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Foreword

Synthetic polymers, commonly known as plastics, have made themselves a perma-
nent part of the marine environment for the first time in the long history of plane-
tary seas. No sediment or ice core will reveal ancient deposits of these materials or
the biological consequences associated with high concentrations of synthetic poly-
mers in the planet’s prehistoric ocean. However, current ice and sediment cores do
reveal an abundance of this material. Only a broad combination of traditional fields
of scientific inquiry is adequate to uncover the effects of this new pollutant, and it
seems a pity that a field of study, rather than springing from insights into natural
phenomena, arises from new ways that natural phenomena are compromised.

Reports of plastics in the marine environment began to appear in the early 1970s.
At the time, Edward Carpenter of the Woods Hole Oceanographic Institution specu-
lated that the problem was likely to get worse and that toxic, non-polymeric com-
pounds in plastics known as plasticizers could be delivered to marine organisms as
a potential effect. Carpenter’s speculations were correct and probably more so than
he imagined. The quantity of plastics in ocean waters has increased enormously,
and toxic plastic additives, as well as toxicants concentrated by plastics from the
surrounding sea water, have been documented in many marine species.

The rapid expansion of the use of synthetic polymers over the last half century
has been such that the characterization of the current era as the “Age of Plastics”,
seems appropriate. There is no real mystery as to why plastics have become the
predominant material of the current epoch. The use value of the material is truly
surprising. It can substitute for nearly every traditional material from millinery to
metal and offers qualities unknown in naturally occurring substances, so that it
now feeds a worldwide industry. The plastic industry creates new applications and
products with growth trending sharply upward and showing no signs of slowing in
the foreseeable future. Laser printing using plastic “ink” will guarantee expanded
use of polymeric feedstocks.

Although the majority of plastics produced today use petroleum resources
which are finite, the carbon backbone of synthetic polymers can be fashioned
from switchgrass, soya beans, corn, sugar cane or other renewable resources—
price alone determines industry’s preference. The fact that synthetic polymers can

vii



viii Foreword

be made from row crops (so-called biopolymers) need have nothing to do with
their biodegradability. Olefins are still olefins and acrylates are still acrylates, and
behave like their petroleum-fabricated counterparts. Furthermore, biodegradability
standards are not applicable in the marine environment and marine degradability
requires a separate standard. Marine degradable plastics have a negligible market
share and are not poised to make headway into the consumer plastics market at the
present time. The difficulty of recycling plastics has made their profitable recovery
a problem, which in turn results in failure to provide take-back infrastructure and
results in accelerated pollution.

Given the proliferation of plastics into all spheres of human activity, and their
increasing use value in the developing world, the phenomena associated with plas-
tic pollution of the marine environment will continue to merit scientific investi-
gation. These studies, however, are hampered by the lack of basic geospatial and
quantitative data. Estimates abound based on limited sampling and modeling, but
the ocean is the biggest habitat on the planet by far and knowledge of its plas-
tic pollution will require new methods of data acquisition. The role of citizens in
the monitoring of plastic pollution will increase in the coming years, and the truly
“big” data they document must become part of the science of plastic pollution. For
the present, it is fortunate that a few pioneering scientists around the world are
engaged in attempting to understand the consequences of the plague of plastic that
contaminates our precious ocean.

Long Beach Captain Charles James Moore
http://www.algalita.org



Preface

The ocean is of eminent importance to mankind. Twenty-three per cent of the
world’s population (~1.2 billion people) live within 100 km of the coast (Small
and Nicholls 2003), a figure, which is likely to rise up to 50 % by 2030 (Adger
et al. 2005). Furthermore, the ocean sustains nearly half of the global primary pro-
duction (Field et al. 1998), a great share of which fuels global fisheries (Pauly and
Christensen 1995). The marine environment hosts a substantial biodiversity, and
tourism is an important and constantly growing economic sector for many coastal
countries. Although human welfare is intricately linked with the sea and its natural
resources, people have substantially altered the face of the ocean within only a few
centuries. Fisheries, pollution, eutrophication, deep-sea hydrocarbon exploration,
ocean acidification and global ocean warming accompanied by sea-level rise as a
consequence of rapid glacier melting and thermal expansion of sea water (IPCC
2014) are prominent examples of man-made pressures exerted on the oceans with
severe ecological and socio-economic repercussions. As a result, marine environ-
mental protection and management have become integral political and societal
issues in many countries worldwide. However, effective environmental manage-
ment requires a proper understanding of the ecological implications of human
activities and should, therefore, be accompanied by sound multidisciplinary
research, scientific advice, education and public outreach.

In recent decades, the pollution of the oceans by anthropogenic litter has been
recognized as a serious global environmental concern. Marine litter is defined as
“any persistent, manufactured or processed solid material discarded, disposed of
or abandoned in the marine and coastal environment” (UNEP 2009). Since its first
mention in the scientific literature in the 1960s, research efforts addressing marine
litter have constantly grown as has the amount of litter in the oceans. Many stud-
ies have shown that it consists primarily of plastics with a continuously increas-
ing global annual production of 299 million t (PlasticsEurope 2015). It has been
estimated that 10 % of all plastic debris ends up in the oceans (Thompson 2006),
and Barnes (2005) suggested that the 1982 figure of 8 million litter items entering
the oceans every day probably needs to be multiplied several fold. Eriksen et al.
(2014) estimate a minimum of 5.25 trillion plastic particles weighing 268,940 tons
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X Preface

afloat in the sea, but this figure does not include debris on the seafloor or beaches.
The increasing use of single-use products, uncontrolled disposal of litter along
with poor waste management and recycling practices is the main reason for the
accumulation of litter in the sea. Increasing quantities of litter are lost from munic-
ipal waste streams and enter the oceans (Barnes et al. 2009). The ubiquity of litter
in the open ocean is prominently illustrated by numerous images of floating debris
from the ocean garbage patches and by the fact that the search for the missing
Malaysia Airlines flight MH370 in March 2014 produced quite a few misidentifi-
cations caused by litter floating at the water surface.

Since plastic accounts for the majority of litter items in the sea, the chapters of
this book primarily focus on plastic litter and its implications for the marine envi-
ronment. Numerous quantitative reports on marine anthropogenic litter from vari-
ous parts of the world’s oceans indicate that anthropogenic litter is ubiquitous at the
shores as well as in the pelagic and benthic realms. Global surveys revealed that plas-
tics have already reached the shores of the remotest islands (Barnes 2005) and even
polar waters far off urban centres (Barnes et al. 2010; Bergmann and Klages 2012).
The use of advanced technology, such as remotely and autonomously operated vehi-
cles, revealed that anthropogenic litter has conquered the deep sea before mankind
set eye upon it suggesting that the deep seafloor may constitute the ultimate sink for
marine litter (Pham et al. 2014). However, we are just beginning to understand how
litter actually “behaves™ at sea and to identify the drivers of the temporal and the
spatial distribution of litter in the oceans. Still, we have already started to generate a
mankind memory made out of plastic in the world ocean.

Marine anthropogenic litter causes harm to a wide range of marine biota.
Seabirds, fish, turtles and marine mammals suffer from entanglement with and
ingestion of marine litter items as illustrated by countless pictures of animals
injured and strangled by discarded fishing gear in the public media. However,
we have only limited knowledge about the implications of marine litter for the
many less charismatic invertebrate species that easily escape public percep-
tion but play important roles in marine ecosystems. Although already mentioned
in the late 1980s (Ryan 1988), it took Thompson’s time series (Thompson et al.
2004) to raise public awareness of the widespread presence of microplastics,
which are used in industrial production processes, cosmetics and toothpaste or
generated through degradation of larger items. Indeed, substantial concentrations
of microplastics were recently reported from remote and presumably unspoiled
environments such as the deep seafloor (Woodall et al. 2014) and Arctic sea ice,
which is considered a historic global sink at least until its plastic load is released
into the ocean during the projected increase of ice melts (Obbard et al. 2014).
Microplastics are available for ingestion by a wide range of organisms, and there
are indications that microplastics are propagated over trophic levels of the marine
food web (Farrell and Nelson 2013; Setilid et al. 2014). However, scientists have
only recently started to investigate whether the contamination of marine organ-
isms with plastics and associated chemicals is causing harm to ecosystems and
human health (Browne et al. 2013; Bakir et al. 2014; De Witte et al. 2014; Van
Cauwenberghe and Janssen 2014).
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The accumulation of litter at sea and along coastlines worldwide and the many
open questions concerning the amount, distribution and fate of marine litter and
potential implications for marine wildlife and humans have raised public awareness,
stimulated scientific research and initiated political action to tackle this environmental
problem (UNEP 2014). Identification, quantification and sampling of marine litter do
not necessarily require professional scientific skills so that NGOs as well as commit-
ted citizens and other stakeholders have contributed substantially to the collection of
data on marine litter pollution and to the global perception of the problem (Rosevelt
et al. 2013; Anderson and Alford 2014; Smith and Edgar 2014). Scientists, politicians,
authorities, NGOs and industries have started to share knowledge at international
conferences aimed at developing managerial solutions. These joint activities, public
awareness and, finally, the scientific curiosity of numerous committed researchers
have stimulated a rapidly increasing number of publications from various scientific
disciplines in dedicated volumes (Coe and Rogers 1997; Thompson et al. 2009). This
latest volume on Marine Anthropogenic Litter was inspired by the remarkable recent
progress in marine litter research. A large proportion of the references reviewed in
this book was published in the last three years demonstrating the topicality of this
book and the issue as a whole. Because of the high dynamics in this field of research,
this volume may already be outdated when published.

This book consists of five major sections. In the first section, Peter Ryan gives
a historical synopsis of marine litter research starting from the first mention of
floating debris in the famous novel 20,000 Leagues Under the Sea by Jules Verne
in 1870 but with a focus on the past 50 years, which have seen a strong increase
in the production of plastics. The reader will learn about the rapid development
of this research field, and a series of international key conferences such as the
“Honolulu Conferences”, which brought together scientists, environmentalists,
industry, NGOs and policy makers and fuelled numerous publications and new
research and management schemes.

The second section of the book addresses abiotic aspects of marine litter pol-
lution. Francois Galgani, Georg Hanke and Thomas Maes portray the abundance,
global distribution and composition of marine litter, which illustrates the ubiq-
uity of litter in the oceans from the urban centres of human activity to the Earth’s
remotest sites. Anthony L. Andrady describes the physical and chemical processes
involved in the degradation of plastics in the marine environment.

The third section of the book covers the biological and ecological implications
of marine litter. Susanne Kiihn, Elisa L. Bravo Rebolledo and Jan A. van Franeker
summarize the deleterious effects of litter on marine wildlife. The authors com-
piled an extensive list of 580 species, ranging from invertebrates to fish, turtles,
birds and mammals that have been shown to suffer from the effects of marine
litter. Toxicity of contaminants associated with marine plastic debris as well as
health implications is described by Chelsea Rochman who demonstrates that plas-
tics are more than a mechanic threat to marine biota. Tim Kiessling, Lars Gutow
and Martin Thiel show how marine litter facilitates the dispersal of marine organ-
isms, which are capable of colonizing litter items floating at the sea surface. The
authors compiled a list of 387 taxa that have been found rafting on floating litter,
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and they evaluate how marine litter might facilitate the spread of invasive species.
This may alter the face of biodiversity with yet unknown consequences for ecosys-
tem functioning.

The fourth section of this book is dedicated entirely to the young but rapidly
expanding field of microplastic research. Since the recent rise in public awareness
of microplastics in the marine environment, intensive research on this topic has
yielded a considerable amount of important scientific results. Accordingly, this
topic deserves an entire section, which is introduced by a synopsis of microplas-
tic research by Richard C. Thompson. The various primary and secondary sources
of microplastics and the pathways through the environment to the biota are out-
lined by Mark A. Browne who also highlights the need for hypothesis-driven
approaches in microplastic research. Because of the small size and the diversity of
plastic polymers, the detection, proper identification and quantification of micro-
plastics are challenging, which hampers the comparability of results from differ-
ent studies. Therefore, Martin G.J. Loder and Gunnar Gerdts composed a critical
appraisal of methods and procedures applied in this field including a case study
that demonstrates how improper methodology easily leads to a misevaluation of
the contamination of habitats and organisms. The global distribution and the envi-
ronmental effects of microplastics are summarized by Amy Lusher. She compiled
a list of 172 taxa, which have been found to ingest microplastics either in the field
(131) or in laboratory experiments (46) with variable effects on the behavior and
health status of the organisms.

Although deleterious effects of microplastics have been demonstrated for a
considerable number of marine organisms, the role of these particles as vectors
for chemicals from the environment to the organisms is subject to intense debate.
Albert A. Koelmans used a modeling approach to critically evaluate the transfer
of environmental contaminants to marine organisms. Nanoparticles are of even
smaller particle size (<1 um). They are of particular concern as they are more
likely to pass biological membranes and affect the functioning of cells including
blood cells and photosynthesis. Albert A. Koelmans, Ellen Besseling and Won J.
Shim summarize what little is known about this litter fraction, whose significance
in the marine environment is just coming to light.

The final section of this book moves away from natural science towards the
socio-economic implications of marine anthropogenic litter. Tamara S. Galloway
reviews the current knowledge on how chemicals associated with plastics may
affect human health. As top consumers of ocean-based food webs, humans likely
accumulate contaminants, which may compromise fecundity, reproduction and
other somatic processes. The accumulation of litter in the oceans can be consid-
ered a result of market failure on land. The root of the problem is probably—as so
often—that producers/manufacturers of goods (plastics) are not economically held
responsible for the products they sell. Stephanie Newman, Emma Watkins, Andrew
Farmer, Patrick ten Brink and Jean-Pierre Schweitzer describe economic instru-
ments that were used in different parts of the world to reduce litter inputs to the
sea. Although a number of international policies have been in place for quite some
time to manage the input of litter to the sea, their shortcomings make them unlikely
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to result in significant reductions of marine litter (Gold et al. 2013). Chung-Ling
Chen describes and assesses key multilateral and national regulative measures
with respect to their sufficiency to tackle marine litter pollution. Another way to
reduce the input of litter to the ocean is suasion of citizens and stakeholders, which
requires public awareness of the problem through education and outreach activities
(Hartley et al. 2015). Ideally, such initiatives also generate data that can be used for
assessments of marine litter pollution and distribution. In the last chapter, Valeria
Hidalgo-Ruz and Martin Thiel review the potential of “citizen science” initiatives
for supporting research on this global environmental issue.

The solution of the marine litter problem requires expertise from various sec-
tors, including industries, science, policy, authorities, NGOs and citizens. We hope
that this book will facilitate the exchange of knowledge amongst the various actors
and contribute to finding solutions to this challenge.

Bremerhaven, Fiskebickskil, 2015 Melanie Bergmann
Lars Gutow
Michael Klages
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Chapter 1
A Brief History of Marine Litter Research

Peter G. Ryan

Abstract This chapter traces the history of marine litter research from anecdotal
reports of entanglement and plastic ingestion in the 1960s to the current focus
on microplastics and their role in the transfer of persistent organic pollutants to
marine food webs. The reports in Science of large numbers of plastic pellets in
the North Atlantic in the early 1970s stimulated research interest in plastic litter
at sea, with papers reporting plastics on the seafloor and impacting a variety of
marine animals. The focus then shifted to high concentrations of plastic litter in
the North Pacific, where novel studies reported the dynamics of stranded beach
litter, the factors influencing plastic ingestion by seabirds, and trends in fur seal
entanglement. By the early 1980s, growing concern about the potential impacts
of marine litter resulted in a series of meetings on marine debris. The first two
international conferences held in Honolulu by the US National Marine Fisheries
Service played a key role in setting the research agenda for the next decade. By
the end of the 1980s, most impacts of marine litter were reasonably well under-
stood, and attention shifted to seeking effective solutions to tackle the marine litter
problem. Research was largely restricted to monitoring trends in litter to assess
the effectiveness of mitigation measures, until the last decade, when concern about
microplastics coupled with the discovery of alarming densities of small plastic
particles in the North Pacific ‘garbage patch’ (and other mid-ocean gyres) stimu-
lated the current wave of research.
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1.1 Introduction

From messages in bottles to exotic tropical seeds washing up on temperate shores
(Guppy 1917; Muir 1937), the dispersal of floating debris at sea has long fasci-
nated people. As early as 1870 Jules Verne provided a graphic description of
how floating debris accumulates in ocean gyres in the chapter on the Sargasso
Sea in his famous novel Twenty Thousand Leagues under the Sea. However, this
review focuses on the last 50 years because from the perspective of environmental
impacts the history of marine litter research is closely linked to the development of
plastics. Plastics are a diverse group of synthetic polymers that have their origins
in the late 19th century, but which really came to the fore in the mid-twentieth
century. Their low density, durability, excellent barrier properties and relatively
low cost make plastics ideal materials for a wide range of manufacturing and
packaging applications. Their versatility has seen the amount of plastic produced
annually increase rapidly over the last few decades to an estimated 288 million
tonnes in 2012 (Fig. 1.1), and this total continues to grow at about 4 % per year
(PlasticsEurope 2013). However, the properties that make plastics so useful also
make inappropriately handled waste plastics a significant environmental threat.
Their durability means that they persist in the environment for many years, and
their low density means that they are readily dispersed by water and wind, some-
times travelling thousands of kilometres from source areas (Ryan et al. 2009). As a
result, plastic wastes are now ubiquitous pollutants in even the most remote areas
of the world (Barnes et al. 2009).

Over the last 60 years we have seen a major shift in perception surrounding
the use of plastics, especially in one-off applications. Once seen as the savior of
the American housewife (Life Magazine 1955), there are now calls to treat waste
plastics as hazardous materials (Rochman et al. 2013a), reiterating a point first
made by Bean (1987) that persistent plastic wastes qualify as hazardous wastes
under the US Resource Conservation and Recovery Act. Most of the threats posed
by plastics occur at sea (Gregory 2009; Thompson et al. 2009), where waste
plastics tend to accumulate (Barnes et al. 2009; Ryan et al. 2009). This chapter
briefly summarises the history of marine litter research. Trends in the numbers of

Fig. 1.1 Growth in global 300 1
plastic production from 1950
to 2012 (millions of tonnes,
adapted from PlasticsEurope
2013)
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Fig. 1.2 Numbers of papers on different aspects of the marine litter issue published in five-year
intervals over the last 50 years (based on a Web of Science search and unpublished bibliography;
note that the final column only covers three years, 2011-2013)

papers on the marine litter problem (Fig. 1.2) show the growth in research from its
infancy in the late 1960s, when it was still treated largely as a curiosity, through
the 1970s and 1980s, when most of the threats to marine systems were identified,
baseline data were collected on the distribution, abundance and impacts of marine
litter, and policies were formulated to tackle the problem. Research tapered off in
the 1990s, despite ongoing increases in the amounts of marine litter (Ryan and
Moloney 1990, 1993), and it is only in the last decade or so that there has been a
resurgence in research interest, following alarming reports of mid-ocean ‘garbage
patches’ (Moore et al. 2001) and increasing appreciation of the pervasive nature
of very small ‘microplastic’ particles (<0.5 mm) and their potential impacts on the
health of marine ecosystems (Oehlmann et al. 2009; Thompson et al. 2009).

1.2 Seabirds and Seals—The First Signs of Trouble

Interactions between marine organisms and persistent litter were first recorded in
the scientific literature in the late 1960s, when Kenyon and Kridler (1969) reported
the ingestion of plastic items by Laysan Albatrosses (Phoebastria immutabilis) on
the northwest Hawaiian Islands. They found plastic in the stomachs of 74 of 100
albatross chicks that died prior to fledging in 1966, with up to 8 items and an aver-
age of 2 g plastic per bird. However, this was an order of magnitude less than the
average mass of pumice, seeds, charcoal and wood that the chicks also were fed
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by their parents. Kenyon and Kridler (1969) inferred that these indigestible items
were swallowed inadvertently at sea, because virtually all items floated in seawa-
ter. They also speculated that the large size of many of the items might have con-
tributed to the chicks’ deaths by blocking their digestive tracts.

In fact, there were earlier records of seabirds ingesting plastics, with plas-
tic found in stranded prions (Pachyptila spp.) in New Zealand as early as 1960
(Harper and Fowler 1987), and in Leach’s storm petrels (Oceanodroma leucorhoa)
from Newfoundland, Canada, in 1962 (Rothstein 1973). Non-breeding Atlantic
puffins (Fratercula arctica) collected from 1969 to 1971 were reported to contain
elastic threads in their stomachs (Berland 1971; Parslow and Jefferies 1972). In
some birds, these threads had formed tight balls up to 10 mm across, filling the
gizzard and possibly partially blocking the pyloric valve leading into the intestine
(Parslow and Jefferies 1972). Parslow and Jefferies (1972) noted that ingesting
rubber and elastic was common among scavenging birds such as gulls, but that
they regularly regurgitated such items along with other indigestible prey remains,
implying that this was not a problem for such birds. And it was not just seabirds at
risk. By the late 1950s there were records of marine turtles ingesting plastic bags,
sometimes resulting in their deaths (Cornelius 1975; Balazs 1985). A mass of
fishing line and other fishing gear blocked the intestine of a manatee (Trichechus
manatus) in 1974 (Forrester et al. 1975), and stranded cetaceans were found to
have eaten plastic by the mid-1970s (Cawthorn 1985).

Records of entanglement of marine organisms in plastic litter also started to
increase in the 1960s. There were reports of birds and seals entangled in man-made
items before this (e.g. Jacobson 1947), but they tended to remain in the gray litera-
ture (Fowler 1985; Wallace 1985). By 1964 northern fur seals (Callorhinus ursinus)
were often reported entangled in netting and other artefacts in the Bering Sea, and
the incidence of entangled seals harvested in the Pribilof Islands showed a steady
increase from less than 0.2 % of the population in 1967 to a peak of over 0.7 % in
1975 (Fowler 1987). The entanglement rate then stabilized at around 0.4 % through
the late 1970s and early 1980s (Fig. 1.3), but this was still sufficient to help to drive
a population decrease in this species (Fowler 1987; Fowler et al. 1990). By com-
parison, entanglement rates of three seal species at the Farallon Islands off central
California showed a marked increase in the early 1980s (Hanni and Pyle 2000).

Fig. 1.3 Trends in the 0.8
percentage of northern fur
seals entangled on St. Paul
Island, Alaska (adapted from
Fowler et al. 1990)
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Entanglement of fish and dogfish in rubber bands was reported in 1971 (Anon
1971; Berland 1971), and Gochfeld (1973) highlighted the entanglement threat
posed by marine litter to coastal birds. Based on observations on Long Island in
1970 and 1971, Gochfeld (1973) reported how adult and chick black skimmers
(Rhynchops niger) and two species of terns died after being entangled in nylon
fishing line, kite strings, six-pack holders, bags and bottles. Although the numbers
of birds affected were not great, Gochfeld (1973) argued that they might be suf-
ficient to cause at least some populations to decrease, especially when combined
with other human impacts in the region. Subsequently, Bourne (1976, 1977) sum-
marised what was known about the threat posed by plastic ingestion and entangle-
ment to seabirds, and reported how the incorporation of rope and netting in seabird
nests can entangle and kill seabird chicks. He also highlighted the threat posed by
the switch to manufacturing nets and other fishing gear from persistent polymers,
including ghost fishing by lost or discarded gear (Bourne 1977). Entanglement
was a significant cause of mortality for northern gannets (Morus bassanus),
affecting roughly a quarter of birds found dead in the North Sea in the 1980s
(Schrey and Vauk 1987), and remains a problem for this species today (Rodriguez
et al. 2013).

1.3 The Early 1970s—Pellets and Other Problems
in the North Atlantic

Many of these early records of ingestion and entanglement only came to light after
two seminal papers on the occurrence of plastic particles at sea in the northwest
Atlantic Ocean appeared in the leading journal Science in 1972. In the first paper,
Carpenter and Smith (1972) reported the presence of plastic pellets and fragments
in all 11 surface net samples collected in the western Sargasso Sea in late 1971,
at an average density of around 3500 particles km~2 (290 g km~2). Interestingly,
the density of plastic was lowest towards the edge of the Sargasso Sea, where it
bordered the Gulf Stream, suggesting that these particles had been accumulating
in the North Atlantic gyre for some time (cf. Law et al. 2010; Lebreton et al. 2012;
Maximenko et al. 2012). Carpenter and Smith (1972) noted that the plastic parti-
cles provided attachment sites for epibionts, including hydroids and diatoms, and
speculated that such particles could become a significant problem if plastic pro-
duction continued to increase. They also suggested that plastic particles could be
a source of toxic compounds such as plasticisers and polychlorinated biphenyls
(PCBs) into marine food webs.

In the second paper, Carpenter et al. (1972) reported high densities of poly-
styrene pellets in coastal waters off southern New England, east of Long Island
(average 0.0-2.6 pellets m—3, exceptionally reaching 14 pellets m~3). Polystyrene
is denser than seawater, so the pellets were not expected to disperse far from
source areas, but some contained air-filled vacuoles, allowing them to float. The
pellets supported communities of bacteria, and were found to have absorbed



6 P.G. Ryan

polychlorinated biphenyls (PCBs) from seawater. Pellets were recorded in the
stomachs of eight of 14 fish species and one chaetognath (Sagitta elegans) sam-
pled in the area. The fish ignored translucent pellets, only eating opaque white
pellets, which suggested selective feeding on the more visible pellets. With up to
33 % of individuals of some fish species affected, Carpenter et al. (1972) raised
concerns about the possible impacts due to intestinal blockage of smaller individu-
als as well as pellets being a source of PCBs.

In fact, Carpenter’s two Science papers were not the first papers to describe
small pieces of plastic litter at sea. Buchanan (1971) reported densities of up to
103 synthetic fibres m~3 in water samples from the North Sea, and larger frag-
ments were reported to occur in “embarrassing proportions” in plankton samples.
And although Heyerdahl (1971) mainly concentrated on oil and tar pollution, he
reported sightings of plastic containers throughout the second Ra expedition across
the North Atlantic. However, Carpenter’s papers focused scientific attention on the
ubiquitous nature of small plastic particle pollution at sea, and identified three pos-
sible impacts: intestinal blockage and a source of toxic compounds from ingested
plastic, and the transport of epibionts.

Following Carpenter et al. (1972), large numbers of polystyrene pellets were
reported from coastal waters in the United Kingdom (Kartar et al. 1973, 1976;
Morris and Hamilton 1974) where they were ingested by three species of fish and a
marine snailfish (Liparis liparis). More than 20 % of juvenile flounder (Platichthys
flesus) contained ingested plastics, with up to 30 pellets in some individuals. Hays
and Cormons (1974) found polystyrene pellets in gull and tern regurgitations col-
lected on Long Island, New York, in 1971. Although the gulls may have consumed
the plastic pellets directly while scavenging, their presence in the diet of terns
almost certainly indicated that they were consumed in contaminated fish prey, pro-
viding the first evidence of trophic transfers of small plastic items. Sampling close
to wastewater outfalls confirmed that the pellets came from plastic manufactur-
ing plants (Hays and Cormons 1974). Fortunately, these point sources were fairly
easy to identify and address. By 1975 the incidence of plastic ingestion by fish and
snails in the UK’s Severn Estuary had fallen to zero, indicating that the release
of polystyrene pellets had virtually ceased from the manufacturing plants (Kartar
et al. 1976). However, spillage of pellets by converters and during transport proved
more difficult to contain.

Carpenter’s two Science papers in 1972 stimulated a broader interest in marine
litter and its impacts. Colton et al. (1974) reported a much more extensive sur-
vey of floating plastics in the North Atlantic and Caribbean. They showed that
both industrial pellets and fragments of manufactured items occurred throughout
the region, but were concentrated close to major land-based sources along the US
eastern seaboard. Unlike Carpenter et al. (1972), they failed to find any plastics
in fish sampled. Feeding trials with polystyrene pellets showed that juvenile fish
seldom ingested plastics, and those pellets that were ingested seemingly passed
through the fish with little impact.

Beach litter also came under increased scrutiny. Scott (1972) debunked the
notion that beach users were responsible for most litter. He examined the litter
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found on inaccessible Scottish beaches that have few if any visitors, and inferred
that most litter came from shipping and fisheries operating in the area. Initial stud-
ies of beach litter simply assessed standing stocks (Ryan et al. 2009); Cundell
(1973) was the first researcher to report the rate of plastic accumulation. Working
on a beach in Narragansett Bay, USA, he assessed the amount of litter washing
ashore over one month. The first study of beach litter dynamics was conducted in
Kent, United Kingdom, from 1973 to 1976. Dixon and Cooke (1977) showed that
the weekly retention rate of marked bottles and other containers varied depend-
ing on the type of beach, and that plastic bottles remained on beaches longer than
glass bottles. Strong tidal currents resulted in low retention rates (11-29 % per
week) and transported litter throughout the southern North Sea. Some marked bot-
tles travelled >100 km in one week, and others reached Germany and Denmark
within 3-6 weeks. Dixon and Cooke (1977) also used manufacturer’s codes to
assess the longevity of containers and found that few (<20 %) were manufactured
more than two years prior to stranding.

In addition to the growing awareness of plastic litter at the sea surface and
stranded on beaches, the mid-1970s also saw the first records of plastics on the
seabed. Holmstrom (1975) reported how Swedish fishermen “almost invariably”
caught plastic sheets in their trawl nets when fishing in the Skagerrak. Subsequent
analysis showed this to be low-density polyethylene, similar to that used for pack-
aging. The samples, obtained from the seabed 180-400 m deep, were encrusted
with a calcareous bryozoan and a brown alga (Lithoderma sp.). Holmstrom (1975)
surmised that these encrusting biota had increased the density of the plastic sheets
sufficiently to cause them to sink to the seabed. The bryozoan and brown alga
typically occur in water <25 m deep, and the size of bryozoan colonies suggested
that the plastic sheets had spent 3—4 months drifting in the euphotic zone close
to the sea surface before sinking to the seabed. Subsequent trials confirmed that
most plastics sink due to fouling (Ye and Andrady 1991), and trawl surveys and
direct observations have confirmed that plastics and other persistent artefacts now
occur on the seabed throughout the world’s oceans (Barnes et al. 2009). Indeed,
Goldberg (1994, 1997) suggested that the seabed is the ultimate sink for plastics
in the environment, and plastic items typically comprise >70 % of seabed arte-
facts (Galgani et al. 2000). The Mediterranean Sea supports particularly high
densities of litter on the seafloor, locally exceeding 100,000 items km~2, and has
been the subject of numerous studies to ascertain the factors determining the dis-
tribution and abundance of this litter (e.g. Bingel et al. 1987; Galil et al. 1995;
Galgani et al. 1995, 1996). Interestingly, although benthic litter tends to concen-
trate around coastal cities and river mouths, the density of litter is often greater in
deep waters along the continental shelf edge than in shallow, inshore waters due to
the decrease in bottom currents offshore (Galgani et al. 1995, 2000; Barnes et al.
2009; Keller et al. 2010).

Winston (1982) elaborated on Carpenter and Smith’s (1972) suggestion that
plastic debris greatly increased settlement opportunities for organisms that live
on objects floating at the sea surface. In particular, the bryozoan Electra tenella
appeared to have extended its range and greatly increased in abundance in the
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western Atlantic Ocean. Subsequent research has highlighted the potential threat
posed by drifting litter transporting organisms outside their native ranges (Barnes
2002; Barnes and Milner 2005; Gregory 2009). This is a serious problem, espe-
cially in remote regions, and can result in the transfer of potentially harmful
organisms (Mas6 et al. 2003). However, it probably pales into insignificance in
most regions compared to the transport by shipping and other human-mediated
vectors (Bax et al. 2003), which in extreme cases can transfer entire communities
across ocean basins (Wanless et al. 2010).

1.4 Shifting Focus to the North Pacific Ocean

Indications that the North Pacific was a hot spot for plastic litter date back to
Kenyon and Kridler’s (1969) paper on plastic ingestion by Laysan albatross.
Subsequently, Bond (1971) found plastic pellets in all 20 red phalaropes
(Phalaropus fulicarius) examined when many individuals of this species came
ashore along the coasts of southern California and Mexico in 1969. The birds
apparently starved due to a shortage of surface plankton, and some were observed
feeding along the strand line where plastic pellets were abundant (Bond 1971). It
was unclear whether this had contributed to the high incidence of plastic in these
birds, but Connors and Smith (1982) found plastic in six of seven red phalaropes
killed by colliding with powerlines on their northward migration in central
California. Birds with large volumes of ingested plastic had smaller fat reserves,
raising concerns that ingested plastic reduced digestive efficiency or meal size.

Baltz and Morejohn (1976) reported plastic in nine species of seabirds stranded
in Monterey Bay, central California, during 1974-1975. All individuals of two
species contained plastic: northern fulmar (Fulmarus glacialis) and short-tailed
shearwater (Puffinus tenuirostris). Industrial pellets predominated in these birds,
but they were also found to contain pieces of food wrap, foamed polystyrene,
synthetic sponge and pieces of rigid plastic. Baltz and Morejohn (1976) specu-
lated that having large volumes of plastic in their stomachs could interfere with
the birds’ digestion, although they considered that toxic chemicals adsorbed to the
plastics posed the greatest threat to bird health. Ohlendorf et al. (1978) showed
that plastic ingestion also occurred among Alaskan seabirds.

In the same year that Colton et al. (1974) showed the ubiquitous nature of
plastic particles floating in the northwest Atlantic, Wong et al. (1974) reported
that plastic pellets were widespread in the North Pacific Ocean. Sampling in
1972, they found that pellets occurred at lower densities (average 300 g km~2)
than tar balls, but they outnumbered tar balls northeast of Hawaii, with up to
34,000 pellets km—2 (3500 g km_z). Even before this, however, Venrick et al.
(1973) had shown that large litter items, at least half of which were made of
plastic, were commonly encountered in the North Pacific gyre northeast of
Hawaii (roughly 4.2 items km~2) in the area of the now notorious ‘North Pacific
Garbage Patch’. This is where Moore et al. (2001) recorded densities of more than
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300,000 particles km~2 in 1999, and where the weight of the plastic was six times
that of the associated zooplankton.

Merrell (1980) conducted one of the first detailed studies of beach litter. Working
on remote Alaskan beaches, he reported how the amount of plastic litter more than
doubled in abundance between 1972 and 1974, increasing from an average density
of 122 to 345 kg km™"!. Most of this litter came from fisheries operating in the area,
but some apparently had drifted more than 1500 km from Asia. At the same time,
Jewett (1976) and Feder et al. (1978) found that litter was common on the seabed
off Alaska, with plastic items predominating. Merrell (1980) considered that the
most obvious impact of beach litter was its aesthetic impact. In terms of biological
threats, he speculated that plastic litter might account for the elevated levels of PCBs
recorded in rats and intertidal organisms on Amchitka Island, and also suggested that
plastics might be a source of phthalates and other toxic compounds into marine sys-
tems. Litter also entangled animals, especially seals and seabirds (Merrell 1980), and
even terrestrial species were not immune from this problem (Beach et al. 1976).

Merrell (1980) reported the first long-term study of litter accumulation from a
1-km beach on Amchitka Island, Aleutians. He showed that the accumulation rate
of litter (average 0.9 kg km~—! d~!) varied considerably between sample periods
(0.6-2.3 kg km~! d~!), and at a fine temporal scale the amount of litter stranded
was a function of recent weather conditions. He also estimated the annual turnover
rate of plastic items on the beach by marking gillnet floats, the most abundant lit-
ter item on the island, in two successive years. During the intervening year, 41 %
of marked floats disappeared (25 % at one beach and 70 % at another beach), but
this loss was more than compensated for by new arrivals, with a net increase of
130 %. Merrell (1980) discussed the various factors causing the loss of plastic
items from beaches (burial, export inland or out to sea, etc.), and noted the bias
introduced by selective beachcombing. Even on remote Amchitka Island, the small
Atomic Energy Commission workforce removed certain types of fishing floats
within a few days of the floats washing ashore.

The large amounts of litter found in Alaska, coupled with ingestion by seabirds
(Ohlendorf et al. 1978) and entanglement of seals (Fowler 1985, 1987), stimulated
the first post-graduate thesis on the marine litter problem. Bob Day (1980) stud-
ied the amounts of plastic ingested by Alaskan seabirds, in the first community-
level study of plastic ingestion. Of the almost 2000 birds from 37 species collected
off Alaska from 1969 to 1977, plastic was found in 40 % of species and 23 % of
individuals. His main findings were presented in a review paper at the first marine
debris conference in 1984 that summarized what was known about plastic inges-
tion by birds (Day et al. 1985). By that stage, it was clear that the incidence of
plastic ingestion varied greatly among taxa, with high rates typically recorded
among petrels and shearwaters (Procellariidae), phalaropes (Phalaropus) and
some auks (Alcidae). Unsurprisingly, generalist foragers that fed near the water
surface tended to have the highest plastic loads, although some pursuit-diving
shearwaters and auks also contained large amounts of plastic. Plastic items were
only found in the stomachs of birds; no visible items passed into the intestines.
There was some evidence that at least some species retained plastic particles in
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their stomachs for considerable periods (up to 15 months), where they slowly
eroded. Almost all particles floated in seawater, and comparison of the colors of
ingested plastics with observations of the colors of litter items at sea demonstrated
that all species favoured more conspicuous items, suggesting they were consumed
deliberately. Industrial pellets comprised the majority of plastic items in most spe-
cies sampled, possibly due to their similarity to fish eggs.

Day et al. (1985) also showed that the incidence of plastic ingestion generally
increased over the study period, but patterns were affected by seasonal and age-
related differences in plastic loads. Sex had no effect on plastic loads, but imma-
ture birds contained more plastic than adults in two of three species where this
could be tested. There were also regional differences in plastic loads, with birds
from the Aleutian Islands containing more plastic than birds from the Gulf of
Alaska, and even lower loads in birds from the Bering and Chukchi Seas. Surveys
in the North Atlantic confirmed regional differences in plastic loads in northern
fulmars (Bourne 1976; Furness 1985a; van Franeker 1985), paving the way for the
use of this species to monitor the abundance and distribution of plastic litter at sea
(Ryan et al. 2009; van Franeker et al. 2011; Kiihn and van Franeker 2012).

Like Connors and Smith (1982), Day (1980) found weak negative correla-
tions between the amount of ingested plastic and body mass or fat reserves in
some species, suggesting a sub-lethal effect on birds. And among parakeet auklets
(Cyclorrhynchus psittacula), non-breeding adults contained twice as much plastic
as breeding adults. However, Day (1980) was quick to point out that the differ-
ences in plastic loads could be a consequence of poor body condition or breeding
status rather than vice versa. Harper and Fowler (1987) assumed that the nega-
tive correlation between the amount of ingested plastic and body mass of juve-
nile Salvin’s prions (Pachyptila salvini) stranded in New Zealand in 1966 resulted
from starving birds resorting to eat inedible objects such as pumice and plastic
pellets. Spear et al. (1995) reported that among a large series of birds collected in
the tropical Pacific, heavier birds were more likely to contain plastic, and attrib-
uted this to the fact that they fed in productive frontal areas where plastic tends
to accumulate (cf. Bourne and Clarke 1984). Among birds that contained plastic,
there was a negative correlation between the amount of plastic and body weight,
which they interpreted as providing the first solid evidence of a negative relation-
ship between plastic ingestion and body condition (Spear et al. 1995). However,
caution must be exercised in such comparisons, given the effects of age and breed-
ing status on the amounts of plastic in seabirds such as petrels that regurgitate
accumulated plastic to their chicks (Ryan 1988a).

1.5 Into the Southern Hemisphere

Despite the fact that the first record of plastic ingestion came from the Southern
Hemisphere in 1960 (Harper and Fowler 1987), reports of the occurrence of plas-
tics at sea in the Southern Hemisphere generally lagged somewhat behind that
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in the north. Notable exceptions were the reports of plastic ingestion by turtles
in South Africa, where plastic pellets were found in juvenile loggerhead turtles
(Caretta caretta) in 1968 (Hughes 1970) and a large sheet of plastic was found
blocking the intestine of a leatherback turtle (Dermochelys coriacea) that died in
1970 (Hughes 1974). The paucity of records of plastic litter from the Southern
Hemisphere did not mean that the problem was not as severe in the less indus-
trialized south. Gregory (1977, 1978) reported plastic pellets from virtually all
New Zealand beaches, with densities at some beaches estimated at >100,000 pel-
lets m~!, which probably are the highest estimates of industrial pellet densities
from any beach. Quite why such high densities were found in a country with a
relatively small manufacturing base is unclear. Plastic pellets were also recorded
in oceanic waters of the South Atlantic off the Cape in 1979, an area far removed
from major shipping lanes and with little industrial activity in adjacent coastal
regions (Morris 1980). There was a suggestion that pellets were more abundant
west of 12°E (1500-3600 km~2) than closer to the Cape coast (0-2000 km™2),
possibly linked to their aggregation in the South Atlantic gyre (cf. Lebreton et al.
2012; Maximenko et al. 2012; Ryan 2014). However, the average density of pel-
lets and other plastic fragments close to the Cape coast was more than 3600 par-
ticles km~2 (Ryan 1988b), similar to densities reported in oceanic waters of the
North Atlantic (Carpenter and Smith 1972; Colton et al. 1974) and North Pacific
(Wong et al. 1974). By comparison, the density of pellets and other plastic litter
in sub-Antarctic waters south of New Zealand was very low (<100 items km ™2,
Gregory et al. 1984).

In addition to plastic pellet ingestion by New Zealand prions since the 1960s
(Harper and Fowler 1987), rubber bands were found in Antarctic fulmars
(Fulmarus glacialoides) stranded on New Zealand beaches in 1975 (Crockett and
Reed 1976), and during an irruption of Southern Ocean petrels to New Zealand
in 1981 all blue petrels (Halobaena caerulea) but very few Kerguelen petrels
(Lugensa brevirostris) contained plastic (Reed 1981). Subsequent studies con-
firmed the high levels of plastic in blue petrels, despite the species rarely forag-
ing north of the Subtropical Convergence (Ryan 1987a). Sampling in 1981 also
showed that at least three petrel species collected in the South Atlantic Ocean
contained plastics (Bourne and Imber 1982; Furness 1983; Randall et al. 1983).
The incidence was greatest in great shearwaters (Puffinus gravis), with 90 % of
individuals of this trans-equatorial migrant containing plastic particles, sometimes
in large volumes (up to 78 pellets and fragments; Furness 1983). Further surveys
even found plastics in Antarctic seabirds, but they were scarce in species that
remained south of the Antarctic Polar Front year round compared to migrants that
ventured farther north in the non-breeding season (Ryan 1987a; van Franeker and
Bell 1988). Beach litter surveys confirmed the presence of plastic wastes in the far
south, although the amounts of litter decreased from south temperate to sub-Ant-
arctic and Antarctic locations (Gregory et al. 1984; Gregory 1987; Ryan 1987b).

Bob Furness (1985b) reported the first systematic survey of plastic ingestion
by Southern Hemisphere birds for the seabirds of Gough Island, central South
Atlantic Ocean. Of the 15 species sampled, 10 contained plastic, and two species



12 P.G. Ryan

had plastic in more than 80 % of individuals sampled. Petrels were again the most
affected species, and Furness (1985b) was able to show that this was linked to the
structure of their stomachs. The angled constriction between the fore-stomach
and gizzard apparently prevents petrels regurgitating indigestible prey remains
(except when feeding their chicks). Once again body mass was inversely corre-
lated with the amount of ingested plastic in some species, but Furness (1985b)
highlighted the need for controlled experiments to demonstrate an adverse impact
of plastic ingestion. Building on this study, Ryan (1987a) showed that 40 of 60
Southern Hemisphere seabird species ingested plastic. Controlling for age and
breeding status there was no correlation between plastic load and body condition
(Ryan 1987c¢), but there was a correlation with PCB concentrations (Ryan et al.
1988), and chicks experimentally fed plastic grew more slowly than control birds,
because they ate smaller meals (Ryan 1988c). A subsequent experiment showed
that marine turtle hatchlings did not increase their food intake sufficiently to offset
dietary dilution by an inert substance used to mimic the presence of plastic in their
diet (McCauley and Bjorndal 1999).

Although most plastic apparently was ingested directly by the marine ver-
tebrates studied, there was some evidence of secondary ingestion. Eriksson and
Burton (2003) collected plastic particles from fur seal scat on Macquarie Island
and speculated that they were ingested by lantern fish (Electrona subaspera),
which were then eaten by the seals. And ingestion was not the only issue reported
from the Southern Hemisphere. During the 1970s the rates of entanglement of
Cape fur seals (Arctocephalus pusillus) in southern Africa (Shaughnessy 1980)
were similar to those of northern fur seals in Alaska. The first entangled New
Zealand fur seal (Arctocephalus forsteri) was observed in 1975 (Cawthorn 1985),
and by the late 1970s entanglements of fur seals were recorded as far south as
South Georgia (Bonner and McCann 1982). The first entanglements of cetaceans
and sharks also were recorded from New Zealand in the 1970s (Cawthorn 1985).

1.6 Aloha—The Marine Debris Conferences

The growing awareness of the accumulation of plastic wastes in marine systems,
and their impacts on marine biota, resulted in the Marine Mammal Commission
approaching the US National Marine Fisheries Service in 1982 to arrange a work-
shop on the issue. Given the severity of the problem in the North Pacific Ocean,
the task devolved to the Southwest Fisheries Center’s Honolulu Laboratory. The
Workshop on the Fate and Impact of Marine Debris took place in late November
1984 and was attended by 125 people from eight countries (91 % from the USA,
4 % from Asia, 3 % from Europe and 1 % each from Canada and New Zealand).
Given the geographic bias of delegates, most of the 31 papers dealt with the North
Pacific, but there were more general papers on the distribution and dynamics of
floating litter as well as reviews of entanglement (Wallace 1985), and ingestion by
seabirds (Day et al. 1985). The 580-page proceedings, edited by Richard Shomura
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and Howard Yoshida, appeared laudably fast as a NOAA Technical Memorandum
in July 1985. Papers presented at the workshop were divided into three themes: the
origins and amounts of marine debris (12 papers), impacts on marine resources
(13 papers), and its fate (4 papers). The proceedings concluded with summary
documents from working groups addressing each of the three main themes. The
workshop emphasized the need to raise awareness of the threat posed by marine
litter, and recommended three mitigation initiatives: to regulate the disposal of
high-risk plastic items, to promote recycling of fishing nets, and to investigate the
use of biodegradable material in fishing gear.

The success of the first marine debris workshop led to plans for a Second
International Conference on Marine Debris. However, before this could occur
the Sixth International Ocean Disposal Symposium took place in Pacific Grove,
California, in April 1986. This was the first symposium in this series to address
the dumping of persistent plastic wastes (Wolfe 1987). It was attended by 160
delegates from 10 countries and resulted in a special issue of Marine Pollution
Bulletin (1987, volume 18, issue 6B). The focus was largely on ship-based sources
of marine debris and their impacts, but also addressed incidental bycatch in fishing
gear as well as land-based sources of debris. A few papers were repeated from the
1984 Honolulu workshop, and apart from Pruter’s (1987) review of litter sources
and amounts and Laist’s (1987) review of the biological impacts of marine plas-
tics, two of the most important papers dealt with legal approaches and strategies to
reduce the amount of plastic entering the sea (Bean 1987; Lentz 1987).

The Second International Conference on Marine Debris was again held in
Honolulu in April 1989, attracting over 170 delegates from 10 countries (USA
83 %, Japan 6 %, Canada and New Zealand 3 % each, UK 2 %; all other coun-
tries <1 %). It had a more ambitious scope than the first conference, with seven
themed sessions following a series of regional overview papers. Whereas the focus
of the first meeting was largely on the amounts and impacts of debris, the second
conference concentrated more on tackling the problem, with sessions on solutions
through technology, law and policy, and education, as well as the first estimates
of the economic costs of marine litter. The two-volume, 1274-page proceedings,
edited by Richard Shomura and Mary Lynne Godfrey, was again published as a
NOAA Technical Memorandum in December 1990 and contained 76 papers plus
eight working group reports. The proceedings made numerous recommendations,
including nine priority recommendations. Both the first and second conference
proceedings are available as internet downloads.

The first two Marine Debris Conferences played a major role in collating
information on the marine debris issue. The large numbers of papers in the two
proceedings resulted in a spike in publications on the subject (Fig. 1.2). Three
further conferences have taken place. The Third International Conference on
Marine Debris was held in Miami in May 1994 and had a more Caribbean flavor.
It also differed from the two earlier conferences in having only selected papers
published from the meeting in a book that aimed to provide a definitive treatment
of the marine debris problem (Coe and Rogers 1997). The theme of the confer-
ence was ‘Seeking Global Solutions’, and two-thirds of the papers were devoted
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to mitigation, with four chapters on the socioeconomics of marine litter, eight
chapters addressing at-sea sources, and ten chapters on land-based sources. This
reflected the increasing appreciation that not only were diffuse, land-based inputs
the major source of marine litter, but that in many ways they were harder to tackle
than ship-based sources.

The two most recent Marine Debris Conferences were again held in Honolulu.
The fourth conference (August 2000), which focused on the problems posed by
derelict fishing gear, attracted 235 people from more than 20 countries, all but
one in the Pacific region. The fifth meeting (March 2011) was the largest yet, with
more than 450 delegates from across the world, reflecting the mounting concern
among civil society regarding the threats posed by marine litter. Entitled ‘Waves
of Change: Global Lessons to Inspire Local Action’, the conference concluded
that despite the challenges inherent in tackling marine debris, the problem is pre-
ventable. The summary proceedings, released on the internet after the meeting,
included reports from the three working groups established to address the preven-
tion, reduction and management of land-based sources, of at-sea sources, and the
removal and processing of accumulated marine debris. The reports highlighted
progress made in each of these areas over the last decade, identified remain-
ing challenges, and made recommendations for future action. The conference
concluded with the Honolulu Commitment, which called on governmental and
non-governmental organisations, industry and other stakeholders to commit to
12 action points, including formulating the Honolulu Strategy to prevent, reduce
and manage marine debris. This framework document, sponsored by United
Nations Environment Programme and the US National Oceanic and Atmospheric
Administration, was released in 2012.

1.7 Mitigation Measures and Long-Term
Changes in Marine Litter

One of the major challenges in addressing the marine plastics problem is the
diverse nature of plastic products, and the many routes they can follow to enter
marine systems (Pruter 1987; Ryan et al. 2009). As a result, a diversity of mit-
igation measures is needed to tackle the problem. Initial efforts focused on two
specific user groups, shipping/fisheries and the plastics industry, at least in
part because they are relatively discrete user groups, and thus are more eas-
ily addressed (at least in theory). Shipping was a major source of marine litter
(Scott 1972; Horsman 1982). Dumping persistent plastic wastes from land-based
sources at sea was banned under the Convention on the Prevention of Pollution by
Dumping of Wastes and Other Matter (London Dumping Convention, promulgated
in 1972; Lentz 1987), but operational wastes generated by vessels were exempt
until Annex V of the International Convention for the Prevention of Pollution
from Ships (MARPOL, promulagated in 1973) came into force at the end of 1988
(www.imo.org). Since then considerable effort has been expended to ensure there
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are adequate port facilities to receive wastes from ships (Coe and Rogers 1997).
Current signatories to MARPOL Annex V are responsible for more than 97 % of
the world’s shipping tonnage, but compliance and enforcement remain significant
problems (Carpenter and MacGill 2005).

Industrial pellets were another target for early mitigation measures because
they were abundant in the environment, often ingested by marine birds and tur-
tles, and only handled by a relatively small group of manufacturers and convert-
ers. As early as the 1970s it was clear that improving controls in manufacturing
plants could significantly reduce the numbers of pellets entering coastal waters
(Kartar et al. 1976). The loss of pellets in wastewater should fall under national
water quality control measures, but in most countries the issue has been ignored
in favour of chemical pollutants (Bean 1987). As a result, it was left to the plastics
industry to initiate efforts to reduce losses of industrial pellets such as Operation
Clean Sweep, established in the USA in 1992, and adopted in various guises by
many other plastics industry organisations around the world (Redford et al. 1997).

How effective were these measures in reducing litter entering the sea? Although
there were some exceptions (e.g. Merrell 1984), amounts of plastic litter at sea
increased up to the 1990s, and then appeared to stabilize, whereas quantities on
beaches and on the seabed have continued to increase (Barnes et al. 2009; Law
et al. 2010). This could result from a decrease in the amounts of litter entering
the sea (Barnes et al. 2009), but interpretation is complicated by the difficulty of
monitoring marine litter loads, and our rather poor understanding of the rates of
degradation and transport between habitats and regions (Ryan et al. 2009). Part of
the problem is that mitigation measures may be effective in reducing the propor-
tion of the waste stream reaching the sea, but this decrease may be insufficient to
decrease the absolute amount of litter entering the sea, given the ongoing increase
in plastic production (Fig. 1.1).

Interaction rates with marine biota provide one way to track the impacts
of marine litter, and several studies have focused on the effects of specific miti-
gation initiatives. For example, the rate of entanglement in Antarctic fur seals
(Arctocephalus gazella) at South Georgia decreased over the last two decades fol-
lowing active steps to prevent dumping of persistent wastes by vessels operating in
the waters around the island. However, some of the decrease can be attributed to
changes in seal numbers (Arnould and Croxall 1995; Waluda and Staniland 2013).
A similar conclusion was reached by Boren et al. (2006) for New Zealand fur seals,
where the decrease in the entanglement rate after 1997 was more likely a result of
increasing seal numbers than a decrease in the amounts of litter at sea. Henderson
(2001) showed no change in entanglement rates of Hawaiian monk seals (Monachus
schauinslandi) before and after the implementation of MARPOL Annex V, nor
was there a decrease in the rate at which netting washed ashore at the northwest
Hawaiian Islands. Page et al. (2004) also showed no change in seal entanglement
rates in southeast Australia despite efforts by government and fishing organisa-
tions to reduce the amount of litter discarded at sea. However, beach surveys in
this region suggested that the implementation of MARPOL Annex V reduced
the amounts of litter washed ashore (Edyvane et al. 2004). Ribic et al. (2010)
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showed how carefully designed beach litter surveys can detect regional differences
in long-term trends in the amounts of stranded litter, with consistent trends in land-
and ship-based sources of litter.

Long-term studies of plastic ingestion by seabirds also indicate limited suc-
cess in tackling the marine litter problem. The rapid increase in the amount of
ingested plastic through the 1960s and 1970s (Harper and Fowler 1987; Moser and
Lee 1992) stabilized during the 1980s and 1990s (Vlietstra and Parga 2002; Ryan
2008; Bond et al. 2013), but only studies of North Atlantic fulmars show a recent
decrease in the amount of ingested plastic (van Franeker et al. 2011). Although
the total amount of ingested plastic has tended to remain fairly constant over the
last few decades, there has been a marked change in the composition of ingested
plastic from pellets to plastic fragments (Vlietstra and Parga 2002; Ryan 2008;
van Franeker et al. 2011), suggesting that efforts to reduce the numbers of pel-
lets entering the sea have been at least partly successful. These results mirror the
findings of net-samples of plastic litter at sea, which have seen a major increase in
the proportion of user fragments and a corresponding decrease in industrial pel-
lets relative to surveys conducted in the 1970s and 1980s (Moore et al. 2001; Law
et al. 2010).

1.8 Plastic Degradation and the Microplastic Boom

Although many plastics are remarkably persistent, they are not immune to deg-
radation. Indeed the plastics industry goes to considerable effort to slow the rate
of degradation in many applications (Andrady et al. 2003). Ultraviolet (UV) radi-
ation plays a key role in plastic degradation, and because UV light is absorbed
rapidly by water, plastics generally take much longer to degrade at sea than on
land (Andrady 2003). However, the rate of degradation depends on the ambient
temperature as well as polymer type, additives and fillers (Andrady et al. 2003).
Carpenter and Smith (1972) observed some degradation in polyethylene pellets
collected at sea, but Gregory (1987) inferred degradation occurred more rapidly
in stranded plastics, where they were exposed to high levels of UV radiation.
The proportion of degraded pellets increased higher up the beach, away from the
most recent strandline (Gregory 1987). Little is known about the fate of plastic
that sinks to the seafloor; it is widely assumed that plastic is largely impervious to
degradation once shielded from UV radiation (Goldberg 1997). However, there is
some evidence that plastic fragments may be susceptible to bacterial decay at sea
(Harshvardhan and Jha 2013; Zettler et al. 2013).

At the same time that plastics were being recognized as a significant marine pol-
lutant, it was recognized that plastic litter was broken down by photodegradation
and oxidation (Scott 1972; Cundell 1974). Scott (1972) reported how some beach
litter items became embrittled and were reduced to small particles by very slight
pressure. The apparent lack of disintegrated plastic around such items led him to
conclude that the particles “had clearly been absorbed rapidly by the environment”
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(Scott 1972, p. 36). Gregory (1983) also assumed that this process led to “complete
degradation of the plastic pellets and dispersal as dust” (p. 82). However, it was a
case of out of sight, out of mind. Thompson et al. (2004) showed that microscopic
plastic fragments and fibres are ubiquitous marine pollutants. Together with the
high media profile given the Pacific ‘garbage patch’ (Moore et al. 2001) and simi-
lar litter aggregations in other mid-ocean gyres (e.g. Law et al. 2010; Eriksen et al.
2013a), the research by Thompson et al. (2004) was largely responsible for the
recent resurgence in interest in the marine litter problem (Fig. 1.2). Like larger plas-
tic items, ‘microplastics’ (Ryan and Moloney 1990) are now found throughout the
world’s oceans, including in deep-sea sediments (van Cauwenberghe et al. 2013).

There is ongoing debate as to the size limit for ‘microplastics’ (Thompson
2015). Some authors take a broad view, including items <5 mm diameter
(Arthur et al. 2009), whereas others restrict the term to items <2 mm, <l mm
or even <500 pm (Cole et al. 2011). Andrady (2011) argued the need for three
terms: mesoplastics (500 pm—5 mm), microplastics (50-500 pwm) and nanoplas-
tics (<50 pm), each with their own set of physical characteristics and biological
impacts. Depending on the upper size limit, industrial pellets may or may not be
included in the term. But even if we adopt a narrow view, not all microplastics
derive from degradation of larger plastic items. Some cosmetics, hand cleaners
and air blast cleaning media contain small (<500 wm) plastic beads manufactured
specifically for this purpose (Zitko and Hanlon 1991; Gregory 1996), the so-called
primary microplastics (Cole et al. 2011). The proportion of primary microplastics
in the environment probably is small compared to secondary microplastics, except
for some areas of the Great Lakes in the United States (Eriksen et al. 2013b), but
it is a largely avoidable source of pollution. Public pressure has already forced one
major chemical company to commit to phasing out the use of plastic scrubbers in
their products by 2015.

Much of the concern around microplastics concerns their role in introducing
persistent organic pollutants (POPs) into marine foodwebs (Cole et al. 2011; Ivar
do Sul and Costa 2014). Some of the additives used to modify the properties of
plastics are biologically active, potentially affecting development and reproduction
(Oehlmann et al. 2009; Meeker et al. 2009). Also, hydrophobic POPs in seawater
are adsorbed onto plastic items (Carpenter et al. 1972; Mato et al. 2001; Teuten
et al. 2009), and the smaller the particle, the more efficiently they accumulate tox-
ins (Andrady 2011). Thompson et al. (2004) showed that invertebrates from three
feeding guilds (detritivores, deposit feeders and filter feeders) all consumed micro-
scopic plastic particles, reinforcing the results of early selectivity experiments dem-
onstrating that filter feeders can consume small plastic particles (De Mott 1988;
Bern 1990). Small particles also are eaten by myctophid fish (Boerger et al. 2010),
which are an important trophic link in many oceanic ecosystems (Davison and
Asch 2011). The subject of POP transfer is explored in more detail by Rochman
(2015), but it is worth noting that strict controls on the use of several POPs (e.g.
PCBs, HCHs, DDT and its derivatives) have decreased their concentrations on
plastic pellets over the last few decades (Ryan et al. 2012). There remain concerns
about the health impacts of other compounds whose use is not as strictly regulated
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(e.g. PBDE, BPA, phthalates, nonylphenol, etc.; Meeker et al. 2009; Oehlmann
et al. 2009; Gassel et al. 2013), and even the ingestion of uncontaminated micro-
plastic particles can induce stress responses in fish (Rochman et al. 2013b).

1.9 Summary and Conclusions

Awareness of the threats posed by waste plastics to marine ecosystems developed
gradually through the 1960s and 1970s. Most of the environmental impacts of plas-
tic litter were identified in the 1970s and 1980s, resulting in numerous policy dis-
cussions and recommendations to decrease the amount of waste plastic entering the
environment (Chen 2015). Tightened controls by plastic manufacturers and convert-
ers reduced losses of industrial pellets and legislation such as MARPOL Annex V
reduced disposal of plastic wastes at sea (although compliance remains problematic
in at least some sectors). However, it also became apparent that most litter entering
the sea did so from diffuse, land-based sources that are more difficult to control. The
rapid increase in global plastic production has resulted in an increase in the amount
of plastic items and fragments in marine systems, which in many cases has offset the
gains made by reducing losses of industrial pellets and dumping of ship-generated
wastes. Plastic is becoming so abundant in some marine systems that it is actually
altering the physical properties of the environment (e.g. Carson et al. 2011).

There was a lull in research activity in the 1990s, but the confirmation that micro-
plastics were a ubiquitous marine pollutant in the early 2000s, coupled with pub-
licity around the formation of mid-ocean garbage patches, has stimulated renewed
research interest and increased public awareness of the marine litter problem. One
of the most urgent current challenges is the need to develop techniques to trace the
smallest plastic particles through marine ecosystems, including uptake and release
from marine organisms. We also need an improved understanding of the dynam-
ics of waste plastics if we are to monitor the efficacy of mitigation measures (Ryan
et al. 2009). Just as we can’t interpret the significance of plastic loads in organisms
without assessing their turnover rates (Ryan 1988a), we need estimates of transport
rates between environments and their biota, and of plastic degradation rates under
different environmental conditions. However, we already know enough to say with
certainty that the release of waste plastics into the environment is already impacting
adversely on marine systems, and affecting human quality of life. Given that plastic
litter is, at least theoretically, a wholly avoidable problem, increased effort is needed
to stop the inappropriate disposal of waste plastics through a combination of educa-
tion, product design, incentives, legislation and enforcement.
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Chapter 2
Global Distribution, Composition
and Abundance of Marine Litter

Francois Galgani, Georg Hanke and Thomas Maes

Abstract Marine debris is commonly observed everywhere in the oceans. Litter
enters the seas from both land-based sources, from ships and other installations
at sea, from point and diffuse sources, and can travel long distances before being
stranded. Plastics typically constitute the most important part of marine litter some-
times accounting for up to 100 % of floating litter. On beaches, most studies have
demonstrated densities in the 1 item m~™2 range except for very high concentra-
tions because of local conditions, after typhoons or flooding events. Floating marine
debris ranges from 0 to beyond 600 items km™2. On the sea bed, the abundance of
plastic debris is very dependent on location, with densities ranging from 0 to >7700
items km ™2, mainly in coastal areas. Recent studies have demonstrated that pollution
of microplastics, particles <5 mm, has spread at the surface of oceans, in the water
column and in sediments, even in the deep sea. Concentrations at the water surface
ranged from thousands to hundred thousands of particles km~2. Fluxes vary widely
with factors such as proximity of urban activities, shore and coastal uses, wind and
ocean currents. These enable the presence of accumulation areas in oceanic conver-
gence zones and on the seafloor, notably in coastal canyons. Temporal trends are not
clear with evidences for increases, decreases or without changes, depending on loca-
tions and environmental conditions. In terms of distribution and quantities, proper
global estimations based on standardized approaches are still needed before consid-
ering efficient management and reduction measures.
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2.1 Introduction

Anthropogenic litter on the sea surface, beaches and seafloor has significantly
increased over recent decades. Initially described in the marine environment
in the 1960s, marine litter is nowadays commonly observed across all oceans
(Ryan 2015). Together with its breakdown products, meso-particles (5-2.5 cm)
and micro-particles (<5 mm), they have become more numerous and floating lit-
ter items can be transported over long distances by prevailing winds and currents
(Barnes et al. 2009).

Humans generate considerable amounts of waste and global quantities are con-
tinuously increasing, although waste production varies between countries. Plastic,
the main component of litter, has become ubiquitous and forms sometimes up to
95 % of the waste that accumulates on shorelines, the sea surface and the seafloor.
Plastic bags, fishing equipment, food and beverage containers are the most com-
mon items and constitute more than 80 % of litter stranded on beaches (Topgu
et al. 2013; Thiel et al. 2013). A large part of these materials decomposes only
slowly or not at all. This phenomenon can also be observed on the seafloor where
90 % of litter caught in benthic trawls is plastic (Galil et al. 1995; Galgani et al.
1995, 2000; Ramirez-Llodra et al. 2013).

Even with standardized monitoring approaches, the abundance and distribution
of anthropogenic litter show considerable spatial variability. Strandline surveys
and cleanings as well as regular surveys at sea are now starting to be organized in
many countries in order to generate information about temporal and spatial dis-
tribution of marine litter (Hidalgo-Ruz and Thiel 2015). Accumulation rates vary
widely and are influenced by many factors such as the presence of large cities,
shore use, hydrodynamics and maritime activities. As a general pattern, accumu-
lation rates appear to be lower in the southern than in the northern hemisphere.
Enclosed seas such as the Mediterranean or Black Sea may harbor some of the
highest densities of marine litter on the seafloor, reaching more than 100,000 items
km~2 (Galgani et al. 2000). In surface waters, the problem of plastic fragments
has increased in the last few decades. From the first reports in 1972 (Wong et al.
1974), the quantities of microparticles in European seas have grown in comparison
to data from 2000 (Thompson et al. 2004). Recent data suggest that quantities of
microparticles appear to have stabilized in the North Atlantic Ocean over the last
decade (Law et al. 2010). Little is known about trends in accumulation of debris
in the deep sea. Debris densities on the deep seafloor decreased in some areas,
such as in the Bay of Tokyo from 1996 to 2003 and in the Gulf of Lion between
1994 and 2009 (Kuriyama et al. 2003; Galgani et al. 2011a, b). By contrast, in
some areas around Greece, the abundance of debris in deep waters has substan-
tially increased over a period of eight years (Stefatos et al. 1999; Koutsodendris
et al. 2008) and on the deep Arctic seafloor of the HAUSGARTEN observatory
over aperiod of ten years (Bergmann and Klages 2012). Interpretation of tempo-
ral trends is complicated by seasonal changes in the flow rate of rivers, currents,
wave action, winds etc. Decreasing trends of macroplastics (>2.5 cm) on beaches
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of remote islands suggest that regulations to reduce dumping at sea have been
successful to some extent (Eriksson et al. 2013). However, both the demand and
the production of plastics reached 299 million tons in 2013 and are continuing to
increase (PlasticsEurope 2015).

2.2 Composition

Analysis of the composition of marine litter is important as it provides vital infor-
mation on individual litter items, which, in most cases, can be traced back to their
sources. Sources of litter can be characterised in several ways (see also Browne
2015). One common method is to classify marine litter sources as either land-
based or ocean-based, depending on where the litter entered the sea. Some items
can be attributed with a high level of confidence to certain sources such as fish-
ing gear, sewage-related debris and tourist litter. So-called use-categories provide
valuable information for developing reduction measures (Galgani et al. 2011a).

Land-based sources include mainly recreational use of the coast, general pub-
lic litter, industry, harbors and unprotected landfills and dumps located near the
coast, but also sewage overflows, introduction by accidental loss and extreme
events. Marine litter can be transported to the sea by rivers (Rech et al. 2014; Sadri
and Thompson 2014) and other industrial discharges and run-offs or can even be
blown into the marine environment by winds. Ocean-based sources of marine litter
include commercial shipping, ferries and liners, both commercial and recreational
fishing vessels, military and research fleets, pleasure boats and offshore instal-
lations such as platforms, rigs and aquaculture sites. Factors such as ocean cur-
rent patterns, climate and tides, the proximity to urban, industrial and recreational
areas, shipping lanes and fishing grounds also influence the types and amount of
litter that are found in the open ocean or along beaches.

Assessments of the composition of litter in different marine regions show that
“plastics”, which include all petroleum-based synthetic materials, make up the
largest proportion of overall litter pollution (e.g. Pham et al. 2014). Packaging,
fishing nets and pieces thereof, as well as small pieces of unidentifiable plastic or
polystyrene account for the majority of the litter items recorded in this category
(Galgani et al. 2013). Some of this can take hundreds of years to break down or
may never truly degrade (Barnes et al. 2009).

Whether or not visual observations from ships and airplanes, observations
using underwater vehicles, manned or not, acoustics and finally trawling will
provide the necessary detail to characterise litter and eventually define sources is
not always clear. Previous notions that at a global scale most of the marine lit-
ter is from land-based sources rather than from ships, were confirmed (Galgani
et al. 2011b). Marine litter found on beaches consists primarily of plastics (bottles,
bags, caps/lids, etc.), aluminium (cans, pull tabs) and glass (bottles) and mainly
originates from shoreline recreational activities but is also transported by the sea
by currents. In some cases, specific activities account for local litter densities well
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above the global average (Pham et al. 2014). For example, marine litter densities
on beaches can be increased by up to 40 % in summer because of high tourist
numbers (Galgani et al. 2013). In some tourist areas, more than 75 % of the annual
waste is generated in summer, when tourists produce on average 10-15 % more
waste than the inhabitants; although not all of this waste enters the marine envi-
ronment (Galgani et al. 2011b).

In some areas such as the North Sea or the Baltic Sea, the large diversity of
items and the composition of the litter recorded indicate that shipping, fisheries
and offshore installations are the main sources of litter found on beaches (Fleet
et al. 2009). In some cases, litter can clearly be attributed to shipping, sometimes
accounting for up to 95 % of all litter items in a given region, a large proportion of
which originates from fishing activities often coming in the form of derelict nets
(Van Franeker et al. 2011). In the North Sea, this percentage has been temporally
stable (Galgani et al. 2011a) but litter may be supplemented by coastal recreational
activities and riverine input (Lechner et al. 2014; Morritt et al. 2014). Studies
along the US west coast, specifically off the coast of the southern California Bight
(Moore and Allen 2000; Watters et al. 2010; Keller et al. 2010; Schlining et al.
2013) have shown that ocean-based sources are the major contributors to marine
debris in the eastern North Pacific with, for example, fishing gear being the most
abundant debris off Oregon (June 1990). Investigations in coastal waters and
beaches around the northern South China Sea in 2009 and 2010 indicated that plas-
tics (45 %) and Styrofoam (23 %) accounted for more than 90 % of floating debris
and 95 % of beached debris. The sources were primarily land-based and mostly
attributed to coastal recreational activities (Lee et al. 2013). In the Mediterranean,
reports from Greece classify land-based (69 % of the litter) and vessel-based
(26 %) waste as the two predominant sources of litter (Koutsodendris et al. 2008).

2.3 Distribution

2.3.1 Beaches

Marine debris is commonly found at the sea surface or washed up on shorelines,
and much of the work on marine litter has focussed on coastal areas because of
the presence of sources, ease of access/assessment and for aesthetic reasons
(McGranahan et al. 2007). Marine litter stranded on beaches is found along all
coasts and has become a permanent reason for concern. Beach-litter data are
derived from various approaches based on measurements of quantities or fluxes,
considering various litter categories, and sampling on transects of variable width
and length parallel or perpendicular to the shore. This makes it difficult to draw
a quantitative global picture of beach litter distribution. In general, methods that
are used for estimating amounts of marine debris on beaches are considered
cheap and fairly reliable, but it is not clear how it relates to litter at sea, floating
or not. Moreover, in some coastal habitats, litter may be of terrestrial origin and
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may never actually enter the sea. Most surveys are done with a focus on clean-
ing, thereby missing proper classification of litter items. When studies are not
dedicated to specific items, litter is categorized by the type of material, function
or both. Studies record the numbers, some the mass of litter and some do both
(Galgani et al. 2013). Evaluations of beach litter reflect the long-term balance
between inputs, land-based sources or stranding, and outputs from export, burial,
degradation and cleanups. Then, measures of stocks may reflect the presence and
amounts of debris. Factors influencing densities such as cleanups, storm events,
rain fall, tides, hydrological changes may alter counts, evaluations of fluxes and,
even if surveys can track changes in the composition of beach litter, they may
not be sensitive enough to monitor changes in the abundance (Ryan et al. 2009).
This problem can be circumvented by recording the rate, at which litter accumu-
lates on beaches through regular surveys that are performed weekly, monthly or
annually after an initial cleanup (Ryan et al. 2009). This is actually the most com-
mon approach, revealing long-term patterns and cycles in accumulation, requir-
ing nonetheless much effort to do surveys. However, past studies may have vastly
underestimated the quantity of available debris because sampling was too infre-
quent (Smith and Markic 2013).

It is unfeasible to review the hundreds of papers on beach macro-debris, which
often apply different approaches and lack sufficient detail (see also Hidalgo-Ruz
and Thiel 2015). Most studies range from a local (Lee et al. 2013) to a regional
scale (Bravo et al. 2009) and cover a broad temporal range. Information on
sources, composition, amounts, usages, baseline data and environmental sig-
nificance are often also gathered (Cordeiro and Costa 2010; Debrot et al. 2013;
Rosevelt et al. 2013) as such data are easier collected. Most studies record all litter
items encountered between the sea and the highest strandline on the upper shore.
Sites are often chosen because of their ecological relevance, accessibility and par-
ticular anthropogenic activities and sources. Factors influencing the accumulation
of debris in coastal areas include the shape of the beach, location and the nature of
debris (Turra et al. 2014). In addition, most sediment-surface counts do not take
buried litter into account and clearly underestimate abundance, which biases com-
position studies. However, raking of beach sediments for litter may disturb the res-
ident fauna. Apparently, a good correlation exists between accumulated litter and
the amount arriving, indicating regular inputs and processes. Recent experiments
with drift models in Japan indicate good correlation of flux with litter abundances
on beaches (Yoon et al. 2010; Kataoka et al. 2013).

It appears that glass and hard plastics are accumulating more easily on rocky
shores (Moore et al. 2001a). Litter often strands on beaches that lack strong preva-
lent winds, which may blow them offshore (Galgani et al. 2000; Costa et al. 2011).
Abundance or composition of litter often varies even among different parts of an
individual beach (Claereboudt 2004) with higher amounts found frequently at
high-tide or storm-level lines (Oigman-Pszczol and Creed 2007). Because of this
and beach topography, patchiness is a common distribution pattern on beaches,
especially for smaller and lighter items that are more easily dispersed or buried
(Debrot et al. 1999).



34 F. Galgani et al.

It is very difficult to compare litter concentrations of various coastal areas (with
different population densities, hydrographic and geological conditions) obtained from
various studies with different methodologies, especially when the sizes of debris items
that are taken into account are also different. Nevertheless, common patterns indi-
cate the prevalence of plastics, greater loads close to urban areas and touristic regions
(Barnes et al. 2009). Data expressed as items m~2 or larger areas are more convenient
for comparisons. Most studies have reported densities in the m~2 range (Table 2.1).
High concentrations of up to 37,000 items per 50-m beach line (78.3 items m~2) were
recorded in Bootless Bay, Papua New Guinea (Smith 2012) because of specific local
conditions, following typhoons (3,227 items m~2; Liu et al. 2013) or flooding events
(5,058 items m~2; Topcu et al. 2013). Data expressed as quantities per linear distance
are more difficult to compare because the results depend on beach size/width. Plastic
accounts for a large part of litter on beaches from many areas with up to 68 % in
California (Rosevelt et al. 2013), 77 % in the south east of Taiwan (Liu et al. 2013),

Table 2.1 Comparison of mean litter densities from recent data worldwide (non-exhaustive list)

Region Density (m™?) Density (linear m~') | Plastic (%) | References
SW Black Sea 0.88 24 (1.7-197) 91 Topgu et al. (2013)
(0.008-5.06)

Costa do Dende, n.d. 9.1 75 Santos et al. (2009)

Brazil

Cassina, Brazil n.d. 5.3-10.7 48 Tourinho and
Fillmann (2011)

Gulf of Aqaba 2 (1-6) n.d. n.d. Al-Najjar and
Al-Shiyabet (2011)

Monterey, USA 1+2.1 n.d. 68 Rosevelt et al.
(2013)

North Atlantic, n.d. 0.10 (0.2) n.d. Ribic et al. (2010)

USA

North Atlantic, n.d. 0.42 (0.1) n.d. Ribic et al. (2010)

USA

North Atlantic, n.d. 0.08 (0.2) n.d. Ribic et al. (2010)

USA

South Caribbean, 1.4 (max. 115) n.d. n.d. Debrot et al. (2013)

Bonaire

Bootless Bay, 153 (1.2-78.3) | nd. 89 Smith (2012)

Papua New Guinea

Nakdong, South 0.97-1.03 n.d. n.d. Lee et al. (2013)

Korea

Kaosiung, Taiwan | 0.9 (max. 3,227) n.d. 77 Liu et al. (2013)

Tasmania 0.016-2.03 n.d. n.d. Slavin et al. (2012)

Midway, North n.d. 0.60-3.52 91 Ribic et al. (2012a)

Pacific

Chile n.d. 0.01-0.25 n.d. Thiel et al. (2013)

Heard Island, n.d. 0-0.132 n.d. Eriksson et al.

Antarctica (2013)

Ranges of values are given in parentheses
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86 % in Chile (Thiel et al. 2013), and 91 % in the southern Black Sea (Topgu et al.
2013). However, other types of litter or specific types of plastic may also be important
in some areas, in terms of type (Styrofoam, crafted wood) or use (fishing gear).

For trends in the amount of litter washed ashore and/or deposited on coastlines,
beach litter monitoring schemes provide the most comprehensive data on indi-
vidual litter items. Large data sets have already been held by institutions (Ribic
et al. 2010) or NGO’s such as the Ocean Conservancy through their International
Coastal Cleanup scheme for 25 years, or the EU OSPAR marine litter monitoring
program, which started over 10 years ago and covers 78 beaches (Schultz et al.
2013). The lack of large-scale trends in the OSPAR-regions is probably due to
small-scale heterogeneity of near-shore currents, which evoke small-scale hetero-
geneity in deposition patterns on beaches (Schulz et al. 2013).

Ribic et al. (2010, 2012b) derived several nonlinear models to describe the
development of pollution of coastal areas with marine litter. There were long-term
changes in indicator debris on the Pacific Coast of the U.S. and Hawaii over the
nine-year period of the study. Ocean-based indicator debris loads declined substan-
tially while at the same time land-based indicator items had also declined, except for
the North Pacific coast region where no change was observed. Variation in debris
loads was associated with land- and ocean-based processes with higher land-based
debris loads being related to larger local populations. Overall and at the local scale,
drivers included fishing activities and oceanic current systems for ocean-based
debris and human population density and land use status for land-based debris.

At local scales, concentrations of specific items may be largely driven by spe-
cific activities or new sources. For example, 41 % of the total debris from beaches
in California was of Styrofoam origin, with no other explanation than an increased
use of packaging, which degrades very easily (Ribic et al. 2012b). Small-sized items
may form an important fraction of debris on beaches. For example, up to 75 % of
total debris from the southern Black Sea was smaller than 10 cm (Topgu et al. 2013).
Small-sized particles include fragments smaller than 2.5 cm (Galgani et al. 2011b),
the so-called meso-particles or mesodebris, which is, unlike macrodebris, often bur-
ied and not always targeted by cleanups. Stranding fluxes are then difficult to evalu-
ate and a decrease in the amount of litter at sea will only slow the rate of stranding.
Little attention has been paid to sampling design and statistical power even though
optimal sampling strategies have been proposed (Ryan et al. 2009). Densities of
small-sized debris were found to be very high in some areas where, in addition to
floating debris, they can pose a direct threat to wildlife, especially to birds that are
known to ingest plastic (Kiihn et al. 2015; Lusher 2015).

2.3.2 Floating Marine Debris

Floating debris constitutes the fraction of debris in the marine environment, which
is transported by wind and currents at the sea surface, and is thus directly related
to the pathways of litter at sea. Floating litter items can be transported by the
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currents until they sink to the seafloor, be deposited on the shore or degrade over
time (Andrady 2015). While the occurrence of anthropogenic litter items floating
in the world oceans was reported already decades ago (Venrick et al. 1972; Morris
1980), the existence of accumulation zones of Floating Marine Debris (FMD) in
oceanic gyres has only recently gained worldwide attention (Moore et al. 2001b).

Synthetic polymers constitute the major part of floating marine debris, the fate
of which depends on their physico-chemical properties and the environmental con-
ditions. As high-production volume polymers such as polyethylene and polypro-
pylene have lower densities than seawater, they float until they are washed ashore
or sink because their density changes due to biofouling and leaching of additives.
While being subject to biological, photic or chemical degradation processes,
they can be physically degraded gradually into smaller fragments until becom-
ing microplastics, which is often defined as the size fraction <5 mm. This fraction
requires different monitoring techniques, such as surface net trawls, and is there-
fore treated elsewhere (Loder and Gerdts 2015; Lusher 2015). Floating macrolitter
is typically monitored by visual observation from ships, though results from net
trawls are also being reported. The spatial coverage and thus the representative-
ness of the quantification depends on the methodology applied. Also, observation
conditions, such as sea state, elevation of the observation position and ship speed
affect results.

Existing datasets indicate substantial spatial variability and persistent gradients
in floating marine litter concentrations (e.g. Erikssen et al. 2014). The variations
can be attributed to differential release pathways or specific litter accumulation
areas. Because of inconsistent reporting schemes used in scientific publications,
data sets are often not comparable. Typically, item numbers are reported per sur-
face area. Mass-based concentrations can then only be derived through estimates.
Differences are found between studies in size ranges, concentration units and item
categories used. As the number of pieces increases drastically with decreasing size
of the observed litter items, the reporting of corresponding size classes is of high
importance for comparing debris abundances among studies. Apart from the dif-
ficulty in reporting sizes correctly from shipboard observations, many publications
use different size-range categories.

In addition to research activities, the quantification of floating litter is part of
the assessment schemes of national and international monitoring frameworks.
Monitoring of the quantity, composition and pathways of floating litter can con-
tribute to an efficient management of waste streams and the protection of the
marine environment. The FEuropean Marine Strategy Framework Directive,
national programs, the Regional Sea Conventions and international agreements
such as the United Nations Environmental Programme consider the monitoring
of floating litter (Chen 2015). Visual assessment approaches include the use of
research vessels, marine mammal surveys, commercial shipping carriers and dedi-
cated litter observation surveys. Aerial surveys are often conducted for larger items
(Pichel et al. 2012). However, available data for floating litter are currently dif-
ficult to compare because existing observation schemes (NOAA, UNEP, Hellenic
Marine Environment Protection Association—HELMEPA, etc.) apply different
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approaches, observation schemes and category lists (Galgani et al. 2011a, b).
Some approaches involve the reporting by volunteers (HELMEPA, Arthur et al.
2011). While the main principle of monitoring floating debris through visual
observation is very simple there are not many data sets, which allow a comparison
of debris abundance. Some data sets are accessible as peer-reviewed publications
or through reports from international organizations. However, the regions covered
are very limited and monitoring occurs only sporadically.

Globally, the reported densities of floating marine debris pieces >2 cm ranges
from 0 to beyond 600 items km~2. Ship-based visual surveys in the North Sea
German Bight yielded 32 items km~2 on average (Thiel et al. 2011). The inte-
gration over different surveys and seasons resulted in litter densities of 25 items
km~2 at the White Bank area, 28 items km~2 around the island of Helgoland and
39 items km~2 in the East Frisian part of the German Bight. More than 70 % of
the observed items were identified as plastics. From 2002 to 2006, aerial marine
mammals surveys were used for the quantification of floating litter. Results were
reported as sightings km~!, ranging from O to beyond 1 item km~'. Concentrations
in coastal waters appeared to be lower than in offshore regions (Herr 2009).

In the northern Mediterranean Sea, in an offshore area of ca. 100 x 200 km
between Marseille and Nice and also in the Corsican Channel, floating debris
was quantified during marine mammals surveys. A maximum of 55 pieces km ™2
was recorded with strong spatial variability (Gerigny et al. 2011). In the Ligurian
Sea, data were collected through ship-based visual observation in 1997 and 2000.
Between 15 and 25 objects and between 1.5 and 3.0 objects km—2 were found in
1997 and 2000, respectively, without specification of the size ranges used (Aliani
and Molcard 2003). Voluntary surveys through HELMEPA made from commer-
cial shipping vessels in the Mediterranean Sea revealed a concentration of 2 items
km~2 with higher concentrations in coastal areas but also longer transects without
any litter encounters. While plastic material accounted for the highest proportion
(83 %) of litter, textiles, paper, metal and wood comprised 17 % (UNEP 2009). No
size ranges were given, but the described conditions during observation indicate
that only larger items were considered. A large-scale survey in the Mediterranean
Sea found 78 % of the observed objects larger than 2 cm to be of anthropogenic
origin (Suaria and Aliani 2014). Plastic constituted 96 % of these. While high-
est densities (>52 items km~2) were reported from the Adriatic Sea and Algerian
basin, lowest densities (<6.3 items km~2) were recorded in the central Thyrrenian
and Sicilian Sea. Densities in other areas ranged between 11 and 31 items km ™2
(Suaria and Aliani 2014).

Visual aerial surveys were conducted in the Black Sea, flying slow at low alti-
tude above the Kerch Strait, the southern part of the Azov Sea and on the coastal
Russian Black Sea. Concentrations in the Kerch Strait and the Azov Sea were
comparable at 66 items km~2 and twice as high as those from the Black Sea (BSC
2007).

In a visual observation study in the north Pacific, ca. 56 km off Japan,
Shiomoto and Kameda (2005) found densities of 0.1-0.8 items km~2 at a
size >5 cm.



38 F. Galgani et al.

A study at the east coast of Japan utilized surface trawl nets for sampling
on transects of 10 min at 2 knots with a net opening of 50 cm and a mesh size
of 333 um. The size of plastic pieces captured ranged from 1 to 280 mm.
Pieces >11 mm accounted only for 8 % and particles of 1-3 mm accounted for
62 % at total average litter mass of 3600 g km~2 (Yamashita and Tanimura 2007).

Visual observation studies in southern Chilean fjords revealed 1-250 items
km~2 >2 cm during seven oceanographic cruises from 2002 to 2005 (Hinojosa
and Thiel 2009; Hinojosa et al. 2011; Thiel et al. 2013). Typically, densities
in the northern areas ranged from 10 to 50 items km~2. Matsumara and Nasu
(1997) reported 0.5 items km~2 in the waters northwest of Hawaii, close to the
so-called Pacific garbage patch, compared with 9 pieces km~2 in southeast Asia.
Debris densities in the waters off British Columbia (Canada), comprised 0.9—
2.3 pieces km~2 with a mean of 1.5 items km~2 (Williams et al. 2011), but no
size range was given. In the Gulf of Mexico, Lecke-Mitchell and Mullin (1997)
recorded 1.0-2.4 pieces km~2 during cetacean survey flights (Table 2.2).

FMD density in the northern South China Sea was quantified by net trawls
at 4.9 (0.3-16.9) items km~2, with Styrofoam (23 %) and other plastics (45 %)
dominating (Zhou et al. 2011). More than 99 % of FMD was small- (<2.5 cm)
or medium-sized (2.5-10 cm). Large items (10—-100 cm) were detected by visual

Table 2.2 Comparison of mean litter densities on the sea surface from worldwide data (non-
exhaustive list)

Region Density (item km~2) | Size range (cm) | Plastic (%) | References
(max)

North Sea 25-38 >2 70 Thiel et al. (2011)

Belgian coast 0.7 n.d. 95 Van Cauwenberghe
etal. (2013)

Ligurian coast 1.5-25 n.d. n.d. Aliani and Molcard
(2003)

Mediterranean Sea | 10.9 — 52 (194.6) |>2 95.6 Suaria and Aliani
(2014)

North Sea 2 (1-6) n.d. n.d. Herr (2009)

Kerch Strait/Black | 66 n.d. n.d. BSC (2007)

Sea

Chile 10-50 (250) >2 >80 Hinojosa and Thiel
(2009)

West of Hawaii 0.5 0.08 (0.2) n.d. Matsumura and
Nasu (1997)

British Columbia 1.48 (2.3) n.d. 92 Williams et al.
(2011)

South China Sea 4.9 (0.3-16.9) <2.5-10 68 Zhou et al. (2011)

North Pacific 459 2 95 Titmus and
Hyrenbach (2011)

Strait of Malacca 579 >1-2 98.8 Ryan (2013)

Bay of Bengal 8.8 >1-2 95.5 Ryan (2013)

Southern Ocean 0.032-6 >1 96 Ryan et al. (2014)
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observation resulting in mean concentrations of 0.025 items km~2 (Zhou et al.
2011). In the northeast Indian Ocean, Ryan (2013) reported a large difference
in the concentration of marine debris between the Strait of Malacca (578 £ 219
items km~2) and the Bengal Sea (8.8 & 1.4 items km~2). By contrast, Uneputty
and Evans (1997) reported concentrations >375 items km~2 in Amon Bay, east
Indonesia.

In 2009, a 4,400-km cruise from the American west coast to the North Pacific
subtropical gyre and back to the coast provided data during 74 h of observation
corresponding to a transect length of 1,343 km (Titmus and Hyrenbach 2011). A
single observer at 10 m above the sea level recorded a total of 3,868 pieces, of
which 90 % were fragments and 96 % of these were plastic. Eighty-one percent
of the items had a size of 2—10 cm, 14 % of 10-30 cm and 5 % of >30 cm. The
density of debris increased towards the centre of the gyre where smaller, proba-
bly older and weathered pieces were found. The authors note that visual observa-
tions are constrained by the inability to detect smaller fragments (<20 mm) and to
retrieve the observed items for further analysis and concluded that visual observa-
tions can be easily conducted from ships of opportunity, which provide a useful
and inexpensive tool for monitoring debris accumulation and distribution at sea.

A specific case of floating marine litter is abandoned or lost fishing gear, such
as nets or longlines. These items cause significant harm when abandoned, as they
continue to catch marine wildlife (Kiihn et al. 2015). In 2003, a major effort,
including the identification of possible accumulation areas by satellite imaging and
ocean current modelling, was made to select appropriate areas for aerial surveys
in search for abandoned fishing gear in the Gulf of Alaska (Pichel et al. 2012).
Employing a wide range of methodologies including visual video, infrared video
and Lidar imaging during 14 days of observation, 102 items of anthropogenic ori-
gin were sighted.

Modelling of oceanographic currents can help to identify pathways and accu-
mulation areas, thus enabling source attribution (Martinez et al. 2009; Maximenko
et al. 2012). A modelling approach in the North Sea identified seasonal signals in
litter reaching the coasts (Neumann et al. 2014). The concentrations and distribu-
tion patterns of floating marine debris can be expected to change according to cli-
matic changes (Howell et al. 2012). Lebreton et al. (2012) modelled the global
oceanic currents in view of the cycling and distribution of introduced debris. Input
scenarios were based on population density and major shipping lanes. A 30-year
projection showed the accumulation of floating debris in ocean gyres and enclosed
seas. These studies have the potential to investigate pathways and to guide mon-
itoring to enable effective implementation of management measures and the
assessment of their efficiency. Modelling is also used to predict the pathways and
impacts of large quantities of debris introduced through natural events such as tsu-
namis and related run-offs (Lebreton and Borrero 2013). Single events may drasti-
cally increase local debris concentrations. A study combining available worldwide
data with a modelling approach estimated the weight of the global plastic pollution
to comprise 75 % macroplastic (>200 mm), 11 % mesoplastic (4.75-200 mm), and
11 and 3 % in two microplastic size classes, respectively (Erikssen et al. 2014).
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The data suggest that a minimum of 233,400 tons of larger plastic items are adrift
in the world’s oceans compared to 35,540 tons of microplastics.

Floating marine litter can be considered as ubiquitous, occurring even in the most
remote areas of the planet such as the Arctic (Bergmann and Klages 2012). Floating
litter items are also present in the remote Antarctic Ocean, although densities are low
and cannot be expressed as concentrations (Barnes et al. 2010). Some 42 % of the
observed 120 objects south of 63°S consisted of plastic. Debris items were observed
even as far south as 73°S. However, the small number of surveys and low total object
counts do not allow for trend assessments. In the African part of the Southern Ocean,
52 items (>1 cm) were recorded during a 10,467 km transect survey, yielding densi-
ties ranging from 0.03 to 6 items km~2 (Ryan et al. 2014).

The diversity and non-comparability of monitoring approaches used cur-
rently hinders a comparison of absolute pollution indicators and spatial or tem-
poral assessments. The development and widespread implementation of protocols
for monitoring, such as the ongoing efforts for the implementation of the MSFD
(Galgani et al. 2013), could improve the quality of data gathered. Established pro-
tocols should be accompanied by training schemes, quality assurance and control
procedures. The implementation of standardized protocols in the monitoring of
riverine litter may enable source allocation.

Unfortunately, data acquired by NGOs or authorities are often not published
in peer-reviewed journals and are therefore not readily accessible. A joint inter-
national database would facilitate the collection of such data and improve stand-
ardization and comparability. The collection of data, e.g. on-site through tablet
computer applications, the standardization of reporting formats and the streamlin-
ing of data flows would facilitate data treatment. More easily accessible data sets
can then help to prioritize activities and to monitor the success of litter reduction
measures.

While monitoring by human observers is a simple and straightforward
approach, in particular for large-scale and frequent surveys, automatized
approaches are promising. Developing technologies may lead to the use of digital
imaging and image recognition techniques for the autonomous large-scale moni-
toring of litter (Hanke and Piha 2011).

The implementation of international frameworks such as the EU MSFD,
Regional Action Plans against Marine Litter and the agreements of the Rio +20
Conference (United Nations 2012) require improvement of data availability and
quality and can therefore be expected to provide the basis for coordinated assess-
ments in the future.

2.3.3 Seafloor

Change in the nature, presence or abundance of anthropogenic debris on the
seafloor is much less widely investigated than sea surface patterns. Studies
typically focus on continental shelves, as sampling difficulties, inaccessibility
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and costs rarely allow for research in deeper waters, which accounts for almost
half of the planet’s surface. Deep-sea surveys are important because ca. 50 %
of plastic litter items sink to the seafloor and even low-density polymers
such as polyethylene and propylene may lose buoyancy under the weight of
fouling (Engler 2012). While acoustic approaches do not enable discrimina-
tion of different types of debris on the seafloor except for metals and may not
record smaller objects, trawling was considered the most adequate method
when taking into account mesh sizes and net opening width (Galgani et al.
2011b) (Fig. 2.1). However, nets were primarily designed to collect specific
biota leading to sample bias and underestimation of benthic litter quanti-
ties. Therefore, pole trawling has been suggested as the most consistent sur-
vey method for the assessment of benthic marine litter (Galgani and Andral
1998), although rather destructive to seafloor habitats because of the scraping
of sediments and inhabiting biota. However, trawls cannot be used in rocky
habitats or on hard substrates and they do not allow for a precise localization
of individual items. Samples from trawls are likely to underestimate debris
abundance and may miss some types of debris altogether such as monofila-
ments because of variability in the sampling efficiency for different debris
items (Watters et al. 2010). Fibres from the trawl nets themselves (Murray and
Cowie 2011) may contaminate samples. Finally, it does not enable the assess-
ment of impacts of litter on habitats when it contributes its own impacts on the
seafloor, which are more severe for the benthic fauna and habitats than the lit-
ter items caught by trawl.

Fig. 2.1 Litter collected by trawling in the Mediterranean Sea, France. 10 min experiment
(credit Barbaroux and Galgani, IFREMER)
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Strategies to investigate seabed debris are similar to those for evaluating the
abundance and composition of benthic species. Mass is less often determined
for marine debris, because very large items may increase variability in measures.
Although floating debris, such as that found in the highly publicized “gyres” and/
or convergence zones, is currently the focus of attention, debris accumulating on
the seafloor has a high potential to impact benthic habitats and organisms. Fourty-
three studies were published between 2000 and 2013. Until recently, only few of
them covered greater geographic areas or depths. The majority of these studies uti-
lized a bottom trawl for sampling as part of fish stock assessments. More recently,
remotely operated vehicles and towed camera systems were increasingly used for
deep-sea surveys (e.g. Pham et al. 2014, see Fig. 2.2).

The geographic distribution of debris on the ocean floor is strongly influenced
by hydrodynamics, geomorphology and human factors (Galgani et al. 1996; Pham
et al. 2014). Moreover, there are notable temporal variations, particularly seasonal,
with tendencies for accumulation and concentration of marine litter in particular

Fig. 2.2 Litter on the deep seafloor. a Plastic bags and bottles dumped 20 km off the French
Mediterranean coast at 1,000 m in close vicinity to burrow holes (F. Galgani, IFREMER); b
food package entrapped at 1,058 m in deep-water coral colony; ¢ rope at 1,041 m depth, both
from Darwin Mounds (courtesy of V. Huvenne, National Oceanography Centre Southampton
(NOCS)); d waste disposal bin or a vaccum cleaner with prawns on the seafloor off Mauritania
at 1,312 m depth (courtesy of D. Jones, SERPENT Project, NOCS); e plastic carrier bag found
at ~2,500 m depth at the HAUSGARTEN observatory (Arctic) colonised by hormathiid anemo-
nes and surrounded by dead tests of irregular sea urchins (courtesy of M. Bergmann, AWI)
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geographic areas (Galgani et al. 1995). Interpretation of trends is, however, dif-
ficult because the ageing of plastics at depth is unknown and the accumulation of
debris on the seafloor certainly began before scientific investigations started in the
1990s.

In estuaries, large rivers are responsible for substantial input of debris to
the seabed (Lechner et al. 2014; Rech et al. 2014). Rivers can also transport
waste far offshore because of their high flow rate and strong currents (Galgani
et al. 1995, 1996, 2000). Alternatively, small rivers and estuaries can also act
as a sink for litter, when weak currents facilitate deposition on shores and
banks (Galgani et al. 2000). In addition, litter may accumulate upstream of
salinity fronts being transported to the sea later, when river flow velocity is
increasing.

Plastics were found on the seabed of all seas and oceans and the presence of
large amounts has been reported (Galil et al. 1995; Galgani et al. 2000; Barnes
et al. 2009) but remains uncommon in remote areas such as Antarctica, par-
ticularly in deep waters (Barnes et al. 2009). So far, sampling has been limited
to some dozens of trawls and van Cauwenberghe et al. (2013) and Fischer et al.
(2015) found pieces of microplastics in deep-sea sediments from the south-
ern Atlantic and Kuril-Kamchatka-trench area, respectively. Large-scale evalu-
ations of seabed debris distribution and densities are more common in other
regions (Galgani et al. 2000). However, these studies mostly involve extrapola-
tions from small-scale investigations mainly in coastal areas such as bays, estuar-
ies and sounds. The abundance of plastic debris shows strong spatial variations,
with mean densities ranging from 0 to more than 7,700 items km~2 (Table 2.3).
Mediterranean sites show the greatest densities owing to the combination of a
densely populated coastline, shipping in coastal waters and negligible tidal flow.
Moreover, the Mediterranean is a closed basin with limited water exchange
through the Strait of Gibraltar. Generally, litter densities are higher in coastal seas
(Lee et al. 2006) because of large-scale residual ocean circulation patterns but also
because of extensive riverine input (Wei et al. 2012). However, debris that reaches
the seabed may have been transported over considerable distances before sinking
to the seafloor, e.g. as a consequence of heavy fouling. Indeed, some accumula-
tion zones were identified far from coasts (Galgani and Lecornu 2004; Bergmann
and Klages 2012; Woodall et al. 2014, 2015). Accordingly, even in the shallow
subtidal abundance and distribution patterns can differ substantially from the adja-
cent strandlines with plastics being the most important fraction at sea. In general,
bottom debris tends to become trapped in areas of low circulation where sediments
are accumulating (Galgani et al. 1996; Schlining et al. 2013; Pham et al. 2014).
The consequence is an accumulation of plastic debris in bays, including lagoons
of coral reefs, rather than in the open sea. These are the locations where large
amounts of derelict fishing gear accumulate and cause damage to shallow-water
biota and habitats (Dameron et al. 2007; Kiihn et al. 2015).

Continental shelves are considered as accumulation zones for marine debris (Lee
et al. 2006), however, often with lower concentrations of debris than adjacent can-
yons because debris is not retained but washed offshore by currents associated with
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offshore winds and river plumes. Only few studies have assessed debris below 500 m
depth (June 1990; Galil et al. 1995; Galgani et al. 1996, 2000; Galgani and Lecornu
2004; Keller et al. 2010; Miyake et al. 2011; Mordecai et al. 2011; Bergmann and
Klages 2012; Wei et al. 2012; Pham et al. 2013, 2014; Ramirez-Llodra et al. 2013,
Schlining et al. 2013; Fischer et al. 2015; Vieira et al. 2014); Galgani et al. (2000)
observed trends in deep-sea pollution over time (1992-98) off the European coast
with an extremely variable distribution and debris accumulating in submarine can-
yons. Miyake et al. (2011) recorded debris down to 7,216 m depth in video surveys
from the Ryukyu Trench. Litter was primarily composed of plastic and accumulated
in deep-sea trenches and depressions. Accordingly, several authors (Galgani et al.
1996; Mordecai et al. 2011; Pham et al. 2014) concluded that submarine canyons
may act as a conduit for the transport of marine debris into the deep sea. Recent
studies conducted in coastal deep-sea areas along California and the Gulf of Mexico
(Watters et al. 2010; Schlining et al. 2013; Wei et al. 2012) confirmed this pattern.
Also, an analysis of the composition and abundance of man-made, benthic marine
debris collected in bottom trawl surveys at 1,347 randomly-selected stations along
the US west coast in 2007 and 2008 indicated that densities increased significantly
with depth, ranging from 30 items km~2 in shallow (55-183 m) to 128 items km~2
in the deepest waters surveyed (550-1,280 m) (Keller et al. 2010). Higher densities
at the bottom were also found in particular areas such as those around rocks, wrecks
as well as in depressions or channels (Galgani et al. 1996). Deep submarine exten-
sions of coastal rivers influence the distribution of seabed debris. In some areas, local
water movements transport debris away from the coast to accumulate in zones of
high sedimentation. In the case of the Mississippi river, for example, the front can-
yon was a focal point for litter, probably due to bottom topography and currents (Wei
et al. 2012). Under these conditions, the distal deltas of rivers can fan out in deeper
waters, creating areas of high accumulation. Many authors (Galgani et al. 1996;
Moore and Allen 2000; Wei et al. 2012) show that circulation may be influenced
by strong currents occurring in the upper part of canyons, which decrease rapidly
in deeper areas resulting in an increased confinement with a litter distribution that
seems to be temporally more stable as a consequence.

A great variety of human activities such as fishing, urban development and tour-
ism contribute to the distribution pattern of debris on the seabed. Debris from the
fishing industry is prevalent in fishing areas (Watters et al. 2010; Schlining et al.
2013; Vieira et al. 2014). This type of material may account for a high proportion
of debris. In the eastern China Sea (Lee et al. 2006), for example, 72 % of debris
is made of plastic, mainly pots, nets, Octopus jars, and fishing lines. Investigations
using submersibles at depths beyond the continental shelf and canyons have
revealed substantial quantities of debris in remote areas. Galgani and Lecornu
(2004) counted 0.2-0.9 pieces of plastic per linear kilometre at the HAUSGARTEN
observatory (2500 m) in the Fram Strait (Arctic). Fifteen items, of which 13 were
plastic, were observed during one dive between 5,330 and 5,552 m (‘Molloy
Hole’), which reflects the local funnel-like topography and downwards directed
eddies acting as particle trap. Bergmann and Klages (2012) reported doubled litter
quantities between 2002 and 2011 in the HAUSGARTEN area. The accumulation
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trends reported in that study raise particular concern as degradation rates of most
polymers in deep-sea environments are assumed to be even slower due to the
absence of light, low temperature and oxygen concentrations.

2.3.4 Microplastics

Similar to large debris, there is growing concern about the implications of the
diverse microparticles in the marine environment, which are particles <1 pm
(Galgani et al. 2012; Thompson et al. 2004). Most microparticles are tiny plas-
tic fragments known as microplastics, although other types of microparticles
exist, such as fine fly ash particles emitted with flue gases from combustion, rub-
ber from tyre wear and tear as well as glass and metal particles, all of which con-
stantly enter the marine environment. The abundance and global distribution of
microplastics in the oceans appeared to have steadily increased over past decades
(Cole et al. 2011; Claessens et al. 2011; Thompson 2015), while a decrease in the
average size of plastic litter has been observed over this time period (Barnes et al.
2009). In recent years, the existence of microplastics and their potential impact on
wildlife and human health has received increased public and scientific attention
(Betts 2008; Galloway 2015; Lusher 2015).

Microplastics comprise a very heterogeneous assemblage of particles that vary
in size, shape, color, chemical composition, density, and other characteristics.
They can be subdivided by usage and source as (i) ‘primary’ microplastics, pro-
duced either for indirect use as precursors (nurdles or virgin resin pellets) for the
production of polymer consumer products, or for direct use, such as in cosmetics,
scrubs and abrasives and (ii) ‘secondary’ microplastics, resulting from the break-
down of larger plastic material into smaller fragments. Fragmentation is caused by
a combination of mechanical forces, e.g. waves and/or photochemical processes
triggered by sunlight. Some ‘degradable’ plastics are even designed to fragment
quickly into small particles, however, the resulting material does not necessarily
biodegrade (Roy et al. 2011). The various sources of microplastics and the path-
ways into the oceans are summarized in detail by Browne (2015).

In order to understand the environmental impacts of microplastics, many stud-
ies have quantified their abundance in the marine environment. One of the major
difficulties in making large-scale spatial and temporal comparisons between exist-
ing studies is the wide variety of methods that have been applied to isolate, iden-
tify and quantify marine microplastics (Hidalgo-Ruz et al. 2012). For meaningful
comparisons to be made and robust monitoring studies to be conducted, it is there-
fore important to define common methodological criteria for estimating abun-
dance, distribution and composition of microplastics (Loder and Gerdts 2015).

Microplastics normally float at the sea surface because they are less dense than sea-
water. However, the buoyancy and specific gravity of plastics may change during their
time at sea due to weathering and biofouling, which results in their distribution across
the sea surface, the deeper water column, the seabed, beaches and sea ice (Colton and
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Knapp 1974; Barnes et al. 2009; Law et al. 2010; Browne et al. 2010; Claessens et al.
2011; Collignon et al. 2012; Obbard et al. 2014). Until now, only a limited number
of global surveys have been conducted on the quantity and distribution of microplas-
tics in the oceans (Lusher 2015). Most surveys focused on specific oceanic regions
and habitats, such as coastal areas, regional seas, gyres or the poles (Thompson et al.
2004, Collignon et al. 2012; Rios and Moore 2007). Concentrations of microplas-
tics at sea vary from thousands to hundreds of thousands of particles km~2 and latest
reports suggest that microplastic pollution has spread throughout the world’s oceans
from the water column (Lattin et al. 2010; Cole et al. 2011) to sediments even of the
deep sea (Moore et al. 2001b; Law et al. 2010; Claessens et al. 2011; Cole et al. 2011;
Collignon et al. 2012; Erikssen et al. 2014; Reisser et al. 2013; van Cauwenberghe
et al. 2013; Woodall et al. 2014; Fischer et al. 2015). Recently, microplastics were also
recorded from Arctic sea ice in densities two orders of magnitude higher than those
previously reported from highly contaminated surface waters, such as those of the
Pacific gyre (Obbard et al. 2014). This has important implications considering the pro-
jected acceleration in sea ice melting due to global climate change and concomitant
release of microplastics to the Arctic marine ecosystem.

Time-series data on the composition and abundance of microplastics are sparse.
However, available evidence on long-term trends suggests various patterns in
microplastic concentrations. A decade ago, Thompson et al. (2004) demonstrated
the broad spatial extent and accumulation of this type of contamination. They
found plastic particles in sediments from U.K. beaches and archived among the
plankton in samples dating back to the 1960s with a significant increase in abun-
dance over time. More recent evidence indicated that microplastic concentrations
in the North Pacific subtropical gyre have increased by two orders of magnitude in
the past four decades (Goldstein et al. 2013). However, no change in microplastic
concentration was observed at the surface of the North Atlantic gyre for a period
of 30 years (Law et al. 2010).

Less is known about the composition of microplastics in the oceans. Evidence
suggests a temporal decrease in the average size of plastic litter (Barnes et al.
2009; Erikssen et al. 2014). Studies based on the stomach contents of shearwa-
ters (Puffinus tenuirostris) in the Bering Sea also indicated a decrease in ‘indus-
trial” primary pellets and an increase in ‘user’ plastic between the 1970s and the
late 1990s (Vlietstra and Parga 2002) but constant levels over the last decade (Van
Franeker et al. 2011). Similarly, long-term data from The Netherlands since the
1980s show a decrease of industrial plastics and an increase in user plastics, with
shipping and fisheries being the main sources (van Franeker 2012).

2.4 Summary and Conclusions

Marine debris is now commonly observed everywhere in the oceans and avail-
able information suggests that marine debris is highly dynamic in space and
time. However, we need standardized methodologies for quantification and
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characterisation of marine litter to be able to achieve global estimates. Litter enters
the sea from land-based sources, from ships and other installations at sea, from point
and diffuse sources, and can travel long distances before being deposited. While
plastic typically constitutes a lower proportion of the discarded waste, it represents
the most important part of marine litter with sometimes up to 95 % of the waste, and
has become ubiquitous even in remote polar regions. However, trends are not clear
with quantities having slightly decreased over the last 20 years in some locations,
notably in the western Mediterranean. At the same time no change in litter quantities
are evident in the convergence zones from oceanic basins or beaches. In other loca-
tions, however, including the deep seafloor, densities have increased.

Accumulation rates vary widely with factors such as proximity of urban activi-
ties, shore and coastal uses, wind and ocean currents. These enable the accumulation
of litter in specific areas at the sea surface, on beaches or on the seafloor. Before an
accurate estimate of global debris quantities can be made, basic information is still
needed on sources, inputs, degradation processes and fluxes. For this and because
there is considerable variation in methodology between regions and investigators,
more valuable and comparable data have to be obtained from standardized sampling
programs. In terms of distribution and quantities, important questions concerning
the balance between the increase of waste and plastic productions, reduction meas-
ures and the quantities found at the surface and on shorelines remain unanswered.
Potentially, important accumulation areas with high densities of debris are still to
be discovered. It is now clear that managers and policy makers will need to bet-
ter understand the distribution of litter in order to assess and evaluate precisely the
effectiveness of measures implemented to reduce marine litter pollution.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.
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Chapter 3
Persistence of Plastic Litter in the Oceans

Anthony L. Andrady

Abstract The increasing global production and use of plastics has led to an
accumulation of enormous amounts of plastic litter in the world’s oceans.
Characteristics such as low density, good mechanical properties and low cost
allow for successful use of plastics in industries and everyday life but the high
durability leads to persistence of the synthetic polymers in the marine environ-
ment where they cause harm to a great variety of organisms. In the diverse marine
habitats, including beaches, the sea surface, the water column, and the seafloor,
plastics are exposed to different environmental conditions that either acceler-
ate or decelerate the physical, chemical and biological degradation of plastics.
Degradation of plastics occurs primarily through solar UV-radiation induced photo
oxidation reactions and is, thus, most intensive in photic environments such as
the sea surface and on beaches. The rate of degradation is temperature-dependent
resulting in considerable deceleration of the processes in seawater, which is a good
heat sink. Below the photic zone in the water column, plastics degrade very slowly
resulting in high persistence of plastic litter especially at the seafloor. Biological
decomposition of plastics by microorganisms is negligible in the marine environ-
ment because the kinetics of biodegradation at sea is particularly slow and oxygen
supply for these processes limited. Degradation of larger plastic items leads to the
formation of abundant small microplastics. The transport of small particles to the
seafloor and their deposition in the benthic environment is facilitated by the colo-
nization of the material by fouling organisms, which increase the density of the
particles and force them to sink.
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3.1 Introduction

Studies on the occurrence of marine litter on beaches and as flotsam generally
find plastics to be the major component of the mix of debris (Galgani et al. 2015).
Plastics have diverse uses and are gaining popularity in building and packaging
applications because of their ease of processing, durability and relatively low cost
(Andrady and Neal 2009). However, this predominance of plastics in litter is not
the result of relatively more plastics being littered compared to paper, paperboard
or wood products reaching the oceans, but because of the exceptional durability
or persistence of plastics in the environment. Data on plastic debris on sediments
are more limited (Spengler and Costa 2008) but suggest that plastics represent a
significant fraction of the benthic debris as well (Watters et al. 2010). Quantitative
information on the density of litter on beaches or in the ocean classified according
to the class of plastic, are not available. Usual classification is by geometry (e.g.
fiber) or by product type (e.g. cigarette butts). Also the surveys of water-borne
plastic debris collected via neuston net sampling of surface waters (Hidalgo-Ruz
et al. 2012) and even beach studies (Ng and Obbard 2006; Browne et al. 2011)
close to the water line, seriously underestimate the magnitude of plastic litter. Not
only do these exclude the negatively buoyant plastics but also fragments smaller
than the mesh-size of the nets used.

3.2 Buoyancy and Sampling Errors

Of the five classes of the commonly used plastics (or commodity thermoplastics),
polyethylenes (PE) and polypropylenes (PP) as well as the expanded form of poly-
styrene or polystyrene foam (EPS) are less dense than sea water while others such
as poly (vinyl chloride) (PVC) and poly(ethylene terephthalate) (PET) are nega-
tively buoyant and sink into the mid water column or to the sediment (Andrady
2011). Significantly, one of the key fishing-gear related plastics, nylon or pol-
yamide (PA), also belongs to this category and hence the negative buoyancy of
these items likely explains their virtual absence in beach litter or flotsam surveys,
despite their high volume use at sea. However, there are exceptions to this general
expectation that is based on the properties of the pure resins such as with virgin
resin pellets or prils found commonly in sampled debris. Some plastic products
are compounded with fillers and other additives that alter the density of the virgin
plastic material. These additives are needed to ensure ease of processing the plas-
tic as well as to obtain the mechanical properties demanded of the final product.
Where the density is increased because additives, such as fillers, are incorporated,
the material may not float in surface water and, therefore, not be counted in net
sampling. Accordingly, plastics such as PS, PET and PVC, which are denser than
sea water, should be missing from floating samples as well. In fact, however, they
might be included in flotsam samples because products such as bottles, bags and
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Table 3.1 Marine debris items removed from the global coastline and waterways during the
2009 international coastal cleanup

Rank Debris item Count (millions) Plastic used
1 Cigarette filter 2.19 CA

2 Plastic bags 1.13 PE

3 Food wrapper/container 0.94 PE, PP

4 Caps and lids 0.91 PP and HDPE
5 Beverage bottles 0.88 PET

6 Cups, plates and cutlery 0.51 PS

7 Glass bottles 0.46 -

8 Beverage cans 0.46 -

9 Straws stirrers 0.41 PE

10 Paper bags 0.332 -

Data from Ocean Conservancy. CA Cellulose acetate, HDPE High-density polyethylene

foams made from these plastics trap air. This is clearly the case with EPS foam
used in floats, bait boxes and insulation that generally constitutes a highly visible
and major fraction of persistent litter in the ocean environment.

The main items of debris are different plastic products (or their fragments) as
illustrated in the global beach clean data compiled by Ocean Conservancy for
2009. The data in Table 3.1 summarize the beach cleanup efforts regularly spon-
sored by the organization: beach cleanup is carried out by volunteers who also
count and tabulate the litter over an area assigned to each person. The data are
aggregated and summarized by the Ocean Conservancy.

A second inefficiency in sampling of plastic debris at all marine sites is the
minimum particle size isolated. The procedure of using plankton nets to sample
water and separating particles visually after sieving or by floatation from sediment
samples invariably fails to catch the micro-sized fragments of plastics. Commonly
used nets have a mesh size of about 330 pum. While the meso-sized plastics are rea-
sonably represented in these samples the micro-sized and nano-scale particles are
grossly underestimated. Since a great majority of the floating litter is generated on
land and transported to the ocean, one would expect the resin types in the litter to
be consistent with the production volume shown in Table 3.2. As the mass fraction
of the unsampled microplastics is likely miniscule by comparison to the macro-
plastic debris, the statistics of plastics by resin type in water samples show PE and
PP to be the most abundant, consistent with the production data in Table 3.2.

3.3 Fate of Plastics Entering the Oceans

Common plastics used in packaging and encountered in the marine environment
are persistent recalcitrant materials. In common with other organic materials they
do ultimately degrade but the rate at which environmental degradation proceeds is
painstakingly slow for plastics. Several agencies can potentially bring about the
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Table 3.2 The common classes of plastics found in ocean debris and those used in fishing gear
along with their densities and the fraction of their global volume production. Items of lower
specific gravity than seawater (~1.02 g cm™) float

Plastic Specific gravity Percentage of Main uses

(gecm™3) production®
Polyethylene (PE) 0.91-0.94 29.1 Packaging, fishing gear
Polypropylene (PP) 0.83-0.85 18.0 Packaging, fishing gear
Polystyrene (PS) and foam | 1.05 (variable) 7.8 Packaging, food service
(EPS)
Poly(vinyl chloride) (PVC) | 1.38 15.3 Packaging
Poly(ethylene terephtha- 1.37 20.0 Packaging
late) [PET]
Nylon (PA) 1.13 ~1 Fishing gear
Cellulose acetate (CA) 1.29 <1 Cigarette filter

“Percentage production is based on data taken from plastics news (accessed: December 2014):
http://www.plasticsnews.eom/article/20100305/FY1/303059995/global-thermoplastic-resin-
capacity-2008

degradation (or chemical breakdown of the polymer molecules with consequent
change in material properties) in the environment. These are primarily as follows:

(a) solar UV-induced photodegradation reactions
(b) thermal reactions including thermo-oxidation
(c) hydrolysis of the polymer
(d) microbial biodegradation

Of these, only the first or the light-induced oxidative degradation is particularly effec-
tive in the ocean environment and that only with plastics floating at the sea surface
or littered on beaches (Cooper and Corcoran 2010). Slow thermal oxidation of plas-
tics also proceeds in concert with photo-oxidation, especially on beaches. However, no
hydrolysis or significant biodegradation of plastics is anticipated in the ocean.

Different measurable properties of a plastic might be altered as a result of
weathering. Some of these are properties that are directly relevant to the perfor-
mance of common products made from them (Singh and Sharma 2008). Others are
changes at the molecular level that might be used to detect early stages of degrada-
tion. The popularly used characteristics of common plastics are as follows:

(a) decrease in average molecular weight of the plastic. This is conveniently
measured using gel permeation chromatography (GPC) and also using solu-
tion (or melt) viscosity

(b) loss in bulk mechanical properties of the plastic, such as the tensile properties,
compression properties or the impact properties

(c) loss in surface properties of the material including discoloration, micro-cracking or
‘chalking’ (release of white filler from filled plastic surfaces on weathering)

(d) changes in spectral characteristics that are markers for oxidative degradation or
photodegradation. For polyolefins, the relative intensity of the carbonyl absorption
band (in the Fourier transformed infra-red or the FTIR spectrum), which increases
in percent crystallinity or level of unsaturation, might be monitored.
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3.3.1 Photo-Oxidative Degradation

Photo-oxidation of polyolefin plastics is a free-radical reaction that is initiated by
solar UV radiation. The sequence of oxidative chemical reactions involved, results
in (a) incorporation of oxygen-containing functionalities into the polymer mole-
cules, and (b) scission of long chain-like polymer molecules reducing the num-
ber-average molecular weight of the plastic material. Of these, it is the latter that
drastically affects the useful properties of the polymer. Even at low levels of oxida-
tion (often a percent or less) very substantial loss in mechanical strength can occur.
High-energy UV-B (290-315 nm) and medium energy UV-A (315-400 nm) solar
wavelengths are particularly efficient in facilitating photo-degradation of polymers
(Andrady 1996). However, the fraction of longer wavelength radiation in sunlight
is very much larger compared to that of the UV radiation and most of the light-
induced damage occurs in the UV-A and/or the visible region of the spectrum.

The approximate region of the solar spectrum that accounts for the most degra-
dation is represented by an activation spectrum. Activation spectra are generated
in experiments where samples of a plastic are exposed to solar or solar-simulated
radiation behind a series of cut-on filters that allow only wavelengths higher than a
cut-on wavelength to be transmitted through them. The degradation rates for sam-
ples behind different filters can be used to construct the activation spectrum (for
a discussion of the experimental procedures involved in generating such spectra
see Singh and Sharma 2008). Figure 3.1 shows an activation spectrum for yellow-
ing of polycarbonate exposed to solar radiation. It is clear from the figure that the
UV-A region of sunlight (320-340 nm) causes the greatest damage, despite the
shorter more energetic wavelengths <320 nm being present in the spectrum. The
shorter wavelengths account for less than ~5 % of the solar radiation spectrum.

Rates of degra dation are markedly increased at higher ambient temperatures
as the activation energies for oxidative degradation of common plastics are low
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Fig. 3.1 Activation spectrum for yellowness index of un-stabilized lexan polycarbonate film
(0.70 mm) exposed to natural sunlight facing 26°South in Miami, FL. Reproduced with permis-
sion from Andrady et al. (1992)
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Fig. 3.2 Change in
extensibility of polyethylene 600 &
sheet samples after exposure ®
to solar UV radiation in ]
Dhahran, Saudi Arabia.

The open symbols are for
samples maintained at 25 °C.
The filled symbols are for
samples exposed at ambient
temperatures of 26-36 °C.
Reprinted with permission
from Andrady et al. (1998)
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(Hamid and Pritchard 1991; Tochacek and Vréatnickova 2014). Plastics lying on
hot sand on beaches undergo faster photo-oxidation relative to those floating on
water and being, therefore, maintained at a lower temperature. The same phenom-
enon is also responsible for differences in the rates of weathering of differently
colored plastics. Darker shades of plastics exposed to sunlight tend to absorb more
of the infrared energy in the solar spectrum, reaching higher sample temperatures.
Consequently, they weather faster relative to lighter colored plastics. A particularly
good measure of degradation in plastics is tensile extensibility. Figure 3.2 shows
the effect of sample temperature on the loss in tensile extensibility of polyethylene
film samples exposed in Dhahran, Saudi Arabia. One set of samples was exposed
at ambient temperature of 26-36 °C. Another set of samples was maintained at
a constant temperature of 25 °C. At different durations of exposure the samples
(typically dumbbell-shaped pieces) were removed periodically for testing. In this
test the dumbbell shaped sample (56 in. long) is held at its ends in a pair of grips
and pulled along its long axis at a constant speed of 500 mm/min. The sample first
extends and then snaps. The ratio of the grip separation at the point the sample
snaps to that at the start of the extension, expressed as a percentage, is the extensi-
bility or ultimate strain of the sample.

3.3.2 Mechanisms of Photo-Oxidation

The basic mechanism of light-induced degradation for the two plastics used in
highest volume and therefore most numerous in marine debris, PE and PP, is well
known. It is a free-radical reaction initiated by UV radiation or heat and propa-
gated via hydrogen abstraction from the polymer. The polymer alkyl radicals
formed react with oxygen to yield peroxy radicals, ROOse, that are converted to
a peroxide moiety by hydrogen abstraction. As peroxide products can themselves
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dissociate readily into radicals, the reaction sequence is autocatalytic. The main
reactions involved in the sequence are as follows (Frangois-Heude et al. 2015):

1. Initiation:

RH — Free radicals, ex., Re, He
2. Propagation:

R e +0O; — ROOe
ROO ¢ +RH — ROOH + Re

3. Termination:

ROO ¢ +RO0e — ROOR + O,
Re+Re - R—R

RO ¢ +He — ROH

R e +He — RH

From a practical standpoint, it is the chain scission that accompanies this cyclic
reaction sequence, which is of greater interest. The chain scission event is believed
to be associated with one of the propagation reactions and is responsible for the
loss in mechanical properties of the plastic material after exposure. Different
mechanical properties (such as ultimate extensibility, the tensile modulus, or
impact strength) having different functional dependence on the average molecular
weight will change at different rates with the duration of exposure. There is, thus,
no ‘general’ weathering curve for a given polymer but only for specific modes of
damage of the polymer material under exposure to a specified light source such as
sunlight or radiation from a xenon lamp. Chain scission is often directly estimated
from gel permeation chromatography. Being associated with the number of propa-
gation cycles it can also be correlated with the products of the chemical reactions,
especially the accumulation of carbonyl compounds {>C=0}. This is often moni-
tored using the relative intensity of the relevant bands in the FTIR spectrum of the
polymer and has been demonstrated to correlate well with the ultimate extensibil-
ity of the sample (Andrady et al. 1993).

Other reactions that contribute to changes in the useful properties of plastics
following exposure to solar radiation are also evident with common plastics.
Yellowing discoloration of poly(vinyl chloride) (PVC) is an example of such a
reaction. This is a light-induced de-hydrochlorination reaction that generates short
sequences of conjugated unsaturation in the polymer (Andrady et al. 1989):

~ CHy — CHCI — CH; — CHCI — CH; — CHCl ~—
~ CH; — CH = CH — CH = CH — CHCI ~ +2HCl
These absorb on the blue region and make the plastic appear yellow. However,

polyolefins (both PE and PP) as well as PS also yellow on exposure to sunlight
but the mechanism of such yellowing and the identity of the species involved are
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not well known. Polycarbonate (PC) plastic used in glazing applications is another
example of a material that undergoes yellowing under exposure to sunlight. The
main photodegradation reaction of PC, however, is a rearrangement reaction (Fries
reaction) with no change in spectral qualities (Factor et al. 1987):

i
0—C—0

OH

c—0

A second reaction that yields yellow oxidation products also occurs along with
it, however, the mechanistic details of the second reaction are unknown.

3.3.3 Weathering Under Marine Conditions

While the main agencies involved and the mechanisms of weathering in the
marine environment are the same as those on land environments, the rates at
which weathering proceeds can be significantly slower in the former (Pegram and
Andrady 1989). To better understand the differences, the marine environment must
be regarded in separate zones: the beach environment, the surface water environ-
ment, and the deep water/benthic environment. The availability of weathering
agencies in these are different as summarized in Table 3.3.

Auvailability of sunlight to initiate the degradation reactions is restricted in the
case of floating plastics because of bio-fouling of their surface in seawater. Initial

Table 3.3 Comparison of the availability of weathering agents in the different zones within the
marine environment

Weathering agent Land* |Beach |Surface water Deep water or
sediment

Sunlight Yes Yes Yes No

Sample temperature High High Moderate Low

Oxygen levels High | High High/moderate | Low

Fouling (screens solar radiation) | No No Yes Yes

4Land environment included for comparison
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exposure of the plastic results in the formation of a surface biofilm (Lobelle and
Cunliffe 2011) that is rapidly colonized by algae and other marine biota includ-
ing encrusting organisms that increase the density of the plastic causing it to sink
in seawater (Thangavelu et al. 2011). The plastic particles that sink due to this
process may re-emerge at a later time once the foulants are foraged by marine
consumers and the plastic decreases in density (Ye and Andrady 1991). Fouling
shields the surface of plastic from exposure to sunlight interfering with the ini-
tiation of the oxidation process. This is a significant reason for the retardation
of weathering degradation in plastics floating in seawater (Pegram and Andrady
1989). Also, attenuation of solar UV radiation in seawater is very rapid and light-
induced initiation reactions cannot occur at depths beyond the photic zone.

The primary reason for the retardation of weathering degradation in floating
samples is the relatively lower sample temperatures. In contact with a good heat
sink (i.e. seawater), the samples do not undergo heat build up and reach high tem-
peratures as in the case of samples exposed on land. The combined effect of these
factors in retarding degradation is illustrated in Fig. 3.3 that compares the loss in
extensibility of polypropylene exposed in Biscayne Bay, FL, floating in water and
on land during the same period. This observation of retardation of the weather-
ing at sea is generally true for all common plastic materials. With expanded pol-
ystyrene foam (EPS) plasticization by water and wave action result in the foam
breaking up readily into individual beads of the polymer. However, the weathering
degradation of these beads is a slow process.

Initial stages of oxidative breakdown of the plastic materials result in a marked
decrease in their mechanical properties. However, the high-polymer nature persists
even at extensive degradation where the mechanical integrity of the plastic mate-
rial is fully compromised. Andrady (2011) as well as Klemchuk and Horng (1984)
have demonstrated that for polyethylenes weathered even to the point of embrittle-
ment with no extensibility of the material, the average molecular weights persisted
in the 10s of thousands g/mole. These will likely not be further photodegraded so
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that, being fouled or submerged in water, slow biodegradation is the only feasible
mechanism for their removal from the environment.

Plastic debris in the ocean generally accumulates a biofilm that contains numer-
ous diverse microorganisms (Ho et al. 1999). Such marine biota can secrete
enzymes that can biodegrade common plastics such as polyethylenes as evidenced
by surface depressions and pits caused by these on the plastic debris (Zettler et al.
2013). But, the relevant species are rare and the kinetics of biodegradation at sea
is particularly slow. While strictly speaking, plastics do biodegrade at sea due to
the action of marine organisms, however, the rate of the process is far too slow
to either remove plastic debris from the environment or even to obtain obvious
decreases in mechanical integrity attributable solely to this process. The excep-
tions are those plastics, such as aliphatic polyesters, that have structural features
that allow facile biodegradation (Kita et al. 1997; Sudhakar et al. 2007) by a
host of microorganisms present in the ocean. Biodegradation converts the carbon
sequestered in the plastic to carbon dioxide (Narayan 2006). With a simple sub-
strate such as glucose, the products depend on whether the process is aerobic or
anaerobic (Tokiwa et al. 2009):

Aerobic biodegradation:

CgH1206 + 602 — 6CO; + 6H>O AG = —2870 kJ/mol

Anaerobic biodegradation:
CsH1206 — 3CO;z 4+ 3CH4 AG = —390 kJ/mol

Most of the common plastics are hydrocarbons and the stoichiometry will be dif-
ferent from above (Shimao 2001).

3.4 Microplastics in the Oceans

An emerging pollutant of concern in the marine environment is microplastic mate-
rial or plastic fragments of a size-range that allows their interaction with marine
plankton (Cole et al. 2011). Their presence in surface water (Barnes et al. 2009;
Song et al. 2014), beaches and sediment (Katsanevakis et al. 2007) has been
reported from many parts of the world, including even the Arctic (Obbard et al.
2014). Additionally, microplastics have been reported in estuaries and freshwater
bodies (Lima et al. 2014).

Many different definitions of the size scale that constitute ‘microplastics’
are reported in the research literature (Gregory and Andrady 2003; Betts 2008;
Fendall and Sewell 2009). But there is growing consensus for categorizing micro-
plastics as being <1 mm and >1 pum with the larger fragments that include vir-
gin resin pellets being called ‘mesoplastics’. Most of the studies that document
the existence of plastic debris in the world’s oceans focus almost exclusively on
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mesoplastics and larger pieces. Studies on true microplastics (<1 mm fraction) are
rare because identification and quantification of the microscopic particles is chal-
lenging (Loder and Gerdts 2015). Plankton nets used to sample surface waters
have a mesh size of ~330 microns and collect the mesoplastics. A majority of the
literature, however, uses the term ‘microplastics’ loosely to mean both meso- and
micro-scale particles. A clear definition of the particle sizes is important because it
is the particle-size distribution that determines the set of marine organisms that are
able to interact, particularly ingest, the microdebris. For instance, microplastics (as
well as nanoplastics) are ingestible by zooplankton (Frias et al. 2014) at the bot-
tom of the food pyramid while the mesoplastics including virgin plastic pellets are
found in species such as dolphins (Di Beneditto and Ramos 2014).

While virgin plastics such as the prils used in manufacturing plastic products are
generally non-toxic and not digestible by any marine organism, large fragments may
cause distress due to physical obstruction of the gut or filter appendages (Kiihn et al.
2015). The main concern, however, is that microplastics concentrate persistent organic
pollutants (POPs) in seawater via partition. The distribution coefficients for organic
compounds including POPs range in the 10*~10°. Their ingestion by marine organisms
provides a credible pathway to transfer the environmental pollutants dissolved in water
into the marine food web. Therefore, relatively low mass fractions of the microplas-
tics can transport a disproportionately high dose of POPs into an ingesting organism.
Where the organism is small as with zooplanktons (Frias et al. 2014; Lima et al. 2014),
assuming high bioavailability, the body burden of the POPs that might be released into
the organism can be significant. This is a particular concern as it involves the lower
echelons of the marine food web, where any adverse impact may affect the entire food
chain and potentially the global fish supply (Betts 2008). Others have suggested that
this transfer pathway is likely of limited importance under equilibrium conditions
(Gouin et al. 2011; Koelmans et al. 2013, 2014). At least in the lugworm Arenicola
marina, conservative modeling suggests that the transfer of POPs (Bisphenol A and
nonylphenol) from microplastics into the organism yields concentrations below the
global environmental concentration of these chemicals (Koelmans et al. 2014).

The origins of meso-, micro- and nano-plastics in the oceans are attributed to either
products that incorporate such particles (such as cosmetics, sandblasting media, virgin
pellets) or to the weathering degradation of larger plastic debris in the marine environ-
ment (Thompson 2015). In the former instance they are referred to as primary micro-
particles being introduced into the ocean already as micro-debris while in the latter case
they are generated in the ocean environment from macro-debris. As already pointed out
(Table 3.3), where microplastics are derived from larger plastic litter, the process occurs
particularly efficiently on beaches and least efficiently in deep water or sediment.

While weathering related oxidative mechanisms for polyolefins (PE and PP) are
well known (Ojeda 2011), the concurrent embrittlement of the material has not been
adequately studied. This is to be expected as material scientists have little interest
in the weathering process beyond the point at which the material has lost its use-
ful properties; embrittlement, however, occurs after this stage. It is the embrittlement
phenomenon that is particularly interesting as it has the potential to generate micro-
plastics. Associated with the oxidation reactions described in the previous section
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is an autocatalytic chain scission reaction. This is easily demonstrated by monitor-
ing the change in average molecular weight of the plastic during weathering [for
instance by gel permeation chromatography (GPC)] (Ojeda 2011). For instance,
with PP exposed to UV radiation in an accelerated laboratory weathering experiment
the molecular weight of the polymer at the surface of a test piece decreased by 51 %
in six weeks of exposure (O’Donnell et al. 1994). At greater depths of a sample, the
effect is less pronounced for two reasons: the attenuation of UV radiation with depth
that restricts the initiation reaction and the limitation of the reaction due to slow dif-
fusion of oxygen at greater depths.

Chain scission occurs exclusively in the amorphous fraction of semi-crystalline
polymers and that, too, preferentially in the surface layer that is several hundred
microns in thickness. This can, in theory, lead to two types of fracture: (a) the bulk
fracture and (b) surface layer removal due to stresses on highly weathered sam-
ples. The former results in a sample such as virgin prils being fragmented gradu-
ally into several daughter particles. The latter results in a large number of particles
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Fig. 3.4 AFM surface images of primer only-coated samples obtained at various UV exposure
and salt fog tests: a 0 days, b 16 days of UV exposure, ¢ 0 days of UV light after 80 days of salt
fog, and d 16 days of UV exposure followed by 80 days of salt fog. Reproduced with permission
from Asmatulu et al. (2011)
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derived from the surface layer with particle size, at least in one dimension, equal
to the thickness of that layer. Possibly both modes of fragmentation occur in natu-
ral weathering of plastics on beaches or in seawater.

Plastic samples collected from beach or surface water environments show sur-
face patterns consistent with surface erosion and cracking due to weathering. The
cracks and pits on the surface of PE and PP samples from the ocean environment
are similar to those seen on samples exposed to weathering (or UV radiation) in
the laboratory. It is reasonable to expect that it is this fragmentation process that
yields derived microplastics in the ocean environment. The early evolution of sur-
face damage from exposure to UV radiation can be easily discerned from atomic
force microscopy (AFM) of the surface. Figure 3.4 shows the changes on an epoxy
primer coating, exposed to UV radiation and/or salt fog. These micro-cracks prop-
agate in time to form surface features that are easily visible under a low-power
microscope. The cracks appear first on the edges and propagate towards the center
of sample surface. The evolution of surface cracks under exposure to UV light
has been reported for HDPE (Shimao 2001), LDPE (Cole et al. 2011) and PP
(Yakimets et al. 2004). Some of the plastic samples collected from beaches as well
as from surface waters in the ocean have extensive yellowing and cracking (Ogata
et al. 2009; Cooper and Corcoran 2010). Figure 3.5 shows micrographs that illus-
trate this phenomenon.

Fig. 3.5 Development of
visible cracks on exposure of
LDPE samples to laboratory
accelerated weathering. a
Exposed to a xenon source
(Atlas WeatherOmeter) for
1600 h at 63.5 °C and b
exposed to a UV fluorescent
lamp (QUV WeatherOmeter)
for 800 h at 60.5 °C.
Reproduced with permission
from Kiipper et al. (2004)
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3.5 Conclusions

The degradation mechanisms, pathways and kinetic expressions are well-estab-
lished in the literature. Detailed information is available particularly on the plas-
tics used in high volume such as PE and PP. However, these studies either do not
progress beyond the weakening of the plastic material to a point it cannot be used
or the fragmentation process has not been investigated. Hitherto, there has been
little interest in studying the fragmentation process or the changes in the ensuing
particle size distribution of the plastics. With growing interest in microplastics in
the ocean this aspect of polymer degradation will receive more attention.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.
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Chapter 4
Deleterious Effects of Litter on Marine Life
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Abstract In this review we report new findings concerning interaction between
marine debris and wildlife. Deleterious effects and consequences of entangle-
ment, consumption and smothering are highlighted and discussed. The number of
species known to have been affected by either entanglement or ingestion of plas-
tic debris has doubled since 1997, from 267 to 557 species among all groups of
wildlife. For marine turtles the number of affected species increased from 86 to
100 % (now 7 of 7 species), for marine mammals from 43 to 66 % (now 81 of
123 species) and for seabirds from 44 to 50 % of species (now 203 of 406 spe-
cies). Strong increases in records were also listed for fish and invertebrates,
groups that were previously not considered in detail. In future records of interac-
tions between marine debris and wildlife we recommend to focus on standardized
data on frequency of occurrence and quantities of debris ingested. In combination
with dedicated impact studies in the wild or experiments, this will allow more
detailed assessments of the deleterious effects of marine debris on individuals and
populations.
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4.1 Introduction

For several decades, it has been known that anthropogenic debris in the marine
environment, in particular plastic, affects marine organisms (Shomura and Yoshida
1985; Laist 1997; Derraik 2002; Katsanevakis 2008). Plastic production grows at
5 % per year (Andrady and Neal 2009). Part of the material ends up as litter in the
marine environment, to such an extent that the issue is considered to be of major
global concern (UNEP 2011). Awareness has grown that plastics may become less
visible but do not really disappear as they become fragmented into small persis-
tent particles (‘plastic soup’) (Andrady 2015). Plastic fragmentation can be caused
by abiotic factors (Andrady 2011) or through animal digestion processes (Van
Franeker et al. 2011). The smaller the particle, the higher the availability to ani-
mals at the base of the food chain. The potential deleterious effects from inges-
tion, have heightened the urgency to evaluate the impact of plastics on the whole
marine food chain and, ultimately, the consequences for humans as end consumers
(Koch and Calafat 2009; UNEP 2011; Galloway 2015).

The most visible effect of plastic pollution on marine organisms concerns wildlife
entanglement in marine debris, often in discarded or lost fishing gear and ropes (Laist
1997; Baulch and Perry 2014). Entangled biota are hindered in their ability to move,
feed and breathe. In addition, many marine organisms mistake litter for food and ingest
it (Day et al. 1985; Laist 1997). Indigestible debris such as plastics may accumulate
in their stomachs and affect individual fitness, with consequences for reproduction
and survival, even if not causing direct mortality (Van Franeker 1985; Bjorndal et al.
1994; McCauley and Bjorndal 1999). Marine birds, turtles and mammals have received
most attention, but the consequences of entanglement and ingestion on other organism
groups, e.g. fish and invertebrates, are becoming more evident. In addition to the issues
of entanglement and ingestion, synthetic materials represent a long-lived substrate that
may present the possibility of transporting hitch-hiking ‘alien’ species horizontally to
ecosystems elsewhere (for more details see Kiessling et al. 2015) or vertically from the
sea surface through the water column to the seafloor. Plastics may also smother water
surfaces and sea bottoms where effects may range from suffocating organisms (e.g.
Mordecai et al. 2011; Green et al. 2015) to offering new habitats for species that are oth-
erwise unable to settle (e.g. Chapman and Clynick 2006).

Major reviews of the impacts of litter, in particular plastics, on marine life have
been undertaken by Shomura and Yoshida (1985), Laist (1997), Derraik (2002)
and Katsanevakis (2008). We used the species list of Laist (1997) as a basis for
our work and conducted an extensive literature review to add not only birds and
mammals, but also fish and invertebrates. Laist (1997) tabulated data on both
entanglement and ingestion but focused discussions on the entanglement aspect.
Therefore, we paid more attention to descriptions and discussion of the ingestion
issue. This includes occurrence of smaller plastics in smaller organisms, including
invertebrates but leaves the real microplastic issues to the dedicated chapter in this
book (Lusher 2015). The table with species listings for ingestion and entanglement
starts with marine birds and mammals because for these animal groups, literature
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coverage is far more complete than for lower taxonomic groups, and because this
is directly comparable with Laist (1997). Further taxonomic groups are in tradi-
tional taxonomic sequence.

Tables 4.1, 4.2 and 4.3 summarise our findings on entanglement and ingestion
for groups of species in comparison to the earlier review by Laist (1997). Table 4.4
gives a more specific overview of our findings, but all details for individual species
and data sources are provided in our Online Supplement. Data in our tables only
relate to observations on wild organisms. This excludes for example fisheries
by-catch data for active fishing gear and laboratory experiments. Texts refer to
these only where it does not overlap too much with the microplastics chapters in
this book and the review by Cole et al. (2011). The main aim of our paper was to
compile a factual overview of known records of interference of plastic debris with
marine wildlife as a basis for current discussions and future work addressing the
scale of impact and policies to be developed.

4.2 Entanglement

Entanglement of marine life occurs all over the world, from whales in the Arctic
(Knowlton et al. 2012) and fur seals in the Southern Ocean (Waluda and Staniland
2013), to gannets in Spain (Rodriguez et al. 2013), octopuses in Japan (Matsuoka
et al. 2005) and crabs in Virginia, USA (Bilkovic et al. 2014). One of the first
entanglement records of marine debris was probably a shark, caught in a rubber
automobile tyre in 1931 (Gudger and Hoffman 1931). Hundreds of thousands
of marine birds and mammals are known to perish in active fishing gear (Read
et al. 2006; Zydelis et al. 2013), but no estimates are available for the actual num-
ber of animals becoming entangled in synthetic fisheries debris and other litter.
However, from species records in Table 4.1 and the Online Supplement, it appears
that the problem is substantial. The percentage of species that have been recorded
as entangled among various groups of marine organisms, is high: 100 % of marine
turtles (7 of 7 species), 67 % of seals (22 of 33 species), 31 % of whales (25 of
80 species) and 25 % of seabirds (103 of 406). In comparison to the listings by
Laist (1997) the number of bird + turtle + mammal species with known entan-
glement increased from 89 (21 %) to 161 (30 %) (Table 4.1). For other reptiles,
fish and invertebrates the percentage of affected species is futile because there are
many thousands of species which have not been properly investigated. Often it is
considered less worthwhile to publish individual entanglement records for com-
mon fishes or invertebrates or inconspicuous small species, than, for example, for
a large entangled whale washed ashore.

Temporal entanglement trends are difficult to establish, as they differ between
species groups and population changes play an important role (Ryan et al.
2009). Fowler et al. (1992) found a decline in entanglement of northern fur seals
(Callorhinus ursinus) from 1975 to 1992. In Antarctic fur seals (Arctocephalus
gazella), Waluda and Staniland (2013) reported a peak in 1994 and then a decrease
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Table 4.1 Number of species with documented records of entanglement in marine debris

Species group Laist (1997) This study
Spp. total | Entanglement | Spp. total | Entanglement
(n) (m [ (%) |(0) (m (%)

Seabirds 312 51 16 406 103 254
Anseriformes (marine ducks) - - - 13 5 38.5
Gaviiformes (divers) - - - 5 3 60.0
Sphenisciformes (penguins) 16 6 38 18 6 333
Procellariiformes (tubenoses) 929 10 10 141 24 17.0
Podicipediformes (grebes) 19 2 10 23 6 |26.1
Pelecaniformes, suliformes, 51 11 22 67 20 29.9
phaethontiformes (pelicans, gannets
and boobies, tropicbirds)

Charadriiformes (gulls, skuas, terns 122 22 18 139 39 28.1
and auks)

Marine mammals 115 32 28 123 51 41.5
Mysticeti (baleen whales) 10 6 60 13 9 169.2
Odontoceti (toothed whales) 65 5 8 65 16 |24.6
Phocidae (true seals) 19 8 42 19 9 474
Otariidae (eared seals) 14 11 79 13 13 100.0
Sirenia (sea cows, dugongs) 4 1 25 5 2 140.0
Mustelidae (otters) 1 1 100 1 50.0
Ursidae (polar bears) 0 0 0 1 1 100.0

Turtles 7 6 86 7 100

Sea snakes . - - 62 2 132

Fishes - 34 - 32,554 89 10.27

Invertebrates - 8 - 159,000 92 0.06
Marine birds, mammals and turtles 434 89 20.5 536 |161 | 30.0

All species - 136 | - 344

Comparative summary with the earlier major review by Laist (1997). Individual species and sources
are documented in the Online Supplement. Observations only concern dead or living animals entan-
gled in marine debris including derelict fishing gear. Between the two reviews, the number of spe-
cies, in the groups considered, differ because of changes in accepted taxonomic status, and selection
of which species groups should be considered to be ‘marine’. For details see the Online Supplement

until 2012. In the same period of time (1978-2000), Cliff et al. (2002) found an
increase in entanglement rates of dusky sharks (Carcharhinus obscurus).

4.2.1 Ways of Entanglement

The term “ghost fishing” has been established for lost or abandoned fishing gear
(Breen 1990). Ghost nets may continue to trap and kill organisms and can damage
benthic habitats (Pawson 2003; Good et al. 2010). Important factors, increasing
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the risks of entanglement, are the size and structure (Sancho et al. 2003) of the
lost nets and their location. For example, nets that are stretched open by struc-
tures on the sea bed, tend to catch more organisms (Good et al. 2010). The esti-
mated time, over which lost fishing gear continues to entangle and kill organisms
varies substantially and is site and gear specific (Kaiser et al. 1996; Erzini 1997;
Hébert et al. 2001; Humborstad et al. 2003; Revill and Dunlin 2003; Sancho
et al. 2003; Tschernij and Larsson 2003; Matsuoka et al. 2005; Erzini et al. 2008;
Newman et al. 2011). Matsuoka et al. (2005) estimated catch durations of derelict
gill- and trammel-nets from different studies between 30 and 568 days. Ghost-
fishing efficiency can sometimes decrease exponentially (Erzini 1997; Tschernij
and Larsson 2003; Ayaz et al. 2006; Baeta et al. 2009). For example, Tschernij
and Larsson (2003) found 80 % of the catch in bottom gill nets in the Baltic Sea
during the first three months. Still, the nets continued fishing at a low rate until
the end of the experiment after 27 months. Lost fishing gear can carry on trap-
ping, until it is heavily colonised, altering weight, mesh size and visibility (Erzini
1997; Humborstad et al. 2003; Sancho et al. 2003). In deeper waters, ghost fishing
seems to continue for longer periods of time, as fouling takes longer (Breen 1990;
Humborstad et al. 2003; Large et al. 2009). A reduction of the duration of ghost
fishing by using degradable materials unfortunately also affects the operational
lifetime of equipment. However, easily replaced degradable escape cords in lobster
traps may reduce ghost fishing of lost traps efficiently (Antonelis et al. 2011).

In addition to entanglement in derelict fishing gear, other anthropogenic
material such as ropes, balloons, plastic bags, sheets and six-pack drink hold-
ers can cause entanglement (e.g. Plotkin and Amos 1990; Norman et al. 1995;
Camphuysen 2001; Matsuoka et al. 2005; Gomercic et al. 2009; Votier et al. 2011;
Bond et al. 2012; Moore et al. 2009, 2013; Rodriguez et al. 2013).

Whales and dolphins tend to become entangled around their neck, flippers and
flukes, often in several types of fishing gear (Moore et al. 2013; Van der Hoop et al.
2013). Seals become frequently entangled in synthetic fishing gear, packing straps
or other loop-shaped items that encircle the neck at young age and create prob-
lems during growth (Fowler 1987; Lucas 1992; Allen et al. 2012) (see Fig. 4.2).
Seabirds are well known to become entangled around the bill, wings and feet
with rope-like materials, which constrains their ability to fly or forage properly
(Camphuysen 2001; Rodriguez et al. 2013) (Fig. 4.1). In addition to entanglement
in fishing gear and other debris (Bugoni et al. 2001) marine turtles face problems
on beaches where hatchlings are prone to entanglement or entrapment in marine
debris on their way to the sea (Kasparek 1995; Ozdilek et al. 2006; Triessing et al.
2012). Motile benthic organisms become primarily caught in derelict traps on the
seafloor (Adey et al. 2008; Erzini et al. 2008; Antonelis et al. 2011; Anderson and
Alford 2014; Bilkovic et al. 2014; Kim et al. 2014; Uhrin et al. 2014) (Fig. 4.3a)
although sometimes escape has also been observed (Parrish and Kazama 1992;
Godgy et al. 2003). If there is no possibility of escape, animals in these traps and
pots die from starvation (Pecci et al. 1978) and serve as bait, which attracts new
victims (Kaiser et al. 1996; Stevens et al. 2000; Hébert et al. 2001).



80 S. Kiihn et al.

Fig. 4.1 Northern gannet entanglement. On a nest on Helgoland, Germany (fop), on a beach
on Texel, The Netherlands (bottom left) and with fishing nets wrapped around the neck (bottom
right) (Photos: J.A. van Franeker (1, 2) and S. Kiihn (3), IMARES)

Behavioural traits can be important factors in becoming entangled
(Shaughnessy 1985; Woodley and Lavigne 1991). It has been suggested that
sharks become entangled when investigating large floating items and when search-
ing for food associated with clumps of lost fishing gear (Bird 1978). Prey fish,
which use debris as a shelter, can increase entanglement risks for predators, such
as sharks (CIiff et al. 2002) and fish (Tschernij and Larsson 2003). The ‘playful’
behaviour of marine mammals may increase the risk of entanglement (Mattlin and
Cawthorn 1986; Laist 1987; Harcourt et al. 1994; Zavala-Gonzalez and Mellink
1997; Hanni and Pyle 2000; Page et al. 2004). Zavala-Gonzdlez and Mellink
(1997) and Hanni and Pyle (2000) explained a higher incidence of entanglement
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Fig. 4.2 Marine Mammal entanglement and plastic ingestion. Stomach contents of Dutch
harbour seals (top), entangled grey seal (bottom left) and harbor seal (Texel, The Netherlands,
bottom center), Antarctic fur seal investigating a rope (Cape Shirreff, Antarctica, bottom right)
(Photos: J.A. van Franeker (1, 2, 3) and E. Bravo Rebolledo (6) IMARES; S. de Wolf (4, 5),
Ecomare)

in younger California sea lions (Zalophus californianus) by playful behaviour and
curiosity in combination with lack of experience and a foraging habit closer to the
water surface. Age plays a significant role in pinnipeds, as younger seals are more
often entangled than adults (Lucas 1992; Henderson 2001; Hofmeyr et al. 2006).
Gannets and many other seabird species use seaweed to build their nests, but are
known to frequently incorporate ropes, nets and other anthropogenic debris (Podolski
and Kress 1989; Montevecchi 1991; Hartwig et al. 2007; Votier et al. 2011; Bond
et al. 2012; Lavers et al. 2013; Verlis et al. 2014) (Fig. 4.1). Marine debris used in
nest construction increases the risk of mortal entanglement for both adult birds and
chicks (Fig. 4.1). In three of the six North American gannet populations, close to
75 % of the gannet nests contained fishing debris. Its frequency can be linked to the
level of gillnet fishing effort in the waters around the colonies (Bond et al. 2012).
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Fig. 4.3 Effects of litter on organisms on the seafloor. a Crab entangled in derelict net and b fish-
ing net wrapped around coral, NW Hawaiian Islands (Photo: NOAA); ¢ plastic fragment entangled
in trawled sponge (Cladorhiza gelida) from HAUSGARTEN observatory (Arctic), 2,500 m depth
(Photo: M. Bergmann, AWI); d rubbish bag wrapped around deep-sea gorgonian at 2,115 m depth
in Astoria Canyon (Photo: © 2007, MBARI); e Mediterranean soft-sediment habitat at 450 m depth
smothered with plastic litter (Photo: F. Galgani, AAMP); f evidence of plastic fragment causing dis-
turbance and biogeochemical changes at the sediment-water interface by dragging along the seabed
of the Molloy Deep, HAUSGARTEN IX, at 5,500 m depth (Photo: M. Bergmann, AWI); g cargo
net entangled in a deep-water coral colony at 950 m in Darwin Mounds province with entrapped
biota (Photo: V. Huvenne, National Oceanography Centre Southampton)

4.2.2 Effects of Entanglement

Entangled organisms may no longer be able to acquire food and avoid predators,
or become so exhausted that they starve or drown (Laist 1997). Even if the organ-
ism does not die directly, wounds, restricted movements and reduced foraging
ability will seriously affect the entangled animal (Arnould and Croxall 1995; Laist
1997; Moore et al. 2009; Allen et al. 2012). In turtles, entanglement is known to
cause skin infections, amputations of legs and septic processes (Orés et al. 2005;
Barreiros and Raykov 2014). Barreiros and Guerreiro (2014) reported a ring from
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a plastic bottle that became fixed around the operculum of a juvenile axillary sea
bream (Pagellus acarne), which inflicted a deep cut in the anterior part of the fish
and caused mortality. Discarded plastic lines and fishing gear, even if not directly
drowning the animal, may cause complications in proper foraging or surfacing
to breathe (Wabnitz and Nichols 2010). Illustrating the fact that such events may
affect even unlikely species, the entanglement of a sea snake (Hydrophis elegans)
in a ceramic ring caused starvation by restricting the passage of food (Udyawer
et al. 2013).

In sharks, plastic entanglement reduced the mouth opening so as to impair for-
aging and gill ventilation (Sazima et al. 2002). A malformation of the backbone
due to long-term entanglement of a shortfin mako shark (Isurus oxyrinchus) dis-
turbed natural growth. In addition, biofouling on the rope probably reduced its
swimming efficiency, maximum velocity and manoeuvrability (Wegner and
Cartamil 2012). Lucas (1992) discovered a dead grey seal (Halichoerus grypus)
with deformations. The size of the rubber trawl roller suggested that it had been
entangled as a juvenile five years before.

Crabs, octopuses, fishes and a wide range of smaller marine biota are known
to get caught in derelict traps on the seafloor and die from stress, injuries or star-
vation, as escape is difficult (Matsuoka 1999; Al-Masroori et al. 2004; Matsuoka
et al. 2005; Erzini et al. 2008; Antonelis et al. 2011; Cho 2011). Derelict fishing
lines and other gear are often covering structurally complex biota such as sponges,
gorgonians (Fig. 4.3b) or (soft) corals (Pham et al. 2013; Smith and Edgar 2014)
which suffer broken parts and may be more susceptible to infections and eventu-
ally die, as shown for shallow-water (soft) corals and gorgonians (Bavestrello et al.
1997; Schleyer and Tomalin 2000; Asoh et al. 2004; Yoshikawa and Asoh 2004;
Chiappone et al. 2005). Contact with soft plastic litter also caused necrosis in the
cold water coral Lophelia pertusa (Fabri et al. 2014).

Although examples of entanglement and various pathways of negative effects
on individuals are abundant, it is rarely possible to assess the proportional dam-
age to populations. However, Knowlton et al. (2012) reported that among a known
number of 626 photo-identified individuals of the North Atlantic right whale
(Eubalaena glacialis), 83 % showed evidence of entanglements in ropes and nets.
On average, 26 % of adequately photographed animals acquired new wounds or
scars every year. Allen et al. (2012) showed that entanglement reduces the longer-
term survival of grey seals significantly. Studies like these, although not attribut-
able with certainty to marine debris alone, do show that entanglement, although
not directly obvious, can have a serious impact on wild populations.

4.3 Smothering

Marine debris on the seabed can have various effects on the resident flora and
fauna that we do not consider to be ‘entanglement’ but rather describe as ‘smother-
ing’. Smith (2012) suggested that large quantities of litter may impede attempts
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to rehabilitate depleted mangrove forests in Papua New Guinea through smother-
ing of seedlings. In the intertidal zone the weight and shading effects of debris
may crush sensitive salt marsh vegetation or reduce light levels needed for growth,
which can lead to denuded areas in these sensitive protected ecosystems (Uhrin
and Schellinger 2011; Viehman et al. 2011). Two species of seagrass (Thalassia
testudinum, Syringodium filiforme) had significantly decreased shoot densities
after experimental deployment of traps on the sea bed (Uhrin et al. 2005). The
weight of the traps caused blades to become abraded or crushed into the underly-
ing anoxic sediments, likely suffocating the plants, reducing photosynthetic rates
and leading to eventual senescence of above-ground biomass (Uhrin et al. 2005),
which indicates long-lasting effects on ecosystem function and thus biodiversity of
these vulnerable habitats.

Estimates on the impact of marine debris on local populations are available for
corals: for example, Richards and Beger (2011) found that coral cover decreased
significantly as macrodebris cover increased. Yoshikawa and Asoh (2004) reported
that 65 % of coral colonies in Oahu, Hawaii were covered with fishing lines, and
80 % of colonies were either entirely or partially dead, which was, again, posi-
tively correlated with the percentage of colonies covered with fishing lines.

On one hand some debris may provide shelter for motile animals, and a habitat for
sessile organisms, as was experimentally shown by Katsanevakis et al. (2007) and in
the deep sea (Mordecai et al. 2011; Schlining et al. 2013). In the Majuro Lagoon, the
coral Porites rus overgrew debris and appeared to thrive in locations of high debris
cover (Richards and Beger 2011). On the other hand, derelict fishing gear, bags and
large (agricultural) foils are known to cover parts of the seafloor at all depths (e.g.
Galgani et al. 1996; Watters et al. 2010; Van Cauwenberghe et al. 2013; Pham et al.
2014) (Fig. 4.3e). Mordecai et al. (2011) reported anoxic sediments below a plastic
bag on the deep seafloor of the Nazaré Canyon and suggested that this would alter the
infaunal community underneath as it reduces the exchange of pore water with overly-
ing water masses. Indeed, anoxic sediments, reduced primary productivity and organic
matter and significantly lower abundances of infaunal invertebrates were recently
recorded below plastic bags experimentally deployed on a beach.for 9 weeks (Green
et al. 2015). Anoxic sediments below marine litter were also observed at two sites of a
mangrove habitat from Papua New Guinea (Smith 2012). Dragged along the seafloor
litter may cause further damage to fragile habitat engineers (coral, plants) and change
biogeochemical seafloor properties (e.g. Fig. 4.3f). Macroplastics covering larger parts
of corals, cannot only cause direct mechanical damage, but also diminish the capacity of
phototrophic and heterotrophic nutrition (Richards and Beger 2011) (see also Fig. 4.3b,
d). Also, a relationship between marine debris and coral diseases has been observed
(Harrison et al. 2011). When corals die and release the debris, it moves on to a new spot
and repeats the negative cycle (Donohue et al. 2001; Chiappone et al. 2005; Abu-Hilal
and Al-Najjar 2009). In eastern Indonesian areas experimentally smothered by plastic,
diatom densities were lower, probably due to the lack of light. However, meiofauna
had a higher density beneath smothered test sites than on clean control sites, which was
explained by the temporarily decomposing organic matter improving habitat quality for
meiofauna (Uneputty and Evans 2009). Smothering may also limit the nutrition of filter
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feeders as it may restrict water circulation and thereby particles reaching the feeding
apparatus (see Fig. 4.3b, c, d). In addition, marine debris on beaches can have negative
effects on marine biota. Kasparek (1995) found marine turtle nesting sites on beaches
in Syria, where the beaches were so polluted that females might not be able to dig a
nest at an appropriate site. Litter may also lead to behavioural changes: for example,
prolonged food searching time and increased self-burial in intertidal snails (Nassarius
pullus) is strongly correlated with increased plastic cover, which was also reflected in
low snail densities in areas of high litter cover (Aloy et al. 2011). Twenty-two taxa that
are affected by smothering with litter are listed in Online Supplement 2 (provided by M.
Bergmann) including four grasses, two types of sponges, 14 cnidarian species and one
mollusc and crustacean.

4.4 Ingestion of Plastic

Ingestion of plastic by marine organisms is less visible than entanglement.
Table 4.2 and Online Supplement 1 show that ingestion of plastic debris has cur-
rently been documented for 100 % of marine turtles (7 of 7 species), 59 % of
whales (47 of 80), 36 % of seals (12 of 33), and 40 % of seabirds (164 of 406). In
comparison to the review by Laist (1997) the number of bird + turtle + mammal
species with known ingestion of plastics increased from 143 (33 %) to 233 (44 %).
Studies on the ingestion of plastics by fish and invertebrates are largely a recent
development. Currently, low proportions of fish and invertebrate species are pre-
sented in the tables, but a rapid increase in publications and species numbers are
expected in this currently dynamic field of research. Records of plastic ingestion
date back to the early days of plastic production in the 1960s. One of the first birds
recorded to contain plastic was Leach’s storm petrel (Oceanodroma leucorhoa) off
New Foundland in 1962 (Rothstein 1973). The first report of a leatherback turtle
(Dermochelys coriacea) with plastic dates back to 1968 (Mrosovsky et al. 2009).
While the first record of anthropogenic debris in sperm whales (Physeter macro-
cephalus) was a fish hook found in a stomach in 1895, the first report of ingested
plastic in sperm whales dates back to 1979 (de Stephanis et al. 2013). The first
fish feeding on plastic was published in 1972 (Carpenter et al. 1972). The inges-
tion of plastics became a more commonly reported phenomenon from the 1970s
onwards (Kenyon and Kridler 1969; Crockett and Reed 1976; Bourne and Imber
1982; Furness 1983; Day et al. 1985). A trend for birds ingesting plastic was prob-
ably first noted by Harper and Fowler (1987). Between 1958 and 1959 they found
no plastic in prions (Pachyptila spp.) but from then on there was an upward trend
in plastic consumption until 1977. A peak of plastic ingestion was detected in
1985 and 1995 in a number of long-term studies (Moser and Lee 1992; Robards
et al. 1995; Spear et al. 1995; Mrosovsky et al. 2009; Van Franeker et al. 2011).
In contrast to the continuing growth of global plastic use and increase in marine
activities, the trend of plastic consumption decreased and stabilized from 2000
onwards approaching the 1980s level (Mrosovsky et al. 2009; Van Franeker et al.
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Table 4.2 Number of species with documented records of ingestion of marine debris

Species group Laist (1997) This study
Spp. total | Ingestion Spp. total | Ingestion
() (m) [ (%) | () (m) (%)

Seabirds 312 111 |36 406 | 164 404
Anseriformes (marine ducks) - - |- 13 1 7.7
Gaviiformes (divers) - - |- 5 3 160.0
Sphenisciformes (penguins) 16 1 |6 18 5 1278
Procellariiformes (tubenoses) 99 62 |63 141 84 159.6
Podicipediformes (grebes) 19 0 |0 23 0 0.0
Pelecaniformes, suliformes, 51 8 |16 67 16 |23.9
phaethontiformes (pelicans, gannets
and boobies, tropicbirds)

Charadriiformes (gulls, skuas, 122 40 33 139 55 139.6
terns and auks)

Marine mammals 115 26 |23 123 62 |50.4
Mysticeti (baleen whales) 10 2 120 13 7 |53.8
Odontoceti (toothed whales) 65 21 132 65 40 |61.5
Phocidae (true seals) 19 1 |5 19 4 211
Otariidae (eared seals) 14 1 13 8 615
Sirenia (sea cows, dugongs) 4 I 25 5 3 160.0
Mustelidae (otters) 1 0 0 2 0 0.0
Ursidae (polar bears) 0 0 |0 0 0 0.0

Turtles 7 6 |86 7 7 1100

Sea snakes . - |- 62 0 0.0

Fish - 33 |- 32,554 92 0.28

Invertebrates - 1 |- 159,000 6 0.004
Marine birds, mammals and turtles 434 143 | 329 536 | 233 435

All species 177 331

Comparative summary with the earlier major review by Laist (1997). Individual species and
sources are documented in Online Supplement. Observations only concern non-simulated dead or
living wild animals found in their natural habitat. We thus exclude experimental studies showing
the potential for ingestion by marine species. Between the two reviews, the number of species in the
groups considered, differ because of changes in accepted taxonomic status, and selection of which
species groups should be considered to be ‘marine’. For details see the Online Supplement

2011; Bond et al. 2013). Figure 4.4 illustrates the ingestion of plastic by northern
fulmars.
4.4.1 Ways of Plastic Ingestion

Plastics may be ingested intentionally or accidentally and both pathways deserve
further discussion.
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Fig. 4.4 Plastic ingestion by northern fulmars (Fulmarus glacialis). Unopened stomach with
plastic inside (fop), fulmars at sea chewing on a plastic fragment (bottom left), stomach content
of a northern fulmar with fragments, foam, sheets and wood (bottom right) (Photos: J.A. van
Franeker (1, 3) and S. Kiihn (2), IMARES)

4.4.1.1 Intentional Ingestion

Why some animals intentionally ingest plastic debris may depend on a range of
factors, and these may vary among different animal groups. Although many of
these factors interact, it is useful to review at least some of them separately.

Foraging Strategy
In seabirds, plastic ingestion has been linked to foraging strategy by several

authors (e.g. Day et al. 1985; Azzarello and Van Vleet 1987; Ryan 1987; Tourinho
et al. 2010.) From their study on many different seabird species, Day et al. (1985)
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concluded, that pursuit-diving birds have the highest frequency of plastic uptake,
followed by surface-seizing and dipping seabirds. Provencher et al. (2010)
reported that marine birds, feeding on crustaceans and cephalopods had ingested
more plastic than piscivorous seabirds, and those omnivores are most likely to
confuse prey and plastic. Seabirds with specialized diets are less likely to misi-
dentify plastic, unless a particular type resembles their prey (Ryan 1987). Many
gull species frequent rubbish bins and landfill areas, in addition to foraging in
marine habitats and seem prone to ingest debris. However, ingested debris does
not often show up in their stomachs during dissections because they clear them
daily by regurgitating hard prey remains (Hays and Cormons 1974; Ryan and
Fraser 1988; Lindborg et al. 2012). As regurgitation takes place regularly, plastics
quantified from boluses reflect the ingestion of the very last period, rather than
accumulated debris (Camphuysen et al. 2008; Ceccarelli 2009; Codina-Garcia
et al. 2013; Hong et al. 2013). Tubenosed seabirds mostly retain plastic and hard
prey items (Mallory 2006) because they possess two stomachs with a constriction
(Isthmus gastris) between the glandular proventriculus and the muscular gizzard
(Furness 1985; Ryan and Jackson 1986). Even when spitting stomach oil to defend
themselves or when feeding their chicks, only plastics from the proventriculus
are regurgitated but items from the gizzard are retained (Rothstein 1973). Marine
turtles frequently ingest plastic bags as they may mistake them for jellyfish, a
common component of their diet (Carr 1987; Lutz 1990; Mrosovsky et al. 2009;
Tourinho et al. 2010; Townsend 2011; Campani et al. 2013; Schuyler et al. 2014).
While accidental plastic ingestion by filter-feeding baleen whales (Mysticeti)
might be assumed to be common, Walker and Coe (1990) expected that toothed
whales (Odontoceti) would have a low rate of plastic ingestion because they use
echolocation or visual cues to locate their prey. However, Laist (1997), Simmonds
(2012) and Baulch and Perry (2014) all made extensive descriptions of toothed
whales that had ingested plastic. Indeed, our updated literature search showed
that 54 and 62 % of the baleen and toothed whales, respectively, ingest plastics.
It has also been suggested, that marine mammals could see plastic as a curios-
ity and while investigating it, they swallow it or become entrapped (Mattlin and
Cawthorn 1986; Laist 1987). Large predatory fishes and birds are known to fre-
quently inspect plastic debris and take bites out of larger plastic items. Cadée
(2002) observed that 80 % of foamed plastic debris on the Dutch coast showed
peckmarks of birds and suggested that the birds mistake polystyrene foam for cut-
tlebones or other food. Carson et al. (2013) observed bite marks of sharks or large
predatory fishes on 16 % of plastic debris beached on Hawaii indicating ‘testing’
of materials. Choy and Drazen (2013) showed that among 595 individuals of seven
such large predatory fish species, 19 % of individuals (range per species <1-58 %)
had actually ingested plastic. Foraging strategies may vary under different condi-
tions of food availability. Duguy et al. (2000) considered that decreased availabil-
ity of jellyfish during winter could be the reason for the higher incidence of plastic
bags during these months in the diet of turtles.

In conclusion it seems that although indiscriminate omnivorous predators or
filter feeders appear most prone to plastic ingestion, there are many examples of
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ingestion among species with specialized foraging techniques and specific prey
selection.

Color

One of the factors often considered to influence the consumption of marine
debris is color as specific colors might attract predators when resembling the
color of their prey. In seabirds, this has been suggested for e.g. greater shearwa-
ters (Puffinus gravis) and red phalaropes (Phalaropus fulicarius) (Moser and Lee
1992). Parakeet auklets (Aethia psittacula) on the Alaskan coast, feeding natu-
rally primarily on light-brown crustaceans, consumed mainly darker plastic gran-
ules, suggesting they were mistaken for food items (Day et al. 1985). In studies of
marine turtles, the issue of color preference is controversial. Lutz (1990) indicated
no preferential ingestion of different plastic colors; neither did Campani et al.
(2013) in loggerhead turtles. However, others find light-colored and translucent
plastics are most commonly ingested, suggesting similarity to their jellyfish prey
(Bugoni et al. 2001; Tourinho et al. 2010). Schuyler et al. (2014) indicated such
prey-similarity by the combination of translucency and flexibility of plastic bags
and found that blue-colored items were less frequently eaten probably because of
lower detection rates in open water. An additional visual factor could be shape as
floating plastic bags resemble jellyfish. In fur seal scats, the colors of plastic were
white, brown, blue, green and yellow (Eriksson and Burton 2003), however, no
clear preference was evident.

White, clear, and blue plastics were primarily ingested by planktivorous fish
from the North Pacific central gyre but similar color proportions were recorded
from neuston samples (Boerger et al. 2010). By contrast, black particles were most
prevalent in stomachs of fish from the English Channel but this study included
both pelagic and demersal fish (Lusher et al. 2013). While two mesopelagic fish
(Lampris spp.) species did not favour particular colors Alepisaurus ferox seemed
to favour white and clear plastic pieces, which may resemble their gelatinous prey
(Choy and Drazen 2013). The majority of strands reported from the intestines of
Norway lobsters (Nephrops norvegicus) were also transparent (Murray and Cowie
2011).

Studies on the color-specific uptake often do not take into account that color
may change in the gastrointestinal tract (e.g. Eriksson and Burton 2003). Also,
there are rarely quantitative data on the abundance of various color categories in
the foraging ranges of the species studied. In general, light colors seem to be most
common in floating marine debris ranging from 94 % of the abundance in the
Sargasso Sea (Carpenter et al. 1972) and 82-89 % in the South Atlantic (Ryan
1987) to 72 % in the North Pacific (Day et al. 1985). The frequently observed
prevalence of translucent or brightly colored objects in stomachs may thus
reflect the availability of such items the ambient environment rather than color
selectivity.
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Among seabirds, it has been well-established that younger northern fulmars have
more plastic in their stomachs than adults (Day et al. 1985; Van Franeker et al.
2011). The same has been shown for flesh-footed and short-tailed shearwater
(Puffinus carneipes and P. tenuirostris, respectively, Hutton et al. 2008; Acampora
et al. 2014). The chicks of Laysan albatrosses (Phoebastria immutabilis) at colo-
nies (Auman et al. 1997) have a much higher load of plastic than adults at sea (e.g.
Gray et al. 2012). In marine turtles, Plotkin and Amos (1990) found a decreasing
trend in plastic consumption with age and attributed this to the fact that young tur-
tles linger along drift-lines, where plastic accumulates. However, in the Adriatic
Sea no clear age or size-related differences were apparent in loggerhead sea turtles
(Caretta caretta) (Lazar and Gracan 2011; Campani et al. 2013). Schuyler et al.
(2013) concludes that turtles ingest most debris during their younger oceanic life
stages. Significantly higher levels of plastics were recorded in younger francis-
cana dolphins (Pontoporia blainvillei) off the Argentinian coast (Denuncio et al.
2011). Younger harbour seals (Phoca vitulina) in the Netherlands had significantly
more plastic in their stomach than older ones (Bravo Rebolledo et al. 2013) (illus-
trated by Fig. 4.2). There were no differences in the plastic consumption of dif-
ferent age classes of cat fishes (Ariidae) from a Brazilian estuary (Possatto et al.
2011). Similarly, there was no relationship between ingested litter mass and sex,
maturity and body length in deep-water blackmouth catsharks (Galeus melasto-
mus, Anastasopoulou et al. 2013). By contrast, the mean number of plastic items
ingested by planktivorous fish from the North Pacific gyre increased as the size of
fish increased, reaching a maximum of seven pieces per fish for the 7-cm size class
(Boerger et al. 2010). However, this may also be explained by higher plastic uptake
of larger individuals during the capture process in the codend (Davison and Asch
2011). Larger individuals of the Norway lobster had fewer plastic threads in their
intestines indicating higher ingestion rates of smaller/younger animals (Murray
and Cowie 2011) that also have higher incidence of infaunal prey such as poly-
chaetes (Wieczorek et al. 1999).

In summary, it seems that where age differences were shown, younger animals
are most affected. The reasons for this are not clear. In seabirds, this could partly
be explained by parental delivery of food by regurgitation to chicks at the nest. In
such chicks, elevated loads of plastic could be the consequence of being fed by
two parents, each transferring much of its own plastic load, which has accumu-
lated in the proventricular stomach over an extended period of time before breed-
ing. In addition, a less developed grinding action in the gizzards of young birds
could slow the mechanical break-down of plastic and removal through the intes-
tines. Some species of albatross and shearwater chicks may lose an excess load of
plastic by regurgitating proventricular stomach contents prior to fledging (Auman
et al. 1997; Hutton et al. 2008). However, in fulmars the high level of plastic per-
sists in immature birds and only gradually disappears after several years (Jensen
2012) and thus cannot be completely explained by parental feeding and stomach
functioning. Perhaps, young animals are less efficient at foraging, and therefore
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less specific in their prey selection (Day et al. 1985; Baird and Hooker 2000;
Denuncio et al. 2011). One important open question therefore is whether higher
loads of plastic in younger animals reflect a learning process or mortality of those
individuals that ingested too much plastic. Both explanations are speculative, but
the latter suggests serious deleterious effects at the population level.

Sex

To date, there is no evidence that sex affects plastic ingestion. Studies that specifi-
cally evaluated male and female ingestion, found no significant differences in the
plastic load (e.g. Day et al. 1985; Van Franeker and Meijboom 2002; Lazar and
Gracan 2011; Murray and Cowie 2011; Anastasopoulou et al. 2013; Bravo Rebolledo
et al. 2013). However, species showing strong sexual dimorphy or sex-dependent for-
aging ranges or winter distributions may show sex-specific uptake rates.

4.4.1.2 Accidental and Secondary Ingestion

Filter-feeding marine organisms, ranging in size from small crustaceans, to shell-
fish, fish, some seabirds (prions, Pachyptila spp.) and ultimately large baleen
whales may be prone to plastic ingestion. These species obtain their nutri-
tion by filtering large volumes of water, which may contain debris in addition
to the targeted food source. Although non-food items can be ejected before pas-
sage into the digestive system, this is not always the case. In their natural habi-
tat, ingested plastics have been found in filter-feeding crustaceans such as goose
barnacles (Lepas spp.; Goldstein and Goodwin 2013) and mussels (Mytilus edu-
lis, Van Cauwenberghe et al. 2012; Leslie et al. 2013; Van Cauwenberghe and
Janssen 2014). Large baleen whales have been long known to occasionally ingest
debris (Laist 1997; Baulch and Perry 2014). In France, a young minke whale
(Balaenoptera acutorostrata) beached with various plastic bags completely fill-
ing its stomachs (De Pierrepont et al. 2005). Curiously, we have found no record
of plastic ingestion by obligate filter-feeding large fish such as basking shark
(Cetorhinus maximus) or manta ray (Manta birostris). Some bony fish species par-
tially use filter-feeding, but also directional feeding making it difficult to assign
the pathway of debris ingestion. Uptake of plastic by filter-feeding fish has been
reported for herring (Clupea harengus) and horse mackerel (Trachurus trachurus)
from the North Sea and English Channel (Foekema et al. 2013; Lusher et al. 2013).

Accidental ingestion of a mixture of food and debris is not restricted to fil-
ter feeders. In the Clyde Sea, 83 % of Norway lobsters (Nephrops norvegicus) had
plastic in their stomach, which was attributed either to passive ingestion of sedi-
ment while feeding or to secondary ingestion (Murray and Cowie 2011), although
it could be argued that the fibres ingested may resemble benthic polychaete prey.
Plastics and other non-food items found in stomachs of harbour seals in the
Netherlands were considered to have been accidentally ingested when catching
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prey fishes (Bravo Rebolledo et al. 2013). A similar route for plastic ingestion was
proposed by Di Beneditto and Ramos (2014), who showed that plastic in fran-
ciscana dolphins was related to benthic feeding habits, in which disturbance of
sediment probably induced accidental intake of plastic debris. Florida manatees
(Trichechus manatus latirostris) may take up plastic accidentally during foraging
on plants (Beck and Barros 1991). Pelagic loggerhead sea turtles may ingest plas-
tic because they feed indiscriminately or graze on organisms settled on floating
plastic (McCauley and Bjorndal 1999; Tomas et al. 2002). A special case of such
accidental ingestion is known for the Laysan albatross who take up plastic parti-
cles in combination with eggs strings of flying fish. The fishes attach their eggs to
floating items: previously seaweed, bits of wood or pumice, but nowadays often
plastic objects (Pettit et al. 1981). This phenomenon has also been observed in log-
gerhead turtles. The plastic in their stomachs was sometimes covered by the eggs
of the insect Halobates micans (Frick et al. 2009).

A final case of unintentional plastic ingestion is that of secondary ingestion,
which occurs when animals feed on prey, which had already ingested debris. This
may concern both prey swallowed as a whole or scavenging. In seabirds, skuas
are known to forage on smaller seabirds that consume plastic (Ryan 1987). Great
skuas (Stercorarius skua) from the South Atlantic Ocean predate several seabird
species, and their regurgitated boluses showed a link with the amount of second-
arily ingested plastic and their main prey species (Bourne and Imber 1982; Ryan
and Fraser 1988). In the monitoring study on northern fulmars (Fulmarus glacia-
lis) in the North Sea intact stomachs from scavenged fulmars or black-legged kit-
tiwakes (Rissa tridactyla) were occasionally found, which contained plastic (Van
Franeker et al. 2011). A spectacular example of secondary ingestions was provided
by Perry et al. (2013) who reported a ball of nylon fishing line in the stomach
of a little auk (Alle alle), that was found in the stomach of a goose fish (Lophius
americanus). The presence of small plastic particles in the faeces of fur seals on
Macquarie Island was attributed to secondary ingestion through the consumption
of myctophid fishes (Eriksson and Burton 2003). High abundance of small plastics
in myctophid fishes (Boerger et al. 2010; Davison and Asch 2011), in combination
with the fact that this type of fish is a common prey for many larger marine preda-
tors, suggest that secondary ingestion may be more common than reported.

4.4.2 Impacts of Plastic Ingestion

Plastic ingestion may directly cause mortality or can affect animals by slower sub-
lethal physical and chemical effects which are best considered separately.

4.4.2.1 Direct Mortality Caused by Plastic Ingestion

When the gastrointestinal tract becomes completely blocked or severely damaged
ingested plastic may lead to rapid death. Even small pieces can cause the blockage
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of the intestines of animals, if orientated in the wrong way (Bjorndal et al. 1994).
An ingested straw led to the death of a Magellanic penguin (Spheniscus magel-
lanicus) by perforation of the stomach wall (Brandao et al. 2011). Other exam-
ples of lethal impacts in seabirds were provided, for example, by Kenyon and
Kridler (1969), Pettit et al. (1981) and Colabuono et al. (2009). Cases of mortality
among marine turtles have been reported by e.g. Bjorndal et al. (1994), Bugoni
et al. (2001), Mrosovsky et al. (2009) and Tourinho et al. (2010). Unlike most
birds, turtles seem to pass plastic debris easily into the gut, and therefore most
plastics have been found in the intestines rather than the stomach (e.g. Bjorndal
et al. 1994; Bugoni et al. 2001; Tourinho et al. 2010, Campani et al. 2013). As a
consequence, physical impact in turtles may often be related to gut functioning or
damage. In the Mediterranean Sea, the death of a sperm whale of 4.5 t, was attrib-
uted to 7.6 kg of plastic debris in its stomach, which was ruptured probably due
to the large plastic load (de Stephanis et al. 2013). Often, it is difficult to produce
evidence for causal links between ingested debris and mortality, and as a conse-
quence, documented cases of death through plastic ingestion are rare (Sievert and
Sileo 1993; Colabuono et al. 2009). A direct lethal result from ingestion probably
does not occur at a frequency relevant at the population level. Indirect, sub-lethal
effects are probably more relevant.

4.4.3 Indirect Physical Effects of Plastic Ingestion

Impacts that are deleterious for the individual but not directly lethal become rel-
evant to populations if many individuals are affected. Partial blockage or moderate
damage of the digestive tract in Laysan albatross chicks was not a major cause of
direct mortality, but may contribute to poor nutrition or dehydration (Auman et al.
1997). Since virtually every chick in this population (frequency of occurrence:
97.6 %) had a considerable quantity of plastic in the stomach, debris ingestion
must be considered a relevant factor in overall fledging success of the population.
Major proportions of tubenosed seabird species and marine turtles ingest plastic
on a very regular basis. This raises urgent questions concerning the cumulative
physical and chemical impacts at the population level. Sub-lethal physical impacts
may have various consequences.

Firstly, stomach volume occupied by debris may limit optimal food intake.
For example, tubenosed seabirds have large proventricular stomachs because they
depend on irregular patchy food availability. Reduced storage capacity affects
optimal foraging at times when this should be possible. Partial blockage of food
passage through the digestive tract may cause gradual deterioration of body con-
dition of fish (Hoss and Settle 1990). Efficiency of digestive processes may be
reduced when sheet-like plastics or fragments cover parts of the intestinal wall.
Sometimes ulcerations are found on stomach walls of organisms that ingested
plastic (Pettit et al. 1981; Hoss and Settle 1990). A potentially important physi-
cal impact from ingested plastics may be a feeling of satiation as receptors signal
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satiety to the brain and reduce the feeling of hunger (Day et al. 1985), which may
reduce the drive to search for food (Hoss and Settle 1990). High volumes of plas-
tic can reduce proventricular contraction, responsible for the stimulation of appe-
tite (Sturkie 1976).

All these factors may lead to a deterioration of the body condition of animals.
In young loggerhead turtles, McCauley and Bjorndal (1999) found experimental
evidence, that volume reduction in stomachs by non-food material caused lower
nutrient and energy uptake. Similarly Lutz (1990) found a negative correlation
between plastic consumption and nutritional condition in experiments with green
turtles (Chelonia mydas) and loggerhead turtles. Ryan (1988) provided evidence
for a negative effect on uptake of food and growth rate among chickens (Gallus
gallus domesticus) that had been fed plastic pellets under controlled laboratory
conditions, compared to control chickens.

In many non-experimental studies, researchers have looked for correlations
between plastic loads and body condition. Some seabird studies indicate negative
correlations between ingested plastics and body condition (e.g. Connors and Smith
1982; Harper and Fowler 1987; Donnely-Greenan et al. 2014; Lavers et al. 2014).
However, no such correlation was found by Day et al. (1985), Furness (1985),
Sileo et al. (1990), Moser and Lee (1992), Van Franeker and Meijboom (2002) and
Vliestra and Parga (2002). In these non-experimental studies, it is always prob-
lematic to distinguish cause and consequence: do animals increase ingestion of
abnormal items such as plastics when in poor condition, or do they loose condi-
tion because of the plastic debris in their stomach? This is even more complicated
because many studies are based on corpses of beached animals that often starved
before being washed ashore with potentially aberrant foraging activity.

We conclude that the estimated impact from plastic ingestion on body condition
is difficult to document in wild populations. However, as mentioned above, experi-
mental studies clearly indicate that eating plastic reduces an individual’s body con-
dition. This may not be directly lethal but will translate into negative effects on
average survival and reproductive success in populations in which plastic ingestion
is a common phenomenon.

4.4.3.1 Chemical Effects from Plastic Ingestion

The chemical substances added during manufacture or adsorbed to plastics at sea
are an additional source of concern in terms of sublethal effects. Potential chem-
ical impacts from the ingestion of plastic are not exhaustively discussed in this
chapter, as chemical transfer and impacts are discussed in more detail in the con-
tributions by Koelmans (2015) and Rochman (2015). We would like to stress,
however, that in larger organisms, plastics often have a long residence time, during
which objects may be fragmented to smaller sizes due to mechanical or enzymatic
digestive processes. In such conditions, the chemical additives may play a more
prominent role than chemicals adsorbed to the surface. We conclude that although
research to quantify body burden and consequences of plastic-derived chemicals in
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marine organisms is still in its infancy, there is a risk to species frequently ingest-
ing synthetic debris. This will remain a complicated issue due to the widespread
presence of many chemicals and their accumulation in marine foodwebs along
routes other than plastics alone.

4.4.3.2 Chain of Impacts Related to Plastic Ingestion

By ingesting plastics, marine biota, and in particular seabirds, accidentally facili-
tate and catalyse the global distribution of plastic through bio-transportation.
Studies of polar tubenosed seabirds returning to clean breeding areas after over-
wintering in more polluted regions are a good example. Similarly, Van Franeker
and Bell (1988) found that cape petrels (Daption capense) process and excrete
some 75 % of their initial plastic load by grinding particles in the gizzard dur-
ing one month in Antarctica. Plastics are thus excreted as smaller particles
in other places than where they were taken up and become available to other
trophic levels in marine and terrestrial habitats. Similar data were obtained for
northern fulmars and thick-billed murres (Uria lomvia) in the Canadian high
Arctic (Mallory 2008; Provencher et al. 2010, Van Franeker et al. 2011). In the
Antarctic, Van Franeker and Bell (1988) also found that 75 % of Wilsons storm
petrel (Oceanites oceanicus) chicks that died before fledging had plastics in their
stomachs, fed to them by their parents and now permanently deposited around
Antarctic breeding colonies. Transport of materials may be considerable. Van
Franeker (2011) calculated that northern fulmars in the North Sea area (plastic
incidence 95 %, average number 35 plastic items, average mass 0.31 g per bird)
annually reshape and redistribute ca. 630 million pieces or 6 t of plastic. As ful-
mars range over large areas, widespread secondary distribution of plastics will
occur. Chemicals may be brought to other environments by seabirds (Blais et al.
2005)—potentially partly linked to plastics. From an average plastic mass of
10 g in healthy Laysan albatross chicks on Midway Atoll to about 20 g in chicks
that died (Auman et al. 1997) it may be conservatively estimated, that this spe-
cies with locally ca. 600,000 breeding pairs, annually brings ashore some 6 t of
marine plastic debris. Also, some crustaceans reshape and redistribute plastics:
Davidson (2012) showed that boring crustacean Sphaeroma sp. could release into
the environment thousands of small particles per burrow. One of the open ques-
tions is how plastic items reach the deep sea despite their low density and there-
fore low sinking rates. Along with increased density by fouling processes (Ye
and Andrady 1991) plastic may also be transported to the deep sea either through
sinking of carcasses containing plastics, in marine snow (Van Cauwenberghe
et al. 2013) or repackaged in the faeces of zooplankton (Cole et al. 2013) or other
pelagic organisms. Vertical export may also be facilitated by migratory behaviour
of mesopelagic fish in the water column, which had fed on plastic items (Choy
and Drazen 2013). Thus, marine life is as a significant factor in the environmental
production and redistribution of secondary microplastics.
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4.4.4 Impacts from Species Dispersal

One of the potentially deleterious effects of marine debris is that it offers oppor-
tunities for the dispersal, or ‘hitch hiking’ of species around the world. Organisms
can colonise non-degradable material and be transported by the currents and
winds. Once settled in a new habitat, this can lead to massive population growth
of ‘alien species’ that can outcompete original ecosystem components (Kiessling
et al. 2015). Oceanic plastics can also provide new or increased habitat opportu-
nities for specialized species such as ocean skaters (Goldstein et al. 2012; Majer
et al. 2012) or whole pelagic or benthic communities (Goldberg 1997; Bauer et al.
2008; Zettler et al. 2013; Goldstein et al. 2014). For more details on hitch-hiking
species see Kiessling et al. (2015).

4.5 Discussion

The total number of marine species with documented records of either entangle-
ment and/or ingestion has doubled with an increase from 267 species in Laist
(1997) to 557 species in this new review (Table 4.3 and Online Supplements). The
increase in number of affected species is substantial in all groups. The documented
impact for marine turtles increased from 86 to 100 % of species (now 7 of 7 spe-
cies), for marine mammals from 43 to 66 % of species (now 81 of 123 species)
and for seabirds from 44 to 50 % of species (now 203 of 406 species). Among
marine mammals the percentage of affected whales increased from 37 to 68 % of
species (now 54 of 80 species) and seals from 58 to 67 % of species (now 22 of 32
species) (see Table 4.3).

Laist (1997) addressed groups such as fish and invertebrates only marginally, so
comparative figures in such groups (Tables 4.1, 4.2, 4.3) are currently of less use.
We may have missed sources, and recently publications have been published at
such high frequency that we cannot guarantee completeness as given in full in the
online supplement, with derived data in Table 4.4.

We have stopped our additions to the online supplement and thus to derived
tables on the 9th of December 2014. We welcome documentation on missed or
new records of entanglement or ingestion for future updates. It remains important
to continue such documentation of species affected by marine debris. However,
given sufficient time and research effort, all species of marine organisms will get
documented examples of interaction with marine debris. Any species can become
the victim of entanglement. Furthermore, the filter-feeding habits of many lower
trophic levels, and secondary ingestion by higher trophic levels, make it almost
unavoidable that any species in the marine food web will at some stage pass at
least some plastic debris through the intestinal tract.

As a consequence, to improve on current knowledge, future assessments of del-
eterious effects of debris on marine life require comparable standardized data on fre-
quency of occurrence, ingestion quantification and categorisation of ingested debris.
It is only through study of the various impacts (including frequency and quantity) on
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Table 4.3 Number of species with documented records of entanglement in, and/or ingestion of
marine debris

Species group Laist (1997) This study
Spp. total | Species Spp. total | Species
affected affected
() () [ (%) |(n) (n) | (%)
Seabirds 314 138 1439 |406 203 | 50.0
Anseriformes (marine ducks) - 1|- 13 5| 385
Gaviiformes (divers) - —-- 5 41 80.0
Sphenisciformes (penguins) 16 6/38.0 |18 9 50.0
Procellariiformes (tubenoses) 99 631640 141 85| 60.3
Podicipediformes (grebes) 19 2,100 |23 6| 26.1
Pelecaniformes, suliformes, 51 17 1333 67 27| 40.3
phaethontiformes (pelicans, gannets
and boobies, tropicbirds)
Charadriiformes (gulls, skuas, terns, auks) 122 50 |41.0 |139 67 | 48.2
Marine mammals 115 49 143 123 81| 659
Mysticeti (baleen whales) 10 6600 |13 10| 76.9
Odontoceti (toothed whales) 65 22 1 34.0 (65 44 | 66.2
Phocidae (true seals) 19 81420 |19 9| 42.1
Otariidae (eared seals) 14 11/79.0 |13 13 /100.0
Sirenia (sea cows, dugongs) 4 1,250 |5 31 60.0
Mustelidae (otters) 1 1/100.0 |2 1| 50.0
Ursidae (polar bears) - —- 1100.0
Turtles 7 6 | 85.7 7 1 100.0
Sea snakes - 0|- 62 20 32
Fish - 60 | — 32,554 166 1 0.6
Invertebrates - 9 - 159,000 98 0.1
All species - 267 |- - 557 -
Marine birds, mammals and turtles 436 193 |44.3 |536 201 | 543
Species associated with smothering - -_1- - 22 -

Comparative summary with the earlier major review by Laist (1997). See notes in captions of
Tables 4.1 and 4.2. Numbers of species affected and group percentages are not a simple sum
of Tables 4.1 and 4.2 because many species suffer from entanglement as well as ingestion. For
details, see the Online Supplement

different species and their interactions, combined with dedicated observational or
experimental studies, that we can ultimately gain areal understanding of the many
deleterious impacts of marine plastic debris on wild populations. A number of recom-
mendations can be made to assist collection of comparable high-quality data sets:

e Accurate data on frequency of occurrence of entanglement or ingestion of
debris require a proper a priori protocol, staff that has experience with identify-
ing (symptoms of) marine debris and adequate samples sizes.

e Concerning frequency of entanglement in debris, protocols for assessment are
complicated by the distinction between interaction with active fishing gear and
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interaction with marine debris. For example, even for experts using standard
protocols, it is difficult to distinguish whether wounds are caused by entangle-
ment in active or derelict fishing gear, even when remains of nets or similar are
found on the body. Some suggestions are being developed concerning entangle-
ment rates in ghost nets or for bird entanglement in synthetic materials used for
nest construction (MSFD-TSGML 2013).

For ingestion, in addition to frequency of occurrence (‘incidence’) it is recom-
mended to collect data on quantities of ingested debris not only on the basis of
numbers of items but also by mass of categories.

In such ingestion records, as a minimum it is recommended to separate industrial
plastics (pellets) from consumer-waste plastics (see Table 4.5). The latter if possible
can be further specified following the categorisation recommended for ingestion by
birds, mammals and fishes according to the EU Marine Strategy Directive (MSFD-
TSGML 2013), that is into categories of sheetlike, threadlike, foamed, hard frag-
mented, and other synthetic items, plus categories of non-plastic rubbish.

For averaged data, information should be provided as ‘population averages’ with
standard error of the mean. Population averages are calculated with the inclusion
of individuals without ingested plastics. Additional data can be maximum lev-
els observed, or proportions of animals exceeding a particular limit [such as the
0.1-g critical limit in the Ecological Quality Objective for plastic ingestion by
northern fulmars (Van Franeker et al. 2011)] (see Table 4.5). We emphasize this
explicit use of population averages because in quite a few of the publications
checked for this review averages had been calculated just over those individuals
that had plastic, often not specifying that zero values had been omitted.

Negative species results (e.g. Avery-Gomm et al. 2013; Provencher et al. 2014) are
also relevant but again should be based on an adequate sample size of animals stud-
ied according to a proper protocol. Thus, records of absence of debris for an indi-
vidual sample should be as firm as those on presence. From experience in our own
research group, we know of claims on absence or near absence of plastics in stom-
achs or guts of several species of which diets were studied, but without dedicated
methods or data recording for marine debris (including zeros). Once proper meth-
ods were established for laboratory procedures and data recording, each of those
species was found to contain debris regularly (e.g. Bravo-Rebolledo et al. 2013).
Examples of protocols for ingested debris in intestinal tracts of larger organisms
can be found in e.g. MSFD-TSGML (2013), with further information for ingestion
by marine birds in Van Franeker et al. (2011) and marine turtles in Camedda et al.
(2014). Standard protocols for marine mammals, invertebrates have not yet been
established in detail but may largely follow those for seabirds and turtles. In gen-
eral, these studies consider debris of >1 mm by using sieves with such mesh size.
Only when using the above approaches on frequency of occurrence (proportion of
animals in populations affected) and gravity of interaction (quantity of ingested
material; damage level from entanglement), it becomes possible to design experi-
mental or other dedicated studies that allow estimates of the true impact of plastic
ingestion on wildlife populations. This relates to both the physical and chemi-
cal types of impacts, and will ultimately require model predictions using demo-
graphic characteristics of the species involved (Criddle et al. 2009).
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It will take considerable time and effort to collect these data and conduct dedicated
studies before firm conclusions can be drawn on the level of detrimental impact
of marine plastic debris on wildlife. However, in our opinion the suffering and
death of individuals, in combination with the likelihood of higher-level population
effects, indicates the need for a rapid reduction of input of plastic debris into the
marine environment. If wildlife problems are not convincing: recent studies show
that chemical and physical impacts are likely to occur in marine food webs (e.g.
Van Cauwenberghe and Janssen 2014; Rochman et al. 2013, 2014), which implies
potential impacts on human end consumers (Galloway 2015).

Long-term studies on seabirds have shown that measures to reduce loss of plas-
tics to the environment do have relatively rapid effects. After considerable atten-
tion to the massive loss of industrial pellets to the marine environment in the early
1980s, improvements in production and transport methods were reflected in a visi-
ble result in the marine environment within one to two decades: several studies from
around the globe showed that by the early 2000s the number of industrial granules
in seabird stomachs had approximately halved from levels observed in the 1980s
(Van Franeker and Meijboom 2002; Vlietstra and Parga 2002; Ryan 2008; Van
Franeker et al. 2011; Van Franeker and Law 2015). These examples indicate that it
is possible to reduce deleterious impacts from marine plastic debris on marine wild-
life in shorter time frames than the longevity of the material might suggest.
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