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Annex A: Background

A.1. Examples of definitions for ‘microplastics’

Table 1: Examples of the definitions and scope used in national legislation on ‘microplastics’

macromolecular plastic, obtained
through one of the following
processes:

(a) a polymerisation process such as
polyaddition or polycondensation or a
similar process using monomers or
other starting substances;

(b) chemical modification of natural
or synthetic macromolecules;

(c) microbial fermentation;

The product group ‘hand dishwashing
detergents’ shall comprise any
detergent falling under the scope of
Regulation (EC) No 648/2004 of the
European Parliament and of the Council
on detergents which is marketed and
designed to be used to wash by hand
items such as glassware, crockery and
kitchen utensils including cutlery, pots,
pans and ovenware.

The product group shall comprise
products for both private and
professional use. The products shall be a
mixture of chemical substances and shall
not contain micro-organisms that have
been deliberately added by the
manufacturer.

For the purpose of this Decision, the
following definitions shall apply:

(1) 'ingoing substances' means
substances intentionally added, by-
products and impurities from raw
materials in the final product formulation
[(including water-soluble foil, where
used)];

establishing the EU
Ecolabel criteria for
hand dishwashing
detergents

C(2017) 4227 final

. Reference/further -
Example Definition Scope information Definition elements
EU 'microplastic' means particles with a EU Ecolabel (hand dishwashing COMMISSION DECISION Based on particles
Ecolabel size of below 5 mm of insoluble detergents) of 23.6.2017

"macromolecular plastic"

e three synthesis process within
scope

e Includes solubility (but does not

specify solvent)

° <5 mm
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than 5 mm, used as an ingredient in
consumer products and consisting in
whole or in part of synthetic
polymers that are insoluble in water
and non-biodegradable in the aquatic
environment.

‘Polymer’ shall mean a polymer as
referred to in Article 3(5) of
Regulation (EC) No 1907/2006 of the
European Parliament and of the
Council of 18 December 2006
concerning the Registration,
Evaluation, Authorisation and
Restriction of Chemicals (REACH),
establishing a European Chemicals
Agency, amending Directive
1999/45/EC and repealing Council
Regulation (EEC) No 793/93 and
Commission Regulation (EC) No
1488/94 as well as Council Directive
76/769/EEC and Commission
Directives 91/155/EEC, 93/67/EEC,
93/105/EC and 2000/21/EC;

replacement of ‘plastic microbeads’ in
cosmetic rinse-off products and oral care
products.

1. ‘Cosmetic product’: any substance or
mixture intended to be placed in contact
with the external parts of the human
body (epidermis, hair system, nails, lips
and external genital organs) or with the
teeth and the mucous membranes of the
oral cavity with a view exclusively or
mainly to cleaning them, perfuming
them, changing their appearance,
protecting them, keeping them in good
condition or correcting body odours
(Article 2(1)(a) of Regulation (EC) No
1223/2009 of the European Parliament
and of the Council of 30 November 2009
on cosmetic products);

2. ‘Rinse-off product’: a cosmetic
product intended to be removed after
application on the skin, the hair or the
mucous membranes (Regulation (EC) No
1223/2009 on cosmetic products,
preamble to Annexes II to VI, point 1);

3. ‘Oral care product’: a cosmetic
product intended to be applied on teeth
or the mucous membranes of the oral
cavity (Regulation (EC) No 1223/2009
on cosmetic products, preamble to
Annexes II to VI, point 1);

4. *Plastic microbead’: microplastic used
as an ingredient with an abrasive effect
and/or for cleaning, depending on the
form and structure of the particle;

the Commission -
TRIS/(2017) 02636

2017/465/B

Draft Sector Agreement
to support the
replacement of
microplastics in
consumer products

Example Definition Scope !leferenc_e/further Definition elements
information
BE ‘Microplastic’: solid particle, of less Article 10. Definitions associated with Communication from

Based on particles
Includes ‘solid’

synthetic polymer (REACH
definition)

solubility (water)

biodegradable (in aquatic
environment)

. 5 mm
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exfoliating rinse-off cosmetic
products containing microplastics, i.e.
water insoluble solid plastic particles
of 5 mm or less, as defined in
Commission Decision (EU) 2017/1217
of 23 June 2017, are banned.

cosmetic products containing
microplastics

Draft technical
regulation banning the
marketing of non-
biodegradable and non-
compostable cotton
buds and exfoliating
rinse-off cosmetic

Example Definition Scope Eﬁf:-::::ii/n WA Definition elements
5. *‘Placing on the market’: pursuant to
Article 2(3) of the Act of 21 December
1998 on product standards to promote
sustainable production and consumption
patterns and to protect the environment,
public health and employees.
FR Draft Prohibition on the placing on the market Communication from e Dparticle
of rinse-off cosmetic products for the Commission - e solid
4. ‘Particle’: a piece of matter with exfoliation or cleaning that contain solid TRIS/(2016) 03143 " .
well-defined physical boundaries; plastic particles, from 1 January 2018. * ‘plastic
5. ‘Solid plastic particles’: any solid Exception is made for particles of natural | Decree prohibiting the e "hot forming process"
plastic particle, particularly origin not liable to persist in the placement on the e 5mm
microparticles smaller than 5 mm, environment, release active chemical or market of rinse-off
wholly or partly composed of plastic biological ingredients, or affect animal cosmetic products for
and obtained by a hot forming food chains. exfoliation or cleaning
process; that contain solid plastic
In this context, it sets out the application particles, provided for in
Final procedures for the third paragraph of the third paragraph of
point III of Article L541-10-5 of the point III of Article L541-
4, “Particule” : un fragment de Environmental Code and, in particular, 10-5 of the
matiere possédant des contours the definitions and characteristics of Environmental Code
physiques bien définis ; these cosmetic products.
5. “Particules plastiques solides” :
toute particule solide, notamment les
microparticules de taille inférieure a 5
mm, composée en tout ou en partie
de matiére plastique et obtenue par
un procédé de faconnage a chaud ;
IT From 1 January 2020, the production The production and marketing on 2018/258/1 particle
and marketing on national territory of national territory of exfoliating rinse-off solid

e  polymer REACH definition with
extra conditions (that is modelled,
extruded or physically shaped into
various solid forms and which,
during use and subsequent
disposal, maintains the forms
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Authorisation and Restriction of
Chemicals (REACH), establishing a
European Chemicals Agency,
amending Directive 1999/45/EC and
repealing Council Regulation (EEC)
No 793/93 and Commission
Regulation (EC) No 1488/94 as well
as Council Directive 76/769/EEC and
Commission Directives 91/155/EEC,
93/67/EEC, 93/105/EC and
2000/21/EC, to which additives or
other substances may have been
added,

Microplastics: solid plastic particles
that are smaller than 5 mm and
insoluble in water,

added to cleanse, exfoliate or polish.

The ban does not apply to cosmetic
products containing microplastics that
only consist of naturally occurring
polymers.

8§ 4 b The Swedish Chemicals Agency
may notify regulations on exemptions or,
in individual cases, grant an exemption
from the ban in § 4 a for cosmetic
products containing microplastics, which
are

1. manufactured using naturally
occurring polymers as a raw material,
and

2. quickly broken down into monomers
in the aquatic environment and do not
pose any risk to aquatic organisms.

Draft Ordinance
amending the Chemicals
Products (Handling,
Import and Export
Prohibitions) Ordinance
(1998:944)

Example Definition Scope !!eferenc_e/further Definition elements
information
Plastic, within the meaning of this products or detergents defined in the intended
paragraph, is considered a polymer, containing applications)
as defined in Article 3(5) of microplastics.’ solubility (water)
Regulation (EC) No 1907/2006 of the <5mm
European Parliament and of the . o
Council of 18 December 2006, that is * refers to COM 2017 definition for
modelled, extruded or physically microplastics for ecolabel for
shaped into various solid forms and "handwashing detergents"
WhiCh, during use and subsequent (Commission Decision (EU) 2017/1217
disposal, maintains the forms defined of 23 June 2017)
in the intended applications.’.
SE Plastic: a polymer within the meaning 8 4 a It is prohibited to make available Communication from e particle
of Article 3(5) of Regulation (EC) No on the market a cosmetic product that is the Commission - e solid
1907/2006 of the European intended to be rinsed off or spat out TRIS/(2017) 01661
Parliament and of the Council of 18 after being used on the head, hair, ® polymer
December 2006 concerning the mucous membranes or teeth, and 2017/284/S (Sweden) e  solubility (water)
Registration, Evaluation, contains microplastics which have been e 5mm
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Example Definition Scope E;:)er::::ii/n WA Definition elements
UK “microbead” means any water- These Regulations prohibit the use of Communication from particle
insoluble solid plastic particle of less microbeads as an ingredient in the the Commission - solid
than or equal to 5 mm in any manufacture of rinse-off personal care TRIS/(2017) 01983 .
dimension; products and the sale of any such 2017/353/UK (United Non-REACH polymer/plastic
products containing microbeads Kingdom) definition
“plastic” means a synthetic polymeric The Environmental solubility (water)
substance that can be moulded, “rinse-off personal care product” means Protection (Microbeads) 5 mm (any dimension)
extruded or physically manipulated any substance, or mixture of substances, (England) Regulations
into various solid forms and that manufactured for the purpose of being 2017
retains its final manufactured shape applied to any relevant human body part Entry into force
during use in its intended in the course of any personal care 1 Jan 2018
applications; treatment, by an application which (manufacturing), 30 Jun
entails at its completion the prompt and 2018 (supply)
specific removal of the product (or any
residue of the product) by washing or
rinsing with water, rather than leaving it
to wear off or wash off, or be absorbed
or shed, in the course of time;
(a) a “personal care treatment” means
any process of cleaning, protecting or
perfuming a relevant human body part,
maintaining or restoring its condition or
changing its appearance; and
(b) a “relevant human body part” is—
(i) any external part of the human
body (including any part of the
epidermis, hair system, nails or
lips);
(i) the teeth; or
(iii) mucous membranes of the oral
cavity;
NI microbead” means any water- Communication from as UK

insoluble solid plastic particle of less
than or equal to 5mm in any
dimension;

plastic” means a synthetic polymeric
substance that can be moulded,
extruded or physically manipulated

the Commission -
TRIS/(2018) 01172
2018/205/UK (United
Kingdom)

The Environmental
Protection (Microbeads)
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List of Toxic Substances in
Schedule 1 to the Canadian
Environmental Protection Act, 1999.
(microbilles)

133 Plastic microbeads that are < 5
mm in size

manufacture or import any
toiletries that contain
microbeads, unless the toiletries
are also natural health products
or non-prescription drugs, in
which case the prohibition
applies on or after July 1, 2018.

e  Marginal note:Sale

Canada Gazette, Part II:

Vol. 151, No. 12 - June
14, 2017.

Example Definition Scope !leferenc_e/further Definition elements
information
into various solid forms and that (Northern Ireland)
retains its final manufactured shape Regulations 2018
during use in its intended
applications;
Scotland “microbead” means any water- Communication from as UK
insoluble solid plastic particle of less the Commission -
than or equal to 5mm in any TRIS/(2018) 00266
dimension; 2018/48/UK (United
“plastic” means a synthetic polymeric Kingdom)
substance that can be moulded, The Environmental
extruded or physically manipulated Protection (Microbeads)
into various solid forms and that (Scotland) Regulations
retains its final manufactured shape 2018
during use in its intended
applications;
Wales “microbead” (“microbelen”) means Communication from as UK
any waterinsoluble solid plastic the Commission -
particle of less than or equal to 5mm TRIS/(2018) 00230
in any dimension; 2018/42/UK (United
“plastic” (“plastig”) means a Kingdom)
synthetic polymeric substance that The Environmental
can be moulded, extruded or Protection (Microbeads)
physically manipulated into various (Wales) Regulations
solid forms and that retains its final 2018
manufactured shape during use in its
intended applications;
Canada microbeads means the plastic Manufacture and importation Microbeads in Toiletries e 'plastic"
microbeads set out in item 133 of the e 3 (1) A person must not Regulations e 5mm
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Example Definition Scope Eﬁf:-::::iiln WA Definition elements
(2) A person must not sell any toiletries
that contain microbeads on or after July
1, 2018, unless the toiletries are also
natural health products or non-
prescription drugs, in which case the
prohibition applies on or after July 1,
2019.

California (c) “Plastic microbead” means an personal care products containing plastic An act to add Chapter e particle
intentionally added solid plastic microbeads that are used to exfoliate or 5.9 (commencing with e solid
particle measuring five mm or less in cleanse in a rinse-off product, including, Section 42360) to Part 3 K -
every dimension. but not limited to, toothpaste. of Division 30 of the * ‘plastic

Public Resources Code, e 5 mm (all dimension)
“Personal care product” does not include relating to waste e intentionally added
a prescription drug, as defined in Section management
110010.2 of the Health and Safety Code 2015

us “(A) the term ‘plastic microbead’ to prohibit the manufacture and H.R.1321 - Microbead- e particle
means any solid plastic particle that introduction or delivery for introduction Free Waters Act of 2015 e solid
is less than five mm in size and is into interstate commerce of rinse-off "(Sec. 2) This bill K -
intended to be used to exfoliate or cosmetics containing intentionally-added amends the Federal ° plastic
cleanse the human body or any part plastic microbeads Food, Drug, and e 5mm
thereof; intended to be used to exfoliate or Cosmetic Act to ban

cleanse the human body or any part rinse-off cosmetics that

thereof; contain intentionally-
added plastic

the term " rinse-off cosmetic' includes microbeads beginning

toothpaste on January 1, 2018, and
to ban manufacturing of
these cosmetics
beginning on July 1,
2017. These bans are
delayed by one year for
cosmetics that are over-
the-counter drugs."

illinois "Plastic" means a synthetic material 2014 Public Act 098- e particle
made from linking monomers through 0638 e solid
a chemical reaction to create an s K -
organic polymer chain that can be * ‘plastic
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Example

Definition

Scope

Reference/further
information

Definition elements

moulded or extruded at high heat
into various solid forms retaining
their defined shapes during life cycle
and after disposal.

"Synthetic plastic microbead" means
any intentionally added non-
biodegradable solid plastic particle
measured less than 5 mm in size and
is used to exfoliate or cleanse in a
rinse-off product.

- synthetic material made by
linking monomers

- moulded, extruded at high heat
into solid forms

- retain share during life cycle
and disposal

e biodegradable
e 5mm

Wisconsin

Plastic" means a synthetic material
made from linking monomers through
a chemical reaction to create an
organic polymer chain that can be
moulded or extruded at high heat
into various solid forms that retain
their defined shapes throughout their
life cycle and after their disposal
Synthetic plastic microbead" means
any intentionally added non-
biodegradable, solid plastic particle
measuring less than 5 millimetres at
its largest dimension that is used to
exfoliate or cleanse in a product that
is intended to be rinsed off.

2015 WISCONSIN ACT
43

as Illinois but with extra criteria for
size
e 5 mm at its largest dimension

New
Zealand

microbead means a water-insoluble
plastic particle that is less than 5 mm
at its widest point

Microbeads are synthetic, non-
biodegradable plastic beads, used in
personal care products such as bath
products, facial scrubs and cleansers,
and toothpastes

Waste Minimisation

(Microbeads)
Regulations 2017

Regulatory Impact
Statement

particle

"plastic"

solubility (water)
biodegradable

5 mm (largest dimension)

Australia

Microbeads are small, solid
manufactured plastic particles with
an upper size limit of 5 mm in

Assessment of the sale
of microbeads in

e  particles
e solid
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Example Definition Scope Eﬁf:-::::iiln WA Definition elements
diameter that are water insoluble and personal care and e  "plastic"
non-degradable, with typical cosmetic products .
diameters of around 100-300 um. Assessment of the *  solubility (water)

voluntary phase-out of * degradable

microbeads - report e 5mm

korea Ban the use of microbeads in Proposed amendments e 5mm

cosmetics (less than or equal to 5mm to the "Regulation on
in size) [Annex 1] Safety Standards etc of

Cosmetics" (4 pages, in

Korean).

Reference:

G/TBT/N/KOR/672

Japan description from media: The bill is ° 5 mm
calling for manufacturers to reduce
emissions of the plastic particles that
reach up to five millimetres across.

According to The Environment
Ministry, it is thought to be the first
legislation that includes measures to
reduce microplastics.




A.2. Other legislations on intentionally added microplastics

A.2.1. EU Member State legislation on intentionally added microplastics

Several EU MS have banned products, or certain types of products, that contain
microplastics, typically ‘microbeads’ in wash-off cosmetic products. Relevant details are
summarised below.

Belgium

In 2015 the Belgian federal government (Belgian DG Environment, FPS Health, Food
Chain Safety and Environment) ordered the design of a test - to assess and prevent the
emission of primary synthetic micro particles (primary microplastics)?! to assist companies
in assessing their use of synthetic micro particles and in taking measures to prevent the
emission of synthetic micro particles to the environment.

In October 2017 Belgium announced a plan to phase out microplastics from all consumer
products by 2019, through a sector agreement?. It also notified the Commission of this
intention3.

France

On the 6th March 2017, a French decree was published, aiming at banning the use of
solid plastic particles in rinse-off exfoliating and cleaning cosmetics from 1st January
2018. This decree also affects plastic cotton buds, which will be banned from the 1st
January 2020.

Notification to the Commission (2016/0543/F - SOOEC) available at:
http://ec.europa.eu/growth/tools-
databases/tris/en/search/?trisaction=search.detail®&year=2016&num=543

Ireland

The Irish Ministry for Housing, Planning, Community and Local Government, launched in
2017 a public consultation process in relation to a proposed legislative ban on certain
products containing plastic microbeads. Ireland intends to sign a law to ban microbeads
in products by the end of 2018.

Italy

Italy will ban microplastics in exfoliating rinse-off cosmetic products or detergents as well
as non-biodegradable cotton bud sticks (ban to come into force from 1/1/2019)
("cosmetici da risciacquo ad azione esfoliante o detergente contenenti microplastiche",
from 2020).

1

https://www.health.belgium.be/sites/default/files/uploads/fields/fpshealth theme file/microplastic
s _manual voor de website env2.pdf

2 http://www.brusselstimes.com/belgium/9991/cosmetic-sector-determined-to-do-without-
microplastics-by-2020

3 http://ec.europa.eu/growth/tools-
databases/tris/en/search/?trisaction=search.detail&year=2017&num=465
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The draft technical regulation intend to ban the marketing of non-biodegradable and non-
compostable cotton buds and exfoliating rinse-off cosmetic products or detergents
containing microplastics.

Notification to the Commission (2018/0258/1) on 06/06/2018 is available at:

http://ec.europa.eu/growth/tools-
databases/tris/en/search/?trisaction=search.detail&year=2018&num=258

Sweden

A Swedish ban on rinse-off cosmetics containing microbeads enters into force at the
beginning of July 2018. Sweden announced the proposed ban in 2017 and notified the
World Trade Organization (WTO). The ban will apply to cosmetic products that are
"rinsed or spotted (sic) and which contain plastic particles with a cleaning, scrubbing or
polishing function". It includes, for example, toothpastes, body scrubs, shower gels,
shampoos and conditioners with added microbeads. Products consisting solely of "natural
polymers, long molecules that have not been synthesised, and which have not been
modified chemically" are excluded from the ban. There is also a provision for the Swedish
Chemicals Agency to decide on additional derogations or exemptions on case-by-case
basis, for cosmetic products that contain plastic particles which are manufactured with
naturally occurring polymers as raw material and which are quickly broken down to
monomers in aquatic environments and do not constitute any risk for adverse effects on
water living organisms. There will be a six-month transition period - products purchased
in stock before July may continue to be sold in stores until January 2019.

Sweden is considering extending the ban to all remaining cosmetic products which are
not already covered by the Swedish ban, and other chemical products that release
microplastics to waste water systems. In March 2018, the Swedish Chemicals Agency
(Kemi) produced a report on a broader proposal* . The report concludes that action on
microplastics in cosmetic and chemical products firstly should take place at EU level.

The Kemi assessment uses the following definition of microplastics: solid plastic particles
that are smaller than 5 mm in any dimension and insoluble in water.

Notification to the Commission (2017/0284/S) on 30/06/2017 is available at:

http://ec.europa.eu/growth/tools-
databases/tris/en/search/?trisaction=search.detail&year=2017&num=284

United Kingdom

Legislation has been developed in England, Wales, Northern Ireland and Scotland to ban
the manufacture and sale of rinse-off personal care products containing plastic
microbeads (defined as any water-insoluble solid plastic particle of less than or equal to
5mm in any dimension.” in 2018.

Notifications to the Commission are available:

UK notified on 28/07/2017: http://ec.europa.eu/growth/tools-
databases/tris/en/search/?trisaction=search.detail&year=2017&num=353

Northern Ireland notified on 10/05/2018: http://ec.europa.eu/growth/tools-

4 https://www.kemi.se/en/global/rapporter/2018/rapport-2-18-mikroplast-i-kosmetiska-produkter-
och-andra-kemiska-produkter.pdf in Swedish with a summary in English.
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databases/tris/en/search/?trisaction=search.detail&year=2018&num=205

Scotland notified on 01/02/2018: http://ec.europa.eu/growth/tools-
databases/tris/en/search/?trisaction=search.detail&year=2018&num=48

Wales notified on 29/01/2018: http://ec.europa.eu/growth/tools-
databases/tris/en/search/?trisaction=search.detail&year=2018&num=42

A.2.2, Legislation on intentionally added microplastics outside of the
European Union

A number countries outside of the EU, like the USA, Canada and New-Zealand, have
already introduced bans on intentional use of microplastics, or one kind or another, or
have drawn up voluntary agreements with industry for their phase out.

Canada

In 2015, Environment Canada held consultations and reviewed more than 130 scientific
studies of microbead pollution. Then, in 2016, after listing microbeads as a ‘toxic
substance’, the federal government announced a ban on the sale, import and production
of personal care products containing microbeads as exfoliants or cleansers as of 1 July
2018.

The Microbeads in Toiletries Regulations is available at: https://www.ec.gc.ca/lcpe-
cepa/eng/requlations/DetailReg.cfm?intReg=238

USA

In 2014, Illinois became the first state to pass legislation on microbeads. However, this
bill fell short of the goals of most environmental groups. The Illinois legislation defined
synthetic plastic microbeads as “any intentionally added non-biodegradable solid plastic
particle”. The bill excluded biodegradable plastics, but did not define that term, creating a
loophole. One could argue that a material is “biodegradable” even though it degrades
only marginally over several years, for example, modestly changing in shape and form,
but persisting in the environment. The definition of “plastic” was also problematic. Plastic
was defined as “a synthetic material made from linking monomers through a chemical
reaction to create an organic polymer chain that can be moulded or extruded at high heat
into various solid forms retaining their defined shapes during life cycle and after disposal”
(Illinois Bill SB27275). However, not all polymers in plastics are made by linking
monomers. Some are made by modifying existing polymers - e.g. cellulose acetate
(which in some forms can be biodegradable) is made by acetylating the natural polymer
cellulose, rather than by linking monomers. Also, this definition would not cover plastics
that melt at low temperatures. Finally, it might not cover certain plastics depending on
the design of the final product.

5

http://www.ilga.gov/legislation/BillStatus.asp?DocNum=2727&GAID=14&DocTypeIlD=SB&Sessionl
D=91&GA=100
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Californian legislation®, that will come into force in January 2020, omits biodegradation
completely. As a consequence, the California bill banned microbeads made from any
plastic, with no exceptions. However the legislation applies only to “rinse-off products
excluding items such as makeup, lotions, deodorant and industrial and household
cleaners”.

In general, legislation passed in other states has language modelled on either the Illinois
bill, or the California bill (i.e., all plastics banned, irrespective of their environmental
impact).

The US federal government Microbead-Free Waters Act of 20157 will prohibit the
formulation and distribution of rinse-off cosmetics (and specifically stated that this
included toothpaste) that intentionally contain plastic microbeads. The term microbead
means any solid plastic particle that is less than 5mm in size and is intended to be used
to exfoliate or cleanse any part of the human body. There are different deadlines for the
prohibition of manufacture (July 2017) and placing on the market (July 2018),
respectively. The respective deadlines are postponed for a year for ‘non-prescription
rinse-off cosmetics’.

New Zealand

The New Zealand government regulation banning plastic microbeads® came into effect on
7 June 2018. The regulation prohibits, under section 23 of the Waste Minimisation Act
2008, the sale and manufacture of wash-off products that contain plastic microbeads for
the purposes of exfoliation, cleaning, abrasive cleaning or visual appearance of the
product. A Regulatory Impact Statement® was prepared by the Ministry for the
Environment (MfE). It provides an analysis of options to prevent the sale and
manufacture of “wash-off” products containing plastic microbeads. Microbeads are
defined as synthetic, non-biodegradable plastic beads, used in personal care products
such as bath products, facial scrubs and cleansers, and toothpastes. The NZ Environment
Protection Authority (EPA) has published information!® on what the ban means for
manufacturers, suppliers, retailers and the public.

Australia

After the New Zealand ban on the sale and manufacture of microbeads to cover all 'wash
off' products, there is speculation on whether Australia will follow. In December 2016, an
official meeting of environment ministers (MEM) from federal, state and territory level
across Australia endorsed a voluntary industry phase-out of microbeads by 1 July 2018.

& Available at http://leginfo.leqgislature.ca.gov/faces/billTextClient.xhtmI?bill id=201520160AB888

7 Available at https://www.congress.gov/bill/114th-congress/house-bill/1321

8 http://www.legislation.govt.nz/regulation/public/2017/0291/latest/096be8ed816cddcb.pdf

9 http://www.mfe.govt.nz/sites/default/files/media/Legislation/RIS/RIS-microbeads-2017.pdf

10 https://www.epa.govt.nz/news-and-alerts/alerts/microbeads-ban-is-your-product-affected/
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South Korea

In Oct 2016, the Korean Ministry of Food and Drug Safety (MFDS) has notified the World
Trade Organization (WTO) of its ‘Proposed Amendments to the “Regulation on Safety
Standards etc of Cosmetics”'t. The proposed amendments have banned the use of
microbeads in rinse-off cosmetics from July 2017.

A.2.3. Manufacture

Table 2: Indicative list of polymer materials available in physical forms that would be
consistent with a microplastic

Polymer

Trade name, brief product description and manufacturer

Polyamide

Vestosint polyamide (PA12) coating and fine powders with d50 from 6 to 100
um - Evonik (DE) - https://www.vestosint.com

Orgasol ultrafine industrial polyamide (PA12 and or/PA6) powders from 5 to 60
um — Arkema (FR) - https://www.orgasolpowders.com/en/

Organsol cosmetics ultrafine multi-functional polyamide powders 5 to 20 pm
(spherical shape) for anhydrous, oil and water-based systems — Arkema (FR) -
cosmetics https://www.orgasolcosmetics.com

Rilsan polyamide (PA11) fine powders — Arkema (FR) -
https://www.rilsanfinepowders.com

Polyacrylics (PMMA,
acrylate and
methacrylate co-
polymers) - typically
cross-linked

Spheromers CA spherical beads 6 to 40 pm - Microbeads AS (NO) -
http://www.micro-beads.com

Techpolymer 0.1 to 200 pm - Sekisui Plastics (JP) - http://www.tech-
p.com/en/

Epostar MA 2 to 12 ym - Nippon Shokubai (JP) -
https://www.shokubai.co.jp/en/products/functionality/epokara.html

Epostar MX 0.01 to 0.40 pm (emulsion) -
https://www.shokubai.co.jp/en/products/functionality/epokara.html

Altuglas BS spherical solid methacrylate beads (between 20 and 300 pm -
Arkema (FR) - https://www.altuglas.com/en/resins/acrylics-beads/

Decosilk ART d50 of 5 to 200 pm - Microchem (CH) - http://www.microchem-
online.com/en/microbeads.html

Caché CA cross-liked PMMA for cosmetics and toiletry applications — Microbeads
AS (NO) - http://www.micro-beads.com

Polystyrene

Spheromers CS spherical beads 6 to 40 um - Microbeads AS (NO) -
http://www.micro-beads.com

Dynoseeds TS spherical beads 10 to 500 um - Microbeads AS (NO) -
http://www.micro-beads.com

Calibre CS calibration standards in aqueous solutions 1 to 160 pm

Techpolymer 6 to 12 pm - Sekisui (JP) - http://www.tech-p.com/en/

Polyurethane

Decosoft d50 of 7 to 60 um - Microchem (CH) - http://www.microchem-
online.com/en/microbeads.html

Melamine-formaldehyde

Epostar 0.1 to 2 pm - Nippon Shokubai (JP) -
https://www.shokubai.co.jp/en/products/functionality/epokara.html

11 Available at: http://ec.europa.eu/growth/tools-

databases/tbt/en/search/?tbtaction=search.detail&Country ID=KOR&nhum=672&dspLang=en&basd

atedeb=30/09/2016&basdatefin=12/10/2016&baspays=&basnotifnum=&basnotifnum2=&bastypep

ays=ANY&baskeywords
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Annex B. Derivation of a regulatory definition of
microplastic

The following Annex considers each of the relevant elements of a fit-for-purpose
microplastic definition.

B.1. Substance

In the absence of a definition of ‘plastic’ in the REACH regulation, the starting point for a
regulatory definition of *‘microplastics’ under REACH can be considered to be the REACH
polymer definition.

In accordance with REACH (Article 3(5)), a polymer is defined as a substance meeting
the following criteria:

(@) Over 50 percent of the weight for that substance consists of polymer molecules (see
definition below); and,

(b) The amount of polymer molecules presenting the same molecular weight must be less
than 50 weight percent of the substance.

In the context of this definition a ‘polymer molecule’ is a molecule that contains a
sequence of at least 3 monomer units, which are covalently bound to at least one other
monomer unit or other reactant.

B.1.1. Presence of a particle or ‘polymer-containing particle’

Almost all definitions refer to ‘microplastics’ as ‘particles’. Indeed, it is likely to be one of
most critical descriptors of a material consistent with the microplastic concern. There is
an ISO definition for particle and there are a range of standard analytical methods
available to measure particle size distributions!2,

According to various ISO standards (e.g. CEN ISO/TS 27687:2008 (ISO, 2008) and ISO
14644-6:2007 (ISO, 2007)), a particle is defined as a “"minute piece of matter with
defined physical boundaries". This can be further specified such that a “particle has a
physical boundary that can also be described as an interface and that a particle can move
as a unit”.

The EU regulatory definition for ‘nanomaterial’3 also refers to particle and the ISO
definition, outlined above, was included to ensure a common understanding of this key
term. The Joint Research Centre of the EU (JRC) has recently prepared draft guidance on
the implementation of the EU definition of nhanomaterial covering concepts and terms that
are also highly relevant for deriving a fit-for-purpose microplastics definition (JRC, 2018).

12 Several different methods for analysing particle size and particle size distribution of particles and
specifically polymer particles are available and are widely used. The standardised methods include
for example sieving, laser diffraction and image analysis. The exact methods may be specific for
the used polymer type (for example ISO 22498:2005, ISO 17190-3:2001, ISO 13320:2009, ISO
13322-1:2014).

13 2011/696/EU, Commission Recommendation of 18 October 2011 on the definition of
nanomaterial: “A natural, incidental or manufactured material containing particles, in an unbound
state or as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the
number size distribution, one or more external dimensions is in the size range 1 nm - 100 nm”.
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JRC (2018) outlines that 'minute piece of matter' is only called a particle if this piece of
matter has defined physical boundaries, i.e. if it can be distinguished from the
surrounding matter. In other words: there must be, all around the particle, a continuous
boundary that indicates where the particle 'ends'. The term 'interface' can be used to
describe this boundary. On the 'other side' of the boundary, there may be a continuous
phase (i.e. gas, liquid, solid), or another particle. Based on JRC (2018), it appears
necessary that an accompanying definition for particle should be included in the
regulatory definition of a microplastic.

Stakeholder input on this element has focussed on the size cut-offs, the number of
dimensions considered and the state of the particle (solid/semi-solid/liquid).

It also should be noted that, in the context of the regulatory definition, microplastic
particle does not refer only to particles consisting solely of polymers. ‘Polymer-containing
particle’” means a particle of any composition with a polymer content of = 1% w/w.

B.1.1.1. Coatings on small objects

There are many uses where polymer films are used to coat/encapsulate other materials
that would be within the scope of the regulatory definition due to the size of the resulting
particle (e.g. seed coatings, controlled release fertilisers, medical products, encapsulated
pigments, encapsulated liquids etc.). During reasonably foreseeable conditions of use,
the particle may be retained in a matrix or released to the environment (e.g. via
wastewater, or from being ‘shed’ from clothing. Particles that are released under
reasonably foreseeable conditions of use are not considered to be adequately controlled
and would be within the scope of the restriction. For particles that are permanently
embedded in films (e.g. the encapsulated pigments are embedded in a cured paint film),
or other solid matrices (e.g. concrete/resin or similar) are considered to have a reduced
potential for release. However, releases could occur depending on the conditions of use
during the use phase (i.e. disposal of residual product or the cleaning of brushes/tools)
or during service life.

The relative weight percentage of the polymer coating versus the material it
coats/encapsulates depends on factors like the thickness of the polymer coating, the size
of the resulting coated/encapsulated particle, the nature of the encapsulated/coated
particle and the polymer coating. Based on the information received in the public
consultation, the (w/w) % of the polymer can be as lower than 0.002 % to as high as 60
%.

As for the threshold for a particular size distribution, using the (w/w) % introduces a bias
in the measurement as larger object weigh more and therefore contribute more to the
w/w (%). A thin coating on a larger particle will have a lower (w/w) % contribution to the
material mass while a thick coating on a small particle will have a larger (w/w) %
contribution, although the amount of polymer in both examples may be the same. For
this reason, setting a threshold for the (w/w) % contribution of polymer coating may be
both arbitrary and inconsistent.

Therefore, it is proposed not to set a threshold for the (w/w) % of polymer coating for an
encapsulated/coated particle. This means that where the polymer coated particle is
within the size range specified in the definition, the polymer coating is a “microplastic”.
Whether it is within the scope of the proposed restriction will depend on the releases that
occur under reasonably foreseeable conditions of use.

B.1.1.2. Polymers used for stabilising certain particles or polymers
themselves are stabilised in certain "media”

In some uses polymers could be applied to stabilise certain particles such as polymers
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used for drug delivery systems or stabilisation of colloid metal particles. In other uses
polymer particles could be added in a stabilised dispersion to provide a designed
functionality e.g. in synthetic latexes. In both uses the polymers could potentially fall
under the microplastic definition.

For these applications, it is proposed to set the same threshold as for other applications.
If 21% w/w of polymer is applied for stabilising particles or if 1% w/w of polymer is
present in a "“media” which the polymer is stabilised in it could be considered as a
microplastict4.

However if the polymer particles coalesce (or similarly react) to form a continuous film
during use they would cease to be particles, which will affect how a restriction could
apply to their use (see section on film-forming).

B.1.1.3. State of the particle

Many microplastic definitions have included the term “solid” as an inclusion criterion, but
without further defining the term. The EU definition for nanomaterial refers to “particles”
only and does not have explicit additional qualifiers on “state”. In recent draft guidance
on the implementation of the EU definition of nanomaterial the JRC (2018) outlines that
the term 'particle' is intended to cover only entities with a defined, rigid shape thus in
essence solid objects. The report concludes that the EU definition of a nanomaterial
covers only particles that are solid at standard temperature and pressure (STP), i.e.
298.15 K and 101325 Pa. In other relevant EU legislation the term 'solid' is understood in
relation to liquid and gaseous states. In CLP!5 solid means ‘a substance or a mixture that
does not meet the definitions of liquid or gas!®.

“State of the substance” is also a standard REACH information reporting requirement
under the REACH regulation: 7.1. State of the substance at 20 °C and 101.3 kPa

Following the available guidance on preparing robust study summaries, the reporting
options are limited to “physical state (gaseous, liquid or solid).

Many stakeholders provided input on this element in the call for evidence or in additional
information submissions. Some had the view that it was not clear if “semi-solid” would be
covered by “solid” or whether particles that were in the liquid state should be included.

14 As the matrix of the particle or the “media” in which polymer is stabilised in varies, it is not
possible to apply a single analytical method(s) for determining the amount (w/w) of the polymer.
However, it is known that several methods which are generally available, can be utilised on case-
by-case basis. For example if colloid metal particle are stabilised with polymers, it is possible to use
elemental analysis to determine the amount of carbon in the particles. For organic substances it is
possible to use extraction techniques in order to separate the polymer from the matrix which can
then be quantified.

15 The definitions of the Globally Harmonized System of Classification and Labelling of Chemicals
(GHS) were also considered during the development of the Annex XV report, but it was
subsequently decided to apply the Classification, Labelling and Packaging of substances and
mixtures (CLP) definitions of Regulation (EC) No 1272/2008 on the basis that this was more
consistent with existing EU regulation.

16 Gas means a substance which: (i) at 50°C has a vapour pressure greater than 300 kPa
(absolute); or (ii) is completely gaseous at 20 °C at a standard pressure of 101.3 kPa; Liquid
means a substance or mixture which: (i) at 50°C has a vapour pressure of not more than 300 kPa
(3 bar); (ii) is not completely gaseous at 20°C and at a standard pressure of 101.3 kPa; and (iii)
which has a melting point or initial melting point of 20°C or less at a standard pressure of 101.3
kPa; Solid means a substance or mixture which does not meet the definitions of liquid or gas.
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The reason for this uncertainty is that polymers are generally complex macromolecules
and there is an enormous diversity in their chemistry and properties. For this reason, a
definition for “solid” would ensure a common understanding.

Based on the considerations in the JRC draft guidance for the implementation of the EU
definition for nanomaterial (JRC, 2018), it is likely to be useful to add the qualifier “solid”
to the element “particle” to exclude liquids and gases.

In the call for evidence, some stakeholders queried how “wax” will be considered. “wax”
is a generic term for the state of a material (i.e. "waxy”) and can cover a multitude of
very different chemicals (naturally occurring bees waxes, paraffinic waxes, polyethylene
waxes, etc.). "Waxes” that are solid in the context of the CLP definition are within scope.
However, some “waxes” may form a film on use (see section on film-forming).

In addition to defining the state of the microplastic particle via CLP, the determination of
the difference between the solid and the liquid state could be done using melting
temperature of the material (Tm). However, this is not straightforward when considering
polymeric substances. For some polymeric materials, due to their amorphous nature, it is
not possible to define Tm, however, it is possible to define glass transition temperature,
Tg, for these substances. Tq describes the temperature or temperature range where a
polymer changes from a hard, rigid or “glassy” state into a viscous or rubbery state as
the temperature is increased. In principle, this could be used to determine the state of
the substance. However, the challenge in using this route to define the state of the
microplastic particle is that there would be ambiguity for certain types of materials, such
as waxes and potentially additional ambiguity in determining Tq for certain types of
materials such as composites.

B.1.1.4. Solubility considerations

Many definitions have also included water insolubility as an inclusion criterion. However,
none has included test methods to determine polymer solubility or derived pass/fail cut-
off solubility values for “water insoluble”. This means that while on a conceptual level
“water insoluble™ seems clear, on a practical and empirical level it is open to
interpretation and is not as straightforward as would be initially thought.

The relevance of “solubility” was also considered by the SCENIHR in its 2011 Opinion on
the “scientific basis for the definition of the term nanomaterial” requested by the
Commission. The Opinion outlines that while solubility is a relevant property of particles,
it is dependent on the interplay between the chemistry of the particle and the
environment into which it is placed. The Opinion did not subsequently recommend its
inclusion as an element for the EU definition for nanomaterial (SCENIHR, 2010).

Water solubility is a REACH information requirement (Annex 7(7)). There is a definition
for water solubility in Regulation (EC) No 440/2008 A.6, section 1.2.

‘The solubility of a substance in water is specified by the saturation mass concentration of
the substance in water at a given temperature. The solubility in water is specified in units
of mass per volume of solution. The Sl unit is kg/m?® (grams per litre may also be used)’
(see Regulation (EC) No 440/2008, A.6, section 1.2).

However the REACH Guidance on Information Requirements and Chemical Safety
Assessment Chapter R.7a: Endpoint specific guidance on the above definition for
solubility of a single substance in water is not “applicable to substances which are multi-
component, such as multi-constituent or UVCB substances, i.e. complex substances.”. In
this context, polymers would be generally complex. The practical guide also outlines that

“when a substance has a low water solubility, it is considered to be a ‘difficult substance’
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in relation to some other laboratory testing (especially for environmental endpoints).
Special considerations need to be made on how the test is performed and/or the results
interpreted.”

OECD test method 120 is used to determine the solution/extraction behaviour of
polymers in water (OECD, 2000). However, this method only gives the method relating
to the experimental conditions (sample preparation, temperature, time) but not the
methods to quantify polymer solubility.

The revised REACH Annexes for nanomaterials that will come into force in 2019 also
highlights that for particulates, test methods used to determine “solubility” can be
confounded by particle dispersion.

“Solubility” may also be open to interpretation for polymers as there is no universal
definition that would be applicable to all polymers that would fall under the REACH
definition of polymer. Polymers are complex macromolecules and there is enormous
diversity in their chemistries. A polymer is generally considered “soluble” in a given
medium when it “dissolves” into the medium, in that it forms a solution. The rate at
which this dissolution occurs depends on the polymer chemistry, the solvent,
temperature and other conditions.

For polymers, many solubility scales are reported e.g. Kaouri-Butanol number, solubility
grade, aromatic character, analine cloud point, wax number, heptane number, and
Hildebrand solubility parameter. In other literature, the definition of a “water soluble
polymer” is context specific — e.g. "Water-Soluble Polymers are organic substances that
dissolve, disperse, or swell in water and thus modify the physical properties of agqueous
systems undergoing gellation, thickening, or emulsification/stabilization. These polymers
perform a variety of functions in aqueous media, including use as dispersing and
suspending agents, stabilizers, thickeners, gellants, flocculants and coagulants, film-
formers, humectants, binders, and lubricants”.

Polymer "solubility" therefore can be understood differently depending on the context the
term is used. Based on the above considerations from existing guidance under REACH
and technical and industry literature, “solubility” as an element in the definition of
“microplastic” may not be useful as the term is context dependent. As highlighted for the
element "solid", “particle” captures that a polymer has kept its shape in the medium into
which it is placed and can move as a unit.

“Solubility” is therefore not proposed for inclusion as an element in the regulatory
definition.

B.1.1.5. Particle size and morphology

Almost all definitions give 5 mm as the upper limit for what is considered a
“microplastic”. The basis for this was a pragmatic decision based on the premise that it
would include a wide range of small particles that could readily be ingested by biota, and
such particles that might be expected to present different kinds of threat than larger
plastic items (such as entanglement) (GESAMP, 2015). Many specify the number of
dimensions.

Limiting the size cut-off to one dimension means that any “plastic” that is < 5 mm in one
dimension would be considered as a microplastic. This would include plastic bags and
films with a large surface area (thickness is < 5 mm) as well as thin continuous fibres
(diameter < 5 mm). The Dossier Submitter does not consider that it was the intention to
consider these polymer entities as intentionally added “microplastics” in the context of a
REACH restriction, although we recognise that these materials could be present as
environmental litter if they are not appropriately disposed. Some of these entities will be
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addressed through other measures (e.g. Proposed EU Directive on Single Use Plastics).
Consequently, we consider that the size criterion should apply in all dimensions to
exclude these types of entities.

An appropriate size cut-off value has been much discussed and a lot of stakeholder input
was received on this point, in particular relating to a lower limit size cut-off. The upper
size cut-off of 5 mm is almost universal in definitions used in regulatory rulings and
reports. Consequently, the upper size limit of 5 mm is proposed although, depending on
the scope of the products to which the definition is applied, it could inadvertently include
small plastic articles within the scope of any restriction (e.g. small precision parts used in
equipment and machinery). Given that the concern stemmming from intentionally added
“microplastics” for many use applications (e.g. cosmetics) it could be that an upper size
limit of 1 mm may be more coherent with “intentional addition”. This upper limit would
be consistent with the EU Marine Strategy Framework Directive definition of a ‘small
microplastic’. It would also be consistent with the upper range of the SI micro unit (1000
microns = 1 mm).

Many stakeholders have proposed that a lower limit should be specified with values
proposed ranging from 1 nm to 5 um. The arguments given typically stem from
observations that sub-micron particles are not microplastics or that without a lower limit
single molecules could be affected by a restriction.

A lower limit of 1 nm would include polymer particles that are nanomaterials according to
the EU definition for nanomaterial. A lower limit of 100 nm would exclude them. A lower
limit of 1 micron would also exclude all sub-micron sized particles. There would not be
any scientific reasons for excluding nano and sub-micron sized particles from the scope
of the regulatory definition, despite them not occurring within the micro SI unit range.
Following the argumentation given in the EU definition for nanomaterial, a lower limit is
useful in terms of giving exclusion criteria. A possible element to include is therefore a
lower limit of 1 nm or alternatively no lower limit.

B.1.1.6. Fibre considerations

Some stakeholders raised concerns that polymer microparticles that have a fibrous shape
may not be adequately covered by the size cut-offs proposed; in particular high aspect
ratio particles. Consequently, additional elements may be considered for fibrous particles.
The WHO fibre aspect ratio (a fibre is a particle that has length to diameter ratio > 3) is
proposed as starting point for what is defined as a fibrous particle. For particles that fulfil
the WHO fibre aspect ratio criteria, particles with lengths greater than 5 mm (or 1mm)
would also be within the scope of the microplastic regulatory definition. An upper fibre
length can be specified to give certainty on what fibres are within scope.

B.1.1.7. Particle size distribution considerations

In relation to the particle size criteria, particle size distribution needs to be considered. In
any given test sample, the particle size measured will have a distribution and there may
be particles present with sizes both above and below the size cut-off. For all polymer
particles in a test sample to be considered microplastics it is logical that a majority of the
particles present are within the size range specified. A threshold value for the relative
proportion of the particles within the size range can be specified. For example, if the
threshold value for inclusion is 50 %, this means that 50 % of the particles must be
within the size range for the test sample to be considered as microplastics. The inclusion
size range for microplastic is very broad (1 to 5 000 000 nm) meaning that threshold
considerations will only be relevant for “large” microplastics close to the limit of 5 mm.

The particles size distribution can be reported using different metrics: weight, volume or
number based. A threshold value based on the number metric is the most accurate. The
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EU definition for ‘nanomaterial’ has a threshold value of 50 % based on the number size
distribution. However, measuring the number based distribution requires imaging
techniques such as transmission electron microscopy.

Based on the stakeholder input and on general considerations, setting a threshold value
based on the weight by weight (w/w) % distribution may be more accessible as methods
for determining the (w/w) % are available e.g. based on dynamic light scattering. As the
mass based distribution skews that distribution to larger particles as they are *heavier’
and therefore contribute more to the (w/w) %, in this case, it is proposed to give a lower
threshold to take this skew into account. To balance the simpler methods available to
measure the (w/w) distribution and the skew where a few larger particles (therefore
heavier) can shift the measured distribution to larger sizes at the expense of a majority
of smaller (and lighter) particles, it is proposed that the threshold be set at 1 % (w/w).

The one-off reporting scheme for nanomaterials under section 8a of TSCA applied a
similar logic in the metric and the threshold value used (also 1 % (w/w)). In practice,
this means that if more than 1 % w/w of the particles in a sample are within the size
range given in the definition for ‘microplastics’, all particles are considered to be within
the scope of the proposed restriction. The proposed threshold allows that the available
methods can be applied according to the standards with a good accuracy.

The 1 % threshold is the particle weight based size distribution. If 1 % or more of the
particles of a material in the weight based size distribution are < 5 mm in all dimensions,
the material meets the size criteria for “*microplastic”. Due to the skew in the metric used
to determine the distribution, the fraction of the material within the scope can be a tiny
fraction of the total mass of the material and at the same time be a majority in the total
number of particles.

B.1.1.8. Summary of proposed regulatory definition for microplastic

Based on the considerations above, the following regulatory definitions are proposed

‘microplastic’ means a material consisting of solid polymer-containing
particles, to which additives or other substances may have been added, and
where > 1% w/w of particles have (i) all dimensions 1nm < x < 5mm, or (ii),
for fibres, a length of 3nm < x < 15mm and length to diameter ratio of >3.
Polymers that occur in nature that have not been chemically modified (other
than by hydrolysis) are excluded, as are polymers that are (bio)degradable.

¢ ‘microbead’ means a microplastic used in a mixture as an abrasive i.e. to
exfoliate, polish or clean.

¢ 'polymer’ means a substance within the meaning of Article 3(5) of Regulation
(EC) No 1907/2006 (REACH).

e ‘particle’ is a minute piece of matter with defined physical boundaries; a
defined physical boundary is an interface.

¢ 'polymer-containing particle’ means either (i) a particle of any composition
with a continuous polymer surface coating of any thickness or (ii) a particle of
any composition with a polymer content of = 1% w/w.

¢ ‘solid’ means a substance or a mixture which does not meet the definitions of
liquid or gas.
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e ‘gas’ means a substance which (i) at 50 °C has a vapour pressure greater
than 300 kPa (absolute); or (ii) is completely gaseous at 20 °C at a standard
pressure of 101.3 kPa.

e liquid’ means a substance or mixture which (i) at 50 °C has a vapour
pressure of not more than 300 kPa (3 bar); (ii) is not completely gaseous at
20°C and at a standard pressure of 101.3 kPa; and (iii) which has a melting
point or initial melting point of 20 °C or less at a standard pressure of 101.3
kPa.

One element of the definition of a “polymer-containing particle” uses a concentration
limit of = 1% (w/w) polymer content w/w. The application of this limit is exemplified
below.

Example: Company A manufactures a substance that consists of an inorganic particle
stabilised with a polymer. If it is found that, the amount of polymer is equal or greater
than 1 % w/w in the particle, and assuming that the size criterion is also met, this means
the whole substance fulfils the definition of microplastic, independently from the quantity
of the substance.

It is reasonable to say that an in-depth knowledge of the manufacturing process would
assist in establishing whether the concentration limits are fulfilled or not. If, based on
documentation, it is clear that either the particle size distribution or the polymer-
containing particle concentration limits have been fulfilled, there is no need for specific
analysis to determine the microplastic concentration of the content of a polymer in the
particles. Proper documentation demonstrating that the given substance or mixture
fulfils, or not, the criteria of the proposed definition would in any case be beneficial.

Hartmann et al. (2019) recently published recommendations for a standardised definition
and categorisation framework for plastic debris, including for microplastics. Whilst there
are some differences between the regulatory definition of a microplastic developed for
the purposes of this restriction and that presented by (Hartmann et al., 2019),
specifically in relation to solubility criteria, the approaches are on balance comparable.
This is particularly notable in relation to the diversity of synthetic polymer types that are
recommended to be included, and the exclusion of naturally occurring polymers and
polymer gels.

B.1.1.9. Function of the microplastic

The above sections provide elements of the regulatory definition of a microplastic.
However, they do not give the context of the uses where the release of the microplastics
to the environment is of concern. For many sectors, products include polymer particles
that would be considered to be microplastics but where the particles are not released,
inevitably or otherwise, to the environment under reasonably foreseeable conditions of
use.

Examples include uses where particle coalescence into films (i.e. are no longer
particulate) and hydrogels where the particle swell as they retain water to form gels
(which are not solid particles). These polymers do not fulfil the definition of a
microplastic. These would also include polymers that lose their particulate form in
solution (e.g. at the point of use/disposal).

B.1.1.9.1. Film-forming
Film-forming polymer microparticles are intended to yield a continuous polymer film on

use that has properties suitable for the intended application (e.g. long lasting paint
coatings, complete coverage of the skin in sun screen applications). Although these
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materials cease to be microplastics at the point of use there could be releases of ‘free’
particles that have not coalesced through disposal of waste or unused materials e.g. the
washing of paint brushes.

B.1.1.9.2. Microplastics permanently contained (entrapped) in a solid matrix
(including a film)

Polymer particles that are microplastics in a formulation but are permanently contained
in a solid matrix (including a film) in the intended use of the formulation are considered
to have inherently limited potential for releases to the environment, although releases
could occur during the use phase similarly to film-forming applications, via the
inappropriate disposal of residual product to wastewater or the cleaning of tools.
Examples would be polymer particles or pigment particles used in architectural paints
and coatings, or fibre-based binders used in cement or other construction materials.

B.1.1.9.3. Binders

A binding agent or a “binder” is a term that describes a function of a chemical in the
context of an application or use. A “binder” can bind or hold other components together
by mechanical, chemical, adhesive means. Depending on the sector, it can refer to
thickening agents, film forming agents, coatings, agents to improve the adhesion of
coatings, etc.,

Polymers are widely used as “binders” in a diversity of applications (e.g. architectural
coatings, cosmetics, inks, coatings on small objects such as seeds, fertiliser particles,
medicinal products). For example, polymers used as “binders” can have a film-forming
function (e.g. architectural paints), a thickening function in cosmetics (e.g. toothpaste)
or be an adhesive to “bind” a coating to a small object (e.g. seed coatings, drug
tableting). Some of these polymers will be "microplastics” according to the definition
have potential for release to the environment under reasonably foreseeable conditions of
use.

B.1.1.9.4. Hydrogels, ‘superabsorbent polymers (SAPs) and other ‘swollen
polymers’

The superabsorbent polymers are used primarily in absorbent hygiene products (e.g.
nappies), cosmetics, agriculture and packaging for their water retention properties. In
these cases it is clear that the polymer particles swell (absorbing water or other liquid) at
the point of use to form a gel losing their solid particulate form. On this basis these
substances no longer fulfil the regulatory definition of a microplastic.

However, certain other polymers also achieve their technical function by swelling during
use (e.g. coatings used on pharmaceutical or veterinary products to control the release of
an active ingredient after ingestion). Although the physical structure of these materials
changes during use they are likely to retain their solid particulate state. In this case they
are still considered as microplastics after swelling.

B.1.1.10. Polymers that occur in nature

Polymers that occur in nature can, by default, be considered to be inherently
(bio)degradable in the environment and not contribute to the microplastic concern.
Therefore, they should not be considered microplastics. This approach is consistent with
Article 2(7)(a) and 2(7)(b) of REACH (as elaborated in Annexes IV and V).

Polymers that occur in nature that have been chemically modified in some respect (e.g.

cross-linked) should be considered to be microplastics where they also meet the criteria
for physical state, morphology and dimensions outlined in the sections below. This
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consideration should not apply to polymers that occur in nature that have only been
chemically modified via hydrolysis, as there is already an exemption to the registration
requirements for these substances.

The relevance chemically modified naturally occurring polymers to the scope of a
restriction will depend on (i) whether they are released to the environment under
reasonably foreseeable conditions of use and (ii) if they are (bio)degradable (see below).

B.1.2. (Bio)degradation of microplastics

The definition for different biodegradation processes can be found in several standard
Test Guidelines. A context relevant definition for “biodegradation" is given for example in
CEN/TR 15351 technical report on Plastics. Guide for vocabulary in the field of
degradable and biodegradable polymers and plastic items

Biodegradation: degradation of a polymeric item due to cell-mediated phenomena
Aerobic biodegradation: biodegradation under aerobic conditions

Anaerobic biodegradation: biodegradation under anaerobic conditions
Biodegradable: status of a polymeric item that can be biodegraded

Degree of biodegradation: fraction of an original polymeric item that is biodegraded as
measured through specified phenomena or techniques sensitive to mineral and biomass
formation

Furthermore, EN ISO 14852:2018 and EN 13193 describes ultimate aerobic
degradation as breakdown of an organic compound by microorganisms in the presence
of oxygen into carbon dioxide, water and mineral salts of any other element present
(mineralisation) plus new biomass. OECD TG 301 defines ultimate biodegradation
(aerobic) as "The level of degradation achieved when the test compound is totally
utilised by micro-organisms resulting in the production of carbon dioxide, water, mineral
salts and new microbial cellular constituents (biomass)” and primary biodegradation
as “The alteration in the chemical structure of a substance, brought about by biological
action, resulting in the loss of a specific property of that substance”.

According to OECD TG 301, ready biodegradability is an arbitrary classification of
chemicals, which have passed certain specified screening tests for ultimate
biodegradability. These tests are so stringent that it is assumed that such compounds will
rapidly and completely biodegrade in aquatic environments under aerobic conditions.
Furthermore, inherently biodegradable substances are classified as of chemicals for
which there is unequivocal evidence of biodegradation (primary or ultimate) in any test
of biodegradability.

In most cases, the regulatory assessment of biodegradability is focusing on aerobic
degradation assessed by screening studies and/or higher tier studies measuring
degradation rates. In the environment, abiotic degradation processes always accompany
biodegradation and biodegradation can be either aerobic or anaerobic or combination of
these.

The term “biodegradable” on its own without qualification of the timeframe or the
environment where the degradation takes place means very little as, in principle,
everything is (bio)degradable over sufficiently long time horizons. Given that one
element of the concern is that "microplastics” persist in the environment, a derogation
for polymers that demonstrate biodegradability in the relevant environment within a
specific timeframe appears to be reasonable and would promote innovation to more
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sustainable materials in the medium to long-term, which is one of the objectives of the
REACH regulation.

Currently there are no microplastics specific PASS/FAIL criteria for screening level
(bio)degradability (ready or inherent biodegradability) or (bio)degradation rates in
relevant environmental compartments.

As for biodegradable plastics, pass or fail criteria for biodegradability are established for
compostable plastic (EN 13432:2000) and mulching films (EN 17033:2018). EN 13432
defines biodegradable plastics in the context of the Directive on Packaging and Packaging
Waste (94/62/EC) that gives the requirements for packaging to be considered
recoverable. Plastics used in packaging need to fulfil the specifications of the standard EN
13432:2000 “Packaging: Requirements for packaging recoverable through composting
and biodegradation”. Biodegradable plastic needs to fulfil three criteria to be accepted as
compostable;

e Biodegradation under composting conditions (mineralisation) should be 90% of
the degradation of a positive control within a maximum of 6 months.

e Disintegration demonstrated as 10 % of material fragments (residues) are allowed
to be larger than 2 mm.

e Absence of any negative effect on the composting process.

EN 17033 specifies the requirements for biodegradable films, manufactured from
thermoplastic materials, to be used for mulch applications in agriculture and horticulture.
It is applicable to films intended to biodegrade in soil without creating any adverse
impact on the environment. It also specifies the test methods to assess these
requirements as well as requirements for the packaging, identification and marking of
films. The material of the mulch film is considered to have demonstrated a satisfactory
rate and level of biodegradation in soil if; a) when tested in accordance with EN ISO
17556, it achieves a minimum biodegradation percentage as specified hereunder within a
test period no longer than 24 months; and b) 90 % of the organic carbon shall have been
converted to CO2 by the end of the test period (relative to a reference material or [c] in
absolute terms). In addition to the degradability, evaluation criteria have been
established on ecotoxicity, film properties, and constituents of the biodegradable mulch
films.

In addition, Proposal for a REGULATION OF THE EUROPEAN PARLIAMENT AND OF THE
COUNCIL laying down rules on the making available on the market of CE marked
fertilising products and amending Regulations (EC) No 1069/2009 and (EC) No
1107/2009 - Analysis of the final compromise text with a view to agreement states that
“The Commission shall by ... [five years after the date of entry into force of this
Regulation] assess biodegradation criteria for polymers referred to in point 2 of CMC 10
and test methods to verify the compliance with those criteria and, where appropriate,
adopt a delegated act in accordance with paragraph 1 which lays down those criteria. The
criteria shall ensure that the polymer is capable of undergoing physical and biological
decomposition in natural soil conditions and aquatic environments across the EU, such
that it ultimately decomposes only into carbon dioxide (CO2), biomass and water. They
shall ensure that the polymer has at least 90% of the organic carbon converted into CO2
in a maximum period of 48 months after the end of the claimed functionality period of
the fertilising product indicated on the label, and as compared to an appropriate standard
in the biodegradation test. Those criteria shall ensure that the use of polymers does not
lead to accumulation of plastics in the environment”.

CMC 10: Other polymers than nutrient polymers further specifies that “As of [seven years
after the date of entry into force] the polymers shall comply with the biodegradability
criteria adopted by the Commission in accordance with Article 42. In the absence of such
criteria, the polymers must not be contained in any EU fertilising product placed on the
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market after that date”.

There are also criteria for set biodegradability for different types of organic substances in
REACH Regulation 1907/2006, Plant protection products Regulation (EC) No 1107/2009
and Detergents Regulation 648/2004/EC.

Furthermore, there is certification for biodegradability in a “natural freshwater
environment”, marine, soil and compost are established by TUV AUSTRIA
(http://www.tuv-at.be/home/). For example Biodegradable WATER is with requirement
to exhibit a biodegradation rate of 90% within 56 days at temperatures of 20-25°C and
for marine environment to exhibit a biodegradation rate of 90% following 6 months
exposure.

Table 3 presents in more detail existing criteria for biodegradability/persistence specified
under following regulations;

¢ REACH Regulation 1907/2006

e Fertilisers REGULATION (EC) No 2003/2003 relating to fertilisers. Amendments
adopted by the European Parliament on 24 October 2017 on the proposal for a
regulation of the European Parliament and of the Council laying down rules on the
making available on the market of CE marked fertilising products and amending
Regulations (EC) No 1069/2009 and (EC) No 1107/2009 (COM(2016)0157 - C8-
0123/2016 - 2016/0084(COD)) (1) (Ordinary

e Plant protection products Regulation (EC) No 1107/2009

e Packaging and packaging waste Directive 94/62/EC

o Detergents 648/2004/EC Detergents containing surfactants

Table 3: Criteria for biodegradability under REACH, Fertiliser regulation, detergents
containing surfactants, plant protections products and compostable packaging materials.

Standard /

Regulation Biodegradability criteria test method
REACH Regulation Ready biodegradability, inherent biodegradability, half-live in water OECD TG 301
1907/2006 (fresh, estuarine and marine), sediment (fresh, estuarine and marine), A-F
il.
Annexes VII-X S0t OECD TG
Ready biodegradability (including modifications allowed in the 302B and
Annex XIII respective TGs); =270% biodegradation measured as DOC removal 302C
(OECD TGs 301A, 301E and 306) or 260% biodegradation measured as D 3
ThCo2 (OECD TG 301B) or ThOD (OECD TGs 301C, 301D, 301F, 306 OECD 307
and 310) OECD 308

Inherent biodegradability; =70 % mineralisation (DOC removal) within OECD 309
7 d; log phase no longer than 3d; removal before degradation occurs
below 15%; no pre-adapted inoculum

Annex XIII to the REACH Regulation is generally applicable to any
substance containing an organic moiety. The PBT/vPvB criteria as set
out in Annex XIII to the REACH Regulation. If based on the screening
information (e.g. ready biodegradability or other screening tests) there
is indication of P and vP properties further information (e.g. simulation
tests to derive half-lives) needs to be generated.

A substance fulfils the persistence criterion (P) in any of the following
situations:

(a) the degradation half-life in marine water is higher than 60 days;

(b) the degradation half-life in fresh or estuarine water is higher than
40 days;

(c) the degradation half-life in marine sediment is higher than 180
days;

(d) the degradation half-life in fresh or estuarine water sediment is
higher than 120 days;
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Regulation

Biodegradability criteria

Standard /
test method

(e) the degradation half-life in soil is higher than 120 days.

A substance fulfils the “very persistent” criterion (vP) in any of the
following situations: (a) the degradation half-life in marine, fresh or
estuarine water is higher than 60 days; (b) the degradation half-life in
marine, fresh or estuarine water sediment is higher than 180 days;

(c) the degradation half-life in soil is higher than 180 days.

Proposal for a
REGULATION OF
THE EUROPEAN
PARLIAMENT AND
OF THE COUNCIL
laying down rules
on the making
available on the
market of CE
marked fertilising
products and
amending
Regulations (EC) No
1069/2009 and (EC)
No 1107/2009 -
Analysis of the final
compromise text
with a view to
agreement

(55a) A CE marked fertilising product may contain other polymers than
nutrient polymers, however this should be limited to the cases where
the purpose of the polymer is that of controlling the release of nutrients
or increasing the water retention capacity of the CE marked fertilising
product. It should be possible for innovative products containing such
polymers to access the internal market. In order to minimise risks to
human health, to safety or to the environment that may be posed by
other polymers than nutrient polymers, the criteria for their
biodegradation so that they are capable of undergoing physical and
biological decomposition should be established. For that purpose, the
power to adopt acts in accordance with Article 290 of the Treaty on the
Functioning of the European Union should be delegated to the
Commission in respect of defining the criteria of the conversion of
polymeric carbon to be converted into carbon dioxide (CO2) and a
respective testing method for biodegradation. Polymers which do not
comply with these criteria should be prohibited after a transitional

period.
Art 42 Amendment of Annexes

3a. The Commission shall by ... [five years after the date of entry into
force of this Regulation] assess biodegradation criteria for polymers
referred to in point 2 of CMC 10 and test methods to verify the
compliance with those criteria and, where appropriate, adopt a
delegated act in accordance with paragraph 1 which lays down those
criteria. The criteria shall ensure that the polymer is capable of
undergoing physical and biological decomposition in natural soil
conditions and aquatic environments across the EU, such that it
ultimately decomposes only into carbon dioxide (CO2), biomass and
water. They shall ensure that the polymer has at least 90% of the
organic carbon converted into CO2 in a maximum period of 48 months
after the end of the claimed functionality period of the fertilising
product indicated on the label, and as compared to an appropriate
standard in the biodegradation test. Those criteria shall ensure that the
use of polymers does not lead to accumulation of plastics in the
environment.

Article 47b Biodegradability review

By ... [five years after the date of entry into force of this Regulation],
the Commission shall carry out a review in order assess the possibility
of determining biodegradability criteria of mulch films, and the
possibility of incorporating them into CMC 10.

CMC 10: Other polymers than nutrient polymers

2. As of [seven years after the date of entry into force] the polymers
shall comply with the biodegradability criteria adopted by the
Commission in accordance with Article 42. In the absence of such
criteria, the polymers must not be contained in any EU fertilising
product placed on the market after that date.

3. Neither the polymer, nor its degradation by-products, shall show any
overall adverse effect on animal or plant health, or on the environment,
under reasonably foreseeable conditions of use in the CE marked EU
fertilising product. The polymer shall pass a plant growth acute toxicity
test, an earthworm acute toxicity test and a nitrification inhibition test
with soil micro-organisms as follows: ....

Methods to be
developed

e  Plant protection

Annex II

OECD TG
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Standard /

Regulation Biodegradability criteria test method
products e  Procedure and criteria for the approval of active substances, 301A-F
safeners and synergists pursuant to Chapter II
e Regulation (EC) OECD TG 310
No 1107/2009 e An active substance, safener or synergist shall only be approved
where it is not considered to be a persistent organic pollutant OECD TG 307
(POP) or PBT/vPvVB. OECD TG 308
CHAPTER II OECD TG 309

Active substances, safeners, synergists and co-formulants
3.7 Fate and behaviour

An active substance, safener or synergist shall only be approved where
it is not considered to be a persistent organic pollutant (POP)

3.7.1.1. Persistence (POP)

An active substance, safener or synergist fulfils the persistence criterion
where there is evidence that the time it takes for a degradation of 50 %
(DT50) in water is greater than 2 months, or that its DT50 in soil is
greater than 6 months, or that its DT50 in sediment is greater than 6
months.

3.7.2.1. Persistence (P)

An active substance, safener or synergist fulfils the persistence criterion
where:

— the half-life in marine water is higher than 60 days,
— the half-life in fresh or estuarine water is higher than 40 days,
— the half-life in marine sediment is higher than 180 days,

— the half-life in fresh or estuarine water sediment is higher than 120
days, or

— the half-life in soil is higher than 120 days.

Assessment of persistency in the environment shall be based on
available half-life data collected under appropriate conditions, which
shall be described by the applicant.

3.7.3.1. Persistence (vP)

An active substance, safener or synergist fulfils the ‘very persistent’
criterion where:

— the half-life in marine, fresh- or estuarine water is higher than 60
days,

— the half-life in marine, fresh- or estuarine water sediment is higher
than 180 days, or

— the half-life in soil is higher than 180 days.

Packaging and
packaging waste

Biodegradable and compostable plastic carrier bags

EN 13432:2000 - “Packaging: requirements for packaging recoverable

Standards for
Compostable

Directive . . N I and
through composting and biodegradation” has three criteria for biodegradable
94/62/EC ‘compostable’ material; Biodegradation, disintegration and safety. packaging
Material needs to pass criteria set for these parameters to be
‘compostable’. EN 13432
ili 2000
Clomposablélty of Biodegradability — Biodegradation under composting conditions ( )
P askt|c use ads (mineralisation) should be 90% of the degradation of a positive
packaging an control within a maximum of 6 months.
labelled as
"compostable” e Disintegration -10 % of material fragments (residues) are
allowed to be larger than 2 mm.
Absence of any negative effect on the composting process.
Detergents Under this Regulation, surfactants and detergents containing Multiple test
surfactants that meet the criteria for ultimate aerobic biodegradation as | methods for
648/2004/EC laid down in Annex III may be placed on the market without further primary
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Standard /

Regulation Biodegradability criteria test method
Detergents limitations relating to biodegradability. degradation,
containing . . . inherent
If a detergent contains surfactants for which the level of ultimate ; ;
surfactants = s ) - biodegradation
aerobic biodegradation is lower than that stipulated in Annex III, and other
manufacturers of industrial or institutional detergents containing additional
surfactants, and/or of surfactants for industrial or institutional methods

detergents, may ask for derogation. Requests for derogation shall be
made and decided in accordance with Articles 5, 6 and 9.

The level of primary biodegradability shall be measured for all
surfactants in detergents failing ultimate aerobic biodegradation tests.
Detergent surfactants, for which the level of primary biodegradability is
lower than that stipulated in Annex II, shall not be granted derogation.
¥B 2004R0648 — EN — 01.06.2015 — 007.001 — 10

Annex II - Primary degradation

The pass criterion for primary biodegradability shall be a level of at
least 80 %, as measured according to the test methods below.

e OECD's technical report of 11 June 1976 on the ‘Proposed Method
for the Determination of the Biodegradability of Surfactants in
Synthetic Detergents’.

e The method published in the Journal officiel de la République
frangaise of 30 December 1987, p. 15385, and by the standard NF
73-260 of June 1981, published by the Association francaise de
normalisation (AFNOR).

. ‘Verordnung Uber die Abbaubarkeit anionischer und nichtionischer
grenzflachenaktiver Stoffe in Wasch- und Reinigungsmitteln’ of 30
January 1977, published in the Bundesgesetzblatt of 1977, Part I,
p. 244, as set out in the Regulation amending that Regulation of 4
June 1986, published in the Bundesgesetzblatt of 1986, Part I, p.
851.

e ‘'Porous Pot Test’ and described in Technical Report No 70 (1978) of
the Water Research Centre.

e The ‘Confirmatory test procedure’ in the OECD method, described
in Annex VIII.1 (including possible changes in operating conditions
as proposed in EN ISO 11733). This is also the reference method
used for the settlement of litigation.

e Analytical methods specified for different type of detergents.
Annex III - Ultimate biodegradation

Surfactants in detergents shall be considered as biodegradable if the
level of biodegradability (mineralisation) measured according to one of
the following tests is at least 60 % within 28 days

A

e EN ISO Standard 14593: 1999. Pre-adaptation is not to be used.
The 10-day window principle is not applied (reference method).

. Directive 67/548/EEC method, Annex V.C.4-C (carbon dioxide
(CO2) Evolution modified Sturm test): pre-adaptation is not to be
used. The 10- day window principle is not applied.

e Directive 67/548/EEC method, Annex V.C.4-E (closed Bottle): pre-
adaptation is not to be used. The 10-day window principle is not
applied.

. Directive 67/548/EEC method, Annex V.C.4-D (manometric
respirometry): pre-adaptation is not to be used. The 10-day
window principle is not applied.

e Directive 67/548/EEC method, Annex V.C.4-F (MITI): pre-
adaptation is not to be used. The 10-day window principle is not
applied.

e ISO 10708:1997. Pre-adaptation is not to be used. The 10-day
window principle is not applied.
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Standard /

Regulation Biodegradability criteria test method

e Depending on the physical characteristics of the surfactant, one of
the methods listed below may be used if appropriately justified ( 2
). It should be noted that the pass criterion of at least 70 % of
these methods is to be considered as equivalent to the pass
criterion of at least 60 % referred to in methods listed in point A.
The adequacy of the choice of the methods listed below shall be
decided on a case-by-case confirmation, in accordance with Article
5 of this Regulation.

. Directive 67/548/EEC method, Annex V.C.4-A (dissolved organic
carbon DOC die-away): pre-adaptation is not to be used. The 10-
day window principle is not applied.

. Directive 67/548/EEC method, Annex V.C.4-B (modified OECD
screening-DOC die-away): pre-adaptation is not to be used. The
10-day window principle is not applied.

Additional studies:

e  Pre-adapted inoculum - Any of the tests described in Annex III,
may be run with pre adapted inoculum in order to provide evidence
of the relevance of pre-adaptation for the surfactant.

e Inherent Biodegradability Tests - At least one of the tests referred
to below shall be included:

o method of the Directive 67/548/EEC, Annex V.C.12
(Modified SCAS test),

o method of the Directive 67/548/EEC, Annex V.C.9 (Zahn-
Wellens).

Failure to pass the inherent biodegradability test would indicate
potential for persistency which may be considered, in general terms, as
sufficient to prohibit the placing on the market of such a surfactant
except in cases where the criteria set out in Article 6 indicate that there
is no justification for refusing a derogation.

e Activated Sludge Simulation Biodegradability Tests
The following tests referred below shall be included:

o method of the Directive 67/548/EEC, Annex V.C.10
(including possible changes in operating conditions as
proposed in EN ISO 11733).

Failure to pass the activated sludge simulation biodegradability test
would indicate potential for the release of the metabolites by sewage
treatment, which may be considered, in general terms, as evidence of
need for a more complete risk assessment.

B.1.2.1. Standards for (bio)degradation of plastic

Currently, there are no criteria for (bio)degradability or (bio)degradation rate of
microplastics in the environment or standard test methods available targeted on
measuring (bio)degradation of microplastics. However, there are several standard
methods published for (bio)degradability of plastics and organic chemicals. Existing
standards have been developed mainly by American Normative Reference (ASTM),
European Normative Reference (EN), Organization for Economic Co-operation and
Development (OECD), International Organization for Standardization (ISO) and
Association Francgaise de Normalisation (AFNOR).

Applicability of these standards have been extensively discussed by Eubeler et al. (2009),

Harrison et al. (2018) and Kyrikou and Briassoulis (2007). Available standards are listed
in Table 3 (not exclusive). These standard test guidelines provide methods to measure
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ready biodegradation, inherent biodegradation, and simulate degradation in different
environmental compartments (water, sediment, seawater/sandy sediment interface, and
soil) and process environments (sewage treatment plant, digester and compost).
Methods cover ultimate and primary degradation both in aerobic and anaerobic
conditions.

There are no international standardised higher tier test targeted for determining the half-
life of plastics in different environmental compartments (freshwater, marine
environment, soil or sediment). Methods available for plastics can be considered to
provide screening level information for the assessment of ready biodegradability
(ultimate degradation) and inherent biodegradation. Existing test methods for
biodegradability of plastics primarily aim at assessing ultimate degradation. The test
duration of these tests varies from 28 days to six months or even two years and in
general aim to reach the maximum amount biodegradation until a plateau phase is
reached.

Most of the methods targeted for plastic materials are applicable for wide variety of test
material forms such as powdered plastic, films, pieces and fragments. Some protocols
recommend to use plastic without any additives as a test material but most of the
guidelines allow a broad range of test materials, including additive containing plastics,
copolymers and polymer mixtures.

In general, the recommended range for the test temperature (15-28 °C) is limited to
higher than average environmental temperature in the EU (9 °C in marine environment
and 12 °C in fresh water environment and soil). Using a temperature close to room
temperature corresponds to the screening level OECD 301/310 Technical Guidelines
assessing ready biodegradability.

Scope of the most relevant standards in assessing the potential for aerobic
biodegradation and the applicability for microplastics is discussed below.

B.1.2.2. Standards for organic substances:

OECD TG 301 A-F Ready Biodegradability includes six methods 301 A-F which permit
the screening of chemicals for ready biodegradability in an aerobic aqueous medium.
Ready biodegradability test based on DOC measurement (A and E) are not applicable for
water-insoluble polymers and therefore from OECD TG 301 test series only those
measuring evolved CO2 or consumed Oz should be used. The pass level for ready
biodegradability is 60% of ThOD or ThCO2 production for respirometric methods within
28 days fulfilling the 10-day window at temperature of 22-25 °C. Tests may also be
prolonged beyond 28 days when the curve shows that biodegradation has started but
that the plateau has not been reached by day 28, but in such cases the chemical would
not be considered to meet the criteria for ready biodegradability.

OECD TG 310 Ready Biodegradability — CO: in sealed vessels (Headspace Test)
is a screening method for the evaluation of ready biodegradability of chemical substances
and provides similar information to the six test methods described in OECD Test
Guideline 301 A to F. Chemical substance that shows positive results can be considered
readily biodegradable and consequently rapidly degradable in the environment. Ultimate
degradation is measured as evolved CO2, the DOC removal and/or the extent of primary
biodegradation of the test substance can also be measured. The test is applicable to
water-soluble and insoluble test substances, though good dispersion of the substance
should be ensured. The inoculum may be derived from a variety of sources: activated
sludge; sewage effluent (non-chlorinated); surface waters and soils; or from a mixture of
these. Test is conducted in the dark at 20°C for 28 days. The pass level for ready
biodegradability is 60% of ThCO2 production in 28 days fulfilling the 10-day window.
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In principle, ready biodegradability tests described above can be applied for microplastics
as a screening study. Special attention should be paid on the dispersion of the
microplastic to ensure that the test material is well mixed in the test media. Reaching the
pass level within 10-day window would be challenging for biodegradable plastics.

Inherent biodegradability tests such as a Zahn-Wellens test (OECD TG 302B) or
MITI II test (OECD TG 302C) may be used under REACH (ECHA Guidance R.11) to
confirm that the substance does not fulfil the criteria for persistency provided that certain
additional conditions are fulfilled. In the Zahn-Wellens test, a level of 70% mineralisation
(DOC removal) must be reached within 7 days, the log phase should be no longer than 3
days, and the percentage removal in the test before degradation occurs should be below
15% (pre-adaptation of the inoculum is not allowed). In the MITI II test, a level of 70%
mineralization (O2 uptake) must be reached within 14 days, and the log phase should be
no longer than 3 days (pre-adaptation of the inoculum is not allowed). A lack of
degradation in an inherent biodegradation test (£20%) can provide evidence that
degradation in the environment would be slow. It should however be noted that the very
low solubility may reduce their availability and hence their degradability in the test. The
lack of degradation in an inherent test does not always imply that the substance is
intrinsically persistent.

OECD TG 302B is applicable for chemicals which are non-volatile and are soluble in
water to at least 50 mg DOC/I. Therefore, the method may not be applicable without any
modifications for poorly soluble microplastics. OECD TG 302C might be more suitable
option as it specifies that “If the test material is not soluble at the test concentration,
special measures, such as the use of ultrasound dispersion may have to be employed to
achieve a good dispersion of the test material”.

OECD TG 304A Inherent biodegradability in soil is performed with #C-labelled test
materials and it is applicable to volatile or non-volatile, soluble or insoluble compounds.
This test in performed in the dark at 22°C for 32 days and if necessary maximum of 64
days. In principle OECD 304A would be applicable for microplastic. However, ISO
17556:2012 described below might be more relevant test as it is developed for
assessing ultimate aerobic biodegradability of plastics materials in soil.

OECD TG 306 Biodegradability in Seawater provide information on the
biodegradability in marine environment but is not to be taken as indicators of ready
biodegradability or simulation of biodegradation in marine environment (higher tier). This
TG provides two different methods to assess the ultimate biodegradability in sea water;
the Shake flash method and Closed bottle test. Acceptable temperature range is 15-20°C
and the degradation is followed over 28 days (Closed bottle test) or maximum of 60 days
(Shake flask method). If the result is positive (>70% DOC removal; >60% ThOD -
theoretical oxygen demand), it may be concluded that there is a potential for
biodegradation in the marine environment. Shake flask method is not applicable for
poorly soluble substances as solubility in water should be greater than the equivalent of
25-40 mg C/L. In the closed bottle test the solubility of the substance should be at least
2 mg/l, though in principle less soluble compounds could be tested (e.g. using ultra
sonication) as could volatile compounds.

OECD TG 307 Aerobic and Anaerobic Transformation in Soil, OECD TG 308 - Aerobic and
Anaerobic Transformation in Aquatic Sediment Systems and OECD TG 309 - Aerobic
Mineralisation in Surface Water — Simulation Biodegradation Test

Degradation simulation studies performed in appropriate environmental media and at
environmentally relevant conditions are the only tests that can provide a definitive
degradation half-life. The half-life can be compared directly to the persistence criteria as
defined in REACH Annex XIII.
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OECD TG 307 and OECD TG 308 evaluate aerobic and anaerobic transformation of
chemicals in soil and aquatic sediment systems. These methods are applicable to all
chemical substances (non-labelled or radiolabelled) for which an analytical method with
sufficient accuracy and sensitivity is available. It is applicable to slightly volatile, non-
volatile, water-soluble or water-insoluble compounds. The OECD TG 307 soil test should
not exceed 120 days but when necessary the test can be continued for longer periods
e.g. 6 or 12 months. OECD TG 308 test should normally not exceed 100 days (6), and
should continue until the degradation pathway and water/sediment distribution pattern
are established or when 90 % of the test substance has been removed by transformation
and/or volatilisation. The appropriate test temperature is 20 + 2 °C but TGs allow also
testing in lower temperatures e.g. 10 °C). OECD TG 309 is not applicable without
modification for poorly soluble substances. Low test concentrations in ug/L range are
preferred. For the determination of biodegradation kinetics, the concentrations of the test
substance must be below its water solubility. If simulation tests are applied for
microplastics, poorly soluble particles, the test results should be interpreted with caution
and half-life should be estimated with care when the particle size (surface area) is a
degradation rate-limiting factor and the degradation is not following the first order
kinetics.

B.1.2.3. Standards for biodegradability of plastics

ISO 14852:2018 Determination of the ultimate aerobic biodegradability of plastic
materials in an aqueous medium — Method by analysis of evolved carbon dioxide

This document specifies a method, by measuring the amount of carbon dioxide evolved,
for the determination of the degree of aerobic biodegradability of plastic materials,
including those containing formulation additives. The test material is exposed in a
synthetic medium to an inoculum from activated sludge, mature compost or soil under
aerobic, mesophilic conditions. If an un-adapted activated sludge is used as the
inoculum, the test result can be used to assess the aerobic biodegradation processes
which occur in a waste water treatment plant environment. If a mixed or pre-exposed
inoculum is used, the method can be used to investigate the potential biodegradability of
a test material. Incubation shall take place at the temperature range preferably from 20
°Cto 25 °C.

The method enables the assessment of the biodegradation to be improved by calculating
a carbon balance. The method applies to natural and/or synthetic polymers, copolymers
or mixtures thereof; plastic materials which contain additives such as plasticizers,
colorants or other compounds; water-soluble polymers; materials which, under the test
conditions, do not inhibit the microorganisms present in the inoculum. The test material
should preferable be in powder form but for example pieces and fragments can also be
used. Well-defined biodegradable polymer (microcrystalline- cellulose powder, cellulose
filter or poly(B-hydroxybutyrate) are used as used as reference material and non-
biodegradable polymer (e.g. polyethylene) as negative control. The form of the test
materials should be comparable. When constant level of carbon dioxide is reached, the
test can be completed. The maximum duration of the test is 6 months. At the end of the
test, reference material should have been mineralised more than 60%.

EN 17033:2018 Plastics - Biodegradable mulch films for use in agriculture and
horticulture - Requirements and test methods

This document specifies the requirements for biodegradable films, manufactured from
thermoplastic materials, to be used for mulch applications in agriculture and horticulture.
This document is applicable to films intended to biodegrade in soil without creating any
adverse impact on the environment. It also specifies the test methods to assess these
requirements as well as requirements for the packaging, identification and marking of
films. For information, it defines a classification of biodegradable mulch films according to
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their service life on soil and gives a good practice guide for the use of the films. NOTE
that films intended to be removed after use and not incorporated in the soil are not in the
scope of this standard. They are in the scope of EN 13655.

The material of the mulch film is considered to have demonstrated a satisfactory rate and
level of biodegradation in soil if:

a) when tested in accordance with EN ISO 17556 (see below), it achieves a minimum
biodegradation percentage as specified hereunder within a test period no longer than 24
months;

b) 90 % of the organic carbon shall have been converted to CO2 by the end of the
test period (relative to a reference material). Both the reference material and the test
item shall be tested for the same length of time and the results compared at the same
point in time after the activity of both has reached a plateau;

c) as an alternative, 90 % (in absolute terms) of the organic carbon shall have been
converted to carbon dioxide by the end of the test period.

Test environment: temperature constant to within £ 2 °C in the range between 20 °C
and 28 °C, preferably 25 °C.

Use as reference material a well-defined biodegradable polymer [microcrystalline-
cellulose powder, ashless cellulose filters or poly(3-hydroxybutyrate)]. If possible, the
physical form and size of the reference material should be comparable to that of the test
material.

The validity criteria of the results as stated in EN ISO 17556 (Plastics -- Determination of
the ultimate aerobic biodegradability of plastic materials in soil by measuring the oxygen
demand in a respirometer or the amount of carbon dioxide evolved) shall be fulfilled.

The ultimate aerobic biodegradability shall be determined for the whole material or for
each organic constituent. Organic constituents which are present at concentrations of
less than 1 % do not need to demonstrate biodegradability. However, the sum of such
constituents shall not exceed 5 %.

From a precautionary perspective the material of the mulch film under investigation shall
not contain substances of very high concern (SVHC)

a) that exceed a concentration limit of 0,1 % (by weight) in the material of the mulch
film,

and

b) which appear on the Candidate List of substances of very high concern for
Authorization

Carbon black is an inert solid. Therefore, it is not considered as an organic constituent
and shall not be accounted in the calculation of the degree of biodegradation.

Inorganic carbon coming from black masterbatches, if any, or from mineral fillers, e.g.
calcium carbonate, if any, shall not be accounted in the calculation of the degree of
biodegradation.

ISO 17556:2012 Plastics-Determination of the ultimate aerobic biodegradability of

plastics materials in soil by measuring the oxygen demand in a respirometer or the
amount of carbon dioxide evolved
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The scope of this method is to determine the ultimate aerobic biodegradation of plastic
materials in soil by measuring the oxygen demand or the amount of evolved carbon
dioxide at the temperature range preferably from 20 °C to 28 °C, preferable 25 °C. Non-
adapted soil is used as an inoculum. Method is applicable for natural and/or synthetic
polymers, co-polymers and mixtures if these, plastic materials with additives and water
soluble polymers. Well-defined biodegradable polymer (microcrystalline- cellulose
powder, cellulose filter or poly(B-hydroxybutyrate) are used as used as reference
material and non-biodegradable polymer (e.g. polyethylene) as negative control. The test
should typically not exceed six months but if the plateau phase has not been reached,
the test may be extended up to 2 years. In principle, this method can be applied for
microplastics as a screening study if the test material and the reference material are in
the same form an d have corresponding surface area.

EN ISO 19679:2016 Plastics -- Determination of aerobic biodegradation of non-floating
plastic materials in a seawater/sediment interface -- Method by analysis of evolved
carbon dioxide

The scope of this test is to determine the degree and rate of aerobic biodegradation of
plastic materials when settled on marine sandy sediment at the interphase between
seawater and the seafloor, my measuring the evolved carbon dioxide at the temperature
range preferably from 15 °C to 25 °C, not exceeding 28 °C. Test material is preferably
film or sheet but test material may also be introduced as a powder. Cellulose filter is
used as reference material and non-biodegradable polymer (e.g. polyethylene) as
negative control. The degree of biodegradation of the reference material should be >60%
after 180 days. Maximum test duration is 24 months. In principle, this method can be
applied for microplastics as a screening study if the test material can be settled on top of
the sediment, floating of the material can be avoided and if the test material and the
reference material are in the same form and corresponding surface area.

35



Table 4: Biodegradability standards for plastics and organic chemicals (nhot exclusive).

ENVIRONMENTAL

STANDARD TITLE CONDITION COMPARTMENT

PLASTICS

IS0 10210:2012 Plastics — Methods for the preparation of samples for biodegradation testing of plastic General
materials

ISO 13975:2012 Plastics — Determination of the ultimate anaerobic biodegradation of plastic materials in Anaerobic Digestion
controlled slurry digestion systems — Method by measurement of biogas production

ISO 14851:1999 Determination of the ultimate aerobic biodegradability of plastic materials in an aqueous Aerobic Aqueous

(EN ISO 14851:2004) medium — Method by measuring the oxygen demand in a closed respirometer

ISO 14852:2018 Determination of the ultimate aerobic biodegradability of plastic materials in an aqueous Aerobic Aqueous
medium — Method by analysis of evolved carbon dioxide

ISO 14853:2016 Plastics — Determination of the ultimate anaerobic biodegradation of plastic materials in an | Anaerobic Aqueous
aqueous system — Method by measurement of biogas production

ISO 14855-1:2012 Determination of the ultimate aerobic biodegradability of plastic materials under controlled Aerobic Compost
composting conditions — Method by analysis of evolved carbon dioxide — Part 1: General
method

ISO 14855-2:2018 Determination of the ultimate aerobic biodegradability of plastic materials under controlled Aerobic Compost
composting conditions — Method by analysis of evolved carbon dioxide — Part 2:
Gravimetric measurement of carbon dioxide evolved in a laboratory-scale test

ISO 14987 Plastics — Determination of the ultimate anaerobic biodegradation of plastic materials in an | Anaerobic Aqueous
aqueous system — Method by measurement of biogas production

ISO 15985 Plastics — Determination of the ultimate anaerobic biodegradation and disintegration under | Anaerobic Digestion
high-solids anaerobic-digestion conditions — Method by analysis of released biogas

ISO 16929:2013 Plastics — Determination of the degree of disintegration of plastic materials under defined Disintegration Compost

ISO/DIS 16929 composting conditions in a pilot-scale test

ISO 17088 Specifications for compostable plastics - General

ISO 17556:2012 Plastics-Determination of the ultimate aerobic biodegradability of plastics materials in soil Aerobic Soil

ISO/DIS 17556 by measuring the oxygen demand in a respirometer or the amount of carbon dioxide
evolved

ISO 18830:2016 Plastics — Determination of aerobic biodegradation of non-floating plastic materials in a Aerobic Seawater/ sediment
seawater/sandy sediment interface — Method by measuring the oxygen demand in closed interface
respirometer

ISO 19679:2017 Plastics -- Determination of aerobic biodegradation of non-floating plastic materials in a Aerobic Seawater/ sediment

seawater/sediment interface -- Method by analysis of evolved carbon dioxide

interface
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ENVIRONMENTAL

STANDARD TITLE CONDITION COMPARTMENT
ASTM
ASTM D5511 - 18 Standard Test Method for Determining Anaerobic Biodegradation of Plastic Materials Under Anaerobic Digestion
High-Solids Anaerobic-Digestion Conditions
ASTM D5338 - 15 Standard Test Method for Determining Aerobic Biodegradation of Plastic Materials Under Aerobic Compost
Controlled Composting Conditions, Incorporating Thermophilic Temperatures
ASTM D5526 - 18 Standard Test Method for Determining Anaerobic Biodegradation of Plastic Materials Under Anaerobic Landfill
Accelerated Landfill Conditions
ASTM D5988 - 18 Standard Test Method for Determining Aerobic Biodegradation of Plastic Materials in Soil Aerobic Soil
ASTM D6691-17 Standard Test Method for Determining Aerobic Biodegradation of Plastic Materials in the Aerobic Pre-selected strains or
Marine Environment by a Defined Microbial Consortium or Natural Sea Water Inoculum seawater
Max 3 months, 30 °C
ASTM D7473-12 Standard Test Method for Weight Attrition of Plastic Materials in the Marine Environment by | Aerobic Seawater or a
Open System Aquarium Incubations Seawater/sediment
Max 6 months, variable
temp in situ
ASTM D7991-15 Standard Test Method for Determining Aerobic Biodegradation of Plastics Buried in Sandy Aerobic Sediment and seawater
Marine Sediment under Controlled Laboratory Conditions Max 24 months, 15-28
°C
EN 14987:2006 Plastics. Evaluation of disposability in waste water treatment plants. Test scheme for final Aerobic Waste water treatment
acceptance and specifications plant
MULCHING FILMS
EN 17033:2018 Plastics - Biodegradable mulch films for use in agriculture and horticulture - Requirements Aerobic Soil
and test methods
EN ISO 17556 Plastics -- Determination of the ultimate aerobic biodegradability of plastic
materials in soil by measuring the oxygen demand in a respirometer or the amount of
carbon dioxide evolved
AFNOR NF U 52-001 Biodegradable mulching film: Test Methods and Criteria Aerobic Soil or Aqueous
Ecotoxicity
PACKAGING MATERIALS
EN 13432:2000 “Packaging: requirements for packaging recoverable through composting and Aerobic, Compost

biodegradation”
Includes three criteria for ‘compostable’ material; Biodegradation, disintegration and
safety. Material needs to pass criteria set for these parameters to be ‘compostable’.

Disintegration

ORGANIC CHEMICALS
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ENVIRONMENTAL

STANDARD TITLE CONDITION COMPARTMENT
OECD 301 A-F Ready biodegradability Aerobic Aquatic
OECD TG 310 Ready Biodegradability - CO2 in sealed vessels (Headspace Test) Aerobic Aquatic
OECD TG 302B Zahn-Wellens/EMPA Test Aerobic Aquatic
OECD TG 302C Inherent Biodegradability: Modified MITI Test (II) Aerobic Aguatic
OECD TG 304A Inherent biodegradability in soil Aerobic Soil
OECD TG 306 Biodegradability in sea water Aerobic Aquatic (sea water)
Shake flask and Closed bottle
OECD TG 314 Simulation Tests to Assess the Biodegradability of Chemicals Discharged in Wastewater Aerobic WWTP and mixing zone
A Biodegradation in a sewer system test Anaerobic
B Biodegradation in activated sludge test
C Biodegradation in anaerobic digested sludge test
D Biodegradation in treated effluent-surface water mixing zone test
E Biodegradation in untreated effluent-surface water mixing zone test
OECD TG 307 Aerobic and anaerobic transformation in soil Aerobic Soil
OECD TG 308 Aerobic and Anaerobic Transformation in Aquatic Sediment Systems Aerobic and Sediment
anaerobic
OECD TG 309 Aerobic Mineralisation in Surface Water — Simulation Biodegradation Test Aerobic Aquatic
MARINE BODIS Biodegradability of Insoluble Substances (BODIS) in Seawater Aerobic Aquatic (sea water)
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Annex C. Hazard, releases, exposure and risk

C.1. Summary of review articles

Table 5: Summary of review articles

Journal reference

Key components

Summary/Overview

Andrady (2011)

Microplastics in the
marine environment

Early review in the topic area to
cover the fate of plastics in the
marine environment, the
mechanisms by which
microplastics arise from larger
plastics debris and the potential
ecological impacts.

Keywords: Microplastics,
Nanoplastics, POPs,

Plastics, Food web

Part one of the Andrady review gives an extensive summary on the weathering of larger plastic debris to
smaller plastics fragments. However, they also document the most commonly produced and therefore
encountered polymers being polypropylene (PP), polyethylene (PE) and polyvinylchloride (PVC) composing
24%, 21% and 19% of global plastic production in 2007, respectively.

Andrady discusses the toxicity of ingested microplastics in relation to their role as transport mechanisms
for POPs derived from seawater. Here they suggest that toxicity can be attributed to any of the three
factors (or in combination): residual monomers from manufacture (BPA; Vandenberg et al. 2007); toxicity
of intermediates from partial degradation; or adsorbed POPs from seawater.

Andrady reports evidence on the uptake of chemicals from seawater to plastic documenting distribution
coefficients for types PE=PP>PVC from a previous study by Teuten et al. 2007. Additional studies are listed
suggesting high distribution coefficients for the common polymers found in microplastics and Andrady
concludes that plastic particles in the ocean could yield a highly concentrated source of POPs. Additional
environmental studies are cited which provide evidence of high PAH, PCB and DDT concentrations in plastic
pellets globally. However, Andrady comments that desorption of the contaminants also appears to be a
very slow process and additional leaching of residual monomers is possible but estimates are not available.
In conclusion he comments that ‘total plastics debris-mediated pollutant load introduced into seawater is
likely to be at least several orders of magnitude smaller than that introduced from air and waste water
influx into oceans. The critical ecological risk is not due to low-levels of POPs in water but from the
bioavailability of highly concentrated pools of POPs in microplastics that can potentially enter the food
web’.

Andrady conveys little doubt that the particles (PE beads) can be ingested as part of the staple diet of
plankton and other marine species such as echinioderms, molluscs and polychaetes. (Brown and Thompson
2009 and Andrady 2009). Yet, when the review was published, no studies had been conducted with POPs
loaded particles and data on bioavailability post ingestion was sparse. A study on marine lugworms
(Voparil et al. 2004) demonstrated the bioavailability of PAHs from tyre tread when placed in gut fluid (in
silico) and small organisms that consume contaminated particles could have significant toxicological
impacts. However, the dose delivered is dependent on the volume consumed, residence time of the POP
and the kinetics of repartition. When written, Andrady concludes that no data is available on the transfer
coefficients across marine trophic levels for POPS introduced via ingested microplastics yet delivery vis this
mechanism is ‘very likely’.

Engineered or secondary nanoparticles in the oceans are also highlighted as a significant challenge to the
marine ecosystem yet the impacts and effects of polymer nanoparticles are not yet known. Nanoparticles
have the potential to enter organism cells by endocytosis (such as in drug delivery using engineered
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nanoparticles; references are detailed in the paper) therefore Andrady speculates that a polymer
nanoparticle laden with POPs could also follow the same pathway to deposit contaminants internally to
marine organisms. Yet Andrady states that data on the effects of plastic nanoparticles on marine flora and
fauna (Bhattacharya et al., 2010; Brown et al., 2001) at present are limited.

Cole et al. (2011)

Microplastics as
contaminants in the
marine environment: A
review

Main objectives of the review are
(1) to summarise the properties,
nomenclature and sources of
microplastics; (2) to discuss the
routes by which microplastics
enter the marine environment;
(3) to evaluate the methods by
which microplastics are detected
in the marine environment; (4)
to assess spatial and temporal
trends of micro- plastic
abundance; and (5) to discuss
the environmental impact of
microplastics. They conclude by
highlighting key future research
areas for scientists and
policymakers.

Keywords: Microplastics, Marine
litter, Plastic debris, Priority
pollutant

Cole et al. note the early inconsistency in microplastics definition and size ranges which makes comparing
early works difficult and highlights the importance of creating a scientific standard (Claessens et al., 2011;
Costa et al., 2010). Cole et al. discuss key uses of primary microplastics and the replacement of
traditionally used natural ingredients, including ground almonds, oatmeal and pumice (Derraik, 2002;
Fendall and Sewell, 2009) with microplastic “scrubbers” in cosmetics in the 1980s and their use in air-
blasting technology (where they can become contaminated with heavy metals such as cadmium,
chromium, and lead; Derraik, 2002; Gregory, 1996).

The review also discusses the potential inappropriateness of biodegradable plastics as a viable
replacement, as they are often composed of synthetic polymers and decomposition can be partial.
Decomposition times of even the degradable components of bio-plastics will be prolonged, increasing the
probability of the plastic being fouled and subsequently reducing UV permeation on which the degradation
process relies (Andrady, 2011; Moore, 2008; O’Brine and Thompson, 2010). Once decomposition does
finally occur, microplastics will be released into the marine environment (Roy et al., 2011).

Cole et al. conclude that meta-studies on microplastics are difficult to develop due to varieties of sampling
methodologies, huge spatial variations in microplastic abundance, and lack of standardised size definitions
of microplastics (Ryan et al., 2009; Barnes et al., 2009).

Cole note the possibility of consumption of microplastics across a large number of marine organisms and
the potential for those plastics to leach inherent or extraneous pollutants, which (via ingestion) may be
introducing toxins to the base of the food chain, from where there is potential for bioaccumulation (Teuten
et al., 2009). Indeed ingestion is demonstrated in the paper for a number of organisms (see table in
article; including particles as small as 2 microns) including lower trophic organisms that feed
indiscriminately (Moore, 2008). Cole note that the affected animals could have ingested microplastics
voluntarily or potentially transferred through the food chain, however only one example of the latter is
referenced, that of Murray and Cowie (2011) who fed plastic (fibre) contaminated fish to Nephrops sp.
Overall, Cole notes that, at the time of writing, the establishment of significant adverse health effects
(morbidity, mortality, reproductive failure) have not yet been demonstrated despite evidence of ingestion,
blocking of filter feeding appendages, pseudo-satiation and the potential translocation of microplastics
from the digestive tract into circulation. The authors mention that this may be due to the ability of marine
organisms to remove unwanted materials without harm (Thompson 2006 (polychaete worms) and Andrady
2011).

Finally, Cole et al. discuss plasticiser leachates that provide resistance to heat (e.g. polybrominated
diphenyl ethers), oxidative damage (e.g. nonylphenol) and microbial degradation (e.g. triclosan) (Browne
et al., 2007; Thompson et al., 2009b). Cole et al. state that these additives may extend the degradation
times of plastics but many are also known to be EDCs that are known to induce biological effects in the ng-
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mg/| range. However, Cole cites Oehlmann et al. (2009) who suggest that there has been relatively little
research into the chronic effects of these additives in long-term exposures to aquatic species. Hydrophobic
contaminants can dissociate/desorb to biota (such as polychaetes, Teuten et al. 2007, 2009) and transfer
from plastics to biota which has been demonstrated with PCBs in birds (Betts, 2008; Teuten et al. 2009).

Finally, Cole et al. conclude that despite concerns surrounding microplastic ingestion and the potential
leaching of contaminants, evidence remains inconclusive regarding adverse health effects, bioaccumulation
of contaminants up the food chain and few toxicity studies using microplastic vectors have been
conducted. Key requirements are suggested by Cole to address research gaps (largely the same gaps that
still exist today; definition, methods, fate and behaviour, uptake, impact, and the effect of leachates).

Wright et al. (2013b)

The physical impacts of
microplastics on marine
organisms: A review

The review aims to: (1)
summarise the factors
contributing to the bioavailability
of microplastics; (2) outline the
susceptibility of different feeding
guilds to microplastic ingestion;
(3) determine the factors likely
to influence the physical impacts
of microplastics; and (4) discuss
microplastic transfer through the
food chain.

Keywords: Microplastics, Plastic
debris, Marine litter, Marine
invertebrates, Food web

Fibrous microplastics are considered to be most abundant in the marine environment and Wright et al.
discuss and present an overview of the concentrations of plastic particles found in a selection of studies
globally but do not comment further on the reliability of these results. These include sediment and coastal
waters with some values exceeding the ‘safe’ concentrations reported by Everaert (2018). Overall, Wright
et al. present evidence to suggest that particle concentrations are increasing, based on historical samples
collected in the Pacific and Atlantic (Goldstein et al., 2012; Thompson et al., 2004) and the average size of
plastic fragments is decreasing, for example 69% of fragments in the west North Atlantic over 24 years
were 2-6mm (Morét- Ferguson et al., 2010).

Wright et al. reaffirm that ingestion of microplastics in a whole range of marine organisms is not disputed
however organism and population effects have not yet been demonstrated. Wright et al. further discuss
the potential bioavailability of microplastics to marine organisms in the context of factors such as size,
density, abundance and colour. Size primarily effects the availability of microplastics to ingestion by lower
trophic organisms and the density will influence the position within the water column and therefore the
organisms (occupying different depths) consuming microplastics. Wright et al. also state that the process
of biofouling can lead to particles sinking and becoming available to benthic/deposit feeders, which would
be the case for high density plastics such as PVC. Colour and resemblance of microplastics to prey items
may also increase the likelihood of ingestion, with early work by Carpenter et al., (1972) finding that fish
from the Niantic Bay area, New England had ingested only opaque, white polystyrene spherules in equal
proportion with clear polystyrene spherules, indicating selectivity. Wright et al. further suggest that the
potential for microplastics to become incorporated into marine aggregates may present a further mode of
entry into the food chain.

Further discussion of susceptibility of organisms (to ingestion) is broken down by feeding guilds. Global
impacts include internal and/or external abrasions and ulcers; and blockages of the digestive tract, which
can result in satiation, starvation and physical deterioration. In turn this can lead to reduced reproductive
fitness, drowning, diminished predator avoidance, impairment of feeding ability, the potential transfer of
damaging toxicants from seawater and ultimately death (Gregory, 2009). Other feasible impacts have
been suggested by the Marine Strategy Framework Directive Task Group 10 (Galgani et al., 2010) and
include: blockage of enzyme production; diminished feeding stimulus; nutrient dilution; reduced growth
rates; lowered steroid hormone levels; delayed ovulation and reproductive failure; and absorption of
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toxins.

In addition, Wright et al. present a summary of the direct impacts of microplastics. This includes studies on
accumulation in plankton and bivalve molluscs in a laboratory setting, which could potentially cause
blockages in the digestive system, suppression of feeding (through satiation) and possible trophic transfer
(although no studies documenting this are quoted). External adsorption of microplastics may also inhibit
photosynthesis in algal species (Chlorella and Scenedesmus) potentially due to the physical blockage of
light and air and microplastics also increased reactive oxygen species production, indicating a state of
oxidative stress (Bhattacharya et al., 2010). It was noted, however, that this study used extremely high
concentrations of 1.4-40 mg/ml relative to environmental levels. Both Browne et al. (2008) and later
Hussain et al. (2001) document translocation of microplastics for bivalves and rats respectively in
laboratory studies, however toxicological effects are inconsistent, and the studies do not reflect the sub-
lethal chronic exposure organisms are exposed to in the environment. Wright et al. states that egestion of
ingested or translocated microplastics is also poorly studied, therefore detrimental effects and food chain
transfer remain unquantified.

Wright et al. conclude that toxicological effects remain to be identified despite the presence of
microplastics in various compartments of the marine food web and the potential of POPs associated with
microplastics to accumulate/transfer and biomagnify. The use of phthalates and plastics additives such as
antimicrobials, dyes or stabilisers as tracers for microplastic ingestion and bioaccumulation is named as a
promising avenue for future research (Fossi et al., 2012).

Eerkes-Medrano et al.
(2015)

Microplastics in
freshwater systems: A
review of the emerging
threats, identification of
knowledge gaps and
prioritisation of research
needs

Microplastic, Plastic
contamination, Freshwater
systems, Riverine litter, Lake
litter, Marine debris

Comprehensive table on
estimates of microplastic
concentrations across a range of
FW environments/geographies

Table 3 offers an excellent
summary of effects in FW and
marine biota

Evidence suggests that freshwater systems may share similarities to marine systems in the types of forces
that transport microplastics (e.g. surface currents); the prevalence of microplastics (e.g. numerically
abundant and ubiquitous); the approaches used for detection, identification and quantification (e.g. density
separation, filtration, sieving and infrared spectroscopy); and the potential impacts (e.g. physical damage
to organisms that ingest them, chemical transfer of toxicants).

The review paper defines that ‘primary microplastic sources include manufactured plastic products such as
scrubbers in cleaning and cosmetic products, as well as manufactured pellets used in feedstock or plastic
production (Gregory, 1996; Fendall and Sewell, 2009; Cole et al., 2011). Manufactured pellets may be
especially common in the environment near plastic processing plants whereas scrubbers or microbeads
may be present in industrial and domestic wastewater discharge, where they enter the system via rivers
and estuaries (Colton, 1974; Hidalgo-Ruz et al., 2012). Eerkes-Medrano et al. note one study from Eriksen
et al. 2013 that confirmed the presence of primary microplastics, likely from microbeads, in samples from
North American Great Lakes derived from combined sewer overflows (in the densely populated industrial
lake Erie).

Ingestion has been documented in a humber of freshwater species. According to Eerkes-Medrano et al.,
the only fresh-water river field study to date shows that gobies collected from 7 out of 11 French streams
contained microplastics (Sanchez et al., 2014). Higher trophic level organisms have been found to contain
microplastics (with examples referenced) and Eerkes-Medrano et al. suggest these may arise from both
direct and indirect transfer (through consumption of prey items). Marine estimates presented in the paper
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indicate that microplastics can have average densities of 1-1.9 pieces per fish (Carpenter et al., 1972;
Lusher et al., 2013), but magnification through the food web suggests a concentration factor of between
22 and 160 times in seals (Eriksson and Burton, 2003).

Literature evidence indicates few freshwater studies examining impacts have been conducted to date,
however, those that exist suggest physical impacts being similar to those in marine studies. Differential
retention in sea scallops (Brilliant and MacDonald 2000) or false satiation in the marine lugworm (Wright et
al. 2013) and field collected estuarine fish (Ramos et al. 2012) are a few of the examples presented on
direct impacts in biota in Eerkes-Medrano et al.

Eerkes-Medrano et al. note that Rochman et al. 2013b published one of the few laboratory studies
documenting bioaccumulation of microplastics and liver toxicity in Japanese medaka (that inhabit marine,
FW and estuarine environments) Suggesting stress induced responses following microplastic ingestion.

Indirect effects of microplastics in freshwater environments include the transfer of contaminants (Teuten et
al., 2007, 2009; Engler, 2012; Browne et al., 2013). The transfer of contaminants has been showed to be
facilitated by the presence of microplastics in organisms such as the sediment-dwelling lugworm, A. marina
and to the amphidromous Medaka fish, O. latipes (Teuten et al., 2007; Rochman et al., 2013b). In other
experiments with A. marina, accumulated nonylphenol and triclosan from polyvinyl chloride (PVC) led to
impaired immune functions and physiological stress and mortality, however the quantity of plastic used
was relatively high (Browne et al., 2013). Experiments also show evidence that microplastics modulate
contaminant toxicity, inducing stress and altering mortality in fish exposed to microplastics in the
laboratory (Rochman et al., 2013b and Oliveira et al., 2013). Limited information exists regarding
contaminant transfer to high trophic levels such as birds. Eerkes-Medrano et al. highlight the importance of
testing these impacts in the field and in the absence of such data, it is difficult to infer the extent of effects
of microplastics in the natural environment.

Eerkes-Medrano et al. suggest that we do not know how microplastics might transfer from freshwater to
terrestrial ecosystems, and we do not know if and how they may affect human health (Hollman et al.
2013). Such interactions are complex and not yet fully predictable- depending on the plastic, the
temperature, the contaminant and the organism that ingests the plastic. Similarly, potential effects during
more vulnerable early life stages (environmental impacts on early life stages can transfer to later life
stages, leading to reduced developmental potential, fitness, and survivorship (Pechenik, 2006) remains
largely unknown and it would be beneficial to understand possible differential impacts on organisms
exposed during development. Such scenarios are observed for other contaminants; exposure of pink
salmon, Oncorhynchus gorbuscha, embryos to crude oil led to carry-over effects in growth of juveniles and
in survival of the marine stages (Heintz et al., 2000).

Eerkes-Medrano et al. also state that as it is not viable to remove microplastics once in the environment,
measures focussed on reducing inputs initially are recognised as being the most effective. However, their
relative contribution to water treatment problems may be small in comparison to natural particulates for
example but removal estimates or comparisons are not presented in the article.
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Ivar Do Sul and Costa
(2014)

The present and future
of microplastic pollution
in the marine
environment

This paper provides the first in-
depth exploration of the effects
of microplastics on the marine
environment and biota.

Marine debris

Risk to marine life
Priority pollutants
Coastal environments
POPs

Literature review

Within this article specifically they adopt the Arthur et al. (2009) definition of microplastics (fragments and
primary-sourced plastics that are smaller than 5 mm) as the main criteria for discerning a specific size
class of plastic pollution. No long-term studies have been undertaken to estimate the actual residence time
of these fragments (Roy et al., 2011; Hidalgo-Ruz et al., 2012).

In the laboratory, experiments confirmed they are able to ingest microplastics when feeding and expel the
plastic within one week (Ugolini et al., 2013). Among copepods, the presence of microplastics significantly
reduced feeding, which illustrates the negative impacts of microplastics on zooplankton communities (Cole
et al., 2013).

Arenicola marina ingested PS microplastics; the authors established a positive relationship between the
microplastic concentration in the sediment and the ingestion of plastics and the weight loss by the lugworm
(Besseling et al., 2013). Feeding activity was also reduced. Despite these physical impacts, the
microplastics did not accumulate in their digestive tracts during the experiment (28 days). The ingestion of
PS (small doses) by A. marina was associated with higher concentrations of PCBs in their tissues
(Besseling et al., 2013).

Furthermore, because fish excrete ingested plastics (Hoss and Settle, 1990), sub-lethal effects are a very
likely hypothesis. Therefore, population level effects, including the mechanisms to explain the transference
of ingested plastics and their adsorbed contaminants along marine food webs, are merely speculative.

Ivar Do Sul and Costa reiterate that in estuaries, which are potential sources of these contaminants,
studies are nearly non-existent. Moreover, the presence of microplastics in terrestrial ecosystems and the
soil are completely absent from the literature (Rillig, 2012).

Duis and Coors (2016)

Microplastics in the
aquatic and terrestrial
environment: sources
(with a specific focus on
personal care products),
fate and effects

In the present work, information
on sources and fate of
microplastic particles in the
aquatic and terrestrial
environment, and on their
uptake and effects, mainly in
aquatic organisms, is reviewed.

Plastic debris,
Environmental concern,
Persistence,

Personal care products,

Cosmetic products,

Microplastics are now an emerging area of research and most often been defined as synthetic organic
polymer particles with a size (or, more specifically largest dimension) of less than 5mm with few definitions
including a lower size limit. In view of the definition of nanoscale (1-100 nm [12]), the term microplastics
is used in this review for solid synthetic organic polymer particles with a size between 100 nm and 5 mm
produced specifically in the micro-size range. Duis and Coors focus on the contribution of microplastics
from PCPs to the overall pollution of the environment. Additives in these primary microplastics is discussed
elsewhere in Oehlmann et al. 2009.

Gouin et al. estimated that in 2012, approx. 6 % of the liquid skin cleaning products marketed in the
European Union, Norway and Switzerland contained microplastics. Based on a survey conducted by
Cosmetics Europe, PE accounted for 93 % of the microplastics used in skin cleaning products in these
countries in 2012. The products typically contained between 0.05 and 12 % of microplastic particles, with
the size of most particles ranging from 450 to 800 pm. microplastics are also used in dentist tooth polish,
as carriers for APIs, in drilling fluids and as industrial abrasives. These can end up in the environment via
wastewaters or directly if not disposed of properly.

Only a few studies are available on the removal and efficiency of wastewater treatment processes. Coarse
screens have openings of approx. 20-50 mm, intermediate screens of approx. 10-20 mm and fine screens
of approx. 2-10 mm. Such screens are suitable for removing macroplastics from wastewater, while they
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Microplastic

Includes summary of methods

will—based on the opening sizes mentioned above—not be able to capture smaller microplastics. No
studies on removal efficiency unambiguously identified personal care products as source of the detected
microplastics, as they are not unique in shape or chemical composition compared to other microplastics.
Leslie et al. 2012 suggest removal efficiencies of ~90% and 95% in Russian STWs. Sewage sludge
however can represent a source of microplastics to the terrestrial environment.

Gouin et al. estimate a mean annual amount of 4 130 t of microplastic particles was derived for the
European Union, Norway and Switzerland for 2012. This value is consistent with the result of the
previously mentioned survey of Cosmetics Europe (4 360 t for the same region and year). For the
countries in the watershed of the North Sea annual use of microplastics in personal care products was
estimated to be 2 300 t. Assuming removal of 90 % of the microplastics in WWTPs and discharge of all
water from these countries to the North Sea, microplastics from personal care products would constitute
approximately 1 % of the overall amount of marine debris that has been estimated to enter the North Sea
each year (20,000 t). According to Sundt et al. microplastics from personal care products account for
approx. 0.5 % of all direct emissions of microplastics in Norway. For Denmark, emissions of microplastics
from personal care products to the aquatic environment were estimated to account for 0.1 % of the overall
emissions to the aquatic environment.

Microplastics are ingested and, mostly, excreted rapidly (within a few hours or days) by numerous aquatic
organisms such as copepods, amphipods, shore crabs and mussels. In laboratory studies, the ingestion of
large amounts of microplastics mainly led to a lower food uptake and, consequently, reduced energy
reserves and effects on other physiological functions. Based on the results of laboratory experiments,
translocation from the intestinal tract to the circulatory system or surrounding tissue depends on the size
of the microplastics with an upper size limit for translocation that appears to be specific for the species or
taxonomic group.

So far, there is no clear evidence of bioaccumulation or biomagnification but several laboratory studies
have demonstrated trophic transfer such as Setala et al. (2014) and Farrell and Nelson (2013).

Based on the evaluated data, the lowest microplastic concentrations affecting marine organisms exposed
via water are much higher than levels measured in marine water. Studies on possible toxic effects of
microplastics on freshwater organisms are scarce, effects on terrestrial biota have so far not been
investigated.

Hydrophobic contaminants are enriched on microplastics, but the available experimental results and
modelling approaches indicate that the transfer of sorbed pollutants by microplastics is not likely to
contribute significantly to bioaccumulation of these pollutants. The relevance of marine plastics (including
both micro- and macroplastics) as transport vectors for PCBs, PBDEs and perfluorooctanoic acid (PFOA) to
the Arctic was evaluated by Zarfl and Matthies. Based on estimated amounts of plastics and pollutants in
the oceans, sorption of the pollutants to plastics, and ocean current velocities they derived a rough
estimate of plastic-mediated mass fluxes of PCBs, PBDEs and PFOA. These mass fluxes were by factors of
103-10° lower than mass fluxes via atmospheric transport and transport with water. Therefore, it was
concluded that for most sub- stances, plastics are no relevant vectors for transport to the Arctic.
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Besseling et al. exposed A. marina for 28 d to sediment contaminated with low PCB concentrations (5.28
ug PCBs/kg dw)—either alone or in combination with pre-production PS particles (400-1300 um; 0.074,
0.74 and 7.4 % of sediment dw). The authors concluded that PS microparticles had a relatively limited
effect on uptake of PCBs by A. marina. It was suggested that ingestion of the relatively large microplastic
particles might have led to physical stress. Rochman et al. 2013 performed a two-month experiment with
adult medaka (O. latipes) they caused more pronounced histopathological changes in the liver than virgin
microplastics: 74 % of the fish exposed to marine microplastics exhibited severe glycogen depletion (virgin
microplastics: 46 %), 47 % fatty vacuolar degeneration (virgin microplastics: 29 %) and 11 % single cell
necrosis (virgin microplastics: 0 %). These effects were considered as indicators of endocrine disruption,
but are most likely related to the observed energy depletion.

Modelling approaches have been used to assess the relative contribution of microplastics as vectors to the
overall uptake of hydrophobic organic pollutants. Based on these results, Koelmans et al. 2016 concluded
that the contribution of microplastics to bioaccumulation can be assumed to be not very relevant. Similar
results were obtained by Gouin et al. 2011 with two modelling approaches, concluded that microplastics
have a limited relevance as vector for the transfer of hydrophobic pollutants to fish.

From a risk perspective, the highest measured levels of microplastics in the environment, which were
identified based on Hidalgo-Ruz et al. In the surface layer and the water column of the oceans, maximum
concentrations of 9 and 10 items/L, respectively, were found. These concentrations are by a factor of
approx. 10* lower than the acute LOEC of 3 x 10° items/L and the chronic LOEC of <2.6 x 10° items/L
obtained for marine invertebrates exposed via the water phase. The highest microplastic concentrations
measured in subtidal sediments, 2 175 items/ kg dw in the lagoon of Venice and 3 600 items/kg dw in the
Rhine estuary, are lower than the LOEC of 10 g/kg sediment ww (1 % w/w) derived in a water/sediment
test with marine polychaetes. Based on the evaluated data, the lowest concentrations eliciting adverse
effects in aquatic organisms exposed via the water are by a factor of approximately 10 higher than
maximum microplastic concentrations found in marine waters. The effect concentration in a
water/sediment test with lugworms is higher than microplastic levels measured in subtidal sediments but
in the same range as highest levels recorded in beach sediments.

It should be noted that to date only relatively few studies are available on the effects of microplastics in
marine organisms and even fewer on those in freshwater organisms. In several cases, only single
concentrations were tested and threshold concentrations, below which no significant effects are observed
in the respective test organisms, were not determined. Terrestrial effects have not been studied at all and
freshwater systems are limited.

However, in view of the persistence of microplastics in the environment, the high concentrations measured
at some environmental sites (high concentrations in coastal sediments, which have been recorded at some
sites) are of specific concern and the prospective of strongly increasing concentrations, the release of
plastics into the environment should be reduced in a broad and global effort regardless of a proof of an
environmental risk (in order to avoid exceeding critical environmental threshold concentrations).

Assessment factors, which have been derived for the environmental risk assessment of chemicals, may not
be appropriate for microplastics. As suggested by Syberg et al., such an approach should build on frame-
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works, which have been developed for assessing environmental risks of nanomaterials and mixtures.
Contribution of PCPs to overall amount of microplastics in the environment is of minor relevance

Horton et al. (2017)

Microplastics in
freshwater and
terrestrial
environments:
Evaluating the current
understanding to
identify the knowledge
gaps and future
research priorities

This review critically evaluates
the current literature on the
presence, behaviour and fate of
microplastics in freshwater and
terrestrial environments and,
where appropriate, also draws
on relevant studies from other
fields including nanotechnology,
agriculture and waste
management.

Plastic pollution
Nanoplastics
Litter

Rivers

Soil

Hazard

In this review, Horton et al. focus on microplastics defined as being any polymer within the size range 1
pm to 5 mm as this is the size range which has been the major focus of reported microplastics research to
date. They note that microplastics in environmental samples can currently be detected down to a size of 1
pm, however few environmental studies identify particles <50 um due to methodological limitations
(Hidalgo-Ruz et al., 2012; Imhof et al., 2016).

Horton et al. note that despite the capability of some sewage treatment works to remove up to 99.9%
microplastic particles from wastewater (dependent on the processes employed by the treatment plant), the
sheer number of particles entering the system may still allow a significant number to bypass filtration
systems and be released into the freshwater environment with effluent (Carr et al., 2016; Murphy et al.,
2016). Major routes of release are therefore the same for primary and secondary microplastics.

Given that microplastics are not yet considered by sludge regulations it is anticipated that the mass of
microplastics inadvertently applied to land annually may exceed 400,000 tonnes - higher than the mass
currently estimated to be present in oceanic surface waters worldwide (Nizzetto et al., 2016b). This is
demonstrated by Zubris and Richards (2005) who found that soils with a known history of sewage sludge
application contained significantly higher concentrations of synthetic microfibres than soils which had not
received sewage sludge. In some field sites, synthetic microfibres were found 15 years after the last sludge
application (Zubris and Richards, 2005). Horton suggests that microplastics and synthetic fibres are
therefore likely to accumulate in soils after repeated sludge applications.

Primary microbeads from personal care products also likely to be a significant contributor to microplastic
pollution (Castafieda et al., 2014; Murphy et al., 2016; Napper et al., 2015). The treatment processes at
seven wastewater reclamation plants in California resulted in the complete removal of microparticles (45-
400 pm) from water outputs, as a result of tertiary treatment including surface skimming, sludge settling
and microfiltration processes (Carr et al., 2016). After secondary treatment only (elimination
microfiltration), effluents contained on average one plastic particle per 1 140 L of effluent, compared to an
estimated one particle per litre in the influent (Carr et al., 2016). Horton also emphasise that where
treatment is not advanced, these estimates could fall short by up to 100-fold in places.

Horton et al. quote one of the few soil studies that exists, by Huerta Lwanga et al. (2016) where they
observed mortality in Lumbricus terrestris earthworms exposed to polyethylene particles; mortality was
increased by 8% at a concentration of 450 g kg™! polyethylene (in overlying leaf litter) and 25% mortality
at 600 g kg~!. Reduced growth and negative effects on burrow construction were also observed. However,
Horton indicates that the concentrations used seem high compared to expected microplastic levels
resulting from diffuse pollution.

Contrary to the above study, Lee et al. (2013) found that although acute exposure (96 h) to three different
particle sizes (0.05, 0.5 and 6 pym) of polystyrene microbeads, had no impact on the survival rate of adult
marine copepod, Tigriopus japonicas, in a two generation chronic exposure experiment mortality was
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observed at concentrations above 12.5 pgmL-!, with the second generation observed to be much more
sensitive than the first generation, especially when exposed to the nano-scale particles (0.05 um). Larger
particles in contrast (6 pm) had no effect on survival even over two generations, although fecundity was
affected at concentrations above 25 ygmL-1.

Horton et al. introduce other studies which highlight possible size dependent influences on toxicity for both
acute survival effects (Besseling et al., 2014; Nasser and Lynch, 2016) and different reproductive effects
observed in response to smaller particle fractions (Lee et al., 2013). Additionally, exposure to artificially
aged (nano)polystyrene has been found to cause mortality, growth and reproduction effects to the
standard test species Daphnia magna over a 21 day period, whereas pristine nano-polystyrene particles
caused no significant effects on mortality. Mixtures of nano-polystyrene and fish kairomones (known to
cause stress in D. magna) produced an additive effect on body size and reproductive endpoints, indicating
that exposure to plastic particles can exacerbate existing environmental stress responses (Besseling et al.,
2014).

Horton et al. therefore suggest that the use of pristine particles could thus lead to a potential
underestimation of the toxicological impacts of microplastic exposure under more realistic environmental
exposure scenarios. They note that the nanotoxicology research community have recognised the need to
conduct experiments with environmentally ‘aged’ nanomaterial forms (Christian et al., 2008; Judy et al.,
2015; Lahive et al., 2017).

Final mention is given to the chemicals associated with plastics, that have been identified as either toxic or
endocrine disruptors including bisphenol-A, phthalates such as di-n-butyl phthalate and di-(2-ethylhexyl)
phthalate, polybrominated diphenyl ethers (PBDEs) and metals used as colourings (Hua et al., 2005; Kim
et al., 2006; Lithner et al., 2009; Oehlmann et al., 2009; Rochman et al., 2013b; Teuten et al., 2009).
Additional studies cited suggest that plastic materials release chemicals to soil via a number of the
pathways and are a potential source of plasticisers to soils. Horton suggest that this may have significant
implications for terrestrial locations where microplastic concentrations are high, although further studies
are needed to confirm this early evidence.

Koelmans et al. (2016)

Microplastic as a Vector
for Chemicals in the
Aquatic Environment:
Critical Review and
Model-Supported
Reinterpretation of
Empirical Studies

The hypothesis that ‘microplastic
will transfer hazardous
hydrophobic organic chemicals
(HOC) to marine animals’ has
been central to the perceived
hazard and risk of plastic in the
marine environment. We provide
a critical evaluation of the
scientific literature regarding this
hypothesis.

Koelmans et al. mention 13 studies (excluding seabirds) that somehow addressed the role of plastic in the
bioaccumulation of hydrophobic organic contaminants (HOCs) in the context of pollution with marine
debris. Several studies conducted in the laboratory demonstrate the ability of plastics to act as a vector for
administering contaminants (using high quantities of HOC spiked microplastics), with only one study
performed by Besseling et al. (2013) under environmentally relevant conditions with all exposure pathways
accounted for, and reported an increase in accumulation of 3PCBs in lugworms of 29%. However, the
authors could not clearly show that plastic acted as a carrier for HOCs. The increase was ascribed to
physical effects of the plastic ingestion and not to transfer of the chemicals from the plastic.

Similarly, Koelmans et al. mention the laboratory study of Rochman et al. who exposed Medaka to a diet
with 10% plastic, and observed increased uptake of HOCs (3PAH) up to a factor 2.4. Koelmans et al. note
that the 10% of plastic in the diet as used in the studies by Gouin and Rochman is quite high compared to
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conditions in many aquatic habitats and thus can be considered to represent a worst case scenario.

Koelmans et al. also present studies using empirically validated models for bioaccumulation from regular
prey and compare this to bioaccumulation from ingested plastic. Comparison of the HOC fluxes
bioaccumulated from ingested prey with those of ingested plastic, generally showed small to negligible
contributions of plastic to bioaccumulation by the various marine species like lugworm, fish, and seabirds.
Koelmans et al. indicate that they are aware of only two studies that compared model calculations with
empirical data, which implies that further validation is recommended.

Koelmans et al. note that the relative importance of plastic ingestion is hard to disentangle. However,
there is no reason to deny that bioaccumulation of some HOCs can be linked to a high abundance of
plastics that may act as a source of these HOCs (Rochman et al. 2014).

They summarise that laboratory studies that use high doses of only plastic tend to find an effect of
ingestion on HOC accumulation. Yet, studies aiming at environmentally realism (either lab or model) by
accounting for parallel uptake pathways tend to conclude that there is no (or a negligible) effect. Koelmans
et al. indicate that field studies undertaken also struggle with the problems of multiple causation, lack of
gradient and environmental variability, which limits their use to detect the contribution of plastic ingestion
to bioaccumulation.

Based on the synthesis they provide, Koelmans et al. suggest that the scientific evidence is consistent, yet
that the dichotomy in study outcomes is perceived and probably reflects and is related to different
exposure scenarios used in these different studies

Koelmans et al. argue that these empirical laboratory studies and model studies agree that up to realistic
as well as at very high concentrations of about 1 to 10% of plastic in the sediment or in the diet, about a
factor two change of bioaccumulation in either direction may occur. Under such more realistic
environmental conditions, organisms may simply ingest not enough micro- plastic particles compared to
natural prey, rendering the effect on bioaccumulation to be even below a 10—-20% difference in either
direction.

Koelmans et al. conclude that effects of plastic ingestion can be smaller than the biological variability in
bioaccumulation data (Selck et al. 2012) This implies that small effects of microplastic on bioaccumulation
of HOCs can be observed under artificial laboratory conditions, but in nature will be overwhelmed by
natural variability and by bioaccumulation from natural exposure routes.

Based on the data presented, Koelmans et al. state that the fraction held by plastic is so small that even if
we would underestimate the abundance of plastic by orders of magnitude, plastic still would be
unimportant as a transfer pathway for HOCs. They conclude that overall the flux of HOCs bioaccumulated
from natural prey overwhelms the flux from ingested microplastic for most habitats, which implies that
microplastic ingestion is not likely to increase the exposure to and thus risks of HOCs in the marine
environment.
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Galloway (2015)

Micro- and nano-
plastics and human
health

This review considers the kinds
of plastics in widespread,
everyday use and the potential
hazards they may cause. It
reviews the routes of uptake of
micro and nanoplastics into
humans through the food chain
and the potential consequences
for human health. Health risks
associated with microplastics and
plastic-associated chemicals are
discussed.

Galloway states that biomonitoring - considered a gold standard in assessing the health risks of
environmental exposures because it can provide an integrated measure of an individual’s exposure to
contaminants from multiple sources - has shown that chemicals used in the manufacture of plastics are
present in the human population. Indeed for some chemicals, Galloway notes that their widespread
presence in the general population at concentrations capable of causing harm in animal models has raised
public health concerns (Talsness et al. 2009; Melzer and Galloway 2010).

The general consensus surrounding microplastics considers their presence in the guts of organisms, an
organ that is not generally consumed directly by humans, however uptake (specifically of nanoparticles)
has been demonstrated in mice through the gut and via villi, before recirculation and eventual elimination
through faecal matter and urine (Garrett et al. 2012).

However, Galloway indicates that leaching from plastic particles could present a long- term source of
chemicals into tissues and body fluids, despite the fact that many of these chemicals are not persistent and
have short half lives in the body (Engler 2012). Plastics additives of concern to human health include
phthalates, bisphenol A, brominated flame retardants, triclosan, bisphenone and organotins.

Galloway discusses that the European Food Standards Agency has a total migration limit of 10 mg/dm? for
additives within plastics intended for packaging use, with a more stringent migration limit of 0.01 mg/kg
for certain chemicals of concern (Commission Directive 2007/19/CE that modifies Directive 2002/72/CE).
This means that for an average 60 kg adult who consumes 3 kg of foods and liquids per day, exposures to
individual substances from food packaging could be up to 250 pg/kg body weight per day (Muncke 2011).

BPA is known to exert its activity through interaction with steroid hormone receptors, showing both
estrogenic and antiandrogenic activity and suppressing aromatase activity (Bonefeld-Jgrgensen et al.
2007, Lee et al 2003). However, Galloway indicates that whether the release of BPA from ingested micro-
or nanoplastics directly into the body contributes to human exposure remains unknown.

The current tolerable daily intake is 0.05 mg/kg/day (EFSA 2006) and compared with this, the median
exposure of the general adult population globally has been estimated from human biomonitoring or urinary
BPA to be 0.01-0.12 ug/kg/day (EFSA 2015). The concentrations of BPA in plasma are higher than would
be predicted only from this level of exposure to BPA through food and drink (Mielke and Gundert-Remy
2009), and it is therefore plausible that other routes of exposure could occur, e.g. from ingestion of plastic
particles containing BPA, which subsequently leaches into tissues. Galloway mentions that BPA can also
certainly be absorbed across body surfaces other than the gut.

Galloway mentions that are currently no studies in humans of the transfer of BPA from plastic directly into
tissues, but the potential for BPA to leach from ingested polycarbonate into aquatic species was explored
by Koelmans et al. (2014) who used biodynamic modelling to calculate the relative contribution of plastic
ingestion to total exposure to chemicals residing in the ingested plastic. They proposed that a continuous
ingestion of plastic containing 100 mg/kg BPA would lead to a very low steady-state concentration of 0.044
ng/kg BPA in fish and 60 pg/kg (normalized to lipid) in worms. Whilst this represents a substantial
exposure pathway, the risk of exposure through this route was considered low in comparison with other
pathways of exposure, based on the reported abundance of microplastics.
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Galloway finally concludes that detailed information on migration rates of nanoparticles into food or food
stimulants is sparse. It is clear that our understanding of the potential contamination of the human
population by micro- or nanoplastics sourced from the environment is in its infancy, leaving many
questions unanswered

e Does significant bioaccumulation and trophic transfer for micro- and nanoplastics occur in the
environment? If so, what species are most at risk?

e How does ageing of plastics affect their physico-chemical properties and subsequent toxicity?

e Following ingestion, does uptake of micro- and nanoplastics occur? Do proteins bind to the surface
of the particles to form a protein corona? How does this vary for different plastic litter types and
what cell types are most vulnerable to toxicity?

e What methods should we be using for locating, identifying and quantifying micro- and
nanoplastics in complex matrices including biological tissues?

Lusher et al. (2017)

Microplastics in fisheries
and aquaculture: status
of knowledge on their
occurrence and
implications for aquatic
organisms and food
safety (UN FAO)

Global trends, types, production,
use, contribution, definition,
sources, distribution,
interactions, microplastics in
foods, risk profiling for humans
and analytical techniques,

Very comprehensive table on
estimates of microplastic
concentrations across a range of
environments/geographies and
interactions with aquatic
organisms.

This FAO report states that microplastics have been reported in all environmental matrices and are usually
defined as plastic items which measure less than 5 mm in their longest dimension (Accepted by NOAA and
the MSFD), this definition also includes nanoplastics which are particles less than 100 nanometres (nm) in
their longest dimension (nanoplastics are defined as plastic particles ranging from 0.001 ym to 0.1 pm
(Klaine et al., 2012)). Lusher et al. note that the size range defined has been adopted in practical terms as
it is considered the size under which ingestion by many species of biota occurs (GESAMP 2015).

Ingestion has been documented by multiple species (~220; see paper for list) in vitro and in vivo (GESAMP
2016; reviewed in Lusher 2015) although quantities observed in wild fish guts, for example, are generally
very low (1-2 particles per individual).

Lusher et al. note that field studies on wild populations document only the ingestion of microplastics and
no evidence of negative health effects in aquatic organisms or at the population/community level.
Environmentally relevant concentrations of microplastics have been used in two studies with fish (Japanese
medaka; Rochman et al. 2013, 2014 and rainbow trout; Rummel et al. 2016) which report varied
outcomes - microplastic exposure induced liver toxicity, hepatic stress and changed endocrine function and
gene expression in Japanese medaka, yet no effects were observed in rainbow trout.

Lusher et al. report that microplastics may be egested along with faecal material or retained within the
digestive tract and in addition, translocation to other tissues does not occur or is very low for the smaller
microplastics (< 600 pm).

Central to the perceived hazard is the subsequent risk of desorption of contaminants (PBTs) sourced from
plastic manufacture or from pollutants adsorbed from the environment. Overall, Lusher et al. note that
ingestion of contaminated microplastics are not likely to increase exposure to PBTs in marine organisms
and experimental evidence is lacking (Koelmans et al. 2016). Lusher et al. emphasise that it should also be
borne in mind that with fresh microplastics having a low level of contamination, the net movement of
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chemicals may be reversed: from an organism into the microplastic (Koelmans, Besseling and Foekema,
2014).

Trophic transfer has been observed in the laboratory (not in the wild) however Lusher et al. indicate this is
unlikely to lead to accumulation or translocation into the hosts tissues. Additionally, negative physiological
effects have only been observed in laboratory exposure assessments where high levels of microplastics
(uncommon in the natural environment) have been used. Often at high concentrations, detrimental effects
can be associated with the physical entanglement and adherence to external appendages, setae and
swimming legs of microplastics in copepods, crabs and mussels. Top predators, such a baleen whales can
be considered a sentinel for ocean health and may provide an indication of adverse health effects in
mammals, although effects would need to be directly attributable to microplastics alone. Lusher et al.
conclude that in principle, microplastic ingestion by bivalves and fish may affect individual physiology,
metabolism, body condition, growth, contaminant body burden and reproductive success, but the evidence
has to be considered currently to be weak (inc. no population level studies) (Ziccardi et al., 2016).

Lusher et al. state that the majority of reports state the occurrence of microplastics in seafood (EFSA,
2016) but evidence on incidence of nanoplastics in food items is still lacking. Human intake of microplastics
from seafood (i.e. mussels) has been estimated to equal anywhere from 1 particle per day to 30 particles
per day depending on seafood consumption habits and exposure of organisms to microplastics. Lusher et
al. develop a worst case scenario risk of microplastics to human health following consumption of a portion
of mussels (225 g). This would lead to ingestion of 7 micrograms (~900 particles) of plastic, which would
have a negligible effect (less than 0.1 percent of total dietary intake exposure) on chemical exposure to
certain PBTs and plastic additives. In addition, Lusher et al. quote EFSA (2016) who state that >90% of
ingested microplastics and NPs will be excreted via faeces following consumption. A paucity of literature on
the impacts of oral uptake of microplastic particles to humans means that the risk cannot be evaluated.

GESAMP (2016)

Sources, fate and
effects of microplastics
in the marine
environment: part two
of a global assessment

Provide a more robust evidence
base to focus and support the
development and
implementation of potential
solutions to reduce the impact of
marine microplastics

GESAMP begin by raising the issue of methods of defining microplastics, stating that sampling and
measurement vary considerably among studies, source sectors and geographical regions making it difficult
to synthetize data across studies. It is important to come to an agreement on the categorisation of
different types of debris. GESAMP state that it has become common to use the definition of any plastic
particle <5 mm in diameter, which includes particles in the nano-size range. However nano-plastics have
not yet been detected in the marine environment, due to analytical constraints, and the range of marine
organisms exposed to them is currently unknown (GESAMP 2015; Koelmans et al. 2015).

GESAMP then elaborate in detail on the sources of microplastics, noting the source sector. Following this
GESAMP refers to the entry points microplastics take to reach the ocean. The first mentioned entry point is
rivers and an example is given; granulated polyethylene (PE), polypropylene (PP) or polystyrene (PS)
particles, used for example in skin cleaners, can be introduced into wastewater (Gregory 1996). Some
studies report not only the presence of microplastics in freshwater ecosystems but show that
contamination is as severe as in the oceans (Dris et al. 2015). GESAMP continues to state that a study by
McCormick et al (2014), demonstrated increases in the concentrations of primary microplastics
downstream from a wastewater treatment plant, by between 9.2 to 17.93 times.
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To simulate the movement of particles from source to the ocean Lebreton et al. (2012) used an ocean
circulation model coupled to a Lagangian particle-tracking model to simulate the input, transport and
accumulation of marine debris over a 30-year period. GESAMP note that the model estimates >60 billion
particles enter the ocean from rivers every day.

Coastline is then discussed as an entry point for microplastics. According to the US National Academy of
Science (1975) 5.8 million tonnes (6.4 million short tons) of waste are released into the ocean every year
and of this 0.7% is plastic, roughly 41,000 metric tons. More recently, a study calculating the amount of
mismanaged plastic waste generated by coastal populations worldwide estimated that 4.8 to 12.7 million
tonnes can potentially enter the ocean as marine debris (Jambeck et al. 2015).

Atmosphere is the final entry point discussed. Aerosol particles, defined as natural and anthropogenic solid
or liquid droplets suspended in the atmosphere, may have sizes ranging from a few nanometres in
diameter to several tens of micrometres (Pryor et al. 2015) and include primary anthropogenic aerosol
particles derived principally from fuel combustion and industrial processes, as well as synthetic fibres (Dris
et al. 2015).

Also discussed within this section is the release of microplastic through marine entry points such as boats,
ships and offshore platforms. Numerical modelling assessment of marine debris dispersal originating from
shipping activity is reviewed in Lebreton et al. (2012).

GESAMP then review the ecological impacts of microplastics. As a result of widespread contamination, a
diverse array of wildlife is exposed to microplastics. Ingestion has been recorded in tens of thousands of
individual organisms and, at the time of writing, over 100 species (Gall and Thompson 2015; Lusher et al.
2013, 2015).

Exposure pathways are discussed, including adherence to the body (i.e. attached to external appendages;
Cole et al. 2013) and/or absorbed (i.e. taken up by the organisms into the body through cell membranes).
Absorption of microplastics has been demonstrated in phytoplankton (Bhattacharya et al. 2010; Long et al.
2015). Alternatively, microplastics can be taken up across the gills through ventilation, which has been
demonstrated in crabs (Watts et al. 2014).0rganisms can also ingest microplastics directly or indirectly.

GESAMP mention that past studies with microplastics monitored ingestion rates and retention time of
particles to understand feeding behaviour (Hart 1991; Ward et al. 1998; Bolton and Havenhand 1998;
Greiller and Hammond 2006). Whilst more recently, studies have been used to demonstrate uptake of
debris (e.g. Thompson et al. 2004; Browne et al. 2008; Cole et al. 2013; Watts et al. 2014) and begin to
learn about the impacts of microplastics (e.g. Browne et al. 2008; Teuten et al. 2009; Wright et al. 2013;
Rochman et al. 2013a). The authors then list the laboratory studies in table format; noting the species
examined, the exposure concentrations, exposure duration and the interaction with the microplastics.

In addition to the laboratory studies, a table of field studies is included. This includes the species, the
method and the reference of the study.

Beginning at the bottom of the food chain GESAMP discuss the effect on plankton. One study found that
the exposure of phytoplankton to microplastic did not produce adverse effects (Long et al. 2015). Another
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study demonstrated that charged PS nano-sized plastics (0.02 pm) can sorb to microalgae, inhibiting
microalgal photosynthesis and consequently reducing population growth and chlorophyll concentrations in
the green alga Scenedesmus obliquus (Bhattachyra et al. 2010). For zooplankton, microplastic can adhere
to external and internal body parts, including the alimentary canal, furca and urosome, and swimming legs
of copepods (Cole et al. 2013).

Then GESAMP follows on with other invertebrate taxa. In echinoderms, a toxic effect on the embryonic
development of the green sea urchin (Lytechinus variegatus) was observed as a result of exposure to PE
microplastic particles (Nobre et al. 2015). However, Kaposi et al. (2014) reported only a limited threat to
the sea urchin Tripneustes gratilla using more environmentally relevant concentrations of microplastic. For
crustacea, no negative effects have been observed, but translocation between tissues was demonstrated.
A 2-month exposure resulted in PS microplastic (180 to 240 pm) in the gills stomach, and hepatopancreas
of crabs (Uca rapax; Brennecke et al. 2015).

Molluscs have been studied in depth, with a number of lab experiments assessing the potential adverse
effects of microplastics on Mytilus edulis. Wegner et al (2012) demonstrated increased production of
pseudofaeces and reduced filter-feeding activity after exposure to 30 nm polystyrene nanosized plastic
particles (0.1, 0.2 and 0.3 g/L). Whilst other studies have shown no impact on feeding activity or energy
reserves (Browne et al. 2008; Van Cauwenberghe et al. 2015). Von Moos et al. (2012) observed significant
effects from exposure to microplastic of a larger size range (>0 to 80 um; 2.5 g/L). The microplastic
accumulated in epithelial cells of the digestive system (more specifically the digestive tubules), where they
induced a strong inflammatory response accompanied by notable histological changes after only 3 hours of
exposure. With increasing exposure times, the measured biological effects became more severe.

Continuing to vertebrates, GESAMP note that the laboratory studies assess the effect of microplastics on
fish species, for example a significant decrease in the predatory performance of P. microps (common goby)
after exposure to microplastics. (de Sa et al, 2015). Other affects observed include increased AChE
activity, weight loss, altered metabolism and liver toxicity.

GESAMP state that there is very little direct evidence for physical impacts of microplastic in nature.
However, there are results from the field studies that suggest there are some implications. An example is
in the North Pacific Subtropical Gyre, the increasing population of Halobates sericeus, a marine insect, was
linked to the increasing concentrations of microplastics in the region (Goldstein et al. 2012). GESAMP
conclude the section by stating there remains, as yet, little demonstrated evidence of ecological impacts of
microplastic debris in the natural environment.

GESAMP discuss the effect of plastic-related chemicals. Two recent non-targeted screening analyses
looking at the chemicals associated with plastic debris, detected a total of 231 to 251 organic compounds
on plastics, including hydrocarbons, UV-stabilizers, anti-oxidants, plasticisers, flame retardants, lubricants,
intermediates and compounds for dyes and inks (Gauquie et al. 2015; Rani et al. 2015).

GESAMP examine the pathway by which the chemicals may interact with organisms, via microplastics,
including uptake from surrounding water, air or sediment and ingestion of particles in the water and/or
their diet (Van der Oost et al. 2003). One study found that the combination of PVC with sorbed triclosan
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altered feeding behaviour and caused mortality in lugworms (Browne et al. 2013). Another study
demonstrated that polyethylene deployed in San Diego Bay, CA (i.e. allowing the plastic to accumulate
environmentally relevant concentrations of priority pollutants) caused hepatic stress, including glycogen
depletion, lipidosis, cellular death and tumour development, in fish exposed to microplastic for a 2-month
period (Rochman et al. 2013a). Moreover, fish exposed to the combination of polyethylene and priority
pollutants showed signs of endocrine disruption via changes in gene expression and abnormal growth of
germ cells in the gonads (Rochman et al. 2014a).

In terms of nanoplastics and their potential impacts. GESAMP discuss a study on blue mussels which were
exposed to HDPE powder >0 to 80 pm, then analysed for translocation of the particles into their tissue.
GESAMP refer back to the studies previously discussed that include the analysis of nanoplastics. Several of
these studies have shown that uptake and toxicity depend on the intrinsic properties of the particles, such
as size and surface charges that affect their interaction with exposure media (Della Torre et al. 2014). In
addition, a number of recent studies have demonstrated effects of PS nanoparticles on feeding, behaviour
and physiology of early life stages, such as brine shrimp (Bergami et al. 2015) and sea urchins (Della Torre
et al. 2014; Canesi et al. 2015).

Transport of indigenous species is another aspect mentioned by GESAMP. In the discussion the authors
compare the difference between transference by natural floating substrata and plastics. The distribution of
plastic is different from that of natural substrata, and plastic has substantially increased the available
substratum in oligotrophic open ocean regions, potentially altering the distributions of marine organisms
(Goldstein et al. 2012). GESAMP describe some examples, plastic pellets act as an oviposition site for
marine insects such as Halobates micans and Halobates sericeus (Goldstein et al. 2012; Majer et al. 2012),
having a positive effect on the population size and dispersal of this species. Duarte et al. (2012) pointed
out that the increase in human structures in the ocean may be contributing to the increase in jellyfish
blooms. The proliferation of microplastic particles provides substratum for attachment and development of
jellyfish hydroid life stages.

GESAMP list the species of commercial fish that have been documented with microplastics in their guts;
including the pelagic bluefin, swordfish, albacore, Atlantic herring, sardine, European and Pacific anchovies,
Indian mackerel, benthic/demersal hake, blue whiting, red mullet, small scale and common dolphin fish
(Foekema et al. 2013; Kripa et al. 2014; Rochman et al. 2015a; Romeo et al. 2015; Lusher et al. 2013;
Avio et al. 2015; Deudero and Alomar 2015). According to GESAMP, little is known about the impact of
microplastics to fish health. Concern is mentioned over the translocation of microplastics into the tissues of
organisms, as well as the tendency of microplastics to accumulate chemical contaminants.

In terms of shellfish, GESAMP reports that microplastics identified in shellfish range in size from5 pm to 5
mm and are composed of fragments, pellets and fibres and are found in both wild and cultured shellfish.
One study showed that microplastics (2 to 16 um) can be retained by Mytilus edulis following ingestion
(Browne et al. 2008) and that the particles in the size range 3 to 9.6 ym can be translocated outside the
gut and into the hemolymph.

GESAMP also mention studies on green crab, which were found to ingest microplastics under controlled
conditions (Farrell and Nelson, 2013; Watts et al. 2014). Natural populations of brown shrimp (Crangon
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crangon), sampled across the English Channel area and Southern part of the North Sea (between France,
Belgium, the Netherlands and the UK) have also been found to be contaminated with microplastics. In
addition, studies on gastropods are mentioned; which reported the presence or absence of microplastics in
edible snails collected from the Dutch coast: 30 microplastics per gram d.w. in periwinkles (Leslie et al.
2013) while microplastic could not be detected in common limpet (Patella vulgaris) (Karlsson 2015).

Echinoderms are mentioned by GESAMP, however the effects of microplastics are not included in the text.

Foley et al. (2018)

A meta-analysis of the
effects of exposure to
microplastics on fish
and aquatic
invertebrates

In the current study, we
conducted a meta-analysis of
published literature to examine
impacts of exposure to
microplastics on consumption
(and feeding), growth,
reproduction, and survival of fish
and aquatic invertebrates.

Plastics

Hazard assessment
Microbeads
Microfibers

Review

Good table 1 summarising
effects literature

Foley et al. indicate that microplastic can also be incidentally ingested by adhering to natural prey items,
e.g. seaweed or fish eggs, (e.g., Kashiwada, 2006; Gutow et al., 2016), or via absorption through gills
(e.g., Kashiwada, 2006; Watts et al., 2014). Further, plastic particles that have been ingested could be
absorbed through gut walls (Browne et al., 2008; Snell and Hicks, 2011).

The evidence presented in the review suggests that exposure of individual aquatic organisms to
microplastics may negatively impact feeding (e.g., Wegner et al., 2012; Ogonowski et al., 2016), growth
(e.g., Au et al., 2015; Jeong et al., 2016), reproductive capabilities (e.g., Della Torre et al., 2014;
Ogonowski et al., 2016), and survival (e.g., Booth et al., 2016; Luis et al., 2015), due to, for example,
blockage of feeding structures or reduced consumption of prey (e.g., as reviewed by Wright et al., 2013b,
Eerkes-Medrano et al., 2015). However, Foley et al. conclude that the effects of microplastic exposure do
not appear to be consistent across studies. Some organisms may be resilient to stresses induced by
microplastic exposure (e.g., Nasser and Lynch, 2016; Watts et al., 2016), and the fact that microplastics
can be egested suggests that cumulative impacts may not occur. Foley et al. state that the overall
potential impact of microplastic pollution in aquatic systems remains difficult to predict.

Foley et al. include a number of scientific studies assessing the impacts of microplastics on the vital rates
of fish and aquatic invertebrates (e.g., Eerkes-Medrano et al., 2015; Phuong et al., 2016; Wright et al.,
2013b, among others) and suggest that their results most strongly support the notion that exposure to
microplastics leads to negative effects on consumption of aquatic organisms, with less compelling and
consistent evidence that growth, reproduction, or survival of aquatic organisms is negatively affected by
exposure to microplastics.

Foley et al. suggest that zooplankton are among the most susceptible biota to microplastic exposure, which
could have broader ramifications for aquatic food webs. The tendency of these taxa to consume
microplastics may promote the accumulation and transfer of plastics up the food web (e.g., Setéla et al.,
2014; Farrell and Nelson, 2013).

In addition, Foley et al. support the notion that plastics interfere directly with feeding by larval or juvenile
fishes, potentially blocking digestive tracts or otherwise not allowing for proper digestive function
(reviewed in Cole et al., 2011). Therefore any factor that negatively influences an animal's ability to feed
may have impacts on long-term growth and survival. Interestingly, their findings do not provide strong
evidence that growth was negatively impacted by plastic exposure. Although Foley et al. note that it is
possible that many studies did not extend long enough for strong growth effects to be observed, given that
most exposures were limited to <30 days.
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In their meta-analysis Foley et al. did observe within-taxa negative effects for all four categories of
responses, however many of the effects summarized in the study were neutral, indicating that the effects
of exposure to microplastics are highly variable across taxa. The most consistent effect was a reduction in
consumption of natural prey when microplastics were present. For some taxa, negative effects on growth,
reproduction and even survival were also evident.

As opposed to the relatively direct responses that were assessed, Foley et al. suggest that it is possible
that effects of exposure to microplastics are more indirect (e.g., alteration of microbial communities in the
environment or guts; Oberbeckmann et al., 2015) or have more direct and apparent impacts on responses
other than the four assessed herein (e.g., endocrine disruptor effects that negatively impact reproduction;
Sussarellu et al., 2016).

The biochemical effects of microplastics have potentially important implications for the fitness of organisms
(e.g., Rochman et al., 2013). For example, Foley et al. give the example of PCB concentrations in fish
tissue decreasing after fish were fed PCB-spiked food followed by clean plastic (Rummel et al., 2016), and
exposing organisms to silver or fluoranthene alongside microplastics may have helped decrease the
amount of contaminant that was ultimately transferred to organisms (Khan et al., 2015; Paul-Pont et al.,
2016). All of these authors noted, however, that any decreases in contaminant level could also have been
attributed to other sources, and transfer of contaminants to organisms did still happen (Khan et al., 2015;
Paul-Pont et al., 2016; Rummel et al., 2016).

Foley et al. suggest that future work should focus on whether microplastics may be affecting aquatic
organisms in more subtle ways, e.g., by influencing exposure to contaminants and pathogens, or by acting
at a molecular level. Future authors should consider reporting both the size and weight of individual plastic
particles, if possible, and a weight or density per unit of volume (as described in Phuong et al., 2016).

Their findings support the scientific and public concern over plastic pollution of aquatic ecosystems: effects
of microplastics were generally negative or neutral across taxa (never positive), with the strongest effects
observed on lower trophic level organisms that serve as important linchpins for food web structure (Pace et
al., 1999). Importantly, Foley et al. notes that the results included in the analyses were potentially
affected by publication bias. This remains a challenge to meta-analyses, and even the studies that we
included had bias-related issues.

Auta et al. (2017)

Distribution and
importance of
microplastics in the
marine environment: A
review of the sources,
fate, effects, and

This review describes the
sources and global distribution of
microplastics in the
environment, the fate and
impact on marine biota,
especially the food chain.

Microplastics

Pollution

Auta et al. begin by stating the level of the problem, suggesting that only <5% of plastic material used has
been recovered and this has led to the accumulation of plastics in the marine environment (Sutherland et
al., 2010). Auta et al. use the definition that ‘microplastics are tiny ubiquitous plastic particles smaller than
five millimetres (5 mm)’ and confirm that microplastics have the potential to cause many adverse effects
such as cancer, impaired reproductive activity, decreased immune response, and malformation in animals
and humans.

Auta et al. quote the study Gouin et al. (2011) that reported that the US population releases about 263
tonnes yr=* polyethylene microplastics, mainly from the usage of personal care products. Auta et al. note
that sewage sludge is also a source of microplastic pollution as it contains more microplastics than effluent
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(Leslie et al., 2012; Alomar et al., 2016).

The consumption of microplastics by marine organisms is noted to cause mechanical effects such as
attachment of the polymer to the external surfaces thereby, hindering mobility and clogging of the
digestive tract, or the effect could be chemical such as inflammation, hepatic stress, decreased growth
(Setala et al., 2016).

In addition to the physical/mechanical effects, Auta et al. indicate that the large surface area to volume
ratio of microplastics makes them liable to contamination by water borne-contaminants such as persistent
organic pollutants (POPs), metals (Ashton et al., 2010; Cole et al., 2011), and endocrine disrupting
chemicals (Ng and Obbard, 2006). Chua et al. (2014) demonstrate the assimilation of polybrominated
diphenyl ethers from microplastics by Allorchestes compresa. Auta et al. also note the study of Wardrop et
al. (2016), who reported the assimilation of polybrominated diphenyl ethers by fish into the tissues. This
experiment investigated the transfer of persistent organic pollutants sorbed unto microplastics from
personal care products, the rainbow fish (Melanotaenia fluviatilis) were exposed to microbeads that had
been sorbed with polybrominated diphenyl ethers (PBDEs) and monitored at 0, 21, 42, and 63 days.
Exposed fish were found to have accumulated high concentrations of PBDEs (ca.115pg.g~* ww.d™1!) in the
tissue after ingestion (Wardrop et al., 2016).

Marine studies focussed on ingestion and subsequent toxic implications are listed in the article by Auta et
al. including effects on Pomatoschistus microps (Oliveira et al., 2013; Luis et al., 2015; Ferreira et al.,
2016), zebra fish (Danio rerio)(Khan et al., 2015), whales (Fossi et al., 2016; Lusher et al., 2015a,b),
microalgae (Sjollema et al., 2015), and on cod, dab, flounder, and the pelagic fish species (mackerel and
herring) from the North and Baltic Sea (Rummel et al., 2016). Again the study of Rochman et al. (2013) is
noted by Auta et al., where they investigated the effect of toxic chemicals that had been sorbed on
microplastics in marine fish (Oryzias latipes). From the study, the fish ingested and bioaccumulated the
harmful chemical substances which resulted in pathological and oxidative stress, and the inflammation of
the liver.

Few studies have demonstrated trophic transfer of microplastics and adhered contaminants, other than
Batel et al. (2016) who investigated the transfer of microplastics and potential harmful substances
between different trophic levels in the marine environment. The study concluded that the microplastic
particles acted as a vector for the transfer of associated persistent organic pollutant benzo [a] pyrene
(BaP) from the nauplii to the zebra fish, and the substance was retained in the intestinal tract. However,
no physical harm was observed in either nauplii and zebrafish.

Auta et al. do mention one population level study using European perch (Perca fluviatilis), exposed to
90um polystyrene microplastic particles. Fish ingested and accumulated the polystyrene microplastics
which resulted in decreased growth, hindered hatching, and altered the feeding and behaviour, and even
affected the olfactory senses that enhanced susceptibility to predation. There was a steep decline in the
European perch population which the study attributed to the high pollution of the sea with microplastics
(Lonnstedt and Eklév, 2016).

Auta et al. note a study on the effects of microplastics on trophic/ assemblage structure in marine
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organisms.

Green (2016) subjected European flat oyster (Ostrea edulis) to low and high doses (0.8 pgL~* and 80
HgL~!) of biodegradable and conventional microplastics for a 60 day period. After exposure, it was
observed that the respiration rates of Ostrea edulis were elevated in response to high doses of polylactic
acid (PLA) microplastics which indicated that the oysters were under stress. Similarly, the abundance and
biomass of associated benthic organisms which included periwinkles (Littorina sp.), isopod (lIdotea
balthica), and the peppery furrow shell clam (Scrobicularia plana) reduced. The reduction was attributed to
reduced reproductive output and mortality due to microplastic ingestion and reduced feeding (Green,
2016).

A number of further studies are referenced by Auta et al. that focus on effects on marine plankton. For
example, Cole et al. (2016), demonstrated the effect of polystyrene microbeads on the feeding, function
and fertility of the marine copepod; Calanus helgolandicus. Prolonged exposure resulted in death of some
of the copepods, fewer egg productions, and decreased reproductive output which affected hatching. The
results were comparable with Kaposi et al. (2014) and Lee et al. (2013) that also demonstrated that the
survival of zooplankton may be impacted by exposure to high concentrations of microplastics.

Auta et al. discuss a single study on the contamination of microplastics in human food. The presence of
microplastics in sea salt has recently been demonstrated by Yang et al. (2015) who report 7-204 particles
kg~!, 550-681 particles kg~ and 43- 364 particles kg~ of microplastics in 15 brands of rock/well salts,
sea salt and lake salt, respectively. The microplastics found were polyethylene, cellophane and
polyethylene terephthalate.

In summary, Auta et al. list a number of studies that demonstrate effects of microplastics in wildlife
including: increased toxicological stress in fin whales (Fossi et al., 2016) and affected algal growth
(Sjollema et al., 2015). Microplastics are known to cause liver toxicity and inflammation, and cause the
accumulation of lipids in the liver of fish (Lu et al., 2016). Microplastics can also serve as a vector for the
assimilation of persistent organic pollutants (POPs) and heavy metals by marine organisms and the
environment (Chua et al., 2014; Brennecke et al., 2016), and reduce the feeding activity of invertebrates
(Besseling et al., 2012).

Auta et al. suggest that a more promising and environmentally safe approach could be provided by
exploiting the potentials of microorganisms, especially those of marine origin that can degrade
microplastics.

Phuong et al. (2016)

Is there any consistency
between the
microplastics found in
the field and those used

Microplastics
Field samples
Laboratory exposures

Ingestion

Phuong et al. state that among the different biological effects, mortality rate, energy budget, loss of
weight, feeding activity, embryonic development, predation, biomarker responses and alteration of gene
expression have been the most investigated in relation to microplastics. The hypothesis that microplastics
are taken up into cells and can cause significant effects on tissue and at the cellular level was corroborated
by Von Moos et al. (2012) in mussels (M. edulis). Browne et al. (2008) showed in mussels (M. edulis) that
ingestion and translocation of microplastics did not change the phagocytic activity, but increased immune
response.
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in laboratory
experiments?

Biological effects

Phuong et al. discuss a fish study concerning Pomatoschistus microps that were exposed to PE
microspheres at concentrations ranging from 18.4 to 184 mg/L (Oliveira et al., 2013). After 96 h of
exposure, a reduction of acetylcholinesterase (AChE) activity had been shown to occur. In contrast, no
significant effect of PE was found for glutathione S-transferase activity and lipid per- oxidation.

Again, Phuong et al. note that they study of Rochman et al. (2014) mixed low-density PE with the food of
another fish species (Oryzias latipes) at a high proportion (up to 10% of the prey species) over a two
month exposure. Several negative effects were identified: down-regulation of choriogenin, vitellogenin and
estrogen receptor (ERa) mRNA gene expression and abnormal germ cell proliferation. Severe glycogen
depletion and fatty vacuolation were also observed. In the long term, a potential increase of mortality due
to the effects observed at molecular level is still under debate.

Contrasting effects are demonstrated by Phuong et al. using Rochman et al. (2013, 2014) who reported a
mortality rate reaching 6%. In contrast, Browne et al. (2008) showed that in mussel (M. edulis), exposure
to PS microspheres did not affect their viability.

Again, Phuong et al. give examples of contrasting study outcomes including at high concentrations of
exposure (up to 5% by weight, in sediment), where Wright et al. (2013) showed a depletion of energy
reserves (up to 50%) in lugworms (Arenicola marina), after 10 days of exposure, whereas despite longer
exposure time (up to 14 days), Van Cauwenberghe et al. (2015) showed no depletion of energy reserves
for this species at low concentrations.

The impact of microplastics on copepod (Centropages typicus) feeding activity was also investigated by
Cole et al. (2013, 2015). A significant decrease of algal feeding was shown under different conditions of
microplastic exposure (>4000 beads of PS 7.3 mm/24 h and 75 beads of PS 20 mm/ 24 h, Cole et al.,
2013, 2015 respectively). For lugworms (Arenicola marina) exposed to microplastics, a reduced feeding
activity was likewise shown in two different studies (Besseling et al., 2013; Wright et al., 2013). A loss of
weight in A. marina was indeed observed when microplastic concentration increased in exposure media
(Besseling et al., 2013).

Phuong et al. note that predation effects as a result of microplastics exposure has also been studied. De Sa
et al. (2015) showed that predation of a fish species (Pomatoschistus microps) and its efficiency were
reduced by 65% and 50% respectively in the presence of PE microspheres.

At the ecological level, Phuong et al. give examples of studies examining population survival. Although
there was no significant effect of microplastic exposure on production rates and egg size of the copepod
(Centropages typicus), following exposure to microplastics the hatching of eggs seemed depleted (Cole et
al., 2013, 2015). The toxicity of PE on the embryonic development of an Echinodermata (Lytechinus
variegatus) was also demonstrated by Nobre et al. (2015). After 24 h of exposure, PE pellets had negative
effects on embryonic development, which was assessed in terms of the presence of abnormal embryos.

Phuong et al. also highlight that trophic transfer has been studied at different levels of the food web.
Farrell and Nelson (2013) observed microplastic trophic transfer from mussels to crabs. M. edulis were
exposed to 0.5 mm fluorescent PS microspheres (411 million particles) during 1 h. Microspheres were
subsequently detected in the stomach, hepatopancreas, ovary, gills and haemolymph of the exposed
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crabs. Another study by Desforges et al. (2015) is discussed, who estimated that consumption of the
microplastics contained in zooplankton led to the ingestion of 2-7 microplastic particles/day by members of
the juvenile salmon species (Oncorhynchus spp.) from coastal British Columbia, and 91 microplastic
particles/day in returning adults. Finally, Van Cauwenberghe and Janssen (2014) estimated that annual
dietary exposure for European shellfish consumers can reach 11,000 microplastics per year. Phuong
conclude that these results pose a challenge about consequences on human health.

Phuong et al. then compare field and laboratory studies, stating that the range found in the field was
0.004-9200 particles/m3. In laboratory exposure studies, the contamination range expressed in
particles/mL was 42 to 10 000 corresponding to 42 million to 10 billion particles/m3. Comparing these
values, it is obvious that the concentrations were not of the same order of magnitude, the lowest
concentration of exposure being about 4 500 times greater than the highest field concentration.

For sediment studies, Phuong et al. quote field microplastic concentrations in particle number/ kg of
sediment with values ranging from 0.3 to 8 000 corresponding to 0.0003 to 8 particles/g. This value is
more than 10 times below the concentration employed by Van Cauwenberghe et al. (2015). Only one
study on natural sediments from the Indian Ocean (Reddy et al., 2006) has expressed the concentration as
81.43 mg/kg, corresponding to 0.0081%, which was about 600 times lower than the concentrations used
by Browne et al. (2013) and Wright et al. (2013) in laboratory exposures.

Phuong et al. state that it therefore remains difficult to conclude that experimental exposures are likely to
mimic environmental conditions in terms of microplastic contamination. Only Rochman et al. (2014)
deployed PE pellets in marine areas during a three month period to obtain microplastics more similar to
those found in the environment. Otherwise, all the laboratory experiments reviewed were performed with
microplastic concentrations at greater concentrations than those found in the field. Consequently, the
ingestion and associated effects observed in organisms in laboratory studies corresponded to highly
contaminated conditions. Studies employing concentrations comparable to environmental microplastic
levels are challenging since the available analytical tools do not yet permit identification of the biological
effects occurring at low concentrations of exposure.

In addition to the problems associated with highly variable microplastic concentrations, Phuong note the
difficulty to differentiate and separately measure the mechanical and the chemical effects of microplastics
on organisms. The organic compounds include nonylphenol, triclosan, pyrene, polybromodiphenylethers
(PBDEs), PAHs, PCBs (Browne et al., 2013; Oliveira et al., 2013; Chua et al., 2014; Avio et al., 2015)
which are known to cause toxic effects by themselves (Meeker et al., 2009; Oehlmann et al., 2009;
Talsness et al., 2009; Vidal-Linan et al., 2015). Consequently, the presence of these compounds in
microplastics generated an additional effect, rendering it difficult to determine from where the toxicity
arises.

EFSA (2016)

Statement on the

Microplastic

Nanoplastic

EFSA discuss the occurrence of microplastics in food, commenting that studies and data on the subject are
scarce. EFSA states that in terms of fish (as food) studies only provide data on microplastics in the
digestive tract. This part of the fish is usually discarded and are rarely consumed, so EFSA assume that the
consumption of microplastics from this source is negligible. In comparison Bivalves are more likely to
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microplastics and
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with particular focus on
seafood

Food
Seafood
Occurrence

Risk assessment

accumulate microplastics and their digestive tract is consumed rather than thrown away. Therefore,
ingestion by humans from this source is likely to be significantly higher. According to EFSA, Chinese
mussels contained the highest number of microplastics: median value 4 particles/g (Li et al., 2015).
Following calculation, EFSA conclude that consumption of such a portion of Chinese mussels (225 g) would
lead to ingestion of about 900 plastic particles. There are no studies regarding the effects of microplastics
once ingested by humans according to the EFSA article.

A chicken model was used by Mahler et al (2012) to study the effects of iron uptake with nanoparticles. A
single dose of 2 mg/kg body weight (bw) of 50 nm carboxylated polystyrene particles resulted in a
threefold suppression of iron absorption. Following on from this study, EFSA mention a second in vitro
study that used human cell lines, it suggested that positively charged polystyrene nanoplastic particles can
disrupt intestinal iron uptake.

A chronic 2-month dietary exposure in Japanese medaka, using plastic pellets, resulted in female fish
expressing significantly less Chg H when compared to the control (Rochman et al. 2014b). In another
study disposition and toxicity of two different polystyrene nanoparticles in the early development of sea
urchin embryos were investigated (Della Torre et al. 2014). Embryos were exposed to either carboxylated
polystyrene nanoparticles (PS-COOH) (40 nm) or amino-modified polystyrene nanoparticles (PS-NH2; 50
nm) (Della Torre et al. 2014). Findings included thickening and abnormal proliferation of the ectodermal
membrane, incorrect location, incomplete or broken skeletal rods and fractured ectoderm (Della Torre et
al. 2014).

In addition to these effects studied, it may be expected that micro- and nanoplastics will most likely
interact with the immune system, not in the least because they can be taken up by phagocytic cells. In a
study in mussels (M. galloprovincialis), decreased phagocytic activity caused by nanoplastics has been
described (Canesi et al., 2015), but studies in other species are lacking.

Based on a conservative estimate the presence of microplastics in seafood would have a small effect on the
overall exposure to additives or contaminants. Toxicity and toxicokinetic data are lacking for both
microplastics and nanoplastics for a human risk assessment. It is recommended that analytical methods
should be further developed for microplastics and developed for nanoplastics and standardised, in order to
assess their presence, identity and to quantify their amount in food.

Anbumani and Kakkar
(2018)

Ecotoxicological effects
of microplastics on
biota: a review

The present review focused on
the ecological impact of
microplastics on biota at
different trophic levels, its
uptake, accumulation, and
excretion etc., and its plausible
mechanistic toxicity with risk
assessment approaches.

Anbumani and Kakkar begin by giving and overview of the scientific evidence around microplastics which
shows that exposure triggers a wide variety of toxic insult from feeding disruption to reproductive
performance, physical ingestion, disturbances in energy metabolism, changes in liver physiology,
synergistic and/ or antagonistic action of other hydrophobic organic contaminants etc. from lower to higher
trophics. Anbumani and Kakkar conclude that microplastic accumulation and its associated adverse effects
make it mandatory to go in for risk assessment and legislative action.

Anbumani and Kakkar do note that evidence for microplastics impact on freshwater biota is limited both in
terms of studies and species exposed. As stated by Duis and Coors (2016), microplastics uptake by
freshwater organisms has so far only been addressed in relatively few studies. Effects are presented in the
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Table 2 has good summary of
effects literature. Key diagrams
of proposed impact pathways are
also given in the article.

paper by trophic level, starting with producers.

Anbumani and Kakkar introduce the following studies (sometimes contrasting) on producers: Nano-
polystyrene particles (0.22 and 103 mg/I) exposure to Scenedesmus obliquus affects the growth and
photosynthesis in terms of reduced chlorophyll content (Besseling et al. 2013). On the other hand,
Sjollema et al. (2016) observed no changes in algal growth rate but a significant reduction in
photosynthesis from 2.5 to 45% upon 72-h exposure to polystyrene particles of size between 0.05 and 6 p
min Dunaliella tertiolecta, Thalassiosira pseudonana, and Chlorella vulgaris. Lagarde et al. (2016)
presented the first evidence on microplastic-induced molecular toxicity in freshwater microalgae,
Chlamydomonas reinhardtii. Exposure to high density polyethylene (HDPE) and polypropylene (PP)
particles to C. reinhardtii induced hetero aggregates consisted of 50% microplastics, 50% microalgae, and
exopolysaccharides during 20 days post-exposure period.

For consumers: Information on the accumulation and ecotoxicity of microplastics in freshwater biota is
limited, except a few from laboratory studies (Rosenkranz et al. 2009; Holmetal. 2013; Jemec et al. 2016;
Maetal. 2016; Ogonowski et al. 2016; Rehse et al. 2016; Rist et al. 2017; Lei et al. 2018; Murphy and
Quinn 2018) conducted on crustaceans and cnidarians whereas Imhof et al. (2013) observed the uptake of
microplastic in different taxa like annelids(Lumbriculus variegatus), crustaceans (Daphnia magna and
Gammarus pulex), ostracods (Notodromas monacha), and gastropods (Potamopyrgus antipodarum) under
field conditions.

Rosenkranz et al. (2009) noticed that the water flea, Daphnia magna, is capable of rapidly ingesting the
microplastics of size 0.01 and 1 mm in the gut epithelia and accumulate in lipid storage droplets. The
findings revealed that the observed mortality is not due to the release of chemicals from the fibres but
merely a clogging effect in the gut portion might be the possible reason for daphnid mortality. Ogonowski
et al. (2016) noted lower feeding and reproductive performance in Daphnia magna exposed to primary and
secondary microplastics and accumulation in the digestive tract with increased gut passage time. Rehse et
al. (2016) showed that daphnids are sensitive enough to ingest 1 pm microplastic particles in a
concentration-time dependent manner that results in immobilization suggesting that particle size plays a
crucial role.

Anbumani and Kakkar mention a more recent study by Rist et al. (2017) that looked at quantifying body
burden by fluorescent intensity measurement, feeding rate assessment, and reproduction in D. magna
after fluorescent polystyrene beads (2 pm and 100 nm) exposure. Despite the high body burdens and 21%
decreased feeding rate, no significant effects on reproduction is noted for 100 nm particles at the end of
21-day exposure. These findings of Rist et al. (2017) show that measurement of the fluorescence intensity
provides valuable data for quantification of animal body burden of microplastic particles that are
analytically challenging till date. Effects of microplastics on freshwater pelagic (water column) and benthic
(sediment) ecosystems were studied by Lei et al. (2018). Significant inhibition of survival rate, body
length, and reproduction has been noted in the sediment- dwelling organism, C. elegans along with
increased GST enzyme levels.

Anbumani and Kakkar also give some examples of studies for vertebrates: Microplastics between 1 and 5
um (polyethylene) modulate the toxicity of pyrene in the estuarine goby, Pomatoschistus microps with
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increased pyrene metabolites (Oliveira et al. 2013) whereas microplastic-induced hepatotoxicity was
observed in Japanese medaka, Oryzias latipes exposed to 3- mm low-density polyethylene (LDPE).
Interestingly, female fish exposed to dietary microplastics showed a significant reduction in the expression
of choriogenin H, an early warning signal for endocrine disruption (Rochman et al. 2013).

In addition, Anbumani and Kakkar state that it has also been shown that plastic facilitates the transport of
contaminant to the sediment dwelling lugworm, Arenicola marina and amphidromous Medaka fish, Oryzias
latipes (Teuten et al. 2007; Rochman et al. 2013). Besides, microplastics can also act as vectors in
modulating the toxicity in organisms exposed, and it is proven experimentally that microplastics
attenuated the effects of organic contaminants such as POPs, PAHs, PCBs, and PBDEs in fishes (Rochman
et al. 2013; Oliveira et al. 2013).

Trophic transfer of contaminants is discussed in Anbumani and Kakkar using the study of Batel et al.
(2016) who studied the extent microplastics aid in the transfer of persistent organic pollutants like
benzo(a)pyrene (BaP) through an artificial food chain. Zebrafish were fed with Artemia nauplii loaded
polyethylene microplastics of 1-5 and 10-20 ym size with pre-conditioned BaP (252 pg/L) results in
efficient transfer of chemicals on natural food chains across various trophic levels. Polystyrene microplastic
particles induced systemic toxicity is reported by Veneman et al. (2017) in zebrafish larvae.

Anbumani and Kakkar also give the following studies demonstrating effects in marine species. From the
level of producer: Exposure of polyvinyl chloride (PVC) microplastics of 1 ym size on marine microalgae,
Skeletonema costatum, effectively inhibits 39.7% growth ratio after 96-h exposure whereas 1mm particle
size of PVC had no effects on algal growth (Zhang et al. 2017b). Contrary to this, no significant growth
rate inhibition is noted in Tetraselmis chuii after fluorescent red polyethylene micro- spheres (1-5 pm)
exposure in the presence and absence of copper suggesting that the smaller the particle size, the greater
the microplastic toxicity (Davarpanah and Guilhermino 2015). Farrell and Nelson (2013) observed the
trophic level transfer of microplastics from mussels to crabs. This is the first report that shows the ‘natural’
trophic transfer of microplastics on marine biota.

Additional highly cited studies are also referenced by Anbumani and Kakkar, such as Cole et al. (2013,
2015) who identified a downward shift towards feed intake, fecundity, and survival of Calanus
helgolandicus. Findings suggest that chronic exposure to PS particles has an untoward effect on
reproductive output with no differences in egg production rate, respiration, or survival. This important
finding is of particular ecological relevance, that copepods with reduced growth might impact higher
trophic organisms which rely on the high lipid content of copepods for their own survival.

From the population-level perspective Anbumani and Kakkar note one study where microplastics exert
negative effects on reproduction at the higher hierarchy. Here, oysters exposed to polystyrene
microplastics (2 and 6 pm size) showed decreased oocyte number (— 38%) and sperm velocity (— 23%)
(Sussarellu et al. 2016).

Anbumani and Kakkar state that the first evidence on the adverse effects of microplastics on diversity and
benthic communities’ growth abundance was shown by Green et al. (2015) and Green (2016). Repeated
exposure of biodegradable and conventional microplastics resulted in altered benthic assemblage
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structures and species richness with primary productivity.

From the perspective of contaminants, Anbumani and Kakkar also note the popular study of Browne et al.
(2013) who observed increased accumulation of nonylphenol and triclosan in the presence of polyvinyl
chloride (PVC) leading to impaired immune functions, physiological stress, and mortality in the lugworm, A.
marina. Paul-Pont et al. (2016) observed accumulation of higher concentrations of fluoranthene in Mytilus
spp. exposed to both PS microbeads and fluoranthene owing to the higher partition coefficient of PS
particles. The study by Martinez Gomez et al. (2017) is also noted, as they evaluated the effects of virgin,
aged and leachate of PS and HDPE fluff particles in the sea urchin, Paracentrotus lividus. During the 48-h
incubation period, fertilization and larval development are impaired to a significant extent.

Rist et al. (2017) also evaluated the ecotoxicity of micro-sized PVC particles (1-50 um) in Asian mussel,
Perna viridis. Microplastics suspensions from the sediment were exposed to P. viridis for 2 h/day for a total
of 91 days. After 44 days of exposure, filtration behaviour, respiration rate, and byssus production were
greatly reduced.

Anbumani and Kakkar conclude that studies in fish have observed that microplastics effects are
inconsistent and depend on species. Peda et al. (2016) report incidences where PVC fragments tend to
induce severe effects on distal part of the intestine. Whereas Tosetto et al. (2017) were unable to find any
prominent effects of microplastics on fish personality occupying intertidal zone and Alomara et al. (2017)
analyzed the effects of polyethylene terephthalate (PET) microplastics on striped red mullet, Mullus
surmuletus. One-third of the individuals exposed shows microplastics ingestion and no further evidence of
oxidative stress induction. Jovanovic (2017) summarizes recent discoveries regarding the potential
negative effects of micro- and nanoplastic ingestion by fish. Anbumani and Kakkar note that the
occurrence of microplastics in the gastrointestinal tract of fish is ephemeral, with low accumulation
potential in the gastrointestinal tract, although translocation to the liver may occur.

Overall, Anbumani and Kakkar suggest that the findings highlight the need for further investigations on the
interaction of multiple stressors (chemical contaminants and abiotic factors like temperature) on higher
organisms during marine microplastics risk assessment. Only Fonte et al. (2016) investigated the multiple
stressor toxicity (microplastics, cefalexin, and temperature) to Pomatoschistus microps juveniles. As the
temperature increases from 20 to 25 °C, microplastics-induced mortality is noted with predatory
performance inhibition whereas co- exposure of microplastics and cefalexin results in reduced predatory
performance and acetylcholine esterase inhibition.

Anbumani and Kakkar conclude by listing the following data gaps in the literature:

e Information on the impact of microplastics on human health via sea food ingestion is currently not
available.

e Information on the transfer of microplastics across the gut into tissues and transfer of associated
chemical moieties is unavailable.

o Detailed global protocol for isolation, characterization, and validated instrumental analysis to
determine microplastics in various freshwater matrices are lacking.
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e Moreover, data from field studies are required adjudicate the probability of one-to-one interaction
between microplastics and organism to shed light on expected biological effects and its relevance
to ecosystem dynamics

e Systematic comparative studies should be undertaken on physical and/or chemical components of
microplastics to discern whether the observed effects are due to particle induced (physical
ingestion) or chemically released hazards.

e Occurrence and effects of microplastics on invertebrates is not fully understood.

e Research should be prioritized on suitable alternatives to microbeads in the cosmetic products
that are likely to biodegrade.

Burns and Boxall (2018)

Microplastics in the
aquatic environment:
Evidence for or against
adverse impacts and
major knowledge gaps

We present the results from a
systematic review of the
published literature to attempt to
answer the following question:
do existing data on the
occurrence and effects of
microplastics in the environment
indicate that these materials are
causing harm?

Microplastics;
Species sensitivity distribution;
Risk;

Persistent organic pollutants

Burns and Boxall begin by discussion the definition of microplastics, stating that ‘a microplastic is any solid
plastic particle <5mm in size (Eerkes-Medrano et al. 2015). Agreement on the higher end of the
microplastic range (5 mm) is consistent in the literature; however, various authors have proposed differing
lower limits (Hidalgo-Ruz et al. 2013; Joint Group of Experts on the Scientific Aspects of Marine
Environmental Protection 2015; Lassen et al. 2015). The Joint Group of Experts on the Scientific Aspects of
Marine Environmental Protection (2015) set the lower limit of the microplastic size range to 1nm, whereas
Lassen et al. (2015) limited the lower end of the range to 1mm.

Burns and Boxall give some examples quantifying releases from primary microplastics, one by Sundt et al.
(2014), who concluded that consumer products were expected to have the smallest contribution. The other
was focussed on Denmark: 0.9% of the total microplastic emission to the aquatic environment was
expected to be primary microplastics (0.1% cosmetic products) (Lassen et al. 2015). Burns and Boxall
comment that a great deal of regulatory focus has been placed on primary microplastics, which, in terms
of occurrence, appear to be less significant based on the present results. Burns and Boxall conclude that
reducing or banning (e.g., cosmetic microbeads) may only have a limited impact on reducing
environmental microplastic loads, a conclusion also drawn by Gouin et al. (2015).

Burns and Boxall introduce a number of studies that demonstrate ingestion/egestion rates of microplastics
on a number of trophic levels. For example, Scherer et al. (2017) found that microplastics co-exposed with
algae significantly reduced microplastic ingestion by Daphnia magna. Weber et al. (2018) found that the
microplastic body burden of Gammarus pulex depended on dose and age. There is evidence of efficient gut
clearance in goldfish of both bead-shaped microplastics and fibres (Grigorakis et al. 2017). Furthermore,
Mazurais et al. (2015) observed complete egestion of bead-shaped microplastics (10-45mm) from
Dicentrarchus labrax larvae after a 48-h depuration period. Lu et al. (2016) exposed zebra fish to 20- and
5-mm as well as 70-nm microplastics and found 5-mm and 70-nm particles in the gills, liver, and gut,
whereas 20-mm particles were found only in the gills and gut.

Burns and Boxall note that the trophic transfer of microplastics has been demonstrated in the laboratory
(Farrell and Nelson 2013; Setala et al. 2014; Tosetto et al. 2017) but the circumstances of these
conclusions are important to consider. Burns and Boxall state that these artificial conditions are poorly
representative of environmental conditions and thus results should be interpreted with caution. They also
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conclude that trophic transfer of microplastics has yet to be shown in the field, although a recent study
reported that neither fish mass nor trophic level was related to microplastic ingestion, leading the authors
to conclude that observed microplastic presence is ephemeral, suggesting low biomagnification potential
because of significant gut clearance (Guven et al. 2017). Burns and Boxall indicate that the above studies
agree with laboratory studies demonstrating low microplastic gut retention times in fish (Mazurais et al.
2015; Grigorakis et al. 2017) and invertebrates (Ugolini et al. 2013; Hamer et al. 2014; Blarer and
Burkhardt-Holm 2016), providing further evidence that accumulation will be minimal.

Burns and Boxall suggest that the majority of laboratory tests have resulted in a NOEC; however, in many
cases this refers to the highest exposure concentration tested (Browne et al. 2008; Blarer and Burkhardt-
Holm 2016; Watts et al. 2016; Chen et al. 2017). This therefore could indicate that the true NOEC may
actually be greater.

Caveats of some studies are also discussed by Burns and Boxall including, for example, Rochman et al.
(2013b). Important biomarker responses related potentially to lack of nutrition were reported. In addition,
the study, similar to others (Paul-Pont et al. 2016), lacked a negative control. Burns and Boxall suggest a
more realistic approach would be the addition of plastic to food without replacement (Imhof and Laforsch
2016) or including a negative control (Karami et al. 2016; Watts et al. 2016). Burns and Boxall conclude
that data from laboratory-based studies indicate that some microplastics have the potential to adversely
affect organisms when exposed at very high concentrations (e.g., EC50 of 8.6 x107 particles/L; Ogonowski
et al. 2016).

However, Burns and Boxall note that some laboratory studies have reported complete egestion of
microplastics (in unrealistically high exposures) in 24 to 48 h (Grigorakis et al. 2017). This, in addition to
the low internal concentrations of microplastics in wild animals (Table 2), lead Burns and Boxall to suggest
that plastic does not accumulate in the gut long enough to facilitate desorption, even if gut surfactants did
slightly enhance the thermodynamic favourability of HOC desorption. In addition, Burns and Boxall were
not able to find a study where uptake of HOCs could truly be attributed to transport into the organisms by
microplastics.

Burns and Boxall indicate that based on these data, there is therefore little evidence that concentrations of
microplastics seen thus far in the environment have a negative effect on organisms, particularly given that
many of the monitoring studies are thought to have overestimated concentrations because of limitations in
the identification methodologies.

Overall, Burns and Boxall conclude that the comparison of MECs with effects endpoints does not support
the claim of some that microplastics are negatively impacting the health of organisms in the environment.
Concentrations of microplastics seen to cause effects on organisms are orders of magnitude higher than
concentrations of microplastics measured in the environment.

They recommend that to answer the question of whether microplastics negatively impact organisms in the
environment:

e the size range of microplastics needs to be clearly defined;
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¢ monitoring studies need to characterize the complete size range of microplastics that occur in the
environment;

e and effects studies need to work with test materials (plastic types, sizes, and shapes) that are
consistent with those found in the environment.

e  Only then will we be able to come to any conclusion as to whether microplastics negatively impact
the environment or not.

Burns and Boxall also demonstrate that significant evidence for microplastics acting as a vector for HOCs
into organisms has yet to be proven and that recent laboratory and modelling evidence suggests that the
impact of this exposure pathway is minimal. There is currently limited evidence to suggest that adverse
environmental impacts are caused by microplastics; however, there are major knowledge gaps that
urgently need to be addressed to confirm or disprove this.

Connors et al. (2017)

Advancing the quality of
environmental
microplastic research

We performed a thorough review
of the quality and focus of
environmental microplastic
research, to understand the
methodologies employed and
how this may assist or distract
from the ability of environmental
risk assessors to evaluate
microplastics.

Microplastic

Risk assessment
Quality
Relevance

Reliability

Connors et al. note that ‘Microplastics are generally defined as solid particles smaller than a specified
upper size limit (<5mm)’ and additionally, primary microplastics are unlikely to be a major component of
microplastic pollution.

Connors et al. discuss the issue that experimental concentrations frequently range from 10 to above
environmentally relevant concentrations. These high experimental concentrations need to be considered
when physically mediated hazard effects are proposed or observed. For example, in 2013 Cole et al. noted
a decrease in algal uptake by copepods exposed to 4000 to 25 000 microplastic beads/mL. Physical
adherence of microplastics to appendages and carapaces was also noted. Both effects are likely correlated
to the high experimental concentrations. These modes of toxicity may be irrelevant at environmental
concentrations. Connors et al. echo the suggestion of Phuong et al., that there is an urgent need for
laboratory exposure conditions to mimic environmental concentrations.

From the perspective of risk assessment, Connors et al. note that environmental risk typically focuses on
mortality, growth, and reproduction. However, very few studies have examined these endpoints for
microplastics. Connors et al. identified 14 toxicity studies that employed standard regulatory approaches to
determine lethality from exposure to microplastics (Table 2). The lowest hazard concentration as described
by particle abundance was observed in Hyalella azteca with 10- to 27-mm polystyrene particles (240-h
median lethal concentration of 46 400 particles/mL). Connors et al. state that this concentration is orders
of magnitude above currently measured environmental concentrations.

When discussing the quality of current microplastic research Connors et al. suggest that despite the flurry
of research, we still do not know whether we are focusing on the right particles (primary or secondary
microplastics) or if polymer type is important, nor do we understand the importance of particle size on
toxicity. To date, Connors et al. indicate that much of the existing hazard literature is unusable in a risk
assessment framework because of sparse particle descriptions, limited methodological details, unverified
exposure concentrations, inadequate experimental controls, and reliance on non traditional experimental
endpoints.
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In summary, Connors et al. highlight that ecotoxicologists may be overselling their studies for decision-
making and that our understanding of microplastic hazard and exposure is still in its infancy. Connors et al.
warn that improvements in microplastic research are needed before an accurate and reliable risk
assessment can be conducted and more emphasis should be on investigators to assess the relationship
between laboratory observations and likely (or even extreme) levels of environmental exposure.

Scherer et al. (2018)

Interactions of
microplastics with
freshwater biota

The aim of this chapter is to
synthesize and critically revisit
these aspects based on the state
of the science in freshwater
research. In this regard, the
challenge is to understand the
complex interactions of biota and
plastic materials and to identify
the toxicologically most relevant
characteristics of the plethora of
microplastics.

Autecology, Feeding types,
Microplastic-biota interaction,
Polymers, Suspended solids,
Vector

Scherer et al. begin by stating that studies on the potential adverse effects caused by microplastic
exposures are scarce for freshwater compared to marine species. For the most part, the literature on
physical impacts suggests that nonselective filter feeders are especially prone to microplastic exposures.
Scherer et al. note that adverse effects may include blockages, reduced dietary intake, and internal
injuries.

Discussion of effects literature is then broken down by organism groups.

Starting with algae, for instance, 1 pum PVC fragments inhibited the growth and negatively affected
photosynthesis (50 mg L) of the marine algae Skeletonema costatum, while 1 mm PVC fragments did not
induce such alterations.

Scherer et al. then discuss a freshwater species Daphnia magna. The study determined that acute toxicity
testing over 96 h resulted in an elevated immobilization at extremely high concentrations of 1 pm
polyethylene (PE) particles. In addition, Scherer et al. comment on the chronic exposure to nanoscale PS
over 21 days (0.22-150 mg L) finding that it was not lethal. However, high concentrations of nano-PS
(>30 mg L) induced neonatal malformations and slightly decreased the reproductive output.
Interestingly, the mortality as well as the amount of malformations increased when the daphnids were fed
with nano-PS incubated algae (5 days). A study by Ogonowski et al. was also mentioned within the text,
which covers a life-history experiment with D. magna with exposure to primary microplastics (spherical
beads, 1.3 g cm™3, 4.1 ym), secondary microplastics (PE fragments, 1.0 g cm3, 2.6 ym), and kaolin (2.6 g
cm3, 4.4 ym) under food- limited conditions. It observed the increased mortality and decreased
reproduction of the daphnids. According to Scherer the effects depend on the size, shape, concentration,
polymer densities and particle interaction with stressors. In conclusion D. magna is resistant to
microplastic exposure, as a result of behavioural and morphological adaptations.

Scherer et al. also note that null effects were found in the amphipod Gammarus pulex exposed to irregular
polyethylene terephthalate (PET) fragments (0.4-4,000 P mL™?, size 10-150 um). After 48 days,
microplastics did not induce any effects on behaviour (feeding activity), metabolism (energy reserves),
development (moulting), and growth. Scherer et al. mention a study by Au et al, which test the effects of
weathered polypropylene and polyethylene on in the amphipod Hyalella azteca. In a 10-day acute
exposure, PP fibres were more toxic than PE fragments with LC50 values of 71.43 and 46,400 P mL?1,
respectively. This might be related to the longer gut retention times of fibres versus fragments and again
highlights the importance of particle shape. In the same study, a 42-day chronic exposure to PE fragments
significantly decreased growth and reproduction.

A recent study by Welden and Cowie is also discussed by Scherer et al. in the chapter. It studies the
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negative exposure effects of polypropylene on the feeding, body mass, metabolic activity, and energy
reserves of Nephrops norvegicus. An 8-month exposure of PP resulted in formations of microplastic
aggregates in the gut of the langoustines, which may have led to reduced nutrient uptake. The presence of
20 pm PS beads (75 P mL*) reduced the feeding on algae and provoked a feeding preference for smaller
algae prey.

Also mentioned is a study by Lee et al. which demonstrated a nonselective ingestion of 0.05, 0.5, and 6
pm PS beads by the marine Tigriopus japonicus. While all individuals survived an acute exposure (96 h), a
two-generation chronic exposure to 0.05 (>12.5 pgmL?1) and 0.5 pm beads (25 pgmL-1) induced a
concentration- and size-dependent mortality and a significant decrease in fecundity by 0.5 and 6 pm PS
beads. Again, the observed effects were mainly interpreted as related to an impaired nutritional uptake.
However, other negative effects such as a negative energy budget (Bundy et al) or attachment to external
carapace and appendages (Cole et al) have also been mentioned in the Scherer et al. chapter. Additionally,
it is discussed how Watts et al. found a significantly decreased oxygen consumption of microplastic-
exposed crabs after 1 h and observed some adaptation as oxygen consumption returned to normal after 16
h.

Bivalves are the next organism examined by Scherer et al., which discusses the transfer of microplastics to
tissues induces cellular injuries as well as inflammatory responses in the marine filter-feeding mussel M.
edulis. Scherer et al. looks at a study by Browne et al, which observes the translocation of polystyrene
beads into the circulatory system following 3 days of exposure. The microplastics remain in the system for
up to 48 days, although the pathway is not yet known according to Scherer et al. Also mentioned is the
accumulation of particles in the digestive gland and absorption in the lysosomal system; because of
particle interaction with tissue or hemolymph cells, marine bivalves express immediate stress.

In another study mentioned by Scherer et al., Rist et al. exposed the marine Asian green mussel Perna
viridis to 1-50 pm polyvinyl chloride (PVC) fragments. microplastic exposure reduced the filtration and
respiration rates, byssus production, as well as motility, while mortality was enhanced.

Scherer et al. note that the study Sussarella et al, which examines the effect of microplastics on
Crassostrea gigas’ reproductive success, concludes in a negative impact. It is mentioned that polystyrene
spheres have no effect on the energy reserves of M. edulis following exposure (Cauwenberghe et al).
Scherer also comments on the behavioral and physiological responses that have also been shown for
bivalves exposed to suspended solids. For instance, particle exposure damaged the cilia of the gill
filaments in P. viridis (<500 pym) and significantly reduced the algal ingestion of M. mercenaria (3-40 um).

Scherer et al. comment on the limited studies that have examined Gastropods. In the only available study
it looks at the omnivorous surface grazer P. antipodarum which was exposed to a mixture of five different
polymers (4.6-603 pm particle size; polyamide (PA), polycarbonate (PC), PET, PS, PVC) mixed with food at
a ratio of 30 and 70%. After 8 weeks, microplastics neither affected the growth (shell width, length, body
weight) nor the reproduction (number of produced embryos and ratio of embryos with and without shell).
Additionally, microplastic had no effect on the development of the consecutive generation of juveniles.

The Scherer et al. discussion then moves onto fish, giving an initial example of Danio rerio. Polystyrene
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beads are known to accumulate in the gills, gut and liver according to the chapter, histopathological
analysis revealed an inflammatory response and accumulation of lipids in the liver as well as oxidative
stress. It is also compared to a study by Karami et al, where far more severe histological alterations in the
gills, liver and blood chemistry were observed. Scherer et al. state that the authors point toward ethylene
monomers (released from HDPE) and internal as well as external abrasions (caused by sharp edges of the
fragments) as possible mechanisms for the changes in biomarker responses.

In a final statement, Scherer et al. mention that Michel et al. conclude that the uptake of fine particles by
gill epithelial cells is a common natural event in aquatic species with the material, size, shape, and
concentration determining the impacts.

Chemical impacts are also discussed in the Scherer et al. chapter. A study by Fries et al extracted several
organic (e.g., phthalates) and inorganic additives (e.g., metals) from microplastic samples in marine
sediments highlighting the relevance of these compounds. Besides additives, adsorbed persistent organic
pollutants have been found on microplastics. It looks at the tendency of microplastics to adsorb
hydrophobic contaminants.

Several studies are mentioned within this chapter describing the impact of microplastics via chemical
bioavailability. For example, Besseling et al. observed a decreased bioaccumulation of polychlorinated
biphenyls in lugworms at higher doses of PS particles; Oliveira et al. confirmed a delayed pyrene- induced
mortality of juvenile fishes (Pomatoschistus microps) in the presence of PE microplastics. Whilst Karami et
al. as well as Paul-Pont et al. detected modulations of adverse effects by an exposure to phenanthrene-
loaded LDPE fragments (African catfish) and PS beads and fluoranthene (Mystilus spp.) respectively.
Alternative studies highlight the minor influence of microplastics as vectors for bioaccumulation of
pollutants, suggesting they are outcompeted by organic matter.

Scherer et al. comment on Besseling et al. suggesting that microplastics can interfere with intra- and
interspecies signalling as an integral component of aquatic biocoenosis regulating predator-prey
interactions as well as population and community structures. Although they found significant interactions
between kairomones and nano-PS when investigating the growth of the water flea D. magna, it remains
unclear whether the nano-PS beads increased the bioavailability of kairomones or they observed an
additive effect of both stressors. Any disturbance of this inter- and intraspecies communication can lead to
maladaptive responses in both signaller and receiver.

In the final part of the chapter Scherer et al mention the impacts for freshwater ecosystems. Noting that
the understanding of the extent of microplastics in freshwater ecosystems is primitive. microplastics do not
represent one stressor, whose impacts can be evaluated relatively easily, but a very large number of
stressors that potentially act jointly. The use of copolymers, product-specific mixtures of additives, and
source- and pathway-specific sorbed pollutants further complicates the situation. microplastics can affect
the aquatic biocoenosis on a large scale, for instance, as vectors for invasive species and pathogens. It is
commented that there is a relationship between decreasing particle size and increasing adverse effects.
Accordingly, evolutionary adaptations (e.g., peritrophic membrane, mucus, avoidance) might explain the
species-dependent resistance to high concentrations of microplastics (e.g., D. magna, G. pulex). However,
microplastics can infiltrate habitats normally low in suspended solid and thereby affect more sensitive
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species.

In summary Scherer et al. discuss the effects of microplastic on different species. To achieve this, Scherer
et al. examined the studies that have been completed on algae, daphnia, bivalves, gastropods,
crustaceans and fish. Each study investigates the impact of a microplastic in relation to the function of the
species body (e.g. gut, mobility, growth...). In some cases, it was found that species can remain unaffected
by the microplastics. In addition, the chapter also discussed the impact of chemicals and their
bioavailability and bioaccumulation. Scherer et al. looks at the tendency of microplastics to adsorb
hydrophobic contaminants. Several studies are mentioned within this chapter describing the impact of
microplastics via chemical bioavailability. For example, Besseling et al. observed a decreased
bioaccumulation of polychlorinated biphenyls in lugworms at higher doses of PS particles; Oliveira et al.
confirmed a delayed pyrene- induced mortality of juvenile fishes (Pomatoschistus microps) in the presence
of PE microplastics. Whilst Karami et al. as well as Paul-Pont et al. detected modulations of adverse effects
by an exposure to phenanthrene-loaded LDPE fragments (African catfish) and PS beads.

Lassen et al. (2015)

Microplastics:
Occurrence, effects and
sources of releases to
the environment in
Denmark

This report contains a review of
existing knowledge on issues
related to contamination by
microplastics with a focus on the
use and release of microplastics
in Denmark and the presence of
microplastics in the surrounding
waters.

Microplastic

Field samples
Laboratory exposure
Ecological Impact
Species Impact

Ingestion

Within the text Lassen et al. discuss the observed biological effects of microplastics on several organism
categories, including zooplankton, benthic organisms, fish and seabirds. The first discussed is zooplankton
is known for mistaking microplastics for pre (Cole et al, 2011). A number of laboratory studies have been
published on zooplankton taxa, mainly crustaceans, and it has been reported that there was significantly
reduced feeding among copepods in the presence of microplastics (Ivar do Sul and Costa 2014).
Additionally, plastic particles can adhere to the organism’s surface, effecting the organisms by, for
example, affecting algal photosynthesis as Bhattacharya et al. (2010) have reported for plastics in the
nano range. At the same time, adsorption can lead to a transfer of plastic particles through the food chain
if, for example, these algae are ingested by zooplankton.

Benthic organisms are the next discussed organisms. Lassen states that studies focusing on microplastic
ingestion by benthic crustaceans are limited. Therefore there is little research available on the biological
impact for these species. Besseling et al. (2013) observed a positive relationship between the microplastic
concentration in the sediment and the ingestion of plastics on the one hand and the weight loss and
reduced feeding activity on the other. Microplastic particles have furthermore been observed to cause an
inflammatory response in tissues of blue mussels (M. edulis) and reduced membrane stability in cells of
the digestive system (Besseling et al. 2013; Ivar do Sul and Costa 2014).

Lassen et al. comment on the ingestion of microplastics by fish and the resulting impacts. Bioaccumulation
and liver stress response and early tumour formation have been reported in the fish Japanese medaka
(Oryzias latipes) fed virgin and marine polyethylene fragments of the size <0.5 mm (Rochman et al.
2013b; Eerkes-Medrano et al. 2015). Rochman et al. (2014c) have furthermore found evidence of liver
stress and endocrine disruption in Japanese medaka (Oryzias latipes) after two months of dietary exposure
to environmentally relevant concentrations of microplastics (<1 mm) and associated chemicals.

Seabirds are commonly known to ingest plastic particles, although the effect of the plastic once ingested is
less well explored according to Lassen et al. Lassen et al. comment on how Cole et al. (2011) studied the
uptake and accumulation of polychlorinated biphenyls (PCBs) in streaked shearwater chicks. Two groups of
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chicks were served fish and resin pellets, or only fish and the preen gland oil, was analysed weekly for a
duration of 42 days. In both groups, PCB concentrations increased over the test period. The contribution
from the resin pellets was determined by a congener PCBs analysis that showed that an increase was
found to be significantly larger in the chicks eating the plastic pellets.

Although the impact of microplastics on larger mammals in the aquatic environment is mentioned by
Lassen et al., the focus of studies has been on ingestion. Minimal research has been executed so far into
the effects of the plastic following ingestion.
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C.2. Most influential studies

This element reviewed in more detail a subset of 25 scientific papers that were deemed
'most influential' in relation to (eco)toxicological concerns / observed effects of
microplastics in environmental receptors, but also in terms of potential effects in humans
through the consumption of contaminated food. Articles were selected on the basis of:

- Reporting effects in organisms related to microplastic exposure
- Being the most highly cited articles
- Being consistently mentioned in review articles

Articles are presented in the series of tables below each with a summary of standard
information recorded for each article. This includes: author, bibliographic information,
material tested, compartment, species (and life-stage or target organ), exposure
duration, endpoints assessed. The reliability of each study was also scored using the
criteria proposed by Klimisch et al. (1997), as follows:

1 = reliable without restrictions: “studies or data [...] generated according to
generally valid and/or internationally accepted testing guidelines (preferably
performed according to GLP) or in which the test parameters documented are
based on a specific (national) testing guideline [...] or in which all parameters
described are closely related/comparable to a guideline method.”

2 = reliable with restrictions: “studies or data [...] (mostly not performed
according to GLP), in which the test parameters documented do not totally comply
with the specific testing guideline, but are sufficient to accept the data or in which
investigations are described which cannot be subsumed under a testing guideline,
but which are nevertheless well documented and scientifically acceptable.”

3 = not reliable: “studies or data [...] in which there were interferences between
the measuring system and the test substance or in which organisms/test systems
were used which are not relevant in relation to the exposure (e.g. unphysiological
pathways of application) or which were carried out or generated according to a
method which is not acceptable, the documentation of which is not sufficient for
assessment and which is not convincing for an expert judgment.”

4 = not assignable: “studies or data [...] which do not give sufficient
experimental details and which are only listed in short abstracts or secondary
literature (books, reviews, etc.).”

It is important to note that standard ecotoxicity test methods have, as yet, not been
explicitly validated for assessing the effects of exposure to microplastics. As such, a
study performed according to an internationally accepted test guideline should still be
interpreted carefully. Equally a study that is not considered reliable under the Klimisch
framework may still provide useful information for risk assessment.
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Table 6: Study Summary - Au et al. (2015)

Bibliographic details

Au, S. Y. et al. (2015) ‘Responses of Hyalella azteca to acute and chronic
microplastic exposures’, Environmental Toxicology and Chemistry, 34(11),
pp. 2564-2572. doi: 10.1002/etc.3093.

No. citations Scopus 41
(07/2018)

The present study was conducted to evaluate the effects of microplastic
Summary ingestion on the freshwater amphipod, Hyalella azteca. Hyalella azteca was

exposed to fluorescent polyethylene microplastic particles and polypropylene
microplastic fibres.

Test material

Polyethylene microplastic and polypropylene microfibres

Particle size

10pm to 27um in diameter

Compartment Marine
Species Hyalella azteca (amphipod crustacean)
Life-stage Juvenile

Target organ

Body tissue and gut

No. of individuals

10 per replicate

No. of replicates

3 replicates for the 10 day and 12 for the 42 day exposure treatment

Exposure duration

10 days and 42 days

Concentration of
microplastics

Acute (0, 10, 100, 1 000, 10 000,100 000 microplastics/mL) and chronic (O,
5000, 10 000, 20 000 microplastics/mL)

Endpoints assessed

Mortality, reproduction, growth, microplastic ingestion, and microplastic
egestion were compared with an analysis of variance to determine if there
were significant effects of microplastic type and concentration.

Observed
outcome/effects

Chronic exposure to polyethylene microplastic particles significantly
decreased growth and reproduction at the low and intermediate exposure
concentrations. Acute exposures to polyethylene microplastic particles meant
that, 1) the egestion times did not significantly differ from the egestion of
normal food materials in the control; 2) egestion times for polypropylene
microplastic fibres were significantly slower than the egestion of food
materials in the control. Amphipods exposed to polypropylene microplastic
fibres also had significantly less growth. The greater toxicity of microplastic
fibres than microplastic particles corresponded with longer residence times
for the fibres in the gut.

Summary of reliability
and quality assessment

Toxicity of microplastics to H. azteca was determined using revised USEPA
methods for conducting 10-d to 42-d water-only toxicity exposures. Reliable
and clear reporting of test parameters and methods throughout. Range of
concentrations tested.

Klimisch Score

1 (reliable without restrictions)

75



Table 7: Study Summar

y — Avio et al. (2015)

Bibliographic details

Avio, C. G. et al. (2015) 'Pollutants bioavailability and toxicological risk from
microplastics to marine mussels’, Environmental Pollution, 198, pp. 211-222.
doi: 10.1016/j.envpol.2014.12.021.

No. citations Scopus
(07/2018)

117

Summary

In this study polyethylene (PE) and polystyrene (PS) microplastics were shown
to adsorb pyrene with a time and dose-dependent relationship. Results also
indicated a marked capability of contaminated microplastics to transfer this
model PAH to exposed mussels Mytilus galloprovincialis; tissue localisation of
microplastics occurred in haemolymph, gills and especially digestive tissues
where a marked accumulation of pyrene was also observed. Cellular effects
included alterations of immunological responses, lysosomal compartment,
peroxisomal proliferation, antioxidant system, neurotoxic effects, onset of
genotoxicity; changes in gene expression profile was also demonstrated
through a new DNA microarray platform. The study provided the evidence that
microplastics adsorb PAHs, emphasizing an elevated bioavailability of these
chemicals after the ingestion, and the toxicological implications due to
responsiveness of several molecular and cellular pathways to microplastics.

Test material

Polystyrene and polyethylene (virgin or pyrene-contaminated plastics)

Particle size <100pm

Compartment Marine

Species Mytilus galloprovincialis (mussel)
Life-stage 4-6cm

Target organ

Haemolymph, gills, gut lumen and epithelium, digestive tubules

No. of individuals

60

No. of replicates

3 replicates for each treatment

Exposure duration

7 days

Concentration of
microplastics

1.5 g/L

Endpoints assessed

Histological examination of gills and digestive glands, and haemolymph
smears. The occurrence and localization of microplastics was assessed through
polarized light microscopy.

Observed
outcome/effects

Both virgin and contaminated microplastics induced several effects at
transcriptional and cellular levels highlighting the potential risk for organisms'
health condition, especially under conditions of long-term, chronic exposure.
Cellular effects included alterations of immunological responses, lysosomal
compartment, peroxisomal proliferation, antioxidant system, neurotoxic
effects, and onset of genotoxicity.

Summary of reliability
and quality assessment

No guideline or internationally accepted protocol followed for the exposure of
mussels. However, analytical methods and exposure conditions are described
in detail and are acceptable.

Klimisch Score

2 (reliable with restrictions)
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Table 8: Study Summar

- Batel et al. (2016)

Bibliographic details

Batel, A., Linti, F., Scherer, M., Erdinger, L., & Braunbeck, T. (2016). Transfer
of benzo[a]pyrene from microplastics to Artemia nauplii and further to
zebrafish via a trophic food web experiment: CYP1A induction and visual
tracking of persistent organic pollutants. Environmental Toxicology and
Chemistry, 35(7), 1656-1666. https://doi.org/10.1002/etc.3361

No. citations Scopus
(07/2018)

39

Summary

The uptake of microplastic particles and the transfer of potential harmful
substances along with microplastics has been studied in a variety of
organisms, especially invertebrates. However, the potential accumulation of
very small microplastic particles along food webs ending with vertebrate
models has not been investigated so far. Therefore, a simple artificial food
chain with Artemia spec. nauplii and zebrafish (Danio rerio) was established to
analyse the transfer of microplastic particles and associated persistent organic
pollutants (POPs) between different trophic levels. Very small (1 - 20 pm)
microplastic particles accumulated in Artemia nauplii and were subsequently
transferred to fish. Virgin particles not loaded with POPs did not cause any
observable physical harm in the intestinal tracts of zebrafish, although part of
the particles were retained within the mucus of intestinal villi and might even
be taken up by epithelial cells.

Test material

Polymer with undisclosed composition and polyethylene

Particle size

1-5um and 10-20pum

Compartment Marine
Species Artemia nauplii and Danio rerio (Zebrafish)
Life-stage 24 month old fish

Target organ

Intestine, liver, stomach

No. of individuals

10 fish per tank; 60 total (each tank fed 10'000 nauplii)

No. of replicates

2 replicates for each concentration

Exposure duration

14 days

Concentration of
microplastics

10 000 nauplii (loaded with MPs) per tank

Endpoints assessed

Nauplii were analysed to determine uptake rate. These were then fed to zebra
fish which was followed by an analysis of bioaccumulation.

Observed
outcome/effects

The present study clearly documents the transfer of 1-mm to 20-mm
microplastic particles from Artemia nauplii to zebrafish, simulating a natural
food chain from zooplankton to fish. Microplastics passed the intestinal tracts
of zebrafish without significant accumulation.

Summary of reliability
and quality assessment

No standard guideline or protocol followed for the artificial food chain exposure
to microplastics. Only a single concentration of microplastics used although
different size ranges or microplastics tested. Approximate microplastic
concentrations detailed but no subsequent confirmation of actual exposure
concentrations.

Klimisch Score

2 (reliable with restrictions)
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Table 9: Study Summary - Besseling et al. (2013)

Bibliographic details

Besseling, E. et al. (2013) ‘Effects of microplastic on fitness and PCB
bioaccumulation by the lugworm Arenicola marina (L.)’, Environmental
Science and Technology, 47(1), pp. 593-600. doi: 10.1021/es302763x.

No. citations Scopus
(07/2018)

184

Summary

This article describes a controlled study on the effects of plastic on benthic
organisms including transfer of POPs. The effects of polystyrene (PS)
microplastic on survival, activity, and bodyweight, as well as the transfer of
19 polychlorinated biphenyls (PCBs), were assessed in bioassays with
Arenicola marina (L.). PS was pre-equilibrated in natively contaminated
sediment. A positive relation was observed between microplastic
concentration in the sediment and both uptake of plastic particles and weight
loss by A. marina. Furthermore, a reduction in feeding activity was observed
at a PS dose of 7.4% dry weight. A low PS dose of 0.074% increased
bioaccumulation of PCBs by a factor of 1.1-3.6, an effect that was significant
for ZPCBs and several individual congeners.

Test material

Polystyrene pre-equilibrated in natively contaminated sediment

Particle size 400—-1300 pm

Compartment Marine

Species Arenicola marina (L.) (Lugworm)
Life-stage -

Target organ

Gut contents

No. of individuals

5 per beaker

No. of replicates

4 beakers per treatment

Exposure duration

28 days

Concentration of
microplastics

0 - 7.4% dry weight sediment

Endpoints assessed

Mortality and feeding activity were monitored daily. Homogenization by
scalpel and then internal plastic content analysed by microscopy.

Observed
outcome/ effects

Positive relationship between microplastic concentration with both uptake of
microplastic and weight loss, and reduction in feeding activity at dose of
7.4% dry weight sediment. Note that without a parallel exposure to ‘clean’
microplastics, the relative impact of physical presence of the microplastics
versus uptake of contaminants cannot be distinguished.

Summary of reliability
and quality assessment

No guideline or internationally accepted protocol followed for the exposure of

both species. Organisms obtained randomly from the wild and exposed using

3 different concentrations of microplastics. Appropriate endpoints used for the
study question and analytical methods described.

Klimisch Score

2 (reliable with restrictions)
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Table 10: Study Summary - Besseling et al. (2014)

Bibliographic details

Besseling, E. et al. (2014) ‘Nanoplastic affects growth of S. obliquus and
reproduction of D. magna’, Environmental Science and Technology, 48(20),
pp. 12336-12343. doi: 10.1021/es503001d.

No. citations Scopus
(07/2018)

103

Summary

Little is known about the fate and effects of nanoplastic, especially for the
freshwater environment. In this study, effects of nano-polystyrene (nano-PS)
on the growth and photosynthesis of the green alga Scenedesmus obliquus
and the growth, mortality, neonate production, and malformations of the
zooplankton Daphnia magna were assessed. Nano-PS reduced population
growth and reduced chlorophyll concentrations in the algae. Exposed Daphnia
showed reduced body size and severe alterations in reproduction. Numbers
and body size of neonates were lower, while the number of neonate
malformations among neonates rose to 68% of the individuals. These effects
of nano-PS were observed between 0.22 and 103 mg nano-PS/L.

Test material

Polystyrene (PS)

Particle size

nanoparticles (~70 nm)

Compartment Freshwater

Species Scenedesmus obliquus (green algae) and Daphnia magna (copepod
crustacean)

Life-stage Daphina magna: neonates

Target organ

Scenedesmus obliquus: photosynthetic capacity and biomass and Daphnia
Magna: Body size and malformation of neonates

No. of individuals

No. of replicates

16 replicates for controls and 12 replicates for exposure treatments

Exposure duration

72h exposure and 21 day exposure for each species respectively

Concentration of
microplastics

44-1100 mg nano-PS/L for algae. Pristine exposures were applied at ten
nanoplastic concentrations in the range of 0.22—150 mg nano-PS/L. The
pristine-kairomone dispersions were applied at concentrations of 0.88 and 1.8
mg nano-PS/L. The aged and aged- filtered treatment was applied at one
concentration; 32 mg nano-PS/L.

Endpoints assessed

Algae growth was analysed through cell density. Reproduction rate of the
Daphnia was monitored during the experiment and well as malformation of
neonates.

Observed
outcome/effects

Nano-PS reduced population growth and reduced chlorophyll concentrations
in the algae. Exposed Daphnia showed a reduced body size and severe
alterations in reproduction. Numbers and body size of neonates were lower,
while the number of neonate malformations among neonates increased to
68% of the individuals. These effects of nano-PS were observed between 0.22
and 103 mg nano-PS/L. Malformations occurred from 30 mg of nano-PS/L
onward. Such plastic concentrations are much higher than presently reported
for marine waters as well as freshwater.

Summary of reliability
and quality assessment

21 day OECD guidelines followed for Daphnia assay and multiple
concentrations tested. Good level of detail regarding study and analytical
approaches.

Klimisch Score

1
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Table 11: Study Summary - Browne et al. (2008)

Bibliographic details

Browne, M. A. et al. (2008) ‘Ingested microscopic plastic translocates to the
circulatory system of the mussel, Mytilus edulis (L.)’, Environmental Science
and Technology, 42(13), pp. 5026-5031. doi: 10.1021/es800249a.

No. citations Scopus

(07/2018) 374
The mussel, Mytilus edulis, was used to investigate ingestion, translocation,
and accumulation of microplastic debris. Initial experiments showed that upon
ingestion, microplastic accumulated in the gut. Mussels were subsequently
Summary exposed to treatments containing seawater and microplastic (3.0 or 9.6

micron). After transfer to clean conditions, microplastic was tracked in the
hemolymph. Particles translocated from the gut to the circulatory system
within 3 days and persisted for over 48 days. Abundance of microplastic was
greatest after 12 days and declined thereafter.

Test material

Polystyrene microspheres

Particle size

3.0 ym and 9.6 ym

Compartment Marine
Species Mytilus edulis (Mussel)
Life-stage 3-4cm

Target organ

Digestive and circulatory system

No. of individuals

No. of replicates

3 replicates for each treatment

Exposure duration

12h for 1st experiment and 3h for second

Concentration of
microplastics

40 particles.mL?

Endpoints assessed

1. Ability of mussel to absorb red dye, simulating the ability to engulf yeast,
also changes to feeding pattern were monitored. 2. Tracking of uptake of
polystyrene microspheres was used to assess presence in the gut. 3. Analysis
of hemolymph to assess the translocation of polystyrene into the circulatory
system.

Observed
outcome/effects

Microplastics detected in the haemolymph after 3 d exposure and persisted
there for over 48 d. No adverse effects observed for the criteria investigated
(oxidative status and haemocytes phagocytic ability). Study shows that
ingested particles can persist in the haemolymph but no adverse effects
observed for the criteria investigated (oxidative status and haemocytes
phagocytic ability).

Summary of reliability
and quality assessment

No standard guideline or protocol followed for exposure of Mytilus. Organisms
obtained from the wild and exposed to three microsphere types (at a single
concentration). Concentrations of microspheres in second experiment verified
by coulter counter and assays described in moderate detail.

Klimisch Score

2
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Table 12: Study Summary - Browne et al. (2013)

Bibliographic details

Browne, M. A. et al. (2013) ‘Microplastic moves pollutants and additives to
worms, reducing functions linked to health and biodiversity’, Current Biology,
23(23), pp. 2388-2392. doi: 10.1016/j.cub.2013.10.012.

No. citations Scopus
(07/2018)

178

Summary

Experiments to examine whether ingested plastic transfers pollutants and
additives to animals. Lugworms (Arenicola marina) were exposed to sand with
5% microplastic that was pre-sorbed with pollutants (nonylphenol and
phenanthrene) and additive chemicals (Triclosan and PBDE-47). Microplastic
transferred pollutants and additive chemicals into the gut tissues of lugworms,
causing some biological effects, although clean sand transferred larger
concentrations of pollutants into their tissues. Uptake of nonylphenol from PVC
or sand reduced the ability of coelomocytes to remove pathogenic bacteria by
>60%. Uptake of Triclosan from PVC diminished the ability of worms to
engineer sediments and caused mortality, each by >55%, while PVC alone
made worms >30% more susceptible to oxidative stress.

Test material

Polyvinyl chloride with adsorbed Trisoclan and PBDE-47

Particle size

Virgin PVC (230 um)

Compartment Marine
Species Arenicola marina (L.) (Lugworm)
Life-stage -

Target organ

Feeding (casts and mass) and mortality. Coelomic fluid was used to quantify
the phagocytic activity

No. of individuals

3 worms for each replicate

No. of replicates

Two experiments, N=5 and N=6 replicates

Exposure duration

10 days

Concentration of
microplastics

5% PVC by sediment mass

Endpoints assessed

Mortality and feeding were monitored along with the oxidative status of the
lugworms

Observed
outcome/effects

Short-term experiments with large proportions of PVC (5%) show that worms
eating microplastic accumulated large enough concentrations of pollutants or
additives to reduce survival (Triclosan), feeding (Triclosan and PBDE),
immunity (nonylphenol), and antioxidant capacity (PVC).

Summary of reliability
and quality assessment

No standard guideline or protocol followed for exposure of lugworms.
Moderate level of detail on experimental conditions but some details lacking,
such as original of lugworms.

Klimisch Score

2 (reliable with restrictions)
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Table 13: Study Summary - Cole et al. (2013)

Bibliographic details

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, J., &
Galloway, T. S. (2013). Microplastic ingestion by zooplankton. Environmental
Science and Technology, 47(12), 6646-6655.
https://doi.org/10.1021/es400663f

No. citations Scopus

(07/2018) 316
Bio-imaging techniques were used to document ingestion, egestion, and
Summary adherence of microplastics in a range of zooplankton common to the northeast

Atlantic. Feeding rate studies were used to determine the impact of plastic
detritus on algal ingestion rates in copepods.

Test material

Commercial polystyrene spheres

Particle size 7.3 um (PS)
Compartment Marine

Species Centropages typicus
Life-stage Adult

Target organ

Digestive system

No. of individuals

n = =6 per exposure

No. of replicates

Exposure duration

24h

Concentration of
microplastics

4 000, 7 000, 11 000, 25000 particles mL-1

Endpoints assessed

Bio-imaging techniques to document ingestion, egestion, and adherence of
microplastics in a range of zooplankton. Employed feeding rate studies to
determine the impact of plastic detritus on algal ingestion rates in copepods.

Observed
outcome/ effects

Decreased algal ingestion rates observed on exposure to high concentrations
(=4 000 particles mL') of 7.3 um polystyrene spheres over 24 hours, with a
strong, logarithmic relationship between the ingestion rate of total algae and
microplastic concentration. Polystyrene spheres were noted to coat the
exoskeleton of copepods and concentrated between the external appendages,
such as the swimming legs and feeding apparatus. However, this study did use
high concentrations of particles.

Summary of reliability
and quality assessment

No standard protocol or laboratory guidelines followed, organisms obtained
from the wild but good overall description of method. Number of replicates and
treatments are less clear from the method but a range of concentrations
tested.

Klimisch Score

2 (reliable with restrictions)
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Table 14: Study Summary - Cole et al. (2015)

Bibliographic details

Cole, M., Lindeque, P., Fileman, E., Halsband, C., & Galloway, T. S. (2015).
The impact of polystyrene microplastics on feeding, function and fecundity in
the marine copepod Calanus helgolandicus. Environmental Science and
Technology, 49(2), 1130-1137. https://doi.org/10.1021/es504525u

No. citations Scopus
(07/2018)

124

Summary

Ingestion of microplastics reported to significantly alter the feeding capacity of
the pelagic copepod Calanus helgolandicus. Exposed to 20 pym polystyrene
beads (75 microplastics mL*) and cultured algae ([250 ug C L) for 24 h, C.
helgolandicus ingested 11% fewer algal cells (P = 0.33) and 40% less carbon
biomass (P < 0.01). There was a net downward shift in the mean size of algal
prey consumed (P < 0.001), with a 3.6 fold increase in ingestion rate for the
smallest size class of algal prey (11.6-12.6 pm), suggestive of postcapture or
postingestion rejection. Prolonged exposure to polystyrene microplastics
significantly decreased reproductive output, but there were no significant
differences in egg production rates, respiration or survival.

Test material

Unlabelled, additive-free polystyrene (PS) beads

Particle size 20 pm

Compartment Marine

Species Calanus helgolandicus (marine crustacean - copepod)
Life-stage Adult

Target organ

Digestive and reproductive system

No. of individuals

n=60 in 9 day exposure

No. of replicates

10 beakers (5 controls, 5 with MPs)

Exposure duration

24h and 9 days

Concentration of
microplastics

75 particles mL*

Endpoints assessed

Egg production rates, egg size, hatching success and respiration rates

Observed
outcome/ effects

An extended 9-day exposure indicated decreased reproductive output, but
there were no significant differences in egg production rates, respiration or
survival.

Summary of reliability
and quality assessment

No guideline or internationally accepted protocol followed. Simple
control/exposed test design with no concentration gradient and few replicates.
Method description is, however, clear and well documented and endpoints are
relevant.

Klimisch Score

2 (reliable with restrictions)
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Table 15: Study Summary - Hamer et al. (2014)

Bibliographic details

Hamer, J. et al. (2014) ‘Fate of Microplastics in the Marine Isopod Idotea
emarginata’, Environmental Science and Technology, 48(22), pp. 13451-
13458. doi: 10.1021/es501385y.

No. citations Scopus

(07/2018) >3
Embedded fluorescent microplastics in artificial agarose-based food were
offered to marine isopods, Idotea emarginata. The isopods did not distinguish
between food with and food without microplastics. Upon ingestion, the
Summary microplastics were present in the stomach and in the gut but not in the

tubules of the midgut gland, which is the principal organ of enzyme-secretion
and nutrient resorption. The faeces contained the same concentration of
microplastics as the food which indicates that no accumulation of
microplastics occurred during gut passage.

Test material

Polystyrene (PS) microbeads, plastic fragments, and plastic fibres

Particle size

1 - 100 pm (PS)

Compartment Marine
Species Idotea emarginata (marine Isopods)
Life-stage Juvenile (5-10mm)

Target organ

Digestive system.

No. of individuals

24 individuals for each feeding experiment

No. of replicates

Exposure duration

3 days and 6 weeks

Concentration of
microplastics

12 and 120 microbeads mg™ food

Endpoints assessed

Mortality, growth and inter-moult duration

Observed
outcome/effects

No significant effects on mortality, growth, and intermolt duration.
Microplastics were not present in the tubules of the midgut gland. Long-term
bioassays of 6 weeks showed no distinct effects of continuous microplastic
consumption on mortality, growth, and intermolt duration. I. emarginata are
able to prevent intrusion of particles even smaller than 1 pm into the midgut
gland which is facilitated by the complex structure of the stomach including a
fine filter system.

Summary of reliability
and quality assessment

No standard guideline or protocol followed for long term bioassay exposure.
Moderate level of detail in method used, organisms originally obtained from
the wild.

Klimisch Score

2 (reliable with restrictions)
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Table 16: Study Summary - Huerta Lwanga et al. (2016)

Bibliographic details

Huerta Lwanga, E. et al. (2016) ‘Microplastics in the Terrestrial Ecosystem:
Implications for Lumbricus terrestris (Oligochaeta, Lumbricidae)’,
Environmental Science and Technology, 50(5), pp. 2685-2691. doi:
10.1021/acs.est.5b05478.

No. citations Scopus
(07/2018)

46

Summary

Survival and fitness of the earthworm Lumbricus terrestris (Oligochaeta,
Lumbricidae) observed after exposed to microplastics (Polyethylene, <150
pm) in litter at concentrations of 7, 28, 45, and 60% dry weight, percentages
that, after bioturbation, translate to 0.2 to 1.2% in bulk soil. Mortality after 60
days was higher at 28, 45, and 60% of microplastics in the litter than at 7%
w/w and in the control (0%). Growth rate was significantly reduced at 28, 45,
and 60% w/w microplastics, compared to the 7% and control treatments.
Microplastic was concentrated in cast, especially at the lowest dose (i.e., 7%
in litter). Whereas 50 percent of the microplastics had a size of <50 pm in the
original litter, 90 percent of the microplastics in the casts was <50 pm in all
treatments, which suggests size-selective egestion by the earthworms. These
concentration-transport and size-selection mechanisms may have important
implications for fate and risk of microplastic in terrestrial ecosystems.

Test material

Low Density Polyethylene (LDPE)

Particle size

Size distribution 50% with <50 pym, 27% between 50 and 100 pym, and 23%
> 100 um

Compartment Terrestrial
Species Lumbricus terrestris (earthworm)
Life-stage Adult

Target organ

Digestive system

No. of individuals

4 worms per replicate

No. of replicates

3 replicates per treatment

Exposure duration

14 and 60 days

Concentration of
microplastics

7, 28, 45, and 60% dry weight in plant litter. Translate into concentrations of
0.2, 0.4, 0.5, and 1.2 % on a whole-soil- column basis.

Endpoints assessed

Growth Rate, reproduction (cocoon production and biomass), activity,
position, ingestion, and mortality

Observed
outcome/effects

Earthworms fitness seems not to be affected by microplastics dosed via litter
on the soil surface at a concentration in litter of 7% w/w, but with 28, 45, and
60% w/w microplastics in litter. L. terrestris was affected (i.e., decrease in
growth rate and consequent weight loss). No effect on reproduction was
observed even at higher concentrations.

Summary of reliability
and quality assessment

OECD Earthworm, Acute Toxicity Test guidelines employed and mortality and
reproduction calculated accordingly. Multiple concentrations tested with a
small number of replicates for each.

Klimisch Score

1 (reliable without restrictions)
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Table 17: Study Summary - Kaposi (2014)

Bibliographic details

Kaposi, Katrina, Mos, Benjamin, Kelaher, Brendan, Dworjanyn, S. (2014)
‘Ingestion of microplastics has limited impact on a marine larva’, Environ. Sci.
Technol., 48(3), p. 1638. doi: dx.doi.org/10.1021/es404295e.

No. citations Scopus
(07/2018)

55

Summary

Ingestion of polyethylene microspheres by larvae of the sea urchin Tripneustes
gratilla was investigated. Ingestion rates scaled with the concentration of
microspheres and were, however, reduced by biological fouling of microplastic
and in the presence of phytoplankton food. T. gratilla larvae were able to
egest microspheres from their stomach within hours of ingestion. A
microsphere concentration far exceeding those recorded in the marine
environment had a small non-dose dependent effect on larval growth, but
there was no significant effect on survival. In contrast, environmentally
realistic concentrations appeared to have little effect.

Test material

Commercial polyethylene microspheres

Particle size

10-45 pm (PE) mostly (25 - 32 ym)

Compartment Marine
Species Tripneustes gratilla (collector urchin)
Life-stage Sea urchin larvae 5-8 days after fertilisation

Target organ

Ingestion

No. of individuals

150 individuals per exposure/ control experiment

No. of replicates

5 replicates for each exposure and control

Exposure duration

5 days

Concentration of
microplastics

1, 10, 100 and 300 particles mL*

Endpoints assessed

Ingestion, growth, survival

Observed
outcome/effects

A small not dose-dependent effect on larval growth (decreased body width)
was observed. No significant effect on larval survival. The ability of the sea
urchin larvae to discriminate between food particles and microplastic, and
egest non-food items from their stomachs contributed to minimising the
impacts of microplastic ingestion. The authors consider that there is little
evidence that microplastics at current concentrations pose a threat to
planktotrophic marine larvae. The highest concentration of microplastics
recorded in the marine environment (ca. 0.1 microplastic.mL) is one order of
magnitude lower than the lowest concentration used in this study (1
sphere.mL™?).

Summary of reliability
and quality assessment

No guideline or internationally accepted protocol followed for the exposure of
T. gratilla. Concentration gradient used and multiple replicates per treatment,
also concentration confirmed using microscopy before and throughout the
experiment. Well documented procedures described in acceptable level of
detail.

Klimisch Score

2 (reliable with restrictions)
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Table 18: Study Summary - Lee et al. (2013)

Bibliographic details

Kyun-Woo Lee, Won Joon Shim, Oh Youn Kwon, and Jung-Hoon Kang. Size-
Dependent Effects of Micro Polystyrene Particles in the Marine Copepod
Tigriopus japonicas. Environmental Science & Technology 2013 47 (19),
11278-11283 DOI: 10.1021/es401932b

No. citations Scopus

(07/2018) 76
The effects of three sizes of polystyrene (PS) microbeads (0.05, 0.5, and 6-
um diameter) on the survival, development, and fecundity of the copepod
Summary Tigriopus japonicus were investigated using acute and chronic toxicity tests.

T. japonicus ingested and egested all three sizes of PS beads used and
exhibited no selective feeding when phytoplankton were added.

Test material

Polystyrene (PS) beads

Particle size

0.05, 0.5 and 6 um (PS)

Compartment Marine
Species Tigriopus japonicas (copepod)
Life-stage Nauplii and adults

Target organ

No. of individuals

No. of replicates

Exposure duration

96hr and 2 generation chronic

Concentration of
microplastics

Up to 25 pug mL?

Endpoints assessed

Survival, development and reproduction

Observed
outcome/effects

No impact on survival of copepods (nauplii and adult females) in 96 hr acute
test. In the 0.5-pym PS bead treatment, despite there being no significant
effect on the FO generation, the highest concentration (25 pg/mL) induced a
significant decrease in survival compared with the control population in the F1
generation. The 6-pm PS beads did not affect the survival of T. japonicus
over two generations. The 0.5- and 6-um PS beads caused a significant
decrease in fecundity at all concentrations.

Summary of reliability
and quality assessment

Only abstract available (likely to be reliable if full text can be obtained).

Klimisch Score

4 (not assignable)
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Table 19: Study Summar

- Lithner (2009)

Bibliographic details

Lithner Damberg, J., Dave, G., Larsson, A., D. (2009) ‘Leachates from plastic
consumer products - Screening for toxicity with Daphnia magna’,
Chemosphere, 74(9), pp. 1195-1200.

No. citations Scopus
(07/2018)

62

Summary

This study investigated if various plastic products release hazardous chemical
substances to water. Two leaching methods (batch and diffusion tests) were
used and the leachates were tested for acute toxicity to Daphnia magna.

Nine out of 32 tested plastic product leachates had Daphnia 48-h EC50s
ranging from 5 to 80 g plastic material L. For the remaining 23 products no
effect on mobility was seen even at the highest test concentrations (70-100 g
plastic material L''). A compact disc (recordable) was the most toxic plastic
product, but the toxicity was traced to the silver layer not the polycarbonate
plastic material. The other products that displayed toxicity were made of
either plasticised PVC (artificial leather, bath tub toy, inflatable bathing ring
and table cloth) or polyurethane (artificial leather, floor coating and children's
handbag).

Test material

Leachates from 32 plastic consumer products

Particle size n/a
Compartment Freshwater
Species Daphnia magna
Life-stage -

Target organ

No. of individuals

No. of replicates

Exposure duration

48 hours

Concentration of
microplastics

n/a

Endpoints assessed

Immobilisation

Observed
outcome/effects

Acute toxicity tests of plastic product leachates were found to be useful for
screening purposes for differentiating between toxic and non-toxic products.

Summary of reliability
and quality assessment

Only abstract available, limited relevance to microplastics.

Klimisch Score

4 (not assignable)
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Table 20: Study Summary - Lu et al. (2016)

Bibliographic details

Lu, Y. et al. (2016) ‘Uptake and Accumulation of Polystyrene Microplastics in
Zebrafish (Danio rerio) and Toxic Effects in Liver’, Environmental Science &
Technology, 50(7), p. 4054—4060. doi: 10.1021/acs.est.6b00183.

No. citations Scopus
(07/2018)

71

Summary

Uptake and tissue accumulation of polystyrene microplastics (PS-MPs) in
zebrafish was identified, and the toxic effects in liver were investigated. After
7 days of exposure, 5 um diameter MPs accumulated in fish gills, liver, and
gut, while 20 pm diameter MPs accumulated only in fish gills and gut.
Histopathological analysis showed that both 5 um and 70 nm PS-MPs caused
inflammation and lipid accumulation in fish liver. PS-MPs also significantly
induced increased activity of the enzymes superoxide dismutase and catalase,
indicating the induction of oxidative stress after exposure to microplastics. In
addition, metabolomic analysis suggested that exposure to MPs induced
alterations of metabolic profiles in fish liver and disturbed lipid and energy
metabolism.

Test material

Virgin polystyrene (PS) spheres

Particle size

70 nm (0.07 ym) and 5 um (for toxicity testing), 5 ym, and 20 um (for
uptake/accumulation testing)

Compartment Freshwater
Species Danio rerio (Zebrafish)
Life-stage Adults (5 months old)

Target organ

Gills, liver and gut

No. of individuals

6 fish in each tank for uptake study. For each size of PS-MPs, 60 fish were
used for oxidative stress analysis and histopathological analysis

No. of replicates

3 replicate tanks for each of the sampling times (for uptake/accumulation
testing)

Exposure duration

7 days

Concentration of
microplastics

Final concentration of 20 mg/L (uptake test). 20, 200, or 2000 ug/L PS-MPs
for toxicity test

Endpoints assessed

Histopathology changes, oxidative stress and metabolism variations, as well
as accumulation in tissue.

Observed
outcome/effects

5 pym microplastics accumulated in fish gills, liver and gut, and 20 pm
microplastic accumulated only in fish gills and gut. 5 ym and 70 nm
microplastic caused inflammation and lipid accumulation in fish liver (at 2 000
Mg L), oxidative stress (increased activities of superoxide dismutase (at 20,
200 and 2 000 pg L) and catalase (at 200 and 2000 ug L) in fish livers),
and alterations of metabolic profiles (n=400) in fish liver (at 20, 200 and

2 000 ug L'). Metabolomics was used to reveal the toxic effects of MPs; MPs
disturbed the metabolism of lipid and energy in fish liver.

Summary of reliability
and quality assessment

No standard protocol or laboratory guidelines followed but detailed description
of method. Number of replicates and treatments are acceptable and
consideration given to maintaining concentration of microplastics through
solution replenishment.

Klimisch Score

2 (reliable with restrictions)
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Table 21: Study Summary - Oliveira et al. (2013)

Bibliographic details

Oliveira, M. et al. (2013) ‘Single and combined effects of microplastics and
pyrene on juveniles (0+ group) of the common goby Pomatoschistus microps
(Teleostei, Gobiidae)’, Ecological Indicators. Elsevier, 34, pp. 641-647. doi:
10.1016/j.ecolind.2013.06.019.

No. citations Scopus

(07/2018) 90
The modulating effect of polyethylene microspheres (1-5 um) on the short-
term toxicity of the polycyclic aromatic hydrocarbon pyrene to juveniles (0+
group) of the common goby (Pomatoschistus microps) was investigated. Fish
Summary were exposed for 96 h to pyrene (20 and 200 pg L?) in the absence and

presence of microplastics (0, 18.4 and 184 pg L!). Microplastics delayed
pyrene-induced fish mortality and increased the concentration of bile pyrene
metabolites.

Test material

Polyethylene microspheres

Particle size 1and 5 pum

Compartment Marine

Species Pomatoschistus microps (Common Goby)
Life-stage Juveniles 1.0-1.2 cm long

Target organ

No. of individuals

8 per treatment

No. of replicates

Exposure duration

96 hours

Concentration of
microplastics

18.4 and 184 ug L

Endpoints assessed

Suite of biomarkers, including acetylcholinesterase (AChE) - involved in neuro
and neuromuscular transmission

Observed
outcome/effects

Reduced activity of AChE. No significant effects for glutathione S-transferase
activity or lipid peroxidation.

Summary of reliability
and quality assessment

General bioassay conditions followed the OECD guidelines for fish acute
bioassays with slight modifications, especially in the number and type of
treatments (since the objective was not to calculate lethal concentrations) and
in the exposure conditions (since fish were exposed individually). Methods well
documented and closely related to guidelines.

Klimisch Score

1 (reliable without restriction)
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Table 22: Study Summary — Peda et al. (2016)

Bibliographic details

Peda, C. et al. (2016) ‘Intestinal alterations in European sea bass
Dicentrarchus labrax (Linnaeus, 1758) exposed to microplastics: Preliminary
results’, Environmental Pollution, 212, pp. 251-256. doi:
10.1016/j.envpol.2016.01.083.

No. citations Scopus
(07/2018)

39

Summary

Study investigating the intestinal response of European sea bass Dicentrarchus
labrax chronically exposed to microplastics through ingestion. Fish (n = 162)
were fed with three different treatment diets for 90 days: control, native
polyvinyl chloride (PVC) and polluted polyvinyl chloride (PVC) pellets.
Intestines were fixed and processed for histological analysis using standard
techniques. Histopathological alterations were examined using a score value
(from O to 4). The distal part of intestine in all samples proved to be the most
affected by pathological alterations, showing a gradual change varying from
moderate to severe related to exposure times. The histological picture that
characterises both groups, especially after 90 days of exposure, suggests that
intestinal functions can be in some cases totally compromised after exposure.
The worst condition is increasingly evident in the distal intestine of fish fed
with polluted PVC pellets respect to control groups (p < 0.05).

Test material PVC pellets

Particle size 0.3-0.5mm

Compartment Marine

Species Dicentrarchus labrax (European sea bass)
Life-stage -

Target organ Intestine

No. of individuals 162

No. of replicates

3 replicate tanks for each exposure/control treatment

Exposure duration

90 days

Concentration of
microplastics

0.1% (w/w) plastic in diet

Endpoints assessed

54 of the 162 fish were considered for a histological analysis. The intestines
were examined in three parts (proximal, mid and distal), the distal was the
most affected part of the intestine.

Observed
outcome/ effects

Significant structural damage to the intestine (structural histopathological
alterations in the distal intestine such as widening of lamina propria,
detachment of mucosal epithelium from lamina propria, shortening and
swelling of villi, vacuolation of enterocytes, increase of goblet cells and
hyperplasia of goblet cells, and loss of regular structure of serosa). The
authors consider gut-obstruction-induced mortality as a potential factor,
particularly during early larval stages. No impact on growth, nor indication of
inflammation, was observed in the study.

Summary of reliability
and quality assessment

No standard approach/guideline followed. Methods described in moderate
detail but only limited description of effects methods. More a demonstration of
principle paper for ingestion of microplastics through ingestion.

Klimisch Score

3 (not reliable)
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Table 23: Study Summary - Rehse et al. (2016)

Bibliographic details

Rehse, S., Kloas, W. and Zarfl, C. (2016) ‘Short-term exposure with high
concentrations of pristine microplastic particles leads to immobilisation of
Daphnia magna’, Chemosphere, 153, pp. 91-99. doi:
10.1016/j.chemosphere.2016.02.133.

No. citations Scopus

(07/2018) 39
Study of the potential physical effects of microplastics on a representative
organism for limnic zooplankton (Daphnia magna). The potential for
microplastics to be ingested and whether their presence causes adverse effects
Summary after short-term exposure was investigated. Daphnids were exposed for up to

96 h to 1-pm and 100-pm polyethylene particles at concentrations between
12.5 and 400 mg L. Ingestion of 1-um particles led to immobilisation
increasing with dose and time with an EC50 of 57.43 mg L after 96 h. 100-pm
particles that could not be ingested by the daphnids had no observable effects.

Test material

Pristine polyethylene (PE) particles

Particle size

1-4 pm and 90-106 pm

Compartment Freshwater
Species Daphnia magna (crustacean)
Life-stage Neonates

Target organ

Gut/intestine

No. of individuals

20 per exposure treatment

No. of replicates

4 replicate (5 individuals per replicate)

Exposure duration

48-96h

Concentration of
microplastics

Six concentrations each (12.5 mL?, 25mL?, 50 mL*, 100 mL?, 200 mL?, 400
mL1)

Endpoints assessed

Following the 96h exposure the immobilisation rate of the Daphnia were
calculated, along with the ingestion analysis. With greater concentration there
is greater immobilisation, however ingestion rates are not seen to increase
with concentration.

Observed
outcome/ effects

Impacts of pristine microplastic particles on daphnids show that (1) 1-mm PE-
particles can be ingested by limnic zooplankton and 