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Summary

The Swedish Environmental Protection Agency has been assigned by the government to identify
important sources of microplastics and to suggest actions in order to reduce the production and emissions
to the environment. This report was compiled by Orebro University to serve as a review of the current
knowledge of exposure and effects of microplastics on wildlife. Scientific articles and reports were
reviewed in December 2015-February 2016 and a selection of the information found is compiled here to

give an overview of knowledge and knowledge gaps regarding effects of microplastics.

Microplastics are defined as particles less than 5 mm and larger than 100 nm however to fully understand
the effect of microplastics in the environment it is important to include plastic particles of all sizes. Plastic
will persist for long time but can be weathered and fragment to smaller particles. The complete
degradation of plastic polymers into natural elements can take centuries or even millennia. The time
spent at the water surface, the fragmentation rate, the potential of biofouling, time spent in the water
column and ultimate fate of particles of different sizes and polymer types are all important factors for
effect based management. Global distribution of microplastics in the aquatic environment has been
shown, from densely populated areas to remote areas in the Arctic and Antarctica. Global assessments of
floating plastics in the world’s oceans span from 14 400 tons to 268 940 tons and the uncertainty reflects
current knowledge gaps in occurrence, distribution, and environmental fate of plastics. Surface water
counts range from hundreds of particles per m?® water down to 1e10°® particles/m3. Microplastics are also
found in the water column, sediments, and in fresh water systems. Lakes and rivers have received less
attention compared to marine waters but there are indications that they are equally contaminated by
microplastics. Sediments are often considered as the final sink of plastics and up to 2000 particles/m2 in
deep oceanic sediment has been reported. The nature and location of sources as well as environmental
conditions are influencing the occurrence in the environment and areas of plastic particle emissions,
transport, and accumulation in the aquatic environment have been identified. So far there is little

knowledge of the occurrence and fate of microplastics in the terrestrial environment.

Potential hazards of plastics are many which contribute to the issue’s complex nature. Physical stress can
originate from macro- and microplastics by entanglement or intake, the latter causing suffocation,
gastrointestinal obstruction, or even starvation. Microplastics are readily ingested by numerous organisms
and can transfer between trophic levels. Intake and accumulation of macro- and microplastics have been
demonstrated for a broad range of filter organisms, invertebrates, fish, mammals, and birds. It has also
shown to enter the food chain relevant for humans. Translocation from the gastrointestinal tract has been
shown for um and nm particles. Effects from ingestion of plastics have been seen for zooplankton
(affected photosynthesis), bivalves (affected filtering, decreased larval development), marine worms
(oxidative stress), crustaceas (decreased fecundity), fish (liver toxicity), and birds (decreased body
condition). Biological effects can be caused by leaching of additive chemicals, added to the polymer to
give certain properties, or monomers and by-products remaining in the product from the manufacture
process. Besides carrying additive chemicals and monomers, chemicals from the surrounding
environment, like persistent organic pollutants, polyaromatic compounds, and metals, can sorb to the
particle surface or partition into the bulk polymer. Polymers like polyvinylchloride (PVC) and polyurethane

(PU) contains and potentially leach hazardous additives and monomers of concern. Polyethylene (PE) on
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the other hand sorb and release chemical pollutants to a higher degree than other polymer types. Plastics

can also carry invasive species to new environments and act as a hard substrate for organisms.

Ecological consequences and effects on population levels are not well studied and reported in the
scientific literature. The high ratio of plastic fragments in the world’s oceans relative to zooplankton is
only one of the ecological concerns. There is a need for dose-response relationships and adverse effect
concentrations to fully assess the risk with microplastics for wildlife and humans. Occurrence and fate of
synthetic fibers, formation of nanoplastics, and the occurrence and fate of microplastics in the terrestrial

environment are identified as areas where research regarding effects are needed.



Sammanfattning

Naturvardsverket har fatt i uppdrag av regeringen att identifiera viktiga kallor till mikroplaster och foresla
atgarder for att minska produktionen och utslappen till miljon. Denna rapport har sammanstallts av
Orebro universitet och syftar till att ge en éverblick av nuvarande kunskap om exponering och effekter av
mikroplaster pa djurliv. Vetenskapliga artiklar och rapporter granskades mellan december 2015 och
februari 2016 och ett urval av den information som aterfanns sammanstalls har for att ge en oversikt dver

kunskap och kunskapsluckor nar det géller effekter av mikroplaster.

Definitionen av mikroplaster ar vanligtvis partiklar som dar mindre an 5 mm och stérre an 100 nm men for
att forstd effekten av mikroplaster i miljon &r det viktigt att dven inkludera plastpartiklar av andra
storlekar. Plast &r langlivad och kommer besta under lang tid men kan vittra sonder till mindre fragment.
Fullstandig nedbrytning av plastpolymerer i naturliga miljéer kan ta arhundraden eller till och med
artusenden. Viktiga faktorer for att forsta problemet och genomféra de atgarder som kravs for att
reducera miljopaverkan ar tiden som mikroplaster spenderar vid vattenytan, hur fort fragmentering och
nedbrytning sker, potential pavaxt av biologiskt material, tiden som spenderas i vattenkolumnen och vad
som slutligen hander med partiklar av olika storlekar och polymertyper. Undersékningar visar pa en global
spridning av mikroplaster i vattenmiljon, fran tatbefolkade omraden till avidgsna omraden i Arktis och
Antarktis. Uppskattningar av mangden flytande plast i varldshaven sprider fran 14 400 ton till 268 940 ton
och osakerheten aterspeglar de aktuella kunskapsluckor géllande férekomst och spridning i miljon. |
ytvatten finns allt fran hundratals partiklar per m?® vatten ner till 1e10°® partiklar/m>. Mikroplaster
aterfinns ocksa pa djupet, i sediment och i sétvattensystem. Sjoar och floder har fatt liten
uppmaérksamhet jamfoért med havsmiljon men kan vara lika fororenade av mikroplaster. Sediment
betraktas som den mest betydelsefulla sinkan for mikroplaster och upp till 2000 partiklar/m? har
rapporterats fran djuphavssediment. Férekomst av mikroplaster i miljon paverkas av vilka
utslappskallorna ar, vart de befinner sig samt hur miljoférhallanden styr spridningen. Tydliga
ackumuleringszoner dar partiklar samlas har identifierats. Hittills finns den mesta kunskapen om
mikroplasters férekomst och spridning i vattenmiljoer och det saknas data fran land och spridning fran

t.ex. avloppsslam.

Mojliga risker med plast ar manga vilket bidrar till problemets komplexa natur. Fysisk stress kan vara ett
resultat av att djurliv trasslar in sig eller dter makro- och mikroplaster, den senare kan orsaka kvavning,
inflammationer, eller till och med svalt. Mikroplaster kan Iatt intas av manga organismer och kan
overféras mellan trofiska nivaer. Intag och ackumulering av makro- och mikroplaster har pavisats for ett
brett spektrum av filterorganismer, ryggradslosa djur, fiskar, daggdjur och faglar. Mikroplaster har ocksa
hittats i foda som ar relevant for manniskor. Partiklar i mikro- och nanostorlek har visat sig tas upp fran
mag- och tarmkanalen. Effekter fran intag av plast har setts for djurplankton (paverkan pa fotosyntesen),
musslor (paverkan pa filtrering, minskade larvutveckling), marina maskar (oxidativ stress), kraftdjur
(minskad reproduktion), fisk (levertoxicitet) och faglar (nedsatt allmantillstand). Biologiska effekter kan
orsakas av att tillsatskemikalier som anvands for att ge vissa egenskaper till plasten lacker ut och tas upp
av organismen. Pa samma satt kan monomerer och biprodukter som finns kvar i produkten fran
framstallningsprocessen lacka ut. Forutom tillsatskemikalier och monomerer kan dven kemikalier fran den
omgivande miljon, t.ex. langlivade organiska féroreningar, binda till partikelytan eller kapslas in i

bulkpolymeren. Polymerer som polyvinylklorid (PVC) och polyuretan (PU) innehaller och kan potentiellt



lacka farliga tillsatser och monomerer. Polyeten (PE) har visat sig binda och slappa ifran sig kemiska
fororeningar fran omgivande miljon i hégre grad an andra polymertyper. Plast kan ocksa fora med sig

frammande arter till nya miljéer och fungera som ett hart underlag for organismer.

Ekologiska konsekvenser och effekter pa populationsniva ar inte tillrdckligt studerade och rapporterade i
den vetenskapliga litteraturen. Den hoga andelen av plastfragment i varldshaven i forhallande till
djurplankton ar troligtvis bara ett av de ekologiska problemen. Sambandet mellan dos och respons samt
vid vilka koncentrationer negativa effekter uppstar saknas och behovs for att kunna bedéma riskerna med
mikroplaster for djur och manniskor. Omraden dar det finns kunskapsluckor &r t.ex. férekomst och
spridning av syntetiska fibrer, bildningsprocessen av nanopartiklar, och férekomst och effekter av
mikroplaster i landmiljon.
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ABS
BFRs
Bio-Teq
DDT
FTIR
HBCD
HD
LD
mm
NIR
nm
PA
PAHs
PBDEs
PBT
PCBs
PE
PES
PET
PLA
PMMA
POPs
PP

PS
PTFE
PU
PVC
TBBPA
Hm
uv

WWTPs

acrylonitrile butadiene styrene
brominated flame retardants
bioanalytical Toxic Equivalency
dichlorodiphenyltrichloroethane
fourier transform infrared
hexabromocyclododecane

high density

low density

millimeter, 10 meter

near Infrared

nanometer, 10 meter
polyamide

polycyclic aromatic hydrocarbons
polybrominated diphenyls
persistent, bioaccumulating and toxic
poly chlorinated biphenyls
polyethylene

polyester

polyethylene terephthalate
polyacetic acid

poly(methyl methacrylate)
persistent organic pollutants
polypropylene

polystyrene

polyethylene terephthalate
polyurethane

polyvinylchloride
tetra-brominated bisphenol A
mkmmamJﬂﬁmam

Ultra violet

waste water treatment plants



1. Background

Accumulation of plastic waste in the oceans has become a pressing issue ever since the plastic mass
production started in the 1950s. The annual global demand for plastic has increased exponentially and
was in year 2011 245 million tons. The global production is dominated by mainly six types of polymers;
polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), polyethylene terephthalate (PET)
polystyrene (PS), and polyurethane (PU) (Lithner et al. 2011). Packaging materials are the major
application constituting nearly 40% of the European plastic market using mainly PE (low density and high
density), PP and PET (PlasticsEurope 2015).

Thorough assessments of the amount of plastic that globally enters the environment are scarce. Leakage
of plastics into the environment can come from production plastics (called virgin pellets), after-use
products and landfilled plastic waste. The plastic waste generated by 192 coastal countries in 2010 was
calculated to be 275 million tons out of which 2-5% were assumed to be mismanaged thus ending up in
the oceans (Jambeck et al. 2015). While emission is the starting point of the problem, the underlying
cause of environmental effects is the slow degradation of plastic polymers in the environment. During the
long residence time plastic particles can travel long distances through wind and water transport. Plastic
polymers that are lighter than water will float on the surface and become brittle as an effect of UV-
radiation that starts a chain of photo-degradation inducing autocatalytic oxidation (Singh and Sharma
2008). Fragmentation of the brittle pieces is then governed by wave action, grinding and animal contact.
Smaller fragments are formed and the increased surface area will increase biofouling until the particle’s
density exceeds water and it will sink trough the water column (Lobelle and Cunliffe 2011; Ye and Andrady
1991).

The plastic particle can persist in its initial shape for many years depending on the polymer type, initial
shape and form. There is presently no reliable method to determine the age of weathered fragments and
the importance of variables like temperature, salinity, and biofouling on fragmentation rate needs more
attention, especially regarding further fragmentation of old plastics. With decreasing particle size the
process of fragmentation is expected to slow down resulting in an increasing amount of microparticles
which in turn slowly will form nanoparticles (Gregory and Andrady 2003). Different definitions of
microplastics exists, GESAMP defined microplastics with a size range between 1 nm to 5 mm (GESAMP
2015). However nanoparticles are defined as materials between 1 and 100 nm (ASTM 2012). The
complete degradation of plastic polymers into natural elements can take centuries or even millennia
(Barnes et al. 2009). Plastic particles of micrometer range from facial cleansers and synthetic fibers from
e.g. clothes are released to the environment since wastewater treatment plants do not fully retain small

particles (Magnusson and Wahlberg 2014).

Despite the lack of standardized methods to assess number and amounts of plastics in the environment it
is clear that microplastics is a growing potential threat. Results from different studies indicate that the
amount of microplastics are increasing in several oceans but there are also inconclusive data pointing on
more stable abundance of plastic accumulation (Barnes et al. 2009; Goldstein et al. 2012). At the same

time the micrometer fraction of pollutants seems to be increasing as well as the geographical distribution.

The toxic effects are still not well characterized and the potential hazards of plastics are many which

contribute to the issue’s complex nature. Physical stress can originate from macro- and microplastics by



entanglement or intake, the latter causing suffocation, gastrointestinal obstruction, or even starvation
(Lusher 2015). Intake of macro- and microplastics have been demonstrated for a broad range of filter
organisms, invertebrates, fish, mammals, and birds (Lusher 2015). Plastics usually contain additive
chemicals, giving the product certain properties, which can cause biological effects in the host organism
(Lithner et al. 2009). Monomers used to synthesize the polymer and by-products can potentially also be
released from plastics. Besides carrying additive chemicals and monomers, chemicals from the
surrounding environment, like persistent organic pollutants, polyaromatic compounds, and metals, can
sorb to the particle surface or partition into the bulk polymer (Teuten et al. 2007). Plastics can also carry
invasive species to new environments and act as a hard substrate for organisms (Barnes et al. 2009; Cézar
et al. 2014).

Size, shape and abundance of the polymer can influence uptake and thus the effects. Fragmentation rate
is not only depending on the access to UV-radiation and other environmental factors, but also the
polymer type and presence of additives. Antioxidants and UV light absorbers are added to polymers,
especially for outdoor applications, in order to slow down discoloration and impairment from heat and
UV-exposure (Lithner et al. 2011). Additives, residual monomers, by-products and solvents are all low

molecular chemicals that can leach out from the polymer to air, water, and organisms.

The surface area available for biofouling and sorption of pollutants differs between polymer types. Effects
from sorbed chemicals have been demonstrated in for example fish and worms thus proving the

capability of microplastics acting as vector for pollutants (Rochman et al. 2013c; Teuten et al. 2007).

Science on the issue of effects is developing rapidly and during the last four years the number of

published peer-reviewed articles have increased substantially (figure 1).
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Figure 1. Trend in publications 1985-2015 taken from Web of Science using "microplastic” and “effects” as

search terms (total 180 published articles).

More research on effects and concentrations of effects is needed for management strategies. To fully
understand the effect of microplastics in the environment it is important not only to measure effects in

individual organisms and populations but also to understand the environmental fate of microplastics. The
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time spent at the water surface, the fragmentation and biofouling rate, time spent in the water column
and ultimate fate of particles of different sizes and polymer types are all important factors for effect
based management. Knowledge of occurrence and accumulation rate of plastics and polymer types in

different environmental compartments are thus also needed.

2. Occurrence of microplastics in the environment

Plastic particles have been detected in numerous sites around the world in costal as well as more remote
offshore areas (Doyle et al. 2011; Eriksen et al. 2013c; Hidalgo-Ruz et al. 2012; lvar do Sul et al. 2014b),
even in deep sea sediments (Fischer et al. 2015; Van Cauwenberghe et al. 2013). The nature and location
of sources as well as environmental conditions are influencing the occurrence in the environment.
Sources including mismanaged plastic waste on land or at sea, virgin pellets, leakage from transport of
goods, weathering and wear of plastic goods, fishing equipment, and waste water effluents all contribute
to macro- and microplastics in the environment. To fully assess the risks of microplastics it is important to
consider the ultimate fate of particles and the time spent in different compartments (figure 2). The
buoyance of plastic polymers differs, PE (HD and LD) and PP are floating on a water surface, PS has
approximately the same density as water while PVC and PET have a higher density than water. Several
other variables, that are more or less studied, are important to consider for the occurrence and effects of

microplastics in different environmental compartments including:

e Circulation and accumulation zones (global and regional)

e Closed-in oceans, water exchange, and predominant currents
¢ Influence of hot-spots and proximity to populated areas

e Movement within the water column

e Influence by organisms including uptake

e Change of the buoyance (biofouling)

e Fragmentation rate (size distribution)

e Degradation rate (persistence)

Size is an important factor for distribution, dispersal and not least biological effects. Larger particles are
capable of being transported in water longer distances than smaller particles as shown by models of
distribution of micro- and macro particles (Lebreton et al. 2012). Smaller particles, especially fibers, can
be subjected to air transport. The total atmospheric fallout in Paris was average 118 particles/day/m” with
a composition of 90% fibers (Dris et al. 2015). Small particles are easier taken up in the food web however
the residence time before resuspension via feces in organisms is not well studied. Formation processes of
microplastics by fragmentation on land, in sea and sediments are not very well studied and the
importance of for example additive chemicals, presence of sunlight and mechanical impact are not fully

known.

Occurrence in water is measured by several techniques including towing with nets, filtering many
thousands of litres of water through common 300 um mesh, or pumping water through filters, commonly
1-100 litres through 10 um or larger pore filters. Surface sampling is dominating and it should be noted
that it can cause underestimations of the plastic particle counts if the wind conditions drive particles
downward due to surface layer mixing (Kukulka et al. 2012). Sediments and sand are usually sieved. Biota

are usually checked for objects in their stomach content. Analysis of the composition of macro- and
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microplastics to around 10 um is performed by spectroscopic methods, like Raman, Near Infrared (NIR),
and Fourier Transform Infrared (FTIR). Still there are uncontrolled variables affecting the results and this
hampers comparison between studies. Range of sampling equipment, different size extraction, post-
treatments to separate plastic polymers from natural particles, and not least report metrics makes
comparisons and synthesis of data challenging. Different units to measure for example surface water
concentrations are sometimes not interconvertible (m'2 and m?, number of particles and weight). In
addition there are also variables identified that contribute to uncertainties in reported concentrations.
Some variables that need to be addressed in the future is weather conditions during sampling, size effects
of aggregation of microplastics with naturally occurring particles, and particles difficult to sample (i.e.
particles with marginal buoyancy) and detect (i.e. dark colors). The development of reliable and efficient

protocols is still ongoing.
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Air transport

Run-offs
Rivers
e
. Q/
Transport and fate of macro- and
Uspension microplastics

via feces

Birds

Sea Surface

High density{ \&EChiEgE
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onomers

Figure 2. Overview of the important processes for transport and fate of macro- and microplastics at sea

2.1 MARINE WATERS

Floating litter consisting mainly of plastic was first reported from the northern hemisphere already in the
1960s. Since then plastic litter has been discovered in waters globally with coverage increasing for every
year. Areas of plastic particle emissions, transport, and accumulation have been identified. Five major
accumulation zones are described in each of the five world oceans; the Atlantic (north and south), the
Pacific (north and south), and the Indian Ocean (Eriksen et al. 2013c; Law et al. 2010). A compilation of
more than a decade’s study of floating plastics in the Eastern Pacific Ocean highlights that a large
variability in the location of the accumulation zones and the abundance of microplastics exists (Law et al.
2014). Regional and smaller accumulation zones are formed due to currents, winds, water stratification,
and by bays and gulfs (Hinojosa and Thiel 2009; Reisser et al. 2013; Ryan 2013). Consequently the
occurrence of microplastics can appear patchy, and low particle counts are found in migration areas

where wildlife is supposedly less affected compared to accumulation zones. Attempts to assess the
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magnitude on a global scale have been performed. For instance Eriksen et al. (Eriksen et al. 2014)
estimated floating plastics globally to 268 940 tons while Cdzar and colleagues (Cdzar et al. 2014)
estimated the global load in surface waters of the open ocean to 14 400 tons. A third estimate of the
accumulated plastics in surface waters in 2014 range from 93 000-236 000 tonnes (12-51 trillion particles)
(van Sebille et al. 2015). Largest uncertainties are for low concentration areas where more sampling data
are needed. The three different model estimations show values far less than estimated inputs to the
marine environment (Jambeck et al. 2015), the van Sebille model predicts worldwide occurrence on ocean

surfaces in the order of 1% of the annual input of plastics from land-based sources.

Occurrence of microplastic is generally reported in weights or counts of particles, and in two dimensions
or three dimensions, usually the sampling area covered (km'z) or the water volume measured (m'3). Most
published studies are using a plankton net with mesh size of around 300 um. Measurement studies have
been reviewed with an attempt to recalculate results to the same, comparable unit by Lusher (Lusher
2015) which have been used here for comparison reasons. Figure 3 demonstrates occurrence of
microplastics in marine and fresh waters from selected studies using approximately the same sampling

mesh size and the same report unit.

Studies have shown microplastic abundance ranging from 279 par'cicles/m3 to 1-10 particles/m3 in the
North Pacific central gyre and Santa Monica Bay, California (Desforges et al. 2014; Lusher et al. 2014;
Moore et al. 2001; Moore et al. 2002). Several other reports from subtropical north Pacific, South Pacific,
Bering Sea, and from the Japanese and Australian coast show less than 1 to five orders of magnitude
lower particle counts than the above mentioned densities (Doyle et al. 2011; Eriksen et al. 2013c; Reisser
et al. 2013; Yamashita and Tanimura 2007). Studies in the Atlantic Ocean show similar results, 2.46
particles (m'3) offshore Ireland (Lusher et al. 2014), 0.27 in the English channel (Cole et al. 2014), 4 e’l-
2e* particles m in the North Atlantic Ocean (Law et al. 2010; Thompson et al. 2004), coastal areas
outside South America 0.03 particles m> (Ivar do Sul et al. 2014b), the Caribbean sea several orders of
magnitude less (Law et al. 2010). In Mediterranean waters particle counts ranging between 0.012-0.27
particles m have been reported (Collignon et al. 2012; de Lucia et al. 2014). Measurements in the Indian
Ocean are few however one transect was included in the global measurement by Eriksen and colleagues
(Eriksen et al. 2014) and it was estimated that the Indian Ocean has a greater particle count than the
South Atlantic and South Pacific combined. Norén and colleagues have shown results from the Swedish
west coast that far exceeds previously reported data from other marine waters (Norén 2007). However
this is likely due to different sampling methods and mesh sizes used. More comparable with previous
studies is results of microplastics from the West Coast of Sweden (0.01-0.14 particles/m,(Norén 2007)),
and the coast of Finland (0-0.74 particles/m'a) (Magnusson 2014). Average counts of a three week transect

sampling through the Baltic Sea was 0.27 particles m™ (Kirrman et al. 2016a).

An increasing trend in microplastic concentrations over time has been observed in the North Pacific
Ocean (Goldstein et al. 2012). It has been shown however that the distribution is not static and trends are

not uniformly demonstrating increasing densities worldwide (Barnes et al. 2009).

2.2 FRESH WATERS

Freshwater ecosystems have received less attention than open ocean water. This is an important study

area considering that it is likely that a large part of the plastic litter from land is introduced into the
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marine environment through lakes and rivers. Reports have demonstrated the presence of microplastic
particles in freshwater systems of lakes and rivers in Europe, Asia and North America (Eriksen et al. 20133;
C. M. Free et al. 2014; Imhof et al. 2013; Lechner et al. 2014). Reported abundances are for example
48,146 particles/km2 surface water in Lake Geneva (Faure et al. 2012) and 43,157 particles/km2 in the
Laurentian Great Lakes (Eriksen et al. 2013b). Microplastics in a remote lake in Mongolia has also been
reported with an average density of 20,264 particles/km? (C.M. Free et al. 2014). Abundance is governed
by proximity to densely populated areas, wind and water circulation. Measurements in Swedish lakes
(Karrman et al. 2016b; Landbecker 2012) show similar particle counts compared to marine waters (figure
3).
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Figure 3. Abundance (number of pieces/m3 water, logarithmic scale) of microplastic in ocean and fresh

water. Sampling volumes and net mesh sizes vary but the latter is around 300 um.

Large differences between lakes are reported with a strong influence of point-sources and converging
currents. Generally, lake samples reported points to a domination by smaller particles and where polymer
type has been determined it is mainly PP and PE. Possible sources for microplastics in lakes are personal
care products and fibers from waste water treatment plants (Eriksen et al. 2013b). Microbeads similar to
ingredients in consumer products were found in high abundance (up to 10° particles/mz) in sediment
from St. Lawrence River, Canada (Castaneda et al. 2014). More than 90% of identified plastics were fibers
in Lake Geneva lakeshore sediments (Faure et al. 2012). That large rivers might act as a major pathway for
land-based plastic litter is reflected by the amount of plastic input via the Danube into the Black Sea which
was estimated to be 4.2 tonnes per day, the substantial part being industrial plastics (pellets, flakes,

spheres) (Lechner et al. 2014). Run-off is one potential source of microplastics and it has been shown that
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river water contained more small size plastics after a rain event, 16 times and 3 times higher in Los
Angeles river and San Gabriel river, respectively, resulting in 2.3 billion particles introduced into the

environment over a period of 3 days (Moore et al. 2011).

2.3 VERTICAL DISTRIBUTION

A few measurements including both surface and sub-surface waters indicate a similar range in particle
counts (Figure 3). Finding neutral buoyance and mixing forces determines the particle’s vertical
distribution. Size and shape can also influence the rising and sinking velocities (Ballent et al. 2013). Studies
have shown that sinking rates can vary between 10-150 meters/day (McDonnell and Buesseler 2010).
Particles can travel great distances horizontally by the force of currents and there is a considerable lag
time spent in the water column before ending up at the sea bed. Microplastic concentrations have been
shown to decrease exponentially from the air-seawater surface down to 5 m below (Reisser et al. 2015)
however the distribution is size-dependent. Modelled distributions show that PE and PP particles 21 mm
are at the surface but the 100 um and 10 um particles are influenced by turbulence and 50% were found
in the upper 24 m and 33 m, respectively. Storm events will affect the mixing at the surface and to the
middle of the water column meaning that biological effects are not limited to surface waters. Kukulka and
colleagues (Kukulka et al. 2012) published a model for vertical distribution of buoyant plastic as an effect
of wind. Even moderate wind speed > 5m/s is enough to significantly underestimate surface
measurements. One example is the assessment of sea surface plastic concentration in waters around
Australia based on surface trawls that increase by 100% from 4256.4 pieces km™ to 8966.3 pieces km™

after taken vertical wind mixing into consideration (Reisser et al. 2013).

An important factor for the buoyancy and thus vertical distribution of plastic particles is biofouling.
Formation of biofilm has been studied showing that the physicochemical properties of the polymer
changes (Lobelle and Cunliffe 2011). Biofilms developed rapidly on PE plastic bags submerged in waters
off Plymouth, UK, making the plastic less hydrophobic and changing the buoyance. Polymers with a
positive buoyance can sink below the surface after biofouling (Ye and Andrady 1991) and biofilms can also
facilitate increased attachment of specific invertebrates (Zardus et al. 2008). Rapid defouling has also

been shown (Ye and Andrady 1991) meaning that submerged plastic can reappear at the water surface.

The ultimate fate of microplastics are often considered to be burial in sediments but capsuling in Arctic ice
glacier has also been suggested as an important sink (Trevail et al. 2015). Microplastics have been
reported in sediments worldwide in oceans, lakes, beaches (van Cauwenberghe et al. 2015) even in deep
sea sediments (Van Cauwenberghe et al. 2013). Abundance range from more than 1000 particles per
meter beach to up to 2000 particles /m’ deep oceanic sediment. Different ways to report occurrence, for
example per distance, weight or volume of sediment, dry or wet, make comparisons difficult. It has been
suggested that amounts of microplastics in sediment are positively associated with the amount of organic
carbon, indicating an increased accumulation in depositional areas (Strand and Tairova 2016). This is
believed to be connected to biofouling and aggregation. Increasing amounts of microplastics in sediment
cores along the Belgian coast reflected the increase of global plastic production the last 20 years
(Claessens et al. 2011). The absence of sunlight, oxygen and microbial communities in sediments results in
virtually no biodegradation of polymers, thus sediments can function as continues sources (Watters et al.
2010).
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2.4 SIZE DISTRIBUTION

It is assumed that most small microplastics in the environment are fragments from the breakdown of
larger plastic items with the exception of fibers, for example from clothes, and industrial virgin pellets.
Photo-degradation is one of the primary damage factors and the polymer type will influence the
disintegration rate since different polymers absorb radiations of different wavelengths (Singh and Sharma
2008). A linear carbon chain only will make the polymer more resistance to microorganisms, and
unsaturation in the carbon chain makes them more susceptible to oxidation. Generally, introducing
functional groups leads to a higher disintegration rate. High molecular polymers degrade slower than
lower molecular weight polymers (Singh and Sharma 2008). High humidity and temperature can
accelerate the light-induced degradation. The result is degradants with lower molecular weight. Collected
beach plastics from Hawaii were examined for effects of degradation and heavily oxidized surfaces were
seen (Cooper and Corcoran 2010). It was suggested that while chemical degradation begins at sea, it is
mechanical processes producing fractures and grooves where oxidative processes preferentially occur.

Plastics of PE seemed to be more heavily affected by oxidation compared to PP in that study.

Considering the longtime of usage and leakage of plastics it is therefore expected that the smallest
microplastics are more abundant than larger microplastics. Although increasing trends of microplastics in
ocean waters have been reported, studies are not uniformly demonstrating increasing amounts in the
marine environment (Barnes et al. 2009). Abundance of 20 um microplastics in archived plankton samples
taken at 10 m depth showed a significant increase in amounts from 1960s/1970s to levels in 1980s and
from there a level off in the 1990s sample (Thompson et al. 2004). Small plastic pieces were also reported
to increase in the North Pacific Ocean between 1976 and 1985 (Day and Shaw 1987). Global assessments
of microplastics in surface waters also recognized a missing fraction of plastics with size less thana 1
millimeter (Cdzar et al. 2014) and 4.5 millimeter (Eriksen et al. 2014), respectively. Abundance increased
with decreasing size in a study in the Northeast Atlantic Ocean until the size fraction < 1.25 mm (Lusher et
al. 2014). This surface loss can be due to ingestion by organisms, sinking due to biofouling, rapid
degradation to nano-size particles, or other unknown processes. The sampling technique and subsurface
vertical processes can also be explanations for the disappearing size fraction since smaller size particles,

although of neutral buoyance, have been shown to residence at greater depths (Reisser et al. 2015).

Approximately 40% of identified microplastic samples transecting the North Atlantic subtropical gyre was
fibers (543 particles and 340 fibers) with a majority of fibers and particles being less than 900 and 40 um,
respectively (Enders et al. 2015). There was a steady increase in abundance with decreasing size, down to
100 pm, compared to 4.5 mm reported by Eriksen (Eriksen et al. 2014) and 1 mm reported by Cozar
(Cdzar et al. 2014). Low density particles (e.g. PP, PE) in the Atlantic open ocean were significantly larger
in size compared to high density particles, for example polyesters and polyamide. The same trend was not
seen for fibers. In waters around Australia predominately small, secondary microplastic fragments with
median length 2.8 mm were found using surface trawl sampling (Reisser et al. 2013). Abundance steadily
increased with decreasing plastic size with <2.4 mm being the smallest fraction. The smallest fraction

contained predominately “hard plastic” however the larger fractions contained mostly “soft” plastics.

Reported size distribution and amounts can also be depending on the sampling method. Comparing two
trawl| with different mesh size on the Seine River (France) resulted in 3-106 particles/m3 using 80 um

mesh compared to 0.28 to 0.45 particles/m3 using 330 um mesh (Dris et al. 2015).
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2.5 POLYMER TYPE

Microplastics found in the water column and larger items of plastic found in the environment often
consists of PP, PE or PS due to their buoyance and usage in packaging materials however these polymers
are also detected in sediments (Claessens et al. 2011), probably as a result of biofouling and changes in
physicochemical properties due to degradation. Composition in remote areas can also differ due to
transport issues. Characterization of polymer type can be performed by different spectroscopic methods
(Song et al. 2015) and even by analyzing indicator chemicals by gas chromatography coupled to mass
spectrometry (Nilsen et al. 2014). Visual inspection of microplastics cannot determine the polymer types
therefore some studies classify particles based on shape such as fragments, pellets, granules, fibers and

compressed foam (Styrofoam).

Open water analysis from the European coastline north of the English channel to the Azores and then
further south-west through the North Atlantic subtropical gyre using 10 um filters showed that 42% of the
microplastics were PE, 6% PP, 4% PS, 11% PA, 3% PU, 1.8% PVC, and 6% PES. PMMA was also found (0.4%)
and 26.3% was unidentified polymers. The composition profile differed from south to north and from
west to east. The fraction of PE increased going from the south- and north edges of the accumulation
zone into the middle. PE and PP increased in composition percentage from European coastal areas to the
Atlantic open ocean (Enders et al. 2015). Transect measurements in the Baltic sea resulted in over 80% PE
and PP polymers (with PE being the predominating polyolefin), 3% PS, and 11% unidentified polymers
(Karrman et al. 2016a).

Arctic ice cores contained microplastic of different composition compared to reported surface water.
Instead of domination of PE/PP the ice cores consisted of 54% Rayon, 21% polyester, 16% polyamide, 3%
polypropylene, 2% polyethylene, 2% polystyrene, and 2% acrylic (Trevail et al. 2015).

In the North Pacific central gyre the most frequently sampled types of identifiable plastic were thin films,
polypropylene/monofilament line and unidentified plastic, most of which were miscellaneous fragments
(Moore et al. 2001). 891 visual surveys worldwide in the five accumulation zones revealed that foamed
polystyrene items were the most frequently observed macroplastics (1116 out of 4291 items) using 300

pum mesh (Eriksen et al. 2014).

Plastic polymer types in wildlife have also been reported. Plastics found in Antarctic fur seal scats were
determined to be of 93% PE, 4% PP, 2% poly(1-Cl-1-butenylene) polychloroprene, 0.5% melamine-urea
(phenol) (formaldehyde) resin, and 0.5% cellulose (rope fiber) (Eriksson and Burton 2003). Ingested plastic
in albatross was divided into categories and distribution was on average (Laysan/Black-footed) 4.8/3.8
particles of fragments, 1/16.7 line, 0.4/0.1 pellets, and 0.3/0.1 foam (Gray et al. 2012). Another study
characterized ingested plastics in Laysan Albatross in the North Pacific yielded the proportions 68.4% PP,
20.5% PVC, 8.5% PET, 6.8% PS, 0.8% HDPE (Nilsen et al. 2014).

Two studies report the change in plastic type with time. The amount of plastic did not change in short-
tailed shearwaters in the Bearing Sea from the 1970s until 2001 but a clear shift in plastic type was seen
(Vlietstra and Parga 2002). Plastic type was divided into industrial pellets, user plastic, and others (vinyl,
rubber, string) and the proportion of industrial pellets decreased from 72.5%-54.6% in the 1970s to 32.9%
in 1997-2001. User plastic increased from 25.6% to 63.9%. The same trend was seen for amounts of

industrial plastic in stomachs of Northern Fulmars which significantly decreased 1979 — 2007. Consumer
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plastics increased but not significantly throughout all age groups of birds. The data also suggested that

fisheries and shipping play a major role in the pollution of the North Sea area (van Franeker et al. 2011).

2.6 MODELS PREDICTING PLASTIC OCCURRENCE AND DISTRIBUTION

Models of distribution of debris are mainly directed towards ocean surface transport. The dynamics of
distribution of debris in marine oceans has been addressed by using data from drifting buoys (Maximenko
et al. 2012). Models based on the drifters reveal the formation of the five major accumulation zones after
10 years assuming an initial homogenous state. Another model based on the Global Drifter Program
including seasonal cycle to study the distribution from coastal regions worldwide predicts six major
accumulation zones (van Sebille et al. 2012). The additional zone is in the Barents Sea. An inter-ocean
exchange is predicted as well, indicating that significant amounts of the debris released outside of the
North Atlantic will end up in the North Pacific, on a multi-millennial timescale. The distribution of
microplastics around an Archipelago of the Equatorial Atlantic showed that microplastics might be
retained close to the Archipelago with an outward gradient of mean plastic particle densities (lvar do Sul
et al. 2014a).

Models describing how wind speed influence the microplastic position in the water column have been
presented (Kukulka et al. 2012). However, not enough process data describing rate of fragmentation and
how different particle sizes are affected by biofouling is available in order to understand and predict the

distribution and fate during the entire plastic life time.

2.7 TERRESTRIAL ENVIRONMENT

The majority of plastic litter entering the aquatic system is considered to originate from land based
sources. This includes recreational activities on shores, inappropriate or illegal dumping of domestic and
industrial litter, plastic manufacturing facilities, transportation as well as sewage treatment and surface
runoff of street litter (GESAMP 2010). Plastics are also present in most waste, which can be categorized as
municipal, industrial, agricultural, construction and demolition waste. Plastic waste generated by 192
coastal countries worldwide in 2010 was estimated to 275 million tons out of which 2-5% were assumed
to be mismanaged and ending up in the oceans (Jambeck et al. 2015). Fate of plastic waste in the

terrestrial environment is probably not different but not well studied or analyzed.

Sewage sludge appears to be an important sink of microplastics. A study on microliter in influent and
effluent water from three Swedish waste water treatment plants (WWTP) revealed that microlitter could
be retained to 70-100% by the WWTPs, but still showing significant amounts in effluent waters. Especially
small particles < 300 um and > 20 um could be retained to a much lesser extent than particles > 300 um
(Magnusson and Wahlberg 2014). The same findings, with an efficient reduction but still a substantial
amount released, have also been reported for other sites (Helcom 2014).The occurrence of fibers in
sewage sludge was further confirmed by the finding of >250 % more microplastic at historical sewage

disposal-sites not used for more than a decade compared to reference site (Browne et al. 2011).

Using sewage sludge for agricultural fertilization can therefore spread microplastics, predominately fibers,
in the terrestrial environment. The transport and fate of fibers spread on land is unclear. Possible effects
from using plastic mulch to suppress weeds in crop production are also unclear, and accumulation in soil

is a potential concern.
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The degradation kinetics of plastic polymers on land differs from that in fresh or saline water. Although
not extensively studied, it is expected that degradation on land is faster than in water and the difference
has been attributed to temperature and that polymers floating on water surfaces are more shielded from
light by shading and fouling (Andrady et al. 1993; O'Brine and Thompson 2010). The availability to sunlight
is important, PE and PS films buried under soil degraded much slower compared to exposed films
(Kijchavengkul et al. 2010; Williams and Simmons 1996) and the microbial cultures and soil type also

affects the degradation rate.

3. Effects

Numerous aquatic species are reported to be exposed to microplastic via ingestion, entanglement and so
called “ghost fishing”. Over 180 species of animals including turtles, marine mammals, fish and birds were
first reported to ingest plastic particles (Laist 1997). A more recent study state that 663 species are
affected by ingestion and entanglement by marine debris of which over 80% is attributed to plastic debris.
Out of this fraction 11% was microplastic, 24% rope and netting, 20% plastic fragments, 17% packaging,
16% other fishing debris (CBD 2012). Impacts of entanglement include drowning, reduced ability to catch
food or escape predators, and wounds. Ingestion can block the ingestion tract, cause suffocation, and
damage stomach linings. The occurrence of plastic litter in the marine environment poses not only a
physical threat to organisms via entanglement and ingestion, it might also pose a toxicological threat to
wildlife. Plastics, especially in the marine environment, might also act as a vector for nonindigenous
species and therefore represents a threat to domestic species (Barnes et al. 2009; Cdzar et al. 2014).
Plastic particles in the environment can also carry chemicals of two different origins; chemicals that were
added or used during manufacturing (additives, monomers, by-products) and environmental pollutants

sorbed to the plastic surface.
The hazards with microplastics in the environment are:

e physical effects

e bioaccumulation

e desorption and toxicity of pollutants

e leaching and toxicity of additives and monomers

e transport of invasive species

3.1 INGESTION, DISTRIBUTION AND EXCRETION

It has already been demonstrated that microplastics exposure for biota occurs in aquatic environments

but studies are lacking for the terrestrial environment.

The small size of microplastic particles makes them available for ingestion to a wide variety of biota in
benthic and pelagic habitats. Plastic particles have been found in all trophic levels starting from
zooplanktonic species such as copepods and salps to invertebrates like polychaetes and bivalves, as well
as vertebrates like fish, birds, and marine mammals (lvar do Sul and Costa 2014; Wright et al. 2013b). A
summary of selected studies demonstrating effects from plastic ingestion for different species is given in
table 1. Ingestion in field studies have been shown worldwide including in the Arctic and Antarctica
(Eriksson and Burton 2003; Provencher et al. 2010). Organisms might feed directly on microplastic by

mistaking it for food or selectively feed on microplastic instead of prey (Lusher 2015). Exposure has also
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been shown to occur through the gills of the shore crab (Carcinus maenas) by ventilation from the water
column (Watts et al. 2014).

Ingestion of microplastics in the environment is likely a result of particle concentration, feeding mode and
the encounter rate in a patchy environment (Setéla et al. 2016). Out of 504 fish of 10 different species
37% had plastic in the gastrointestinal tract (average 1.9 pieces/fish) (Lusher et al. 2013). Northern fulmar
Fulmarus glacialis had an average amount of 35 plastic pieces of weighing 0.31 g in their stomachs (van
Franeker et al. 2011). A distinct geographical distribution with the highest level in the English-French
Channel area, decreasing northwards and demonstrating the lowest occurrence for the North Sea area
around the Scottish Islands was also reported. Plastic ingestion by albatrosses were higher outside South
America compared to off the east coast of South Africa (Ryan et al. 2016). Fur seal scats sampled in the
1990s between Australia and Antarctica contained plastic fragments but fur seal scats from the southeast
Indian and central South Atlantic Oceans did not contain plastics. Species specific ingestion of plastic was
demonstrated in a small scale mesocosm study to mimic natural habitat (Setéla et al. 2016). A range of
animals (bivalves, free swimming crustaceans and benthic, deposit-feeding animals) in a coastal
community of the northern Baltic Sea were exposed to relatively low concentrations of 10 um PS
microbeads. The beads were ingested by all animals in all experimental concentrations (5, 50 and 250
beads mL™). Bivalves (Mytilus trossulus, Macoma balthica) contained significantly higher amounts of
beads compared with the other groups. Free-swimming crustaceans ingested more beads compared with

the benthic animals that were feeding only on the sediment surface.

Some effects have been linked to ingested plastics in field studies. A study on 120 Norwegian lobsters
(Nephrops norvegicus) in the Clyde Sea demonstrated that 83% of the animals had plastics, mostly fibers,
in their stomachs (Murray and Cowie 2011). No significant differences were observed between male and
female species, but a difference of ingested plastic litter was observed in relation to the dorsal
exoskeleton (carapace) softness which is an indicator of the moult phase. Twentyfour percent of
Nephrobs with a jelly carapace were observed to have no plastic in their stomachs compared to 17% and
11% in soft and hard carapace species. The Nephrobs fishery represents the most valuable fishery in
Scotland and therefore such a high abundance of plastic present in this species is of concern for the
health of the stock. Most of the plastic particles found in the Norwegian lobster was observed to originate

from fishing gear.

Numerous studies investigate the presence of plastics in the gastrointestinal tract. There are evidence for
translocation to tissues but it is not extensively studied. Microplastic spheres of 0.5 um have been shown
to translocate to the haemolymph and tissues of crab (Farrell and Nelson 2013). There are multiple
laboratory studies with blue mussels on the uptake of different plastic polymers and different size ranges
into the gut of the organism and even a translocation into the circulatory system was reported for
polystyrene microspheres of 3 and 10 um (Bouwmeester et al. 2015). Translocation from the gut into the
circulatory system has also been shown for mussels (Browne et al. 2008). Uptake of plastic microparticles
into the lymphatic system has been shown for rodents causing effects like cellular damage and
thrombosis (Hussain et al. 2001). The pore size of cell membranes only allow nanosize particles to enter.
Oxidative stress and lysosomal perturbations were effects after intra-cellular uptake of nanoparticles by
bivalve species (Canesi et al. 2012) but effects of nanosize plastic polymers have not been reported except

for a few articles. One study found that nanoparticles of polystyrene could affect feeding, behavior and
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physiology of larvae of the brine shrimp (Artemia franciscana) (Bergami et al. 2016). It is however difficult
to estimate the relevance of the nanoparticle concentrations in that study, since no field measurements

of aquatic concentrations of nanoparticles are available.

Residence time in organisms has been evaluated under laboratory conditions. Particle size and shape
influence time between ingestion and excretion. Smaller particles have a longer residence time before
excretion (Browne et al. 2008). Residence times vary between species but have not been fully studied.
Studies indicating residence time report over 48 days in mussels (Browne et al. 2008), less than 21 days

for crabs (Farrell and Nelson 2013), and over 24 h for lobsters (Murray and Cowie 2011).

3.2 BIOMAGNIFICATION

Biomagnification of ingested or inspirated plastic particles is likely, for example ingestion of plastic by
planktivorous fishes is known and they are preyed on by top predators (Boerger et al. 2010). Plastic
particles in fur seal scats were hypothesized to first have been ingested by pelagic fish that in turn was
consumed by the fur seals (Eriksson and Burton 2003). Biomagnification has been speculated to occur in
several other studies, for example possible pathways for plastic in gut contents of Mediterranean Sea
bluefin tuna, albacore and swordfish was reported to be ingestion of particles during the hunt (primary
ingestion) as well as secondary ingestion (biomagnification) via the prey (Romeo et al. 2015). Plastic
biomagnification has been shown under laboratory conditions. Trophic level transfer of microplastics was
shown for crabs (Carcinus maenas) that were fed with mussels (Mytilus edulis) that were previously fed
with 0.5 um fluorescent polystyrene microspheres (Farrell and Nelson 2013). The number of microspheres
in the haemolymph of the crabs were observed over a time period of 21 days, demonstrating the highest
amount of microspheres after 24 h with almost a complete removal after 21 days. A second study with
the same species also demonstrated trophic transfer from mussels to crabs (Watts et al. 2014). Herein
mussels were fed with 8 — 10 um fluorescently labeled polystyrene microspheres and microspheres could
be retained in the foregut of the crabs up to 14 days after ingestion. Even transfer of microplastics from

zooplankton to shrimps has been demonstrated (Setdld et al. 2014).
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Group Species Exposure route Exposure meth‘od and Particle type Effect Reference
concentration
Chlorophyta Scenedesmus ssp. Spiked water 1.6 — 40 mg/mL 20 nm PS Absorption, ROS increased, photosynthesis affected (Bhattacharya
et al. 2010)
Polychaeta Lugworm (Arenicola Spiked 5% of PVC pre-spiked PVC Uptake of chemicals from plastic, decreased ability to engineer sediments,
marina) sediment with  chemicals and > 30% more susceptible to oxidative stress by clean PVC (Browne et al.
2013)
clean PVC
Arenicola marina Spiked 0-5 % by weight 130 pm unplasticized PVC Ingestion, reduced feeding, increased phagocytic activity, reduced (Wrightetal.
sediment available energy reserves, lower lipid reserves 2013a)
Arenicola marina Spiked 0, 0.074, 0.74, 7.4% dw 400 - 1300 um PS Ingestion, reduced feeding, weight loss (Besseling et al.
sediment in sediment 2013)
Bivalvia Blue musel (Mytilus edulis) Spiked water 0,0.1,0.2,03g/L 30 nm PS Ingestion, particles in pseudofaeces, reduced filtering (Wegner et al.
2012)
Mytilus edulis Spiked water 2.5g/L 0—80 um HDPE Retention in digestive tract, transfer to lymph system, strong inflammatory  (von Moos et
response al. 2012)
Mytilus edulis Spiked water 0.51g/L 3,9.6 um PS Ingestion, retention up to over 48 days, translocation to haemolymph (Browne et al.
2008)
Pacific oyster (Crassostrea Spiked water 0.023 mg/L 2,6 um PS Increased filtration and assimilation, decreased oocyte number, diameter
gigas) and sperm velocity, decreased larval yield and larval development of MP  (Sussarellu et
exposed parents, significant shift of energy allocation from reproductionto  al. 2016)
structural growth
Crustacea Shore crab (Carcinus Spiked mussels 50 pL of suspended 0.5 0.5 um PS Translocation into haemolymph and tissue of crabs (Farrell and
maenas) um PS particles Nelson 2013)
Carcinus maenas Spiked mussels 1.5 x 10° PS/g of mussel 8—10 um PS Retention of particles up to 14 d in foregut; ingestion via gills and retention ~ (Watts et al.
Spiked water 9.4 x 10° PS/L upto21ld 2013)
Tigriopus japonicus Spiked water 5.25 x 10° PS/mL 6 um PS Ingestion, egestion, mortality, decreased fecundity
9.1 10° PS/mL 0.5 um PS (Lee etal.
9.1x 10" PS/mL 0.05 um PS 2013)
Chordata Common goby, juveniles Spiked water 18.4, 184 ug/L 1-5umPE Modulation of bioavailability and biotransformation of pyrene, decreased (Oliveira et al
(Pomatoschistos microps) energy in simultaneous exposure of PE and pyrene, reduced 2013) ’

Japanese medaka (Oryzias
latipes)
Oryzias latipes

European Seabass larvae
(Dicentrarchus labrax)

Spiked food

Spiked food

Spiked food

Ground up as 10% of
diet
Ground up as 10% of
diet

0.1 and 10 microbeads/g
diet

3 mm LDPE pre-exposed in
marine environment

3 mm virgin PE pellets and
pre-exposed marine PE
pellets were ground to <
0.5 mm

10—45 um PE

acetylcholinesterase (Lind et al.) activity,
Liver toxicity, liver pathology, hepatic stress

Decreased choriogenin expression (Chg H) in males exposed to marine
plastic, vitellogenin and increased estrogen receptor alpha expression in
females exposed to virgin and marine plastic

Ingestion, egestion, slight impact on mortality rate only with highest
concentration of PE, cytochrome-P450-1A1 expression significantly
positive correlated to number of microbeads scored per larvae

(Rochman et al.

2013c)

(Rochman et al.

2014a)

(Mazurais et al.

2015)

Table 1. Summary of selected studies showing effects of microplastics for different species.

PS, polystyrene. PVC, polyvinylchloride. PE, polyethylene. PP, polypropylene. HD, high density. LD, low density. Dw, dry weight.
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3.3 SORPTION AND DESORPTION OF POLLUTANTS

Several studies show that various anthropogenic environmental pollutants can be found, sorbed on
different types of marine plastic debris (Andrady 2011; Teuten et al. 2009). Most of these substances are
considered to be harmful to humans and wildlife. Plastics are currently associated with at least 78% of the
priority pollutants and 61% of priority substances listed as toxic by the United States Environmental
Protection Agency and European Union (Rochman et al. 2013a). They can act as mutagens, carcinogens
and endocrine disruptors. These include hydrophobic pollutants such as polycyclic aromatic hydrocarbons
(PAHSs), poly chlorinated biphenyls (PCBs) and other persistent organic pollutants (POPs), and metals
(Rochman et al. 2013b; Teuten et al. 2009). The International Pellet Watch project has with help of
volunteers collected plastic pellets from beaches all around the world that are analyzed for sorbed
pollutants. PE pellets showed to have PCB concentrations up to 600 ng/g pellet and
dichlorodiphenyltrichloroethane (DDT) concentrations up to 300 ng/g (Ogata et al. 2009). Geographical
distributions and amounts corresponded well with closeness to urban areas and with the results from the

Mussel Watch project.

The rate of hydrophobic organic contaminant sorption and desorption are influenced by the sorbent
properties, size, dissolved organic compounds in the water phase, pH, temperature and the sorbate
properties itself. Salinity increased the sorption of PCB from water to micro PE and nano-PS (Velzeboer et
al. 2014). Both PE and PS showed higher adsorption concentration of PCB congeners 118 and 126
compared to sediment. Sorption to nano-PS was 1-2 orders of magnitude stronger compared to micro-PE
which illustrates the increased sorption capacity of smaller particles due to the increased surface area to
weight. The large and hydrophobic surface of microplastics means that these particles can become heavily
contaminated with waterborne pollutants, up to six orders of magnitude higher than the ambient
seawater (Hirai et al. 2011; Mato et al. 2001).

Stronger sorption of PAHs to polyethylene and polyurethane foams compared to other polymers was
observed in two different studies. Virgin plastics were deployed in San Diego Day for several months and
then analyzed for PAHs. High density PE and low density PE together with PU sorbed significantly higher
concentrations PAHs than PET, PP and PVC from the surrounding water. PP demonstrated ability to sorb
an intermediate concentration compared to the other polymers (Rochman et al. 2013b; Rochman et al.
2013d). The same plastic deployed in San Diego Bay was further analyzed with respect to Ah-receptor
activity which gives a selective response for dioxin-like chemicals. While the PAH concentrations increased
with time, the Ah-receptor response decreased meaning that other chemicals that can interact with the
receptor are present. The highest effect after nine months deployment was obtained for PE particles
resulting in a Bio-Teq25 of ~300 pg/g (Schonlau et al. 2016). The second highest response was seen for PP
followed by PVC and PET.

The desorption of contaminants from plastic was found to be greatly enhanced by the presence of organic
matter and surfactants, which suggests that leaching of chemicals from plastic will increase under gastric
conditions (Teuten et al. 2009). Reinforcing this hypothesis, digestive surfactants from deposit feeders
have been shown to enhance desorption of contaminants including PCBs and PAHs (Ahrens et al. 2001).
The potential for plastics to constitute an important vector for the uptake of hydrophobic contaminants in
sediment-dwelling organisms was indicated by a study with the lugworm Arenicola marina where it was

estimated that an addition of 1 ppm of phenanthrene contaminated PE pellets to sandy sediment would
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result in an 80 percent increase of phenanthrene concentration in the tissue of the worm (Teuten et al.
2007).

Another laboratory study of desorption of four different organic pollutants from microplastic under
simulated physiological conditions demonstrated a significantly higher desorption of pollutants under the
simulation of gut surfactants and an even greater desorption under the simulation of physiological
conditions of warm blooded organism (Bakir et al. 2014). It was observed that there is a possibility of a 30
times higher desorption rate of some compounds in warm blooded organisms compared to seawater,
although desorption rates highly differ among polymer types and compounds. Phenanthrene sorbed to PE

plastic was found to have the greatest potential of a transfer to organisms in this study.

Transfer of PBDEs from plastic to organisms, including fish, via ingestion has been demonstrated under
laboratory conditions (Browne et al. 2013; Rochman et al. 2013c). A study of ingested plastic pieces and
tissue concentrations of POPs in 76 Northern Fulmars showed that 82% of the birds had plastic pieces in
their stomach. The data from a modelling approach of the relationship between plastic-derived POPs
ingested by Northern Fulmars and tissue concentrations of POPs demonstrated that plastic contributed
only to a very small extent to the total bioaccumulation of POPs in the birds and is rather negligible
(Herzke et al. 2016). However, it is very difficult to estimate the residence time of the ingested plastic in
the stomach of the birds and nothing is known about the load of contaminants on the plastic before

ingestion and how much has been transferred from the plastic to tissue of the Northern Fulmar.

Lower chlorinated PCB congeners have been suggested as indicator chemicals of plastic-derived exposure
to organisms. Lower chlorinated congeners are less abundant in fish tissue because of faster metabolism,
whereas plastic concentrates PCB congeners from ambient seawater without the occurrence of metabolic
processes (Teuten et al. 2009). In feeding experiments with chicks of streaked shearwater (Calonectris
leucomelas) an uptake of lower chlorinated PCBs from contaminated PE pellets into the tissue of the

chicks could be observed compared to a control group that was fed with the natural prey.

Metals can sorb to polymers and are also used as additive pigments. Metals have been detected on
marine plastic debris, for example lead and chromium on beach PE plastics (Nakashima et al. 2011),
usually in low concentrations however studies on transfer into organisms are lacking (Ashton et al. 2010).

Metals sorbed to plastic surfaces are however likely to be relatively bioaccessible.

3.4 ADDITIVES AND MONOMERS

Plastic polymers are made by polymerizing monomers into macromolecular chains. Additives such as
stabilizers, flame retardants, pigments, and fillers are often supplemented to plastics during molding to
give desired properties to consumer plastics (OECD 2004). Polymerization is however rarely complete and
both residual monomers and additives can leach out from the plastic polymer to air, water, food, etc. A
ranking based on the most hazardous monomers has been suggested and the polymers with the most
toxic (carcinogenicity, mutagenicity, reproduction toxicity) monomers are PU flexible foam,
polyacrylonitrile, plasticized PVC, rigid PVC, PU rigid foam, epoxy, modacrylic, acrylonitrile-butadiene-
styrene terpolymer, styrene-acrylonitrile copolymer, high-impact PS, and polyoxymethylene copolymer
(Lithner et al. 2011) (table 2). The least toxic monomers were found in for example PP, LDPE, and HDPE.
PET obtained a low hazard ranking but >60% of the PET material is made of non-classified substances that

could not be assessed. In the study additional polymers were mentioned containing monomers under
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scrutiny for endocrine disrupting potential, including different forms of PS, unsaturated polyesters, and

polycarbonate.

Leaching from consumer plastics to water has been demonstrated to occur and be toxic to fresh water
organisms. Out of 32 products of PVC, PP, ABS, PTFE, PU, PS, and PE, nine products resulted in Daphnia
Magna 48h ECsg of 5-80 g plastic material/L water. The products inducing effects were made of
polycarbonate, PVC, and PU. No effect was seen for the remaining products at the highest dose 70-100
g/L (Lithner et al. 2009).

Consumer products were also tested using micro-crustacean Nitocra spinipes in a weathering study with
PP, PS, PE, PVC, PET, Bio-PET, polyacetic acid (PLA), and bio-starch/polyester (Bejgarn et al. 2015).
Products were grinded and exposed for 72h with artificial sunlight and brackish water from the Baltic Sea.
Eight out of 21 products showed toxicity and 4 products, made of PU, PVC, PLA, and bio-starch/polyester,
became more toxic after sunlight exposure. The three remaining products that showed toxicity for Nitocra
spinipes and became less toxic after sunlight exposure were made of PP, HDPE, and one unknown

polymer blend.

Additive chemicals incorporated into polymers are numerous and some of the most important from an
environmental point of view are those with endocrine disruptive potential. They include bisphenol A,
several phthalates, and epichlorohydrin (Lithner et al. 2011). Brominated flame retardants (BFRs) are also
commonly used in a variety of plastics, such as electronics and polyurethane foams (de Wit 2002).
Commercially important flame retardants are polybrominated diphenyls (PBDEs),
hexabromocyclododecane (HBCD) and tetra-brominated bisphenol A (TBBPA). Heat stabilizers with lead

also belongs to the most hazardous additives.

Additives bisphenol A, octylphenol and nonylphenol have been detected in marine plastic fragments
(Teuten et al. 2009). Nonylphenol was also found in yellowtail (Seriola Lalandi) from the North Pacific
Central Gyre and this was considered as evidence for plastic-mediated exposure since nonylphenol is not
associated with long range transport (Gassel et al. 2013). Rochman et al. investigated the bioaccumulation
of different hazardous chemicals in myctophid fish and the association with plastic litter in the South
Atlantic Ocean (Rochman et al. 2014b). The fishes caught in sampling sites with a higher plastic density
demonstrated a significantly higher concentration of higher brominated PBDEs (BDEs 183—-209) in their
tissues, but lower brominated BDEs were predominant in water samples. This indicates that higher
brominated congeners originated from the plastic as an additive substance and where not sorbed from
ambient seawater. Hence, tissue concentration of higher brominated PBDEs might be indicative of plastic
pollution in the particular habitat (Rochman et al. 2014b). Another study suggested a transfer of plastic-
derived PBDEs to the pelagic petrel short tailed shearwaters (Puffinus tenuirostris), especially the higher
brominated congeners BDE209 and BDE183 (Tanaka et al. 2013). These PBDEs were detected in the bird’s
abdominal adipose tissue and in plastic found in the bird’s stomachs. The time for an uptake of such
contaminants to organism remains yet unclear. The same group also demonstrated a 15% leaching of
PBDEs from pieces of plastic when seabirds” stomach oil was used as leaching solution, which was 20

times more efficient leaching compared to sea water (Tanaka et al. 2015).

It has beeb suggested that marine plastic might be more important as a vector of phenolic additive-

derived substances like nonylphenol and bisphenol-A to higher trophic level animals such as sea birds
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(Teuten et al. 2009). In contrast to persistent pollutants such as PCBs and PBDEs, biomagnification of
phenols through the food web is negligible due to their hydrophilic group that makes metabolization

easier.

For many lower trophic level organisms the amount of contaminant uptake from ingested plastic will be
determined by equilibrium partitioning with the surrounding environment, whereas for higher trophic
level organisms the transfer is even more complex because of addition by biomagnification throughout
the food web (Teuten et al. 2009). Hydrophobic and poorly metabolized pollutants, such as PCBs, can be
amplified through the food chain and higher trophic level organism like seabirds can be exposed to high
concentrations of such substances via their prey (e.g. fish). This means that plastic-derived chemicals adds
to the chemicals introduced by the natural prey in regard to the contaminant burden of the predator.
Therefore the contaminants present in the natural prey need to be considered in order to examine the

potential threat of ingested plastic-derived contaminants (Teuten et al. 2009).

Comparing effects caused by different polymer types include leaching and toxicity of additives and
monomers, and sorption, desorption and toxicity of pollutants. A ranking system for polymers have been
suggested by Lithner and colleagues including hazardous monomers and additives (Lithner et al. 2011). PE
is judged to be of low hazard rank but a few studies indicate that sorption and desorption kinetics for PE

results in a potential high risk for transferring pollutants to organisms (table 2).

Table 2. Global production volume and hazard rank of polymers (Lithner et al. 2011) together with

assessment of sorption capacity for POPs**,

PP PE PET PS PVC PU

Global production 39 (LD) 13
. 45 33 37 9
volume (tonnes/year) 2 32 (HD) S4*
Sorption and desorption
Inter-
capacity for POPs** High Yes Yes Yes Yes
2 mediate
Hazard rank for polymer 35
1=most hazardous 37 36 36 5-11 1-7
34%*

37=least hazardous ™"

[1] Lithner 2011 [2] Rochman 2013b [3] Schonlau 2016 *Expandable PS ** PCBs, DDE, PAHs, and Ah-receptor response. PS, polystyrene.
PVC, polyvinylchloride. PE, polyethylene. PP, polypropylene. HD, high density. LD, low density. PET, polyethylene terephthalate. PU,
polyurethane.

3.5 ORGANISMS AT RISK

Population effect studies and risk assessments of microplastics are lacking in the scientific literature.
Several reports state that wildlife in the areas of the world’s largest accumulation zones are heavily
affected, for example albatrosses in the North Pacific Ocean. Laysan Albatrosses ingest large quantities of
mostly macroplastics but population effects are poorly understood. A correlation between ingested

plastic load and decreased body condition in albatross chicks has been reported (Auman et al. 1997). The
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occurrence of a high ratio of plastic fragments relative to zooplankton is also of concern and might cause
population effects due to disturbed energy balance in zooplankton feeders (Lattin et al. 2004; Moore et
al. 2002; Panti et al. 2015). Six times higher mass of plastic particles compared to plankton was found at
the North Pacific gyre (Moore et al. 2001). There are most likely other organisms in areas heavily polluted

by microplastics that are affected but have not been studied yet.

Few studies have addressed the risk for entire populations. One study reports a risk model for turtles
using probability of debris ingestion as end point (Schuyler et al. 2016). The results show that up to 52% of
sea turtles globally may have ingested debris. Olive ridley turtles are the most at-risk and the highest risk
regions for turtle populations are the east coasts of the US, Australia and South Africa, and the East Indian
Ocean, and Southeast Asia. Another potential oceanic impact from microplastics affecting an entire
population is the enhanced oviposition in the endemic pelagic insect Halobates sericeus (Goldstein et al.
2012). An increase in microplastic abundance could be associated with increase in H. sericeus which was
interpreted as a substantial expansion of hard substrate available to H. sericeus and other substrate-

associated organisms.

So far it remains unclear if chemicals that are adsorbed to plastic or chemicals originating from plastic
itself pose a considerable risk to wildlife via the uptake of these substances that are often classified as

persistent, bioaccumulating and toxic (PBT).

Plastics can add significant effects to an already stressed ecosystem. Some of the species that are affected
by plastic pollution in the marine environment are endangered, in fact 15 % of the species that are
affected by entanglement and ingestion are on the IUCN Red List (CBD 2012). In particular the critically
endangered Hawaiian monk seal Monachus schauinslandi, the endangered loggerhead turtle Caretta
caretta, northern fur seal Callorhinus ursinus and white chinned petrel Procellaria aequinoctialis are of
concern. Effects on the population level can be seen in species like the northern fulmar Fulmarus glacialis
(van Franeker et al. 2011) and in lobster Nephrops norvegicus which are commercially important species
(Murray and Cowie 2011). The northern fulmar represents a very good species for the ecological
monitoring of marine litter due to its high abundance and wide distribution in the environment. Within
OSPAR an Ecological Quality Objective (EcoQC) was developed on the basis of abundance of plastic litter
in the stomachs of the birds (van Franeker et al. 2011). The Ecological Quality Objective is also used in the
European Marine Strategy Framework Directive (MSFD) as an indicator for good environmental status. In

this EcoQC acceptable ecological conditions are defined as:

“There should be less than 10% of northern fulmar having 0.1 g or more plastic in the stomach in samples
of 50 — 100 beached fulmars from each of 5 different regions of the North Sea over a period of at least 5

years”.

In the time period 2003 — 2007 95% of 1295 fulmars sampled in the North Sea had plastic in their stomach
and 58% of the birds exceeded the critical level of 0.1 g plastic in the stomach. The average amount of
plastic in the stomachs was found to be 35 pieces weighing 0.31 g and higher loads of plastic were found

in juvenile birds compared to adults.
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3.6 HUMANS

There is mounting evidence of the occurrence of plastic particles in marine organism that are part of the
human food chain and this might also represent a potential threat to human health via biomagnification.
A possible exposure pathway of humans to microplastic is represented by the diet, especially since there
are studies available that demonstrate the presence of microplastic in commercially important fishes,
shrimps and mussels (Devriese et al. 2015; Romeo et al. 2015; Van Cauwenberghe and Janssen 2014).
Microscopic fibers ranging from 200-1500 um have been found in mussels (average 3.5 fibres/10 g
mussel) from Belgian stores which was in the same range as wild caught mussels in the same study (De
Witte et al. 2014). Furthermore, synthetic fibers were reported in 63% of commercially important brown
shrimp caught in the Southern North Sea and Channel area (Devriese et al. 2015). There are also studies
that reported non-marine sources of microplastic in the food chain. For example nineteen honey samples
were analyzed for colored fibres and fragments and colored material was found in all of the samples
(Liebezeit and Liebezeit 2013). Fiber counts ranged from 40/kg up to 660/kg of honey and fragments
ranged from 0 — 38/kg of honey. Sources were identified as introduction of particles during the processing
of honey and/or particles were introduced by the bees into the hive. Honey samples originated mostly
from Germany but also from France, Italy, Spain and Mexico. Five commercial sugars were analyzed as
well and in all refined samples fibers (mean 217 + 123/kg of sugar) and fragments (32 + 7/kg of sugar)
were found. Unrefined cane sugar was found to contain 560 fibers and 540 fragments per kilogram of
honey. Furthermore, a total of 24 German beer brands was analyzed in a study for microplastic fibres,
fragments and granular material (Liebezeit and Liebezeit 2014). Contamination was found in all samples
with fiber counts ranging from 2 to 79 fibers /L, 12 — 109 fragments/L and 2 — 66 granules/L. As potential
sources of the contamination natural and synthetic fibers in clothing that become airborne, materials that
were used during the production process and bottles that might have been already contaminated or
became contaminated during the cleaning process were pointed out. A study on 15 different table salts in
China demonstrated the presence of microplastics in the samples (Yang et al. 2015). The amount of
microplastics ranged from 550 — 681 particles/ kg in sea salts, 43 — 364 particles/kg in lake salts and 7 —
204 particles/kg in rock/well salts. Sea salts were found to be significantly higher contaminated with
microplastics than other salts which underlines the contamination of marine products. In sea salts
particles measuring less than 200 um were detected to be the predominant type of microplastic,
accounting for 55% of the particles with PET as the most abundant polymer type followed by PE and
cellophane. Furthermore, a few studies have demonstrated the presence of microplastics in freshwater
systems which might be a reason to raise concern about the presence of microplastic in drinking water
since human population is highly dependent on freshwater systems for drinking water supply and food
resources (Eerkes-Medrano et al. 2015). For example a study on beach sediments from Lake Garda, Italy,
revealed an abundance of 1 108 + 983 microplastic particles/m2 at the north shore of the lake used for
drinking water supply (Imhof et al. 2013). Most of the plastic particles were identified as secondary
microplastics, most likely originating from post-consumer products whereas detected fibers were found

to originate from lakeside sources such as fishing gear and ropes.

The risk of microplastic transfer from the gastrointestinal tract in humans and other mammals to other
tissues is real. Hussain and colleagues showed that PE particles could transfer from the gut to lymph and
circulatory system in humans (Hussain et al. 2001). PS particles up to 240 nm was shown to be taken up

by the placenta in a human ex vivo study (Wick et al. 2010). Nanosize particles of PS also decreased cell
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contractility of human muscle cells and resulted in cellular damage of human blood vessels (Berntsen et
al. 2010; Frohlich et al. 2010). Further effects related to the plastic polymer itself is not described however
knowledge can probably be extracted from the field of medical transplants using polymer materials of

different types.

Another concern in regard of exposure of microplastics to humans are the plastic-associated chemicals
(PACs) such as bisphenol A and phthalates. These compounds are well-known as endocrine disruptors and
interfere with the hormone system. In one population-based human study levels of BPA and several
phthalate metabolites were associated with lipid infiltration of the vascular wall and therefore suggesting
that these chemicals play a role in atherosclerosis (Lind and Lind 2011). Furthermore BPA was reported to
be positively associated with cardio vascular disease and prevalent myocardial infarction in a cross-
sectional analysis of 1455 adults (Lind and Lind 2012).

4. Knowledge gaps and recommendations

Adverse effect concentrations of various plastic types, particle forms and sizes are lacking for all species. It
is known that plastics are ingested, that chemicals can sorb to particles and desorb in species, and that
biological effects can occur. However, it is currently not possible to assess the risk of microplastics since
the reported studies do not present dose-response relationships. The most prevalent polymer types
found in the environment is PP, PE and different polymers in the shape of fibers and it is therefore
recommended to prioritize these in effects studies. There are indications that smaller size particles are
more hazardous; they can easier enter the food web, they have a larger capacity to sorb or incorporate
pollutants, and larger particles will eventually fragment to smaller particles. The goals must therefore be
to generate relevant dose response relationships and adverse effect concentrations with emphasis on
exposure to the dominant size fractions and forms of PP, PE, and PS particles and synthetic fibers from
clothes (polyesters, polyamide). Tests should be done on ecologically and economically relevant marine
and freshwater species (invertebrates and fish) under standardized conditions. In such tests it is also
critical to develop standardized methods for expressing plastics doses, taking particle form, polymer type
and size distribution into consideration. Preferably, the doses should be expressed in the same way as in
field measurements and it would be helpful if field surveys reports both abundance, weight, and type of
plastics. This would greatly facilitate the possibility to perform actual risk assessments, putting critical
effect levels in relation to actual exposure levels. The toxicity testing should be designed so effects of
microplastics and effects of microplastics-associated chemicals can be distinguished. The testing would
generate new knowledge regarding mechanisms of toxicity of microplastics and associated additives and
adsorbed chemicals. Crucial in this research is the issue of bioavailability of plastics associated chemicals
in living organism. Therefore, mechanisms that influence desorption in gastrointestinal tract of sorbed
and incorporated chemicals, and the extent of chemical uptake should be studied. The relative role of
organ accumulation of plastics-associated chemicals to the total load of chemicals from the surrounding

environment including diet should also be quantified.

Besides effects testing, a standardized global qualitative and quantitative biomonitoring program focusing
on temporal and geographical variation of occurrence of microplastics in freshwater and marine

ecosystems on all trophic levels should be implemented. These data will be crucial in understanding point
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sources, trends, microplastic dynamics regarding fate and behavior and development of potential risks

and to guide plastics management strategies.

Another area of focus is studies on occurrence of microplastics in the terrestrial environment with

emphasis on synthetic fibers and agricultural areas using sewage sludge as fertilizers.

The question whether microplastics will fragment to nanoplastics in significant amounts remains to be
answered. Therefore it is crucial to direct research resources towards elucidation of occurrence of
nanoplastics in freshwater and marine ecosystems. Further, laboratory studies on fragmentation
processes from micro- to nanoplastic should be performed, as should uptake and toxicity studies of

nanoplastics in relevant organisms.

Human exposure of microplastics is not well studied. Putative exposure pathways include microplastics
entering lungs via air, or entering the gastrointestinal tract via water and food. None of these pathways
have been quantified. Therefore it is crucial to assess and quantify the exposure pathways of microplastics
to humans. The effects of microplastics on humans is to a great extent unknown although knowledge
from the pharmaceutical field should be carefully reviewed. Therefore, a systematic assessment of
microplastics toxicity on human should be carried out. Typically, for effects assessment this would entail
extrapolation of effects found in experimental animal studies and from occupational settings. Exposure
scenarios and actual measurements of microplastics exposure are also needed. Put together, generation
of this kind of research data should facilitate human risk assessment of microplastics of different size,
form and polymer type. The risk assessment should also include effects of microplastics-associated

additives and also effects of nanoplastics if there is a potential human exposure of this particle size class.
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