:74-80

» Barnes DKA, Milner P (2005) Drifting plastic and its conse-
quences for sessile organism dispersal in the Atlantic
Ocean. Mar Biol 146:815-825

» Barnes DKA, Galgani F, Thompson RC, Barlaz M {2009)
Accumulation and fragmentation of plastic debris in
global environments, Philos Trans R Soc Lond B Biol Sci
364:1985-1498

» Bates CH {2010) Use of social marketing concepts to evalu-
ate ocean sustainabilily campaigns. Soc Mar Q 16:71-06

Baulch S, Perry C (2012) A sea of plastic: evaluating the
impacts of marine debris on cetaceans. Paper SC/64/E10,
64th Meeting of the International Whaling Commission
Science Committee, Panama City

Beall G (2009) By design: World War II, plastics, and
NPE. Available at: www.plasticstoday.com/imm/articles/
design-world-war-ii-plastics-and-npe [accessed June
2013}

w» Beck CA, Barros NB (1991) The impact of debris on the
Florida manatee. Mar Pollut Bull 22:508-510

» Bern L (1990) Size-relaled discrimination of nutritive and
inert particles by freshwater zooplankton. J Plankton Res
12:1059-1067

» Besseling B, Wegner A, Foekema [M, Van Den Heuvel-
Greve MJ, Koelmans AA (2013) Cffects of microplastic
on fitness and PCB bicaccumulation by the lugworm
Arenicola marina (L.). Environ Sci Technol 47:593-600

» Bjorndal KA, Bolten AB, Lagueux CJ (1994) Ingestion of
marine debris by juvenile sea turtles in coastal Florida
habitats. Mar Pollut Bull 28:154-158

» Boerger CM, Lattin GL, Moore SL, Moore CJ (2010} Plastic
ingestion by planktivorous fishes in the North Paciiic
Central Gyre. Mar Pollut Bull 60:2275-2278

» Boland RC, Donohue MJ {2003) Marine debris accumulation
in the nearshore marine habitat of the endangered
awaiian monk seal, Monachus schauinsfandi 1999-
2001. Mar Pollut Bull 46:1385-134%4

p Bond AL, Lavers JL (2013) Effectiveness of emetics to study
plastic ingestion by Leach's storm-petrels (Oceanodroma
leucorhoa). Mar Pollut Bull 70:171-175

» Bor YJ, Chien YL, Hsu E (2004} The market-incentive recy-
cling system for waste packaging containers in Taiwan.
Environ Sci Policy 7:509-523

w» Bouland AJ, White AL, Lonabaugh KP, Varian-Ramos CW,
Cristol DA (2012) Female-biased offspring sex ratios in
birds at a mercury-contaminated river. J Avian Biol 43:
244-251

» Browne MA, Crump P, Niven 5], Teuten E, Tonkin A, Gal-
loway T. Thompson R (2011) Accumulation of microplas-
tic on shorelines woldwide: sources and sinks. Environ
Sci Technol 45:9175-9179

p Brulie RJ (2010) From envirenmental campaigns to advanc-
ing the public dialog: environmental communication for
civic engagement. Environ Commun 4:82-98

» Bugoni L, Krause L, Petry MV (2001} Marine debris and
human impacts on sea turtles in southern Brazil. Mar Pol-
lut Bull 42:1330-1334

» Butler JRA, Gunn R, Berry HL, Wagey GA, IMardesty BD,
Wilcox C {2013) A value chain analysis of ghost nets in



Threat of marine plastic pollution in Australia
Submission 27

Vegter et al.: Plastic pollution impacts on marine wildlife

241

the Arafura Sea: identifying trans-boundary stakehold-
ers, intervention points and livelihood trade-ofis. J Envi-
ron Manag 123:14-25
» Cadée GC {2002) Seabirds and iloatling plastic debris. Mar
Pollut Bull 44:1294~1295
Campbell M (2012} Flood debris in central Queensland: the
social implications of the flood debris from January 2011
Queensland floods, CQ University Technical Report, CQ
University Gladstone
» Carpenter EJ, Smith KL Jr (1972) Plastic on the Sargasso Sea
surface, Science 175:1240-1241
» Carpenter CJ, Anderson 8J, Harvey GR, Miklas I IP, Peck BB
(1972) Polystyrene spherules in coastal waters, Science
178:749-750
» Carr A (1986) Rips, FADS, and little loggerheads. Bioscience
36:92-100
» Carr A (1987) Impact of nondegradable marine debris on the
ecology and survival outlook of sea turtles. Mar Pollut
Bull 18:352-356
» Carr MI1, Woodson CB, Cheriton OM, Malone D, McManus
MA, Raimondi PT (2011} Knowledge through partner-
ships: integrating marine prolected area monitoring and
ocean observing systems. Front Ecol Enviren 9:342-350
» Carson HS, Colbert SL, Kaylor MJ, Mcdermid KJ (2011)
Small plastic debris changes water movement and heat
transfer through beach sediments. Mar Pollut Bull 62:
1708-1713
» Carson HS, Lamson MR, Nakashima D, Toloumu D, Hafner
J, Maximenko N, Mcdermid KJ (2013) Tracking the
sources and sinks of local marine debris in 1lawai'i. Mar
Environ Res 84:76-83
Ceccarelli D (2009) Impacts of plastic debris on Australian
marine wildlife. Report by C&R Consulting to the Aus-
tralian Government Department of the Environment,
Water, Heritage and the Arls, Canberra, p 1-77
Cheshire A, Adler E, Barbiére J, Cohen Y and others (2009)
UNEP/IOC guidelines on survey and monitoring of mar-
ine litter. UNEP Regional Seas Reports and Studies, No.
186, IOC Technical Series No, 83
» Chiappone M, Dienes I, Swanson DW, Miller SL (2005)
Impacts of lost fishing gear on coral reef sessile inverte-
brates in the Florida Keys National Marine Sanctuary.
Biol Conserv 121:221-230
» Choy CA, Drazen JC (2013) Plastic for dinner? Observations
of frequent debris ingestion by pelagic predatory fishes
from the central North Pacific. Mar Ecol Prog Ser 485:
155-163
» Cialdini R {2003) Crafting normative messages to protect the
environment. Curr Dir Psychol Sci 12:105-109
» Cliff G, Dudley SFJ, Ryan PEG, Singleton N (2002} Large
sharks and plastic debris in KwaZulu-Natal, South
Africa, Mar Freshw Res 53:575-581
» Colabuono Fl, Barquete V, Domingues BS, Montone RC
(2009) Plastic ingeslion by Procellariilormes in southern
Brazil. Mar Pollul Bull 58:93-96
» Cole M, Lindeque P, Halsband C, Galloway TS (2011)
Microplastics as contaminants in the marine enviren-
ment: a review. Mar Pollut Bul} 62:2588-2597
» Cole M, Lindeque P, Fileman E, Halsband C, Goodhead R,
Moger J, Galloway TS (2013} Microplastic ingestion by
zooplankton. Environ Sci Technol 47:6646-6655
Conventicn on Biological Diversity (2012) Impacts of marine
debris on biodiversity: current status and potential solu-
tions. Tech Ser No. 67, Secrelariat of the Convention on
Biological Diversity, Montreal

» Convery F, Mcdonnell S, Ferreira S (2007) The most popular
tax in Europe? Lessons from the Irish plastic bags levy.
Environ Resour Econ 38:1-11

Convey P, Barnes DKA, Morton A (2002) Debris accumula-
tion on oceanic island shores of the Scotia Arc, Antarc-
tica. Polar Biol 25:612-617

» Cooper DA, Corcoran PL (2010} Eifects of mechanical and
chemical processes on the degradation of plastic beach
debris on the island of Kauai, Hawaii. Mar Pollut Bull 60:
650-654

» Corcoran PL, Biesinger MC, Griti M (2009) Plastics and
beaches: a degrading relationship. Mar Pollut Bull 58:
80-84

» Costello MJ, Bouchel P, Boxshall GG, Fauchald K and others
{2013) Global coordination and standardisation in marine
biodiversity through World Register of Marine Species
(WoRMS) and related databases. PLoS ONE 8:e51629

Cottingham D (1988} Federal programs and plastics in the
oceans. Oceans 88: a partnership of marine interests,
Baltimore, MD, p 6-11

Cunningham DJ, Wilson SP (2003) Marine debris on
beaches of the Greater Sydney Region. J Coast Res 19;
421-430

» Dantas D, Barletta M, Ramos J, Lima A, Costa M (2013) Sea-
sanal diet shifts and overlap between two sympatric cat-
fishes in an estuarine nursery. Lstuaries Coasts 36:
237-256

Darnton A (2008} Reference reporl: an overview of behaviour
change models and their uses. Centre for Sustainable
Development, University of Westminster, London

Dau BK, Gilardi KVK, Gulland I'M, lliggins A, 1lolcomb JB,
St. Leger J, Ziccardi MII {2009) Fishing gear-related
injury in California marine wildlife. J Wildl Dis 45:
355-362

Day RI1, Wehle DEIS, Coleman FC (1985) Ingestion of plastic
pollutants by marine birds. In: Proceedings of the work-
shop on the fate and impact of marine debris. NOAA
Tech Memo NMFS-SWFSC 54:344~386

» De Molt W (1888) Discrimination belween algae and artifi-
cial particles by freshwater and marine copepods. Limnol
Qceanogr 33:3947-408

» Denuncio P, Bastida R, Dassis M, Giardino G, Gerpe M,
Rodriguez D (2011) Plastic ingestion in Franciscana dol-
phins, Pontoporia blainvillei (Gervais and d'Orbigny,
1844), from Argentina. Mar Pollut Bull 62:1836-1841

» Derraik JGB {2002) The pollutien of the marine environment
by plastic debris: a review. Mar Pollut Bull 44:842-852

» Dethmers KEM, Broderick ), Moritz C, Fitzsimmons NN
and others (2006} The genetic structure of Australasian
green turtles (Chelonia mydas): explering the geograph-
ical scale of genetic exchange. Mol Ecol 15:3931-3946

» Dikgang J, Leiman A, Visser M (2012) Analysis of the plastic
bag levy in South Africa. Resour Conserv Recycling 66:
59-65

» Donlan CJ, Wingilield DK, Crowder LB, Wilcox C (2010)
Using expert opinion surveys to rank threats to endan-
gered species: a case study with sea turtles. Conserv Biol
24:1586-1595

» Donchue MJ (2003) Flow multiagency partnerships can suc-
cessfully address large-scale pollution problems: a
IHawaii case study. Mar Pollut Bull 46:700-702

» Dufiy JE, Amaral-Zettler LA, Fautin DG, Paulay G, Rynear-
son TA, Sosik HM, Stachowicz JJ {2013) Envisioning and
marine biodiversity observation network. Bioscience 63:
350-361



Threat of marine plastic pollution in Australia
Submission 27

242

Endang Species Res 25: 225-247, 2014

Durrum E {1997) The control of floating debris in an urban
river. In: Coe J, Rogers [2 {eds) Marine debris: sources,
impacts, and solutions, Springer-Verlag, New York, NY,
p 351-358

» Edyvane KS, Dalgelty A, Hone PW, Higham JS, Wace NM
{2004) Long-term marine litter monitoring in the remote
Great Australian Bight, South Australia. Mar Pollut Bull
48:1060-1075

» Eriksen M, Maximenko N, Thiel M, Cummins A and others
(2013) Plastic pollution in the South Pacific subtropical
gyre. Mar Pollut Bull 68:71-76

» Eriksson C, Burton i (2003) Origins and biological accumu-
lation of small plastic particles in fur seals from Mac-
quarie Island. Ambio 32:380-384

» Eriksson C, Burton i, Fitch S, Schulz M, Van Den Hofi J
(2013) Daily accumulation rates of marine debris on sub-
Antarctic island beaches, Mar Pollut Bull 66:199-208

Faris J, 1Tart K (1994) Seas of debris: a summary of the 3rd
international conference on marine debris. In: Proc 3rd
international conference on marine debris. NC Sea Grant
College Program and NOAA, p 54

p Farrell P, Nelson K (2013) Trophic level transfer of micro-
plastic: Mytilus edulis (L.} to Carcinus maenas (L.). Envi-
ron Pollut 177:1-3

Feldkamp SD (1985} The efiects of net entanglement on the
drag and power cutput of a California sea lion, £alophus
californianus. Fish Bull 83:692-694

Feldkamp SD, Costa DP, Dekrey GK (1989) Energetic and
behavioral effects of net entanglement on juvenile north-
ern fur seals, Callorhinus ursinus. Fish Bull 87:85-04

» Ferrara I, Missios P (2005) Recycling and waste diversion
effecliveness: eevidence from Canada. Environ Resour
Econ 30:221-238

Fisher HI (1975) Mortalily and survival in the Laysan alba-
tross, Diomedea immutabilis. Pac Sci 29:279-300

» Fossi MC, Panti C, Guerranti C, Coppola D, Giannetti M,
Marsili L, Minutoli R (2012) Are baleen whales exposed
to the threat of microplastics? A case study of the Medi-
terranean fin whale {Balaenoptera physalus). Mar Pollut
Bull 64:2374-2379

» Fowler CW (1987) Marine debris and northern fur seals: a
case study. Mar Pollut Bull 18:326-335

Furness R {1985) Ingestion of plastic particles by seabirds at
Gough Island, South Atlantic Ocean. Environ Pollut Ecol
Biol 38:261-272

» Gilardi KVK, Carlson-Bremer D, June JA, Antonelis K,
Broadhurst G, Cowan T (2010) Marine species mortality
in derelict fishing nets in Puget Sound, WA and the
cost/benefits of derelict net removal. Mar Pollut Bull 60:
376-382

Gilman E, Brothers N, Mcpherson G, Dalzell P (2006) A
review of celacean inleractions with longline gear.
J Cetacean Res Manag 8:215-223

» Glasby TM, Connell SD, IHolloway MG, Hewitt CL (2007}
Nenindigenous biota on arhficial structures: Could habi-
tat creation facilitate biclogical invasions? Mar Biol 151:
887-895

Gochfeld M (1973} Effect of artefact pollution on the viability
of seabird colonies on Long Island, New York. Environ
Poliut 4:1-6

» Goldberg ED (1997) Plasticizing the seafloor: an overview.
Environ Technol 18:195-201

» Goldstein MC, Rosenberg M, Cheng L (2012) Increased
oceanic microplastic debris enhances oviposition in an
endemic pelagic insect, Biol Lett 8:817-820

Gorman M (1993) Environmental hazards— marine pollu-
tion. ABC-CLIO, Santa Barbara, CA
» Gray F, Lattin GL, Moore CJ (2012) Incidence, mass and
variety of plastics ingested by laysan (Phoebastria im-
mutabilis) and black-footed albatrosses (P. nigripes)
recovered as by-catch in the North Pacific Ocean. Mar
Pollut Bull 64:2190-2192
» Gregory MR (1991) The hazards of persistent marine pollu-
tion —drift plastics and conservation islands. JR Soc N Z
21:83-100
» Gregory MR {2008} Environmental implications ol plastic
debris In marine settings—entanglement, ingestion,
smothering, hangers-on, hilch-hiking and alien inva-
sions. Philos Trans R Soc Lond B Biol Sci 364:2013-2025
Gregory MR, Ryan P (1997) Pelagic plastics and other
seaborne persistent synthetic debris: a review of South-
ern llemisphere perspectives. In: Coe J, Rogers D {eds)
Marine debris: sources, impacts, and solutions. Springer-
Verlag, New York, NY, p 49-66
» Guebert-Bartholo M, Barletta M, Costa MF, Monteiro-Filho
LLA (2011) Using gut contents to assess foraging patterns
of juvenile green turtles Chelonia mydasin the Paranagua
Estuary, Brazil. Endang Species Res 13:131-143
» Gugumus IF (1993) Re-evaluation of the stabilization mecha-
nisms of various light stabilizer classes. Polym Degrad
Stabil 39:117-135
» Gunn R, Hardesty BD, Butler J (2010) Tackling ‘ghost nets":
local solutions to a global issue in northern Australia.
Ecol Manage Restor 11:88-98
Flall K {2000) Impacts of marine debris and cil: economic and
social costs to coastal communities. KIMQ, Shetland
Islands Council, Lerwick
Ilam S {2013) Interpretation, making a difference on pur-
pose. Fulcrum Publishing, Golden, CO
IHam ST, Weiler B, Hughes M, Brown T, Curtis J, Poll M
{2008) Asking visilors to help: research to guide strategic
communication {or protected area managemenl. Sustain-
able Tourism CRC, Gold Coast
» [Hamann M, Godfrey MH, Seminoff JA, Arthur K and others
(2010) Global research priorities for sea turtles: inform-
ing management and conservation in the 21st century.
Endang Species Res 11:245-269
» Flamann M, Grech A, Wolanski &, Lambrechts J (2011}
Modelling the fate of marine turtle hatchlings. Ecol Mod-
ell 222:1515-1521
» Ilanni KD, Pyle P {2000) Entanglement of pinnipeds in syn-
thetic materials al South-east Farallon Island, California,
1976-1998. Mar Pollut Bull 40:1076-1081
» Haydar D (2012) What is natural? The scale of cryptogenesis
in the North Atlantic Ocean, Divers Distrib 18:101-110
» Hays I, Cormons G (1974) Plastic particles found in tern
pellets, on coaslal beaches and at factory sites, Mar Pol-
lut Bull 5:44-46
» Henderson JR (2001) A pre- and post-MARPOL Annex V
summary of Hawailan monk seal entanglements and
marine debris accumulation in the northwestern Hawai-
ian Islands, 1982-1998. Mar Pollut Bull 42:584-589
Ilendrickson CT, Lave LB, Matthews HS (2008) Cnviron-
mental life cycle assessment of goods and services. An
input-output approach. RFF Press, Washington, DC
» Hewitt CL, Campbell ML, Thresher RE, Martin RB and oth-
ers (2004a) Introduced and cryptogenic species in Port
Phillip Bay, Vicloria, Australia, Mar Biol 144:183-202
» Hewitt CL, Willing J, Bauckham A, Cassidy AM, Cox CMS,
Jones L, Wotton DM (2004b) New Zealand marine bio-



Threat of marine plastic pollution in Australia
Submission 27

Vegter et al.: Plastic potlution impacts on marine wildlife

243

security: delivering outcomes in a fluid environment. N Z
J Mar Freshw Res 38:429-438

» llidalgo-Ruz V, Gutow L, Thompson RC, Thiel M (2012)
Microplastics in the marine environment: a review of the
methods used for identification and quantification. Envi-
ron 5¢i Technel 46:3060-3075

» llolmes LA, Turner A, Thompson RC (2012) Adsorption of
trace metals to plastic resin pellets in the marine environ-
ment. Environ Pollut 160:42-48

» Howell CA, Bograd SJ, Morishige C, Seki MP, Polovina JJ
{2012) Cn North Pacific circulation and associated mar-
ine debris concentration. Mar Pollut Bulil 65:16-22

Ivar do Sul JA, Costa M (2014) The present and future of

microplastic pollution in the marine environment. Envi-
ron Pollut 185:352~364

» Ivar do Sul JA, Barnes DKA, Costa MT, Convey P, Costa ES,
Campos L (2011} Plastics in the Antarctic environment:
Are we looking only at the tip of the iceberg? Oecol Aust
15:150-170

» Jacobsen JK, Massey L, Gulland F (2010} Fatal ingestion of
floating net debris by two sperm whales (Physeter
macrocephalus). Mar Pollut Bull 60:765-767

» Jones MM (1995) Fishing debris in the Australian marine
environment. Mar Pollut Bull 30:25-33

» Jingling G, Wiessner V, Gebhardt C, Zeitler E, Wiinsch P
(1994) Enterocolic fistula caused by foreign-body perfo-
ration. Dtsch Med Wochenschr 119:63-66

» Kahneman D, Tversky A (1979) Prospect theory: an analysis
of decision under risk. Econometrica 47:263-291

» Karamanlidis AA, Androukaki E, Adamantopoulou S5,
Chatzispyrou A and others {2008) Assessing accidental
entanglement as a threat to the Mediterranean monk
seal Monachus monachus. Endang Species Res 5:
205-213

» Karapanagioti HK, Endo S, Ogala Y, Takada [ (2011) Dif-
fuse pollution by persistent organic pollutants as meas-
ured in plastic pellets sampled from various beaches in
Greece. Mar Pollut Bull 62:312-317

» Karau J (1992) The control of land based sources of marine
pollution: recenlt international inilialives and prospects.
Mar Pollut Bulil 25:80-81

» Kataoka T, FHinata 1, Kato S (2013) Analysis of a beach as a
time-invariant linear input/output system of marine litter.
Mar Pollut Bull 77:266-273

» Katsanevakis 5, Verriopoulos G, Nicolaidou A, Thessalou-
Legaki M (2007) Effect of marine litter on the benthic
megafauna ol coastal soft bottoms: a manipulative field
experiment, Mar Pollut Bull 54:771-778

» Kenyon K, Kridler E (1969) Laysan albatrosses swallow indi-
gestible matter. Auk 86:339~-343

» Kolstad CD (1986) Empirical properties of economic incen-
tives and command-and-control regulations for air-pollu-
tion control. Land Econ 62:250-268

» Kithn 5, van Franeker JA (2012) Plastic ingestion by the
northern fulmar {(Fulmarus glacialis) in Iceland. Mar Pol-
hut Bull 64:1252-1254

» Laist DW (1987) Overview of the biological effects of lost
and discarded plastic debris in the marine environment.
Mar Pollut Bull 18:319-326

Laist DW (1997) Impacts of marine debris: entanglement

of marine life in marine debris including a comprehen-
sive list of species with entanglement and ingestion
records. In: Coe J, Rogers D (eds) Marine debris:
sources, impacts, and solutions. Springer-Verlag, New
York, NY, p 99-139

» Laurance WF, Dell B, Turton SM, Lawes MJ and others
{2011) The 10 Australian ecosystems most vulnerable to
tipping points. Biol Conserv 144:1472-14380

» Lavers JL, Hodgson J, Clarke RI1 (2013) Prevalence and com-
position of marine debris in brown booby (Sula leuco-
gaster)nests on Ashmore Reef. Mar Pollut Bull 77:320-324

» Lavers JL, Bond AL, IHutton I (2014) Plastic ingestion by
flesh-footed shearwaters (Puffinus carneipes): implica-
tions for chick body condition and the accumulation of
plastic-derived chemicals. Environ Pollut 187:124-129

» Law KL, Maximenko N (201 1) Understanding sources, sinks,
and transport of marine debris. Eos 92:235, d0i:10.1029/
2011EQ280006

» Law KL, Morét-Ferguson S, Maximenko NA, Proskurowski

’ G, Peacock EE, IHatner J, Reddy CM (2010) Plastic accu-
mulation in the North Atlantic subtropical gyre. Science
329:1185-1188

» Lazar B, Grafan R (2011) Ingestion of marine debris by log-
gerhead sea turtles, Caretta caretta, in the Adriatic Sea.
Mar Pollut Bull 62:43-47

» Lebreton LCM, Borrero JC (2013) Modeling the transport
and accumulation floating debris generated by the 11
March 2011 Tohoku tsunami. Mar Pollut Bull 66:53-58

» Lebreton LCM, Greer SD, Borrero JC (2012) Numerical
modelling of fleating debris in the world's oceans. Mar
Pollut Bull 64:653-661

» Lecke-Mitchell KM, Mullin K (1997) IFloating marine debris
in the US Gulf of Mexico. Mar Pollut Bull 34:702-705

» Leskovec ], Adamic L, I'luberman B {2007) The dynamics of
viral marketing. ACM Transac Web 1:Art 5, doi:10.1145/
1232722.1232727

» Lewis PN, Riddle MJ, Smith SDA (2005) Assisted passage or
passive drift: a comparisen of alternative transport mech-
anisms for non-indigenous coastal species into the
Southern Ocean. Antarct Sci 17:183-141

» Lewison R, Oro D, Godley BJ, Underhill L and others (2012)
Research priorities for seabirds: improving conservation
and management in the 21sl century. Endang Species
Res 17:93-121

» Lobelle D, Cunliffe M (2011) Early microbial biofilm forma-
tion on marine plastic debris. Mar Pollut Bull 62:197-200

» Luis [P, Spinola I1 {2010] The influence of a volunltary fee in
the consumption of plastic bags on supermarkets from
Madeira Island (Portugal). J Environ Plann Manage 53:
883-889

Macfadyen G, Huntington T, Cappell R (2008) Abandoned,
lost or otherwise discarded fishing gear. Tech Pap 2008,
No. 523, FAQ Fisheries and Aquaculture, Rome

Mader D (2008) Reptile medicine and surgery. Elsevier Inc.,
St Louis, MO

» Martinez [, Maamaatuaiahutapu K, Taillandier V (2009}
Floating marine debris surface drift: convergence and
accumulation toward the South Pacific subtropical gyre.
Mar Pollut Bull 58:1347-1355

Mato Y, Isobe T, Takada 11, Kanehiro I, Ohtake C, Kami-
numa T {2001) Plastic resin pellets as a transport medium
for toxic chemicals in the marine environment. Environ
Sci Technol 35:318-324

» Maximenke N, I1afner J, Niiler P (2012) Pathways of marine
debris derived from trajectories of Lagrangian drifters.
Mar Pollut Bull 65:51-62

» McCauley SJ, Bjorndal KA {1999) Conservation implications
of dietary dilution irom debris ingestion: sublethal effects
in post-hatchling loggerhead sea turtles. Conserv Biol
13:925-929



Threat of marine plastic pollution in Australia
Submission 27

244

Endang Species Res 25: 225-247, 2014

Mcllgorm A, Campbell FF, Rule MJ (2008) Understanding
the economic benefits and costs of controlling marine
debris in the APEC region (MRC 02/2007). A report to
the Asia-Pacific Economic Cooperation Marine Resource
Conservation Working Group by the National Marine
Science Centre. Univ. of New England & Southern Cross
Univ., Coffs Harbour

» Mcllgorm A, Campbell HF, Rule MJ (2011) The economic
cost and control of marine debris damage in the Asia-
Pacific region. Ocean Coast Manage 54:643-651

» Meeker JD, Sathyanarayana S, Swan SH (2009) Phthalates
and other additives in plastics: human exposure and
associated health outcomes. Philos Trans R Soc Lond B
Biol Sci 364:2097-2113

» Meiner A (2013) Spatial data management priorities for
assessment of Gurope’s coasts and seas. J Coast Conserv
17:271-277

» Moore CJ (2008) Synthetic polymers in the marine environ-
ment: a rapidly increasing, long-term threat. Environ Res
108:131-139

» Moore CJ, Moore SL, Leecaster MK, Weisberg SB (2001) A
comparison of plastic and plankton in the North Pacific
central gyre. Mar Pollut Bull 42:1297-1300

» Morishige C, Donohue MJ, Flint E, Swenson C, Woolaway C
(2007} TFactors alfecling marine debris deposition at
French Frigate Shoals, northwestern Ilawaiian Islands
Marine Nationa! Monument, 1990-2006. Mar Pollut Bull
54:1162-1169

» Mrosovsky N, Ryan GD, James MC (2009} Leatherback tur-
tles: the menace of plastic. Mar Pollut Bull 58:287-289

» Miller C, Townsend K, Matschullat J {2012) Experimental
degradation of polymer shopping bags (standard and
degradable plastic, and bicdegradable) in the gastro-
intestinal fluids of sea turtles. Sci Tolal Environ 416:
464-467

» Nash AD (1992) Impacts of marine debris on subsistence
fishermen —an exploratory study. Mar Pollut Bull 24:
150-156

» Nollkaemper A (1994) Land-based discharges of marine
debris: from local to global regulation. Mar Pollut Bull 28:
§49-652

O'Hara K, Iudicello S, Bierce R (1988) A citizen's guide to
plastics in the ocean: more than a litter problem. Center
for Marine Conservation, Washington, DC

» O'Shea OR, Iamann M, Smith W, Taylor H (2014) Pre-
dictable pollution: an assessment of weather balloons
and associated impacts on the marine envirenment— an
example for the Great Barrier Reef, Australia. Mar Pollut
Bull 74:61-68

» Orensanz JML, Schwindt L, Pastorino G, Bortolus A and
others (2002) No longer the pristine confines of the world
ocean: a survey of exotic marine species in the south-
weslern Atlantic. Biol Invasions 4:115-143

» Page B, Mckenzie J, Mcintosh R, Baylis A and others (2004)
Entanglement of Australian sea lions and New Zealand
fur seals in lost fishing gear and other marine debris
before and aiter government and industry attempts to
reduce the problem. Mar Pollut Bull 49:33-42

p» Palmisano AC, Pettigrew CA (1992) Biodegradability of
plastics. Bioscience 42:680-685

» Passow U, Alldredge AL (1999) Do transparent exopolymer
particles (TEP) inhibit grazing by the euphausiid
Fuphausia pacifica? J Plankion Res 21:2203-2217

» Peattie K, Peattie 5 (2009) Social marketing: a pathway to
consumption reduction? J Bus Res 62:260-268

PEMRG (Plastics Europe) (2011) Plastics — the facts 2011: an
analysis of European plastics production, demand and
recovery for 2010. Plastics Europe, Brussels

» Pichel WG, Veenstra TS, Churnside JH, Arabini E and oth-
ers (2012) GhostNet marine debris survey in the Gulf of
Alaska — Satellite guidance and aircraft observations.
Mar Pollut Bull 65:28-41

Poon A (2005) Ilaunted walers: an eslimate of ghost fishing
of crabs and lobsters by traps. Masters thesis, University
of British Columbia, Vancouver

» Possatto FE, Barletta M, Costa M, Ivar do Sul J, Dantas D
(2011} Plastic debris ingestion by marine catfish: an un-
expected fisheries impact. Mar Pollut Bull 62:1098-1102

» Potemra JT (2012) Numerical medeling with application to
tracking marine debris. Mar Pollut Bull §5:42-50

» Pruter AT (1987) Sources, quantities and distribution of per-
sistent plastics in the marine environment. Mar Pollut
Bull 18:305-310

» Ramos J, Barletta M, Costa M (2012) Ingestion of nylon
threads by Gerreidae while using a tropical estuary as
foraging grounds. Aquat Biol 17:29-34

» Reisser J, Shaw J, Wilcox C, llardesty BD and others (2013)
Marine plastic pollution in waters around Australia:
characteristics, concentrations, and pathways. PLoS
ONE 8:e80466. doi:10.1371/journal.pone. 0080466

» Ribic CA, Ganio LM (1996) Power analysis for beach surveys
of marine debris. Mar Pollut Bull 32:554-557

» Ribic CA, Sheavly SB, Rugg DJ, Erdmann ES (2010}
Trends and drivers of marine debris on the Atlantic
coast of the United States 1897-2007. Mar Pollut Bull
60:1231-1242

Ribic CA, Sheavly SB, Rugg DJ (2011) Trends in marine
debris in the US Caribbean and the Gulf of Mexico
1996-2003. I Integr Coast Zone Management 11:7-19

» Ribic CA, Sheavly SB, Rugg DJ, Erdmann ES (2012) Trends
in marine debris along the U.S. Pacific Coast and IHawai'l
1998-2007. Mar Pollut Bull £4:994-1004

» Richards ZT, Beger M (2011) A quantification of the stand-
ing stock of macro-debris in Majuro lagoon and its effect
on hard coral communities. Mar Pollut Bull 62:1693-1701

» Rochman CM, 1loh E, Kurobe T, Teh 8J (2013a) Ingested
plastic transfers hazardous chemicals to [ish and induces
hepatic stress. Sci Rep 3:3263, doi:10 1038/srep03263

» Rochman CM, Browne MA, llalpern BS, Ilentschel BT and
others (2013b) Classify plastic waste as hazardous.
Nature 494:169-171

» Rochman CM, Hentschel BT, Teh SJ (2014) Long-term sorp-
tion of metals is similar among plastic types: implications
for plastic debris in aquatic environments. PLoS ONE 9:
@B85433

» Rosevelt C, Los Huertos M, Garza C, Nevins FHM (2013}
Marine debris in central California: quantifying type and
abundance of beach litter in Monterey Bay, CA, Mar Pol-
lut Bull 71:299-306

» Rothstein S (1973) Particle pollution of the surface of the
Atlantic Ocean: evidence from a seabird. Condor 75:
344-345

» Ryan PG (1987) The incidence and characteristics of plastic
particles ingested by seabirds. Mar Environ Res 23:
175-206

» Ryan PG (1988a) Effects of ingested plastic on seabird feed-
ing: evidence from chickens. Mar Pollut Bull 19:125-128

» Ryan PG (1988b) Intraspecific variation in plastic ingestion
by seabirds and the flux of plastic through seabird popu-
lations. Condor 90:446-452



Threat of marine plastic pollution in Australia
Submission 27

Vegter et al.: Plastic pollution impacts on marine wildlife

245

» Ryan PG (2008) Seabirds indicate changes in the composi-
tion of plastic litter in the Atlantic and south-western
Indian Oceans. Mar Pollut Bull 56:1406-1409

» Ryan PG (2013) A simple technique for counting marine
debris at sea reveals steep litter gradients between the
Straits of Malacca and the Bay of Bengal, Mar Pollut Bull
69:128-136

» Ryan PG, Branch GM (2012) The November 2011 irruption
of buoy barnacles Dosima fascicularis in the western
Cape, South Africa. Afr J Mar Sci 34:157-162

Ryan PG, Swanepoel D, Rice N, Preston G {1996) The 'free’
shopping bag debate: costs and attitudes. S Afr J Sci 92:
163-165

» Ryan PG, Moore Cl, van Franeker JA, Moloney CL {2009)
Monitoring the abundance of plastic debris in the marine
environment. Philos Trans R Soc Lond B Biol Sci 364:
1999-2012

» Santos IR, Friedrich AC, Barretto IFP (2005} Overseas
garbage pollution on beaches of nartheast Brazil. Mar
Pollut Bull 50:783-786

» Schlining K, Von Thun S, Kuhnz L, Schlining B and others
{2013) Debris in the deep: using a 22-year video annola-
tion database to survey marine litter in Monterey
Canyon, central California, USA. Deep-Sea Res 1 79;
06-105

» Schneider TR {2006) Getting the biggest bang for your
health education buck. Message framing and reducing
health disparities. Am Behav Sci 49:812-822

» Schuyler Q, Ilardesty BD, Wilcox C, Townsend K (2012) To
eat or not to eat? Debris selectivity by marine turtles.
PL0oS ONE 7:e40884

» Schuyler Q, Ilardesty B, Wilcox C, Townsend K (2014)
Global analysis of anthropogenic debris ingestion by sea
turtles, Conserv Bioi 28:129-139

» Scott J (1988) Social network analysis. Sociology 22:100-127

» Setdld O, Fleming-Lehtinen V, Lehtiniemi M (2014) Inges-
tion and transfer of microplastics in the planktonic food
web. Environ Pollut 185:77-83

» Sheavly 5B, Register KM (2007} Marine debris & plastics:
environmental concerns, sources, impacts and solutions.
J Polymers Environ 15:301-305

Shomura RS, Yoshida HO (eds) (1985) Proceedings of the
workshop on the tate and impact of marine debris, 26-29
November 1984, Flonoluly, Flawaii. NOAA Tech Memo
NMEFS-SWFSC 54

» Simpson A {2004) The global invasive species information
network: What's in it for you? Bioscience 54:G13-614

» Simpson A, Sellers E, Grosse A, Xie Y (2006) Essential ele-
ments of online information networks on invasive alien
species. Biol Invasions 8:1579-1587

» Slavin C, Grage A, Campbell ML (2012) Linking social driv-
ers of marine debris with actual marine debris on
beaches. Mar Pollut Bull 64:1580-1588

» Smith SDA {2012) Marine debris: a proximate threat to mar-
ine sustainability in Bootless Bay, Papua New Guinea.
Mar Pollut Bull 64:1880-1883

» Smith SDA, Hattori 11 (2008) Corals versus monofilament:
corals fight back in Savusavu Bay, Fiji. Coral Reefs 27:
321

» Smith SDA, Markic A (2013) Estimates of marine debris
accumulation on beaches are strongly affected by the
temporal scale of sampling. PLoS ONE 8:e83694

» Stern PC (2000) New environmental theories: toward a
coherent theory of environmentally significant behavior.
J Soc Issues 56:407-424

» Storrier KL, McGlashan DJ (2006) Development and man-
agement of a coastal litter campaign: the voluntary
coastal partnership approach. Mar Policy 30:189-186

» Sutherland WJ, Clout M, Cote IM, Daszak P and others
(2010) A horizon scan of global conservation issues for
2010. Trends Ecol Evol 25:1-7

» Sutherland WJ, Fleishman E, Mascia MB, Prelty J, Rudd MA
{2011) Methods for collaboratively identifying research
priorities and emerging issues in science and policy.
Meth Ecol Evoiut 2:238-247

» Tagatz ME, Plaia GR, Deans CIl {1986) Toxicity of dibu-
tyl phthalate-contaminated sediment to laboratory-
colonized and field-colonized estuarine benthic commu-
nities. Bull Environ Contam Toxicol 37:141-150

» Talsness CE, Andrade AJM, Kuriyama SN, Taylor JA, Saal
FSV (2009 Components of plastic: experimental studies
in animals and relevance for human health. Philos Trans
R Soc Lond B Biol Sci 364:2079-2096

» Tamburri M, Luckenbach M, Breilburg D, Bonniwell §
[2008) Settlement of Crassostrea ariakensis larvae:
effects of substrate, biofilms, sediment and adult chemi-
cal cues. J Shellfish Res 27:6{1-608

» Tanaka K, Takada Il, Yamashita R, Mizukawa K, Fukuwaka
MA, Watanuki Y (2013} Accumulation of plastic-derived
chemicals in tissues of seabirds ingesling marine plas-
tics. Mar Pollut Bull 69:219-222

» Teuten EL, Rowland SJ, Galloway TS, Thompson RC {2007)
Potential for plastics to transport hydrophoebic contami-
nants. Environ Sci Technol 41:7759-7764

» Teuten EL, Saquing JM, Knappe DRU, Barlaz MA and
others {2009) Transport and release of chemicals from
plastics to the environment and to wildlife. Philos Trans R
Soc Lond B Biol Sci 364:2027-2045

Thiel M, Haye PA (2006) The ecology of rafting in the
marine environment. III. Biogeographical and evolu-
tionary consequences. Oceanogr Mar Biol Annu Rev
44:323-424%

» Thiel M, Ilinojosa A, Miranda L, Pantoja JI, Rivadeneira
MM, Vasquez N {2013) Anthropogenic marine debris in
the coaslal environment: a multi-year comparison be-
tween coastal waters and local shores. Mar Pollut Bull 71:
307-316

» Thompson RC, Clson Y, Mitchell RP, Davis A and others
{2004) Lost at sea: Where is all the plastic? Science 304:
838

» Thompson RC, Moore CJ, Vom Saal IS, Swan SH (2009)
Plastics, the environment and human health: current
consensus and future trends. Philos Trans R Soc Lond B
Biol Sci 364:2153-2166

» Titmus AJ, Hyrenbach KD (2011) Habitat associations of
floating debris and marine birds in the North East Pacific
Ocean at coarse and meso spatial scales. Mar Pollut Bull
62:2496-2506

» Tomas J, Guitart R, Mateo R, Raga JA (2002) Marine debris
ingestion in loggerhead sea turtles, Carefta caretta from
the western Mediterranean. Mar Pollut Bull 44:211-214

» Tonglet M, Phillips PS, Bates MP (2004) Determining the
drivers for householder pro-environmental behaviour:
waste minimisation compared to recycling. Resour Con-
serv Recycling 42:27-48

Topping P (2000) Marine debris: a focus for community
engagement. Coastal Zone Canada Conference, Saint
John

» Udyawer V, Read MA, Hamann M, Simpfendorfer CA,
IHeupel MR (2013) First record of sea snake (Hydrophis



Threat of marine plastic pollution in Australia
Submission 27

246

Endang Species Res 25: 225-247, 2014

elegans, Flydrophiinae) entrapped in marine debris. Mar
Pollut Buli3:336-338
UNEP (United Nations Environment Programme) (2009)
Marine litter: a global challenge. UNEP, Nairobi
» Uneputty PA, Evans SM (1997) Accumulation of beach litter
on islands of the Pulau Seribu Archipelago, Indonesia.
Mar Pollut Bull 34:652-655
UNESCO (United Nations Educational, Scientific and Cul-
tural Organization) (1994) Marine debris: solid waste
management action plan for the wider Caribbean. 10C
Tech Ser 41, UNESCO, Paris
» van der Werf EA, Young LC (2011) Gstimating survival and
life-stage transitions in the Laysan albatross (Phoebastria
Immutabilfis) using multistate mark-recapture models.
Auk 128:726-736
» van Franeker JA, Blaize C, Danielsen J, Fairclough K and
others (2011) Monitoring plastic ingestion by the north-
ern fulmar Fulmarus glacialis in the North Sea, Environ
Pollut 159:2609-2615
» Van Sebille E, England MH, Froyland G {2012) Origin,
dynamics and evolution ol ocean garbage patches from
observed surface drifters, Environ Res Lett 7:044040
» Velander K, Mocogni M (1999) Beach litter sampling stra-
tegies: Is there a 'best’ method? Mar Pollut Bull 38:
1134-1140
Verlis KM, Campbell ML, Wilson SP (2013) Ingestion of
marine debris plastic by the wedge-tailed shearwater
Ardenna pacifica in the Great Barrier Reef, Australia.
Mar Poliut Bull 72:244-249
» Volier SC, Archibald K, Morgan G, Morgan L (2011) The use
of plastic debris as nesting material by a colonial seabird
and associated entanglement mortality. Mar Pollut Bull
62:168-172
Wabnitz CCC, Nichols WJ (2010} Plastic pollution: an ocean
emergency. Mar Turtle News] 129:1-4
Wakker PP (2010} Prospect theory: for risk and ambiguity.
Cambridge Universily Press, Cambridge
Waldichuk M (1978) Plastics and seals. Mar Pollut Buli 9:197
» Wallace BP, Dimatteo AD, Hurley BJ, Finkbeiner EM and
others {2010) Regional management units for marine tur-
tles: a novel framework for prioritizing conservation and
research across multiple scales. PLoS ONE 5:e15465
» Walters DL, Yoklavich MM, Love MS, Schroeder DM (2010)
Assessing marine debris in deep sealloor habilats oif
California. Mar Pollut Bull 60:131-138
» Wegner NC, Cartamil DP {2012} Effects of prelonged entan-
glement in discarded fishing gear with substantive bio-
fouling on the health and behavior of an adull shortfin
mako shark, Isurus oxyrinchus. Mar Pollut Bull 64:391-3%4
» Wegner A, Besseling E, Foekema E, Kamermans P, Koel-
mans A (2012) Effects of nanopolystyrene on the ieeding
behavior of the blue mussel (Mytilus edulis L). Environ
Toxicol Chem 31:2490-2497

» Weiss K, [lamann M, Kinney M, Marsh 11 (201 2) Knowledge
exchange and policy influence in a marine resource gov-
ernance network. Glob Environ Change 22:178-188

» White M, Smith A, Humphryes K, Pahl S, Snelling D,
Depledge M (2010} Blue space: the importance of water
for preference, aifect, and restorativeness ratings of nat-
ural and built scenes. J Environ Psychol 30:482-493

» Whitehead TO, Biccard A, Griffiths CL {2011) South African
pelagic goose barnacles (Cirripedia thoracica): substra-
tum prelerences and influence of plastic debris on abun-
dance and distribution. Crustaceana 84:635-649

» Widmer WM, llennemann MC (2010) Marine debris in the
[sland of Santa Catarina, South Brazil: spatial patierns,
composition, and biclogical aspects. J Coast Res 26:
993-1000

Wilber RJ (1987) Plastic in the North Atlantic. Oceanus 30:
G1-68

» Wilcox C, Hardesty B, Sharples R, Griffin D, Lawson T,
Gunn R {2013) Ghost net impacts on globally threatened
turtles, a spatial risk analysis for northern Australia. Con-
serv Lett 6:247-254

Williams AT, Simmons SL (1997) Estuarine lilter at the river/
beach interface in the Bristol Channel, United Kingdom.
J Coast Res 13:1159-1165

» Willoughby N, Sangkoyo I1, Lakaseru B (1997) Beach litter:
an increasing and changing problem for Indenesia. Mar
Pollut Bull 34:469-478

Winston J, Gregory M, Stevans L (1997) Encruslers, epi-
bionts, and other biota associated with pelagic plastics: a
review of biogeographical, environmental, and conser-
vation issues. In: Coe J, Rogers D (eds} Marine debns-
sources, impacts, and solutions. Springer-Verlag, New
York, NY, p 81-97

» Wright SL. Thompson RC, Galloway TS {2013) The physical
impacts of microplastics on marine organisms: a review,
Environ Pollut 178:483-492

» Wyatl ASJ, Ilewitt CL, Walker DI, Ward TJ (2005) Marine
introductions in the Shark Bay World I leritage Property,
Western Auslralia: a preliminary assessmeni. Divers
Distrib 11:33-44

Wyneken J (2001) The anatomy of sea turtles. NOAA Tech
Memo NMFEFS-SEFSC 470:1-102

» Yang C, Xu Y, Nebert D (2013) Redefining the possibility of
digital Earth and geosciences with spatial cloud comput-
ing. Int J Digital Carth 6:297-312

» Yates MR, Barlow CY {2013) Life cycle assessments of bio-
degradable, commercial biopolymers — a critical review.
Resour Conserv Recycling 78:54-66

» Ye S, Andrady AL (1991) Fouling of floating plastic debris
under Biscayne Bay exposure conditions. Mar Pollul Bull
22:608-613

» Yoshikawa T, Asoh K {2004) Entanglement of monefilament
fishing lines and coral death. Biol Conserv 117:557-560



Threat of marine plastic pollution in Australia
Submission 27

Vegter et al.: Plastic pollution impacts on marine wildlife 247

Appendix. Complete list of author affiliations

Amanda C. Vegter', Mdrio Barletia®, Cathy Beck? Jose Borrero®, Harry Burton®, Marnie L. Campbell®,
Monica F. Costa?, Marcus Eriksen’, Cecilia Eriksson®, Andres Estrades®, Kirsten V, K, Gilardi®, Britta . Hardesty'",
Juliana A. Ivar do Sul'!, Jennifer L. Lavers'>!?, Bojan Lazar'*, Laurent Lebreton'”, Wallace J. Nichols'®,
Christine A, Ribic", Peter G. Ryan'8, Qamar A. Schuyler'®, Stephen D. A. Smith®™, Hideshige Takada®,
Kathy A. Townsend?, Colette C. C. Wabnitz*, Chris Wilcox', Lindsay C. Young®, Mark Hamann®2*

'School of Marine and Tropical Biology, James Cook University, Townsville, QLD 4811, Auslralia

*Laboralory of Ecology and Managemenl of Estuarine and Coaslal Ecosystems — LEGECE, Deparlamento de Oceanogralfia,
Universidade Federal de Pernambuco, CEP 5074-550, Brazil

*S Geological Survey, Soulheast Ecological Science Cenler, Sirenta Project, 7920 NW 71" Street, Gainesville, FL 32653, USA
‘eCoast Marine Consulling and Research, Box 151, Raglan 3225, New Zealand

51 Mary St, Hobarl, Tasmania 7000, Australia

"School of Medical and Applied Science, Cenlral Queensland University, Bryan Jordan Drive, Gladstone, QLD 4680, Australia
75 Gyres Institule, 2122 S, Spaulding Ave., Los Angeles, CA 90016, USA

¥Karumbé, Av. Giannallasio km. 30.5, El Pinar, Canelones 15008, Uruguay

“Schoal of Veterinary Medicine, University of California, Davis, 1 Shields Ave., Davis, CA 95616, USA

"Weallh from Oceans Flagship, Marine and Atmospheric Research, Commonwealth Scientific and Induslrial Research
Organisation, Hobart, TAS 7000, Australia

"Oceanography Department, Federal University ol Pernambuco, Av. Arquilelura s/n Cidade Universilaria— Recile, PE
50740-550, Brazil

2|nstitute for Marine and Anlarctic Studies, Universily of Tasmania, Hobart, Tasmania 7005, Australia
¥School of Biological Sciences, Monash Universily, Clayion, VIC 3800, Australia

"Department of Biodiversity, Facully of Mathematics, Natural Sciences and Inlormalion Technologies, Universily of Pri-
morska, Glagoeljaska 8, 6000 Koper, Slovenia

““Dumpark Ltd., Dala Science, Raglan 3225, New Zealand

"California Academy of Sciences, San Francisco, CA 94118, USA

'"US Geological Survey, Wisconsin Cooperative Wildlile Research Unit, Universily of Wisconsin, Madison, W1 53706, USA

""percy FitzPatrick Institute, DST/NRF Centre of Excellence, University of Cape Town, Rondebasch 7701, South Alrica

¥School of Biological Sciences, The Universily of Queensland, Brishane, QLD 4072, Australia

*'Nalional Marine Science Centre, Southern Cross University, PO Box 4321, Colfs Harbour, NSW 2450, Auslralia

“Laboratery of Organic Geochemisiry (LOG], Tokyo University of Agriculture and Technology, Fuchu, Tokyo 183-8509,
Japan

#3chool of Biological Sciences, Morelon Bay Research Station, The Universily ol Queensland, PO Box 138, Dunwich, North
Stradbroke Island, QLD 4180, Australia

*Secrelarial of the Paciflic Community, B.P. D5, 98848, Noumea, New Caledonia

Hpacific Rim Conservalion, Honolulu, HI 96815, USA

#¥School of Farth and Environmenlal Sciences, James Cook University, Townsville, QLD 4811, Auslralia

*TropWater, James Cook University, Townsville, QLD 4811, Auslralia

Editorial responsibility: Brendan Godley, Submilted: February 10, 2014; Accepled: June 4, 2014
University of Exeter, Cornwall Campus, UK Proofs received from author(s): August 23, 2014



Threat of marine plastic pollution in Australia
Submission 27





