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Summary

Microplastics, which are ubiquitous in the environment, are prone to ingestion and
known to exert adverse effects on broad range of organisms. In this thesis, | studied
the effects of microplastics on aquatic species, more specifically on freshwater and
marine benthic macroinvertebrates. These organisms are an important part of the
ecosystem and are likely to come into contact with relatively high concentrations
of microplastics, as sediment functions as a sink for the particles. To inform
environmental risk assessment, the following research questions were defined.
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What is known about the effects of microplastics on aquatic organisms?
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How can we appropriately test microplastics on aquatic organisms?
What is the quality of studies testing microplastics on aquatic organisms?
What are the effects of microplastics on freshwater and marine benthic
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macroinvertebrates?
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How are organisms exposed to microplastics?
What part of the MP continuum is bioavailable to organisms?
What are key factors influencing the adverse effect of microplastics?
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Chapter 1 starts with a general introduction to the topic of microplastics effects.
We discuss the shortcomings of the current methods for environmental risk
assessment and stipulate what improvements are needed. This chapter outlines
our aims in more detail, placing them in a broader context.

The scientific field of microplastics research is a relatively young one, since the last
decade the amount of studies being published have exploded. There is now a
general consensus that microplastics studies need improvements and
standardisation. Hence, in Chapter 2 we review 105 microplastic effect studies on
aquatic biota and provide a systematic overview of the study characteristics to
answer the following questions; What type of microplastics do researchers use?
Which organisms are tested? For how long? Do they find a negative effects? How
are these effects explained? Moreover, we developed a new tool that consists of
20 quality criteria. We gather scientific consensus on what is the appropriate way
to 1) characterize microplastics, 2) design an experiment, 3) design an experiment
so that it is applicable to risk assessment and 4) increase the environmental
relevance of microplastics experiments. We then retrospectively use this tool to
assess the quality of microplastics effects studies and we find that no study has



managed to incorporated these 20 quality criteria. Additionally, we find that the
weight of evidence for the effect mechanisms is highest for inhibition of food
assimilation and/or decreased nutritional value of food, or more commonly
phrased as “food dilution”.

In Chapter 3 we continue with these 20 quality criteria (Chapter 2) and apply them
to our own laboratory studies. Here we test 16 different freshwater and marine
benthic macroinvertebrates and expose them to our home made Environmentally
Relevant Microplastics (ERMP) for 28 days. We select organisms in such a way that
a wide range of feeding traits is covered. Our results show adverse effects, more
specifically reduced growth of the freshwater amphipod Gammarus pulex, and
reduced growth and reproduction of the freshwater worm L. variegatus.
Interestingly, we also find positive effects, namely for the marine and freshwater
clams Cerastoderma edule and Sphaerium corneum. However for most species we
do not find an effect. Exposure assessment of organism is one of the 20 quality
criteria, which is addressed in Chapter 4.

In Chapter 4, we analyse the uptake of ERMP in 11 different freshwater and marine
benthic macroinvertebrates previously exposed to ERMP (Chapter 3). Measuring
the uptake of microplastics by organisms enables us to causally link exposure to
previous adverse effects detected. Moreover, by knowing the actual biological
availability of microplastics for aquatic organisms, we can better inform risk
assessment. Additionally, this can give us insight to the intricacies of species-
specific responses to microplastics. In this study we detect on average
approximately 8 particles/organism in the tissue samples of L. variegatus, indicating
that indeed microplastics were ingested causing reduced growth and reproduction.
Moreover, we find that overall the smaller range of ERMP is ingested by most
organisms ranging from 5.5 to 27.7 um and that organisms have preferences for
certain polymer types. Additionally, we find that overall ERMP detected in gut
water samples far exceeds that of tissue samples, indicating organisms are able to
egest most ingested microplastics quite quickly. Finally we find similar size
distributions in the tissue samples of the two epibenthic species A. aquaticus and
H. azteca, which are both sediment grazers/scavengers. Additionally, similarities
were detected among the freshwater and marine clams C. fluminalis and L. balthica,
which are both facultative deposit feeders.

In Chapter 5, we elucidate on some of the key factors determining the adverse
effects. Why do we see adverse effects? For this we continue experiments with the



sensitive species L. variegatus (Chapter 3). We hypothesize, that whatever the
effect mechanism is, physical effects of particles should be equal for particles of the
same shape and size, yet made from different materials. Hence, we design a
polydisperse Environmentally Relevant microplastic mixture (ERMP) and a similarly
diverse Mineral Microsolids (ERMS) mixture. Consequently, we test these two
mixtures for their 28-day chronic effects on the reproduction and, growth of L.
variegatus at two different organic matter (OM) levels (average and enriched). For
both mixtures, no effects were found, which is consistent with the assumption
regarding the comparability in potential harmlessness or harmfulness of the
particles. Moreover, we observed no differences in growth or reproduction
between ERMP and ERMS at particle concentrations of up to 10% (v/v). In contrast,
an organisms exposed to sediment enriched with OM content showed a 30%
increase in growth and a 20% increase in reproduction.

Finally, in Chapter 6, | synthesize the knowledge accumulated in MP effect testing
over the years. This includes comparisons of my test results with those of other
researchers, comparing the test guidelines that | developed with guidelines
available from others, and providing a comprehensive overview of the knowledge
on risk assessment at both the single species and community levels. Furthermore,
| review the preceding chapters, evaluating their contributions to the scientific field
and their relevance to our overall objectives. More specifically, | discuss standard
test materials, characteristics of MP, and mechanisms explaining their effects.
Finally, | offer recommendations for future research directions.
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Chapter 1

Introduction
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1.1 Effects of microplastic on aquatic organisms

Innovative solutions are being developed by organisations such as Ocean Clean up,
Waste Free Ocean and Cleans Sea Solutions to remove plastic debris from the seas.
Additionally, other organisations are focusing on preventing mismanaged plastic
waste from reaching the seas by engineering contraptions such as The Great bubble
barrier and Bandalong Litter Trap. Moreover, there are specific vacuums cleaners
designed such as the Nurdle and the Hoola one to clean beaches from plastic debris.
Despite these efforts, the amount of plastic waste in the environment has doubled
since 2000, indicating an urgent need for improving in waste management
practices, especially in emerging economic countries (OECD, 2022).

Through the abrasion by water, sand and UV light (Andrady, 2017; Onink et al.,
2022), plastic debris will eventually break down into a heterogeneous mixture of
particle types, shapes, and sizes, referred to as microplastics, typically defined as
particles 1 um to 5 mm in size (Arthur et al., 2009; Frias and Nash, 2019; Hartmann
et al., 2019; Rochman et al., 2019; Thompson et al., 2009; Verschoor, 2015). As a
consequence, microplastics have been detected worldwide, from remote marine
to coastal zone and estuarine areas, as well as in freshwater lakes and rivers
(Besseling et al., 2019; Burns and Boxall, 2018; Triebskorn et al., 2019; Van
Cauwenberghe et al., 2015). Their ubiquity in aquatic systems coupled with their
small size have resulted in concerns regarding their effects on aquatic biota for
which ingestion has been observed in a wide variety of organisms (De S3 et al.,
2018; Gouin, 2020; Xu et al.,, 2020). There are many studies that show that
microplastic could potentially lead to negative impacts on aquatic ecosystems,
albeit it at relatively high concentrations (Lenz et al., 2016; SAPEA, 2019).

External or internal exposure to microplastics has been suggested to cause adverse
effects on a wide range of species, endpoints and levels of biological organization
(Anbumani and Kakkar, 2018; Bucci et al., 2020; De Sa et al., 2018; Foley et al., 2018;
Guzzetti et al., 2018; Van Cauwenberghe et al.,, 2015). Experimental work has
suggested that effects of microplastics can occur at sub-organismal level (e.g.,
inflammation, oxidative stress, alteration in metabolism and gut microbiome,
reduced lysosomal stability in the digestive gland, alteration of the genetic
expression and enzymatic activity (Choi et al., 2018; Détrée and Gallardo-Escarate,
2017; Green et al., 2016; Qiao et al., 2019; Von Moos et al., 2012), at the individual
level (e.g., survival, reproduction, growth, feeding, emergence, morphology), (Cole
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et al., 2013; Jabeen et al., 2018; Murphy and Quinn, 2018; Redondo-Hasselerharm
et al., 2018b; Zhang et al., 2019), at the population level (e.g., abundance) (Bosker
et al.,, 2019) or at the community level (e.g., biodiversity, species composition)
(Green, 2016; Redondo-Hasselerharm et al., 2020). While there is a slight bias, as
these endpoints are more often studied, most of the negative effects reported
include reproduction, oxidative stress, mortality and growth (Bucci et al., 2020;
Foley et al., 2018; Thornton Hampton et al., 2022c).

Although adverse effects are usually detected at relatively high concentrations of
microplastics, these concentrations have already been found in some microplastics
hotspot sites such as the Mediterranean, the Yellow Sea, and several highly
polluted freshwater sites. In the future it is likely that more places will follow as
plastic consumption continues increase (Adam et al., 2019; Coffin et al., 2022b;
Everaert et al., 2020; Everaert et al., 2018; Koelmans et al., 2020). Preliminary risk
assessments couple these findings and warn us about the risk of microplastics,
however what do we know of the quality of these studies? A risk assessment is only
as good as its data input. So far, the testing of microplastics on aquatic organisms
potentially at risk, have not been performed using a standardized method or any
guidelines (Burns and Boxall, 2018; Connors et al., 2017). Moreover, there are just
as many studies reporting no effects as there are studies reporting effects (Bucci et
al., 2020). This can in part be explained by the lack of standardization of methods
used such as the difference in exposure time, concentration and selected endpoint,
but also due to the heterogeneity of microplastics differing in size, shape and
morphology (Bucci et al.,, 2020; Kogel et al., 2020; Kooi and Koelmans, 2019).
Additionally, there are many more factors that could explain the differences that
we observe, such as for instance the selection of test species. Which raises the
question whether some species might be more sensitive than others. Elucidating
the effect mechanisms underlying adverse effects and the key factors triggering
them could more accurately provide an understanding of the ecological risk
associated with microplastics. Nevertheless, our current understanding of this
aspect remains limited.

1.2 Environmental risk assessment

At what exposure concentrations of microplastics do we see negative effects? And
what concentrations of microplastics do we measure in the environment?
Comparing the answers to these questions is called Environmental Risk Assessment



4|

(ERA). When microplastic concentrations in the environment exceed the exposure
concentration for negative effects, we speak of risk. One way to make this analysis
is by building species sensitivity distributions (SSD). An SSD is a cumulative
distribution of collected ecotoxicological data from a wide range of species that are
negatively affected by a toxicant (Figure 1). From this distribution, a microplastic
concentration can be defined for which the risks are considered acceptable to the
environment (Figure 1). Typically, this is defined as the Hazardous Concentration
for 5% of species (HC5), representing the concentration at which 5% of the species
in the distribution are expected to experience adverse effects from microplastics
(Posthuma et al., 2001)(Figurel).

It is important that selected test species are representative for the ecosystem of
interest (Posthuma et al., 2001). In this thesis the focus will be on the benthic
environment, as sediments are expected to be a long-term sink for microplastics,
(Besseling et al., 2017; Cdzar et al., 2014; Morét-Ferguson et al., 2010). It is likely
that sensitivity of organisms can be explained by their feeding behaviour, as effects
of microplastics often occur after ingestion (Scherer et al., 2017; Wesch et al.,
2016). Therefore benthic marine and freshwater species used in this thesis have
been selected on the following traits: filter feeders, sediment/deposit feeder,
sediment grazer/scavengers, as well as facultative deposit feeders. For instance,
organisms with a more selective feeding strategy such as the sediment
grazer/scavenger Gammarus pulex could avoid ingesting microplastics, whereas
the non-selective feeding strategy such as that of the sediment feeder Lumbriculus
variegatus makes such a selection less likely. This difference might indeed result in
different sensitivities of organisms to microplastics.

Finally, it is crucial is that the SSD only consists of data that are of sufficient quality,
from studies that used a standardized test systems, analytical tools and methods,
and that enable the application of dose-response relationships relating
environmental exposure to effect threshold concentrations (Klimisch et al., 1997;
Moermond et al., 2016). Microplastic-science is a relatively young field and the past
decade there has been an tremendous increase in effect studies. The available data
however, will have to be assessed for quality through Quality Assurance & Quality
Control (QA/QC) and to achieve this, it is essential to develop a framework criteria.



1.3 How to properly test microplastics?

Many researchers have acknowledged the necessity for improvements and
standardization in methodologies within the field of microplastic research (Bucci et
al., 2020; Burns and Boxall, 2018; Connors et al., 2017; Cowger et al., 2020; Everaert
et al., 2020; Gouin et al., 2019; Karami, 2017). Nonetheless, how to effectively
assess microplastics in a manner that can inform ecological risk assessments (ERAs)
remains a challenge. Despite the lack of standardization of methodologies in most
microplastics effect studies, there is a consensus among researchers on several key
challenges. Ideally, researchers would 1) characterize their particles thoroughly
with respect to shape, size and morphology, ensuring that the data is reproducible
(Burns and Boxall, 2018; Connors et al., 2017; Karami, 2017; Paul-Pont et al., 2018),
2) carefully design their experiments making sure that the effect thresholds can be
derived with statistical rigor (Burns and Boxall, 2018; Connors et al., 2017; Paul-
Pont et al., 2018), 3) focus on ecologically relevant endpoints such as mortality,
growth, and reproduction. Although exploring other endpoints on nonstandard
organisms can give valuable insights, traditional endpoints are more useful from a
risk assessment point of view (Burns and Boxall, 2018; Connors et al., 2017), 4)
Enhancing the ecological relevance of tests could greatly improve our
understanding of the environmental risks posed by microplastics. For instance, by
using weathered microplastics instead of pristine microplastics and including
environmentally relevant concentrations while testing (Burns and Boxall, 2018;
Connors et al., 2017).

Addressing the complexity of microplastics as a diverse contaminants, varying in
size, shape, and polymer type is essential (Bucci et al., 2020; Koelmans et al., 2020;
Phuong et al., 2016). The most tested polymer for instance is polystyrene (PS) in
the form of a sphere. Although PS is one of the most commonly detected polymers,
the shape category spheres, only represents a fraction of the microplastics detected
in the environment (Phuong et al., 2016). Overall, most of the effect studies so far
have tested a very small part of the microplastic continuum (Phuong et al., 2016).
Some researchers found for instance that a fibre is more toxic than a sphere,
possibly due to longer gut retention times of fibres compared to spheres (Au et al.,
2015; Jabeen et al., 2018). Another study showed that while both types of
microplastics were ingested by the sheepshead minnow, the irregular microplastics
decreased swimming behaviour more than spherical microplastics (Choi et al.,
2018). While these studies have given us valuable insights on the differences in
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toxicity and allow us to speculate about the mechanisms behind adverse effects, it
is less informative from a risk assessment point of view. The X-axis of the SSD now
represents both spheres, fibres and fragments with the unit of microplastics/ml,
while in fact they are different stressors. It is as if you are comparing bananas
(fibres) and apples (spheres)(Figure 1).

Potentially affected percentage
of species (%)

a

8®
1
1

& Log Concentration (MP kg™)
A '\7\’\)‘

o8

 CE R

HCs

Figure 1. Species Sensitivity Distribution for microplastics in which the different data points
relate to different stressors, such as a data point measured for fibers (bananas) and one for
spheres (apples). This results in apples to oranges comparisons. ldeally, effect studies would
test microplastics in their full diversity (the fruit basket on the x-axis).

Elegant conceptual solutions exist to convert these bananas and apples to the fruit
baskets we find in the environment. So called ‘alignment methods’, that use
mathematical probability density functions (PDFs) (Koelmans et al., 2020). These
PDFs however, contain parameters that are inherently uncertain, which implies
that data alignment introduces an extra uncertainty that better be avoided (Figure
1). Ideally we would test microplastics in their complexity that we find in the
environment, i.e. testing whole ‘fruit baskets’. While studies have been done
testing different polymers types separately (Imhof and Laforsch, 2016), so far there
is a limited number of studies that have investigated the impact of microplastics
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with a realistic level of diversity (Phuong et al., 2016; Thornton Hampton et al.,
2022a; Triebskorn et al., 2019). Finally, it is important that we assess what part of
the ‘fruit basket’ is bioavailable in the environment for each test species. This
means that the actual exposure must be measured under laboratory conditions.

1.4 Mechanisms and important factors explaining adverse effects

Although during my thesis | studied a wide variety of 16 different species of
freshwater and marine benthic macroinvertebrates, it is not possible or desirable
from a practical or ethical viewpoint to test every known aquatic species.
Understanding why some species are more sensitive than others and unravelling
the mechanism and key factors behind adverse effects, may add considerable value
in assessing environmental risk. That is, we would be able to better identify the
most vulnerable species, more accurately make predictions regarding risk, and
mitigations strategies could be adapted accordingly.

Currently, comparing the importance of different factors on the effects of
microplastic particle proves challenging due to significant variations in
experimental setups. Nevertheless, when reviewing effect studies most crucial
determinants of microplastics toxicity include concentration, particle size, and
exposure duration. Additional noteworthy co-factors such as species and food
availability have also been underlined (Kogel et al., 2020). These factors should be
considered in a new series of exposure experiments, ideally using a systematic
approach and testing a wide range of species.

To date, numerous studies have hypothesized that elevated microplastic
concentrations can impede gut function, leading to the inhibition of food
assimilation, and/or a decreased nutritional value, ultimately resulting in reduced
growth (Lee et al., 2013; Straub et al., 2017; Ziajahromi et al., 2018). Some studies
attribute the effects to specific properties of the polymer composition, such as the
presence of functional surface groups (Au et al., 2015; Blarer and Burkhardt-Holm,
2016), while other studies link microplastics effects to the leaching of chemical
additives, plasticizers or other hydrophobic organic pollutants (Gardon et al., 2018;
Green, 2016; Imhof et al., 2017; Leung and Chan, 2018; Sussarellu et al., 2016). The
overall understanding of the mechanisms underlying these effects is currently
limited and predominantly speculative. Therefore, more carefully designed
experiments are needed to enhance our understanding of microplastic-induced
effects.
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Furthermore, elucidating on effect mechanisms will provide essential information
on what the most important ecologically relevant metrics (ERM) for microplastics
are and enable us to better quantify exposure and effects more accurately
(Koelmans et al., 2017; Koelmans et al., 2022b; Koelmans et al., 2020). For instance,
if the mechanisms explaining toxicity is food dilution, it would make sense to
measure volume (Koelmans et al., 2020; Thornton Hampton et al., 2022b). However
if oxidative stress is a more likely effect mechanism, surface area of microplastics
would be a more appropriate metric (Thornton Hampton et al., 2022b).

As natural particles are more abundant than microplastics in the environment, and
organisms have evolved various species-specific traits to interact with particles,
these should also be included in microplastic effect studies. Without taking natural
particles into account, the observed adverse effects represent a system-dependent
artefact that does not lend itself to risk assessment purposes (Gerdes et al., 2019;
Koelmans et al., 2016; Ogonowski et al., 2018; Triebskorn et al., 2019; Yap et al.,
2020). Moreover, including natural particles in carefully designed experiments can
provide insight into the specific causes of microplastic effects and places the
magnitude of the effects in a broader context. Until recently, studies have generally
indicated that MPs have a slightly more negative impact than natural particles
(Gerdes et al., 2019; Ogonowski et al., 2018; Ogonowski et al., 2016; Schir et al.,
2020; Yap et al.,, 2020). However, these studies mainly tested monodisperse
particles and a polydisperse mixture therefore remains to be tested.



1.5 Thesis outline, aim and overview
The four main objectives of this thesis are as follows (figure 2):

1) Develop QA/QC criteria for conducting microplastic effect studies, including a
protocol for preparing environmentally realistic microplastic particles (ERMP);

2) Apply these QA/QC criteria in testing 16 different freshwater and marine benthic
macroinvertebrates species;

3) Measure the bioavailable microplastics in these 16 different freshwater and
marine benthic macroinvertebrates species;

4) Explore the factors and mechanisms underlying the adverse effects of
microplastics, with a focus on food abundance and material type.

Chapter 2
Review

Design 20 QA/QC

Chapter 3
Effect tests

Chapter 4
FTIR analysis

Chapter 5
Important factors

Chapter 6

Figure 2. Schematic overview of the chapters of this thesis

Many researchers acknowledge that research methods for microplastic testing
need to improve in order to better inform risk assessment and regulators. In
Chapter 2, we develop 20 QA/QC criteria that we believe should be incorporated in
microplastic effect studies in the context of risk assessment (Figure 2).
Consequently, we reviewed 105 microplastic effect studies with aquatic biota to
assess what the quality of studies are regarding particle characterization,
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experimental design, applicability for risk assessment and ecological relevance.
Additionally, we provide a systematic overview of studies characteristics and assess
the literature for the weight of evidence for the mechanisms explaining adverse
effects.

In Chapter 3 we apply the 20 QA/QC criteria developed in Chapter 2 and test 16
different freshwater and marine macroinvertebrate benthic species accordingly.
The selected freshwater species include: Gammarus pulex, Hyalella azteca, Asellus
aquaticus, Sphaerium corneum, Corbicula fluminalis, Potamopyrgus antipodarum,
Tubifex spp., Lumbriculus variegatus, and Chironomus riparius. All test species are
connected to the benthic environment, but differ in their feeding and living
behaviour. The selected marine species include: Alitta virens, Limecola balthica,
Corophium volutator, Arenicola marina, Cerastoderma edule, Porcellana
platycheles, and Mytilus edulis. Organisms were exposed to an environmentally
relevant mixture of microplastics (ERMP) for 28 days whereafter their growth,
mortality or reproduction was recorded. Key features of this study are that ERMP
was characterized extensively, contamination was minimized, exposure
concentrations were homogeneous and verified, natural particles were included,
biofouling of microplastics was allowed to increase environmental relevance,
environmentally relevant concentrations were used, and six replicated doses were
used to enable dose-response modelling to detect and report effect thresholds.
Effect data were analysed using dose-response models, and generalized linear mix
models were applied to explore differences in effects between marine versus
freshwater species and between feeding traits.

In Chapter 4 we verify the exposure of 11 different freshwater and marine benthic
macroinvertebrates, previously tested in Chapter 3. We analyse the uptake and
egestion of microplastics and define the bioavailable part of ERMP. Additionally, we
study species-specific responses to microplastics, describing ingested particles as
a continuum and quantifying them through continuous size distributions.
Furthermore, we implemented a novel approach for blank correction in
microplastics detection. This approach combines visual inspection, with the
Wasserstein statistic, which distinguishes between cumulative size distributions.
Subsequently, we applied traditional blank correction techniques, subtracting
counts per size category and polymer type.



| 11

Whether microplastics cause different effects than inert natural particles, and how
to create relevant test materials, are key questions in microplastics research. In
Chapter 5 we prepared Environmentally Relevant Microplastic (ERMP) and Mineral
Microparticle (ERMS) mixtures with similar levels of environmentally realistic
polydispersity and tested their 28-day chronic effects on the reproduction and,
growth of Lumbriculus variegatus at two organic matter (OM) contents (average
and enriched). Additionally, L. variegatus was exposed to ERMP and ERMS to study
the particle egestion for 14 days at two different organic matter (OM) food levels.

In Chapter 6 | provide a synthesis of my work in the context of recent literature and
international research developments. | provide a comprehensive overview of the
knowledge on risk assessment at both the single species and community levels.
Furthermore, | offer recommendations for future research directions. Finally, a
step-by-step protocol on how to create polydisperse test materials is included.
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Chapter 2

Quality criteria for microplastic effect
studies in the context of risk assessment: A
critical review

Vera N. de Ruijter, Paula E. Redondo-Hasselerharm, Todd Gouin, Albert A. Koelmans
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This chapter is published as: de Ruijter, V.N., Redondo-Hasselerharm, P.E., Gouin, T., Koelmans,
AA., 2020. Quality Criteria for Microplastic Effect Studies in the Context of Risk Assessment: A
Critical Review. Environ. Sci. Technol. 54(19), 11692-11705.
https.//doi.org/10.1021/acs.est.0c03057.
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Abstract

In the literature, there is widespread consensus that methods in plastic research
need improvement. Current limitations in quality assurance and harmonization
prevent progress in our understanding of what the true effects of microplastic in
the environment are. Following the recent development of quality assessment
methods for studies reporting concentrations in biota and water samples, we
propose a method to assess the quality of microplastic effect studies. We reviewed
105 microplastic effect studies with aquatic biota, provided a systematic overview
of their characteristics, developed 20 quality criteria in four main criteria categories
(particle characterization, experimental design, applicability in risk assessment, and
ecological relevance), propose a protocol for future effect studies with particles,
and, finally, used all the information to define the weight of evidence with respect
to demonstrated effect mechanisms. On average, studies scored 44.6% (range 20-
77.5%) of the maximum score. No study scored positively on all criteria,
reconfirming the urgent need for better quality assurance. Most urgent
recommendations for improvement relate to avoiding and verifying background
contamination, and to improving the environmental relevance of exposure
conditions. The majority of the studies (86.7%) evaluated on particle characteristics
properly, nonetheless it should be underlined that by failing to provide
characteristics of the particles, an entire experiment can become irreproducible.
Studies addressed environmentally realistic polymer types fairly well; however,
there was a mismatch between sizes tested and those targeted when analysing
microplastic in environmental samples. In far too many instances, studies suggest
and speculate mechanisms that are poorly supported by the design and reporting
of data in the study. This represents a problem for decision-makers and needs to
be minimized in future research. In their papers, authors frame 10 effects
mechanisms as ‘suggested’, whereas 7 of them are framed as ‘demonstrated’.
When accounting for the quality of the studies according to our assessment, three
of these mechanisms remained. These are inhibition of food assimilation and/or
decreased nutritional value of food, internal physical damage and external physical
damage. We recommend that risk assessment addresses these mechanisms with
higher priority.
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1. Introduction

In the last decade, the body of literature addressing the occurrence and impacts of
plastic debris has substantially increased (SAPEA, 2019). Particular attention has
been given to microplastic particles (MP), generally defined as plastic particles 1 um
- 5 mm (Arthur et al., 2009; ECHA, 2019; Hartmann et al., 2019; Rochman et al.,
2019; Thompson et al., 2009; Verschoor, 2015) which have been detected at a wide
range of concentrations in various aquatic systems, from remote marine to coastal
zone and estuarine areas, as well as in freshwater lakes and rivers (Besseling et al.,
2019; Burns and Boxall, 2018; Triebskorn et al., 2019; Van Cauwenberghe et al.,
2015). Their ubiquity in aquatic systems and their small size has resulted in concerns
regarding their effects on aquatic biota for which ingestion has been observed at
all levels of biological organization (De Sa et al., 2018; Gouin, 2020; Xu et al., 2020).

Characterizing and quantifying the environmental fate and transport of MP
requires insight into the influence of various environmental processes and
pathways (Besseling et al., 2017; Besseling et al., 2019; Kooi et al., 2017). The
release of MP into the environment can occur either directly, such as via primary
emissions from products during their manufacture and consumer-use life cycle, or
alternatively, can be generated from the degradation and fragmentation of
mismanaged plastic waste, commonly referred to as secondary MP, which results
in a heterogeneous mixture of particle types, shapes, and sizes released to the
environment (Kooi and Koelmans, 2019). It is generally agreed that secondary
sources represent the dominant source of MP (Jambeck et al., 2015). Primary
sources are estimated to contribute between 15 and 31% of all plastic in the
environment (Boucher and Friot, 2017).

To assess the ecological risk associated with exposure to MP, there is a need to
develop robust toxicological dose-response relationships, which can effectively
relate environmentally relevant exposures with effects (O'Connor et al., 2020).
Because of the heterogeneous presence of MP in the environment of varying
concentrations of shapes, sizes, and polymer composition, there is a need to better
understand effect mechanisms and the key factors triggering them. For instance,
effects observed following exposure to MP on an organism can either be initiated
due to sorption of the particles on the external surface of the organism or due to
other mechanisms of action being triggered following their ingestion (De S4 et al.,
2018.) Effects following exposure to MP, both external and internal, have been
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assessed in laboratory studies for a wide range of species (Cole et al., 2013; Mateos-
Cardenas et al., 2019; Murphy and Quinn, 2018; Redondo-Hasselerharm et al.,
2018b). The ingestion and/or adsorption of MPs has been suggested to cause
adverse effects on toxicological endpoints at various levels of biological
organization, generally observed in laboratory test systems at relatively high
exposure concentrations (Cole et al., 2013; Jabeen et al., 2018; Murphy and Quinn,
2018; Redondo-Hasselerharm et al., 2018b; Zhang et al., 2017). Furthermore,
experimental work has suggested that effects of MPs can occur at the community
level (e.g. biodiversity, species composition), (Green, 2016; Redondo-Hasselerharm
et al., 2020) population level (e.g., abundance), (Bosker et al., 2019) individual level
(e.g. survival, reproduction, growth, feeding, emergence, embryonic development,
mobility, and physiology), (Cole et al., 2013; Redondo-Hasselerharm et al., 2018b;
Silva et al., 2019; Zhang et al., 2017) or sub-organismal level (e.g., inflammation,
reduced lysosomal stability in the digestive gland, reduced antioxidant capacity,
DNA damage, neurotoxicity, oxidative damage, gut dysbiosis and alteration of the
genetic expression, the ionic exchange and enzymatic activity)(Burns and Boxall,
2018; Jabeenet al., 2018; Jin et al., 2019; Ogonowski et al., 2018; Prokié et al., 2019;
Ribeiro et al., 2017; SAPEA, 2019; Sussarellu et al., 2016). Several studies have
speculated that elevated MP concentrations can cause physical damage (i.e.,
blockage of food passage), leading to a feeling of satiation and a reduced
feeding(Lee et al., 2013; Straub et al., 2017; Ziajahromi et al., 2018). Some studies
have attributed the effects to specific properties of the polymer composition, such
as the availability of functional surface groups (Au et al., 2015; Blarer and
Burkhardt-Holm, 2016), while other studies have assigned effects of MP to the
leaching of chemical additives and plasticizers or other hydrophobic organic
pollutants (Gardon et al., 2018; Green, 2016; Imhof et al., 2017; Leung and Chan,
2018; Sussarellu et al.,, 2016). A limitation identified for studies testing
ecotoxicological effects, however, is a lack of consistency and standardization of
test methods necessary to characterize dose-response relationships for specific
endpoints. Particularly problematic is the need for standard methods in relation to
the dosing of particulates, such as MP, an issue that can result in ambiguous results
and considerable speculation regarding the proposed mechanisms of action
representative of ecologically relevant exposures (ECETOC, 2018; O'Connor et al.,
2020). Consequently, the weight of the evidence supportive of a quantitative risk
assessment for MP remains unclear. Recent reviews have discussed the evidence
regarding the occurrence of MP effects and the underlying effect mechanisms
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(Bucci et al.,, 2020; Foley et al., 2018; Kogel et al., 2020). However, in their
evaluations of the literature, the quality of studies was not taken into account,
possibly leading to biased assessments. While these reviews underline that the
quality of effect studies should improve, and call for more ecologically and
environmentally relevant exposure systems in order to better assess the effect of
MP on the environment, we argue that the quality of studies should be assessed
first, in order to be able to discard unreliable data.

A fundamental element of assessing ecological risk is the availability of a suite of
standardized test systems and analytical tools and methods, which enable the
application of dose-response relationships relating environmental exposure to
effect threshold concentrations that are consistent and of sufficient quality
(Klimisch et al., 1997; Moermond et al., 2016). This also applies to the relatively
young field of MP risk assessment, where many studies have emphasized the need
to improve the quality of data needed to inform risks assessment(s)(Burns and
Boxall, 2018; Connors et al., 2017; Hermsen et al., 2018; Jahnke et al., 2017;
Koelmans et al., 2019; Paul-Pont et al., 2018; Rummel et al., 2017; Wesch et al.,
2016). Efforts to assess the quality of data emerging from studies reporting on
exposure concentrations of MPs in biota and in surface and drinking water,
adopting methods similar to the existing Klimisch and CRED approaches (Klimisch
et al.,, 1997; Moermond et al.,, 2016), have recently been developed and
applied(Hermsen et al., 2018; Koelmans et al., 2019). Whereas these systems and
aspects of these systems start to be adopted and recommended in the literature
(Feng et al., 2019; Markic et al., 2019; Michida et al., 2019; Ogonowski et al., 2019;
Slootmaekers et al., 2019; Su et al., 2019; Su et al., 2020; WHO, 2019), currently, a
similar evaluation method for assessing the quality of MP effect studies is lacking.

The aim of the present study is to critically review the literature reporting on
ecotoxicological effects of MP on aquatic biota, emphasizing quality assurance
aspects of studies, and assessing the weight of the evidence (WOE) the studies
provide with respect to the effect mechanisms that they report. This is done by first
developing a quantitative evaluation method for effect studies and methods
employed to assess effects of MP on aquatic biota. The evaluation method is
subsequently applied retrospectively to the reviewed studies. Average scores per
evaluation criterion are used to prioritize and provide guidance with respect to the
analytical and test system protocol that would benefit most from refinement.
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Based on our analysis, a guidance protocol for testing ecotoxicological effects of MP
for aquatic species is provided. Demonstrated and suggested effect mechanisms
reported in the reviewed papers are summarized and discussed, with the results of
the quality evaluation applied as a method to assess the overall weight of evidence
regarding probable ecologically relevant effects of MP.

2. Methods
2.1 Literature search

Literature was retrieved from the database from the systematic review underlying
the SAPEA report.! In addition, an extensive literature search accessing the Natural
Science Collection database available at ProQuest” was performed for
ecotoxicological effect studies with MP until November 2019. The following search
strings were used: (effect OR impact OR endpoint OR toxicity) AND (growth OR
feeding OR consumption OR survival OR mortality OR behavior OR behaviour OR
stress OR response(s) OR activity OR reproduction OR inhibition) AND
(microplastic(s) OR microbead OR polyethylene (PE) OR polystyrene (PS) OR
polyamide (PA) OR polypropylene (PP) OR polyvinyl chloride (PVC)) AND (aquatic
OR freshwater OR marine OR estuarine) NOT (chemicals OR additives). Studies were
only included when at least one type of MP tested had a diameter between 1 um
and 5 mm. To enable interpretation of particle effects, studies explicitly aiming to
study effects of plastic-associated chemicals, or aiming to solely study
accumulation, ingestion and/or egestion of MP were excluded from the analysis.

2.2 Assessment of general study characteristics

A total of 10 characteristics were extracted from each paper and summarized (see
Table S1 in the Supporting Information): Size, Shape, Polymer type, Ecosystem
(fresh, marine, estuarine), Taxonomy categories (Class, Species), Exposure
duration, Endpoints studied, Endpoints affected and Effect threshold when
reported (as either LCx, ECx, LOEC or NOEC). When a size range was used, the upper
and lower size ranges are noted, however, if an average size was provided together
with the range, the average is also recorded. In instances when the average was not
given, it is assumed that the particles are uniformly distributed between the upper
and lower size limit and that the average can be estimated accordingly. For shapes,
the terms “beads” and “spheres” are assumed to be the same and are combined in
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a single category. As the definition of “irregular” is ambiguous and could include
any non-regular shape, it is included as a separate category.

For the analysis of the taxonomic groups we followed De S3 et al. (2018), where
classes polychaeta and clitellata are combined in the category “annelida”, classes
bivalvia and gastropoda are combined in the category “mollusca”, classes anthozoa
and hydrozoa are combined in the category “cnidaria”, classes branchiopoda,
hexanauplia and monogononta are combined in the category “small crustacea”,
class malacostraca is renamed “large crustacea” and class actinopterygii is renamed
“fish”.12 Additionally, classes gammaproteobacteria and cyanophyceae are
combined in the category “bacteria”, classes bacillariophyceae, chlorophyceae,
trebouxiophyceae, dinophyceae and mediophyceae are combined in the category
“microalgae” and class liliopsida is renamed “macrophyte”.

2.3 Quantitative quality assessment

All of the 105 reviewed studies are evaluated based on 20 Quality
assurance/Quality control (QA/QC) criteria in the following categories: particle
characterization, experimental design, applicability for risk assessment, and
ecological relevance. These categories are consistent with the principles of sound
ecotoxicology proposed by Harris et al. (2014), which represent fundamental
elements for ensuring quality and reproducibility and are thus critical when
designing, applying and reporting ecotoxicological effect studies for MP. A
summary of the 20 QA/QC criteria is shown in Table 1 and a detailed motivation for
each criterion is provided in the Supporting Information (see methods continued).
Building on the methods developed by both Hermsen et al. (2018) and Koelmans et
al., (2019), each criterion is assigned a score of either 2 (adequate), 1 (adequate
with restrictions) or 0 (inadequate) points (see Table S2) (Hermsen et al., 2018;
Koelmans et al., 2019). All studies collated as part of this literature review are
independently assessed by three of the authors, with scores subsequently
tabulated and discussed to reach consensus, sometimes leading to adjustments of
the original formulation of a criterion to decrease potential ambiguities. The scores
per individual study are provided in the Supporting Information (see Table S3).
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Table 1. Summary of specific guidance proposed towards the adoption of Standardized

Protocol for testing the effects of MP in aquatic test systems for the purposes of

strengthening the quality of data generated with respect to quality assurance/quality

control (QA/QC) criteria. A detailed motivation for each criterion is provided as Supporting

Information (see ‘Methods Continued).

GUIDANCE TO INCREASE THE TECHNICAL QUALITY OF EFFECT TESTS (1 —12)

Particle characterization

1.  Particle size

2.  Particle shape

3.  Polymer type

4.  Source of MP

5. Data reporting

Size is a crucial factor explaining effects of MP and thus should be reported. If a
range of sizes is used; a full (i.e. = 10 bins) size distribution is measured and
reported. If a single size is used, that size is measured with an indication of
measurement error and reported.

Shape is a crucial factor explaining effects of MP and thus should be measured
and reported. Shapes are measured with high resolution picture and reported.
Polymer type can be a factor explaining effects of MP and thus should be
reported. Polymer identity confirmed with e.g. FTIR, Raman spectroscopy or
similar methods.

Specification on where MP stock or solution is bought and/or how it is self-made
maximizes reproducibility and thus should be reported. The origin and/or
production of MP in own laboratory is reported in detail.

Unambiguous units are required to ensure reproducibility of the experiment and
to make it possible to compare data across experiments. MP concentrations are
reported as mass as well as number concentration.

Experimental design

6.  Chemical
purity

7. Laboratory
preparation

8.  Verification of
background
contamination

9.  Verification of
exposure

10. Homogeneity
of exposure

In order to test particle toxicity, the toxicity of other chemicals in solution or
mixture should be ruled out. This includes additives present in MPs, chemicals
associated with food particles and surfactants (e.g. Tween). Chemical effects
other than from the polymer or solution/mixtures are ruled out. MPs are
cleaned with organic solvent.

MP contamination arising from the laboratory (air, water and materials) should
be minimized.

- All materials used (equipment, tools, work surfaces and clothing)
should be free of MP. All materials used are thoroughly washed with
high quality water (e.g. Milli-Q water).

- Measures are taken to prevent MP contamination from air.

- Cotton lab coats were used to avoid microfiber contamination.

MP contamination of the exposure systems in the laboratory should be assessed.
Level of contamination evaluated and quantified, e.g. with FTIR, Raman or
similar method.

Not only the nominal concentration should be mentioned. The exposure
concentration should be measured. Measurement of exposure concentration
and evidence that at least 80% of the nominal concentration throughout the test
is maintained.

Verification of homogeneity is crucial for the MP characterization and the
assessment of bioavailability.
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12.

Exposure
assessment

Replication
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- Water as medium: Picture or measurement of MP in water that
demonstrated well mixed or dispersion in solution.
- Sediment as medium: Description of method used to obtain
homogenous exposure.
Exposure of the organism to MP should be verified by measurement. Exposure
of the organism to MP is measured quantitatively with e.g. FTIR or Raman. In
case MPs are ingested additionally a digestion step is included (see criteria 9 and
10 Hermsen, Mintenig, Besseling, & Koelmans, 2018)

For statistical rigor in detecting effect thresholds (e.g., ECso or EC1o), sufficient
replicates should be tested. 3 or more replicates

GUIDANCE TO INCREASE THE APPLICABILITY IN ECOLOGICAL RISK ASSESSMENT (13-20)

Applicable for Risk assessment

13.

14.

15.

16.

Endpoints

Presence of
natural (food)
particles
Reporting of
effect
thresholds
Quality of
dose-
response
relationship

Endpoints should be considered that inform ecologically relevant population
level risk assessment and clearly reported. Endpoints taken at the community
(e.g. bacteria and algae) or individual level (e.g. survival, mortality, growth,
development, reproduction).

The exposure conditions should be environmentally relevant. Natural particles
(at least food) are added to avoid force feeding of MP. Criterion not applicable
to algae or bacteria and hence these studies receive 2 points.

To enable PEC/PNEC types of comparisons, the effect threshold should be
assessed with error of uncertainty using dose- response relationships. Effect
thresholds are reported as L(E)Cx with error or uncertainty intervals.

For statistical rigor in detecting effect thresholds (e.g., ECso, EC10), sufficient
doses should be tested, including a treatment control, covering the full shape of
the effect curve and emphasizing the slope for parameter estimation. Multiple
doses, at least 6, including a treatment control.

Ecological relevance

17.

18.

19.

20.

Concentration
range tested

Aging and
biofouling

Diversity of
MP tested

Exposure time

Concentrations should be motivated (with a reference in the appropriate unit)
from measured environmental concentrations (MEC). More than 1
environmentally relevant concentration was used within the range tested.
Aging and biofouling is what occurs in the environment and could affect the
uptake of MP; therefore, it is crucial to consider this for an ecological relevant
experiment. MP particles should have undergone process to make them more
environmentally realistic, accounting for biofouling. Additionally, pictures of
altered particles are provided.
In the environment, MPs have a wide variety of shapes and sizes. This needs to
be taken into account for environmentally relevant effect assessment. A wide
range of sizes (order of magnitude), shapes and densities is used, thereby
approaching the diversity of environmental microplastic.
It is crucial to use appropriate exposure times to allow for the detection of
adverse effects.

- Bacteria and phytoplankton: 1 week or longer

- Zooplankton: 21 days or longer

- Benthic invertebrates: 28 days or longer

- Fish: 3 months or longer




22 |

- Macrophytes: 28 days or longer

Consistent with the approach adopted in previous method evaluation papers
(Hermsen et al., 2018; Koelmans et al., 2019), we emphasize that the scores
assigned for each study should not be perceived as a judgement indicative of the
relative value of a study, i.e. a paper scoring low on a certain criterion could still
provide valuable and reliable information regarding other potential insights.
Problem formulation is therefore an important element to understand, in that
depending on the purpose of an effect study the results may or may not help to
inform the decision-making process with respect to assessing risk. A WOE may be
assembled, for instance, regarding an effect mechanism, but the mechanism may
not necessarily be ecologically relevant (see SI, criterion 13 Endpoints, pl1,
methods continued). The primary objective of the evaluation criteria developed
and applied in this study is directed at providing insight regarding those aspects of
MP ecotoxicological effect studies that could be improved in future studies in order
to better inform the application of a quantitative environmental risk assessment.
The evaluation criteria, however, also provide the opportunity to assess the current
WOE of effect mechanisms.

2.4 Analysis of perceived versus demonstrated mechanisms explaining
adverse effects

Authors’ conclusions with respect to observed adverse effects and the mechanisms
explaining them are summarized in the Supporting Information (see Table S3). In
instances where the discussion and conclusions included ambiguous terms, such as,
‘may’, ‘could’, ‘can’, ‘would’, ‘postulate’, ‘suggest’, ‘might’, ‘potentially’, ‘most
likely’, ‘imply’ the reported mechanisms are classified under the category
‘suggested’. If the discussion and/or conclusion used more definitive terminology,
such as, ‘demonstrate’, ‘observe’, ‘indicate’, ‘induce’, ‘provide’, and ‘evidence’, the
reported mechanisms are classified under the category ‘demonstrated’. When a
combination of both ambiguous and definitive terminology are used in the same
sentence to describe an effect mechanism, the mechanism is considered as
‘suggested’. Terms that imply a mechanism to be either ‘demonstrated’ or
‘speculated’ are reported in italic, whereas key words indicating the mechanism
category are reported in bold. Finally, in addition to classifying effect mechanisms
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as either “suggested’ or ‘demonstrated’, specific categories based on the modes of
actions proposed by authors are recorded and numbered accordingly.

3. Results and discussion
3.1. Study characteristics
3.2.1 Characteristics of the tested microplastics: size, shape, polymer type

Size - A total of 178 different MP sizes have been tested in the 105 reviewed papers.
The cumulative distribution illustrates that about 75% of studies tested the effects
for MP <100 um, or ‘small MPs’ (Koelmans et al., 2019; WHO, 2019) (Figure 1), with
approximately 30% of MP having sizes <10 um. Of the 178 sizes tested, 58.4%
corresponded to a size range, while 41.6% consisted of one size only. Moreover,
16.3% of the tested MP included a size range greater than one order of magnitude.

Species-specific traits, such as size selective ingestion of MP have been
demonstrated for aquatic organisms (Cole et al., 2013; Lee et al., 2013; Redondo-
Hasselerharm et al., 2018a; Scherer et al., 2017). Size selectivity can potentially help
understanding effect mechanisms that influence the toxicological response of an
organism. Mechanistic insight, however, can only be demonstrated when an
appropriate range of particles sizes is used. Therefore, when evaluating the effects
of MP of only one size, the most detrimental sizes for a specific species may not be
included in the analysis, resulting in an underestimation of actual effects across the
MP size range. Furthermore, it can be assumed that effects of MP of a certain size
will differ in the presence of other sizes of MP, since there can be complex particle-
particle interactions that may influence exposure as well as complex organism-
particle interactions that can be difficult to account for when limiting testing to one
size or narrow size range distributions. The observation that effects testing of MP
to date is dominated by particles < 100 um (Figure 1) implies that comparisons
between MP sizes used in effect studies and sizes of MP found in the environment
are difficult to be made, particularly since the detection of MP <100 um represents
an ongoing analytical challenge (Koelmans et al.,, 2019). Nevertheless, we
recommend the use of MP size distributions that are appropriate for the species
being tested, which can potentially add greater insight between adverse effects and
organism-particle interactions.
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Figure 1. Cumulative frequency distributions for MP particle sizes used in effect tests for
aquatic biota. The majority of studies tested a size range, which implies that separate
cumulative distributions can be plotted for the minimum (Min), the maximum (Max) and
the average size tested across studies.

Shape - The shapes of MP reported in the 105 studies are dominated by
spheres/beads, followed by irregular MP, fragments and fibres (Figure 2A). We
assume that most of the studies reporting the use of irregular MP have tested either
fragments, films, foams and sheets, or a combination thereof. Consequently,
characterizing MP into distinct categories includes a subjective, qualitative,
element that is difficult to enable differentiation, but which could result in greater
refinement of shapes divided into more categories that would provide
opportunities for better mechanistic understanding.

When comparing the shapes used in different effect studies with those shapes
commonly observed in environmental samples, there is considerable inconsistency.
While 58.1% of effect studies have tested MP spheres/beads, this category only
represents 6.5% of the MP detected in water and sediment samples (Kooi and
Koelmans, 2019). In contrast, only 8.1% of the tested MP in effects studies were
fibres, although they are the most abundant shape category detected in water and
sediment, typically representing about half of MP detected (Kooi and Koelmans,
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2019). Therefore, the use of fibres in effects studies represents a significant
opportunity for advancing quantitative data for the purposes of assessing
environmental risks.

An important factor to consider in future studies is how the shape of MP might
influence their ingestion and egestion by aquatic organisms (Au et al., 2015;
Frydkjeer et al., 2017; Gray and Weinstein, 2017), which can potentially influence
their relative toxicity. Thus, the use of shapes representative of those detected in
the environment has the potential to benefit both the ecological relevance and
mechanistic understanding of risks associated with MP commonly encountered in
the environment.

Polymer type — The most common polymer types used in the 105 effect studies
reviewed were PS and PE. Together they represent 62.3% of the MP types tested
(Figure 2B). The use of these two polymers is relatively consistent with the polymer
types typically observed in the environment, whereby the three most commonly
detected polymers in surface waters are PS, PE, and PP (Koelmans et al., 2019). In
effect studies, however, the inclusion of PP is limited to only 5.5% of MPs tested.
Given that the polymer type can influence the fate of MP in both the test system
and ecosystem, depending on its density, surface chemistry, degree of crystallinity,
and presence of chemical additives and plasticizers, it is important to include as
much detail as possible with respect to the polymer composition (Kooi et al., 2017;
O'Connor et al., 2020). Consistent with the need to advance the effects testing and
mechanistic understanding of MP with respect to size and shape, as discussed
above, there is also a need to strengthen understanding of the influence that the
polymer composition may represent towards an observed adverse effect on various
species. Insight regarding the relationships between size, shape and polymer
composition is important for advancing environmental risk assessment and helping
to inform the decision-making process.
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Figure 2. Number of studies reporting a particular shape (A) or polymer type (B) for the
microplastics used in the exposure tests (from a total of 124 records for shapes and 145
records for polymer types). PS = polystyrene, PE = polyethylene, PVC = polyvinyl chloride,
PP = polypropylene, PET = terephthalate, PA = polyamide, N/A = not analysed, PLA =
polylactic acid, PMMA = poly(methyl methacrylate), PC = polycarbonate, PE-Acrylate

polyethylene-Acrylate, EVA = ethylene-vinyl acetate, PHB = Polyhydroxybutyrate, ABS
Acrylonitrile butadiene styrene, SAN = Styrene acrylonitrile resin and POMH

Polyoxymethylene - Homopolymer
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Figure 3. Number of studies evaluating the effects of MP on organisms of a certain
taxonomic group (A) and on a particular endpoint (B) (from a total of 134 records for
organisms and 252 records for endpoints).

3.2.2. Exposed organisms, exposure duration, endpoints studied, and effect
thresholds reported.

The organisms tested in the 105 studies evaluated consist of 52.4% marine, 42.9%
freshwater and 4.8% estuarine species. The most abundant organisms studied are
small crustaceans (which belong to the zooplankton category), followed by
molluscs and fish (Figure 3A). The most common exposure durations used were; 24
h, 96 h, 240 h (10 days), 336 h (14 days), 504 h (21 days) and 672 h (28 days) (see
Figure S2 Supporting Information). The exposure durations generally correspond to
the recommended exposure durations of standard ecotoxicity test guidelines for
chemicals, implying that exposure durations are also closely linked to standard
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effect endpoints, such as mortality, growth, and reproduction. However, there is
literature indicating that effects of MP can be time dependent (Chapron et al.,
2018; Redondo-Hasselerharm et al., 2020; Schrank et al., 2019) and standard test
protocol guidelines applicable for chemicals may not be applicable for the effect
testing of MPs. Nevertheless, chronic effects testing of MP adopting longer study
durations does not appear to be well represented, with only 18% of studies using
an exposure time > 28 d, and < 2% (i.e. 2 papers) with exposure times above three
months. Consequently, it is recommended that future effects testing include
greater emphasis on assessing longer term effects.

Effects of MP on growth are observed to be the most often studied (25.4%),
followed by sub-organismal endpoints (21.4%), survival (14.7%), feeding (11.5%),
and reproduction (9.9%) (Figure 3B). Population-level endpoints correspond to only
<4% of the total endpoints studied. From the 105 papers, only about 10% reported
effect thresholds (as either LC, ECy, LOEC or NOEC). Of all the studies providing
effect thresholds, 33.3% report them as number concentration (i.e., particles/L),
50% as weight concentration (i.e., mg/L), and 16.7% in both units. In order to assess
the environmental risks of MP, effect thresholds are fundamental, preferably in
both units, which will also further enable comparisons between studies for use in
developing quantitative WOE with respect to effects and risks.

3.2. Quality assessment

The results of the scoring based on the quantitative quality assessment proposed
in this study imply that substantial improvements can be made in how MP effect
studies are designed and conducted (Figures 4 and 5). As previously stated, the
scores obtained should not be interpreted as an absolute value of judgment, but as
a guide for identifying and prioritizing study-design components that would benefit
most in improvement for the purposes of assessing environmental risks.
Consequently, we suggest that those studies with relatively high scores represent
the most reliable and useful in the context of risk assessment (Figure 5). Individual
studies, however, often had other objectives, which were not necessarily consistent
with information needed to support an assessment of risk. It is important,
therefore, to assess each of the specific criteria and to compare them with other
studies rather than simply evaluating the studies based on how they rank on their
total score. The first subset of criteria (criteria 1 — 12) enable the evaluation of the
general technical quality of an effect test study. Here, the average score across all
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studiesis 11.3 (range 5 to 18), of a maximum possible score of 24. In this first subset
there are no studies for which positive scores on all quality criteria is assigned. The
second set of criteria (criteria 13 - 20) relates to the relevance of the papers for
their use in environmental risk assessment. For these criteria, the average score
across all studies evaluated is 6.6 (range 0 to 14) of a maximum potential score of
16. Again, no studies had positive scores for each of the ecological relevance quality
criteria defined. Finally, the total scores combine both the technical quality and
ecological relevance evaluation criteria, whereby the total score can be used as part
of a quantitative WOE approach in the context of risk assessment. The average total
score is 17.8 (range 8 to 31), from a maximum possible score of 40, indicating that
results from effect studies assessing MP are often not fully reliable and/or
reproducible. All studies included in this review were assigned a criterion value of
0 in at least one criterion, implying that important QA/QC criteria are consistently
poorly addressed in the design and reporting of MP effect studies. With respect to
the general technical quality of the effect studies evaluated, 34.8% of the criteria in
studies are assigned a value of 0, whereas 50.1% of studies receive the same poor
quality score with respect to their ecological relevance. Average scores per criterion
ranged from 0.06 to 1.79 (Figure 4). Those criteria that are typically evaluated high
across all studies include the reporting of the source of the MP, the use of
replicates, reporting on ecologically relevant endpoints and the inclusion of food
particles within the test study. A more detailed evaluation of each category is
provided below.
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Particle characterization - The category with the highest average score is “particle
characterization” (Figure 4). Overall, the majority of studies evaluated are observed
to provide satisfactory reporting on particle characteristics (scores >1). Only a
limited number of studies (13.3%) fail to report on either one of these specifics.
Improvements, however, are suggested, such as related to efforts towards the
confirmation of size, shape and polymer type, as opposed to simply relying on
information from the manufacturer. Nonetheless, by failing to provide
characteristics of the particles, an entire experiment can become irreproducible.
Lastly, it should be noted that approximately 60.0% of studies either don’t report a
concentration or limit reporting to a mass or number concentration, which further
complicates comparison across studies. It is thus suggested that with relatively
limited resource towards addressing the shortcomings identified, substantial
improvements can be realized within this quality criteria category.

Experimental design - As a general observation, the majority of studies scored
poorly within the category of experimental design (Figure 4). Concern is particularly
apparent with respect to the quality evaluation criteria of “laboratory preparation”
and “verification of background contamination”, with average scores of 0.18 and
0.06, respectively. While MP are often said to be ubiquitous in the environment,
including indoor (laboratory) air (SAPEA, 2019),* only 3.8% of the reviewed studies
thoroughly report how they minimized potential contamination arising from air,
water and all materials used during the experiment. Additionally, only 4.8% of the
reviewed papers verified the background contamination (visually).

Only a few, 6.7%, of the evaluated studies included a protocol specifically used to
pre-clean MP with an organic solvent. Additionally, 20% of studies took measures
to ensure chemical purity. For instance, Karami et al. (2017) and Romano et al.
(2018) measured certain chemical contaminants associated with the MP, however,
this still does not exclude chemical effects from experimental results. Some studies
include a solvent control, but do not account for chemical contaminants that might
be present in the MP themselves. Importantly, the majority of studies (73.3%) do
not mention the potential for chemical contaminants influencing observed adverse
effects, making it difficult to disentangle particle toxicity from a potential chemical
toxicity.
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Figure 4. QA/QC quantitative system scores from n=105 studies. Average scores per

n u n o«

criterion with categories “particle characterization”, “experimental design”, “applicable for
RA” and “ecological relevance”. Each study is assigned a criterion value of either 2
(adequate), 1 (adequate with restrictions) or 0 (inadequate) points, for each of the 20
criteria.

The criteria “verification of exposure” and “homogeneity of exposure” also are
observed to score low, with average scores of 0.45 and 0.68 (n = 105), respectively.
These criteria are critical for enabling the reproducibility of study results, which
further increase the uncertainty associated with reported effect thresholds. Finally,
the criterion “exposure assessment” (average value of 0.84) is generally
unsatisfactory in the studies evaluated. While most studies (78.1%) include a
description verifying that MP have been ingested by test organisms, verification is
often (72.4%) demonstrated in either a separate experiment, qualitatively, visually
or without a digestion step.

While it is acknowledged that the resources needed to address the shortcomings
identified with the criteria falling under the category of ‘experimental design’ are
likely to be high, failing to address the various criterion results in studies with
greater uncertainties and which thus fail to add value to broader scientific
understanding as well as for strengthening opportunities to assess environmental
risk. It is therefore prudent to carefully consider experimental design in future
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effect studies, with the development and application of standard test protocols
applicable to MP identified as an urgent need to better guide researchers.

Applicability to risk assessment — An important implication of data reported from
ecotoxicity effects studies is their role in assessing environmental risks.
Consequently, suggestions for improvement made under this category are
perceived to have implications for the regulatory decision-making process. Results
from the studies evaluated under the criteria related to applicability for risk
assessment imply the need for improvements to “reporting of effect thresholds”
and “quality of dose-response relationship”, where average scores of 0.25 and 0.48
were assessed, respectively. As mentioned above, a limited number of studies
(10.5%) are observed to explicitly report on effect thresholds with an indication of
error. Moreover, only 30.5% of the 105 studies include a sufficient number of
concentration doses to ensure statistical rigor in detecting these effect thresholds.
The majority (86.7%) of reported endpoints for MP effects, however, are
informative to the risk assessment process, with 84.8% including a source of food
to avoid the artefact of force-feeding MP to test organisms.

Ecological relevance — Apart from the criterion “exposure time’, which shows an
average score of 1.11 and was thus evaluated as satisfactory among the 105
studies, all other criteria in this category score low. The criterion “diversity of MP”,
with an average of 0.30, is of particular concern. Only 33% of the studies included
at least one environmentally realistic concentration, raising concerns regarding the
relationship between laboratory-based observations of adverse effects and
ecological risks. Most studies (71.4%) assessed the effects of MP using a single MP
type or MP with a limited range of characteristics. Only one study used a mixture in
their experiment representative of environmental exposure (Imhof and Laforsch,
2016). Only two studies included the influence of biofouling when assessing the
effects of MP, subsequently characterizing the microbiology of the biofilm
(Gorokhova et al., 2018; Imhof and Laforsch, 2016).

3.3. WOE for mechanisms explaining adverse effects of microplastic on
aquatic biota

Currently, the knowledge on effect mechanisms for MP is limited and there is a
need to increase mechanistic understanding of toxicological modes-of-action
(Gouin et al., 2019; Jeong and Choi, 2019; Koelmans et al., 2017). Criterion #11
“exposure assessment of organism” aims at improving the strategic design of effect
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testing that might enable results to differentiate between intrinsic physicochemical
properties of the MP themselves and how those interact with species-specific
biological and physiological traits to influence an observed adverse effect (see
Supporting Information, methods continued). Acknowledging that MP represent a
complex mixture of particles (shape, size and type), incorporating strategies that
enable effect-assessment to move from a ‘substance-based’ approach to a
‘mechanism-based’ approach may add considerable value in assessing
environmental risk, not just for MP but for any other particle-stressor organisms
may encounter (Gouin et al., 2019; Jeong and Choi, 2019). Knowledge on effect
mechanisms will enhance the strategic application of species sensitivity
distributions for distinct categories of effects. Finally, advancing scientific
understanding of particle effect mechanisms, such as those associated with
exposure to MP, will aid in the development of effect models (Kong and Koelmans,
2019).

Given the importance of advancing the scientific weight-of-evidence with respect
to the effect mechanisms following exposure to MP, each of the 105 studies is
reviewed with respect to the mechanisms that authors used to explain the adverse
effects they observed. The analysis is based on four considerations. Firstly, we
verified whether authors refer to the mechanisms they described using terms such
as ‘suggested’ versus ‘demonstrated’ (see Table S3 in the Supporting Information).
If authors themselves described a mechanism as ‘demonstrated’, the WOE is
perceived to be stronger. Secondly, the frequency of reporting certain mechanisms
was assessed (Table 2). The more often a mechanism is reported in the literature,
the stronger the perceived WOE can be considered to be, in that consistency
between studies in relation to observed effect mechanisms is assumed. Third, the
relative strength of the WOE supportive of an effect mechanism is further
scrutinized based on the criteria #6 “chemical purity”, #14 “addition of food” and
most importantly #11 “exposure assessment of organism”. While all 20 criteria are
crucial in order to ensure quality and reproducibility of data from effect studies, the
latter three criteria are specifically important in order to successfully assess the
mechanisms behind adverse effects. Fourth and finally, the scores from the QA/QC
assessment are used to assess the relative credibility of effect mechanisms
reported.
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Table 2. Tiered weight of evidence (WOE) approach for effect mechanisms reported in 105
studies, by number of studies that (a) frame a mechanism as ‘suggested’, (b) frame a
mechanism as ‘demonstrated’, (c) fulfil the three quality assurance criteria (score > 0)
considered most relevant to identify effect mechanisms (#6, #11, #14), and (d) average
score according to QA/QC of studies that fulfilled those three quality assurance criteria.

Average
Number of &
_— . score of
Description of studies that .
# . - I studies that
mechanism explaining Suggested Demonstrated fulfil criteria .
fulfil criteria
adverse effect #6, #11 and
#6, 11 and
#14¢
14 QA/QcH
1 Inhibited food
assimilation and/or
- 32 9 5 21.4
decreased nutritional
value
2 Internal physical
20 7 3 21.0
damage
3 External physical
8 4 2 24.0
damage
Oxidative stress 6 8 1 16.0
5 Disturbance of essential
processes that affect 8 3 0 -
physiology
6 Adjustment of energy
metabolism to cope with 1 2 0 -
MP
7 Microbial imbalance 2 1 0 -
Leaching additives or
. 14 0 - -
chemicals
9 (Cellular) stress 8 0 - -
10 Effects of surface ) 0
properties
Total 100 34 11

Suggested versus demonstrated mechanisms for adverse effects - From the 105
studies evaluated in this review, 10 separate effect mechanisms are identified as
‘suggested’, whereas 7 mechanisms are identified to be ‘demonstrated’, the latter
including: 1) inhibited food assimilation and/or decreased nutritional value 2)
internal physical damage, 3) external physical damage, 4) oxidative stress, 5)
disturbance of essential processes that affect physiology, 6) adjustment of energy
metabolism to cope with MP and 7) microbial imbalance (Table 2). Three additional
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mechanisms are reported as speculated only: 8) leaching of additives or chemicals,
9) (cellular) stress and effects of 10) surface properties. While 100 times studies
describe an effect mechanisms as “suggested”, only 34 times studies describe an
effect mechanism as “demonstrated”. The most frequently suggested mechanisms
are “inhibited food assimilation and/or decreased nutritional value” and “internal
physical damage” with a frequency of 32 and 20 suggested occurrences,
respectively. However, it is notable that only 9 and 7 studies have reported these
mechanisms as demonstrated, respectively.

1) Inhibited food assimilation and/or decreased nutritional value - Within the studies
that report on “inhibited food assimilation and/or decreased nutritional value ” as
demonstrated, there are 5 studies that meet the crucial criteria “chemical purity”,
“addition of food” and “exposure assessment of organism” and have therefore
reliably concluded on the demonstrated effect explaining the adverse effect,
scoring 21.4 points QA/QC on average (Blarer and Burkhardt-Holm, 2016; Cole and
Galloway, 2015; Gardon et al., 2018; Murphy and Quinn, 2018; Redondo-
Hasselerharm et al., 2018b) For instance, (Blarer and Burkhardt-Holm, 2016)
visually quantified the presence of PA fibres in the digestive tract of Gammarus
fossarum and showed inhibition of food assimilation.

2) Internal physical damage - Of the 7 studies that report on the demonstrated
mechanism of “internal physical damage”, there are 3 studies that also comply with
the aforementioned crucial criteria (#6, #11 and #14) (Qiao et al., 2019; Redondo-
Hasselerharm et al.,, 2018b; Von Moos et al., 2012). The studies by Redondo-
Hasselerharm et al. (2018b), Qiao et al. (2019) and Von Moos et al. (2012) are
assigned a score of 31, 16 and 16 in the QA/QC assessment, respectively. Wang, Y.
et al. (2019), scored relatively high with 25 points. Moreover, they were able to
verify the exposure of MP to organisms, and also avoided potential system-
dependent artefacts by including a protocol for adding food during their
experiments. However, they do not include measures to ensure chemical purity,
resulting in some caution when interpreting the mechanism as ‘demonstrated’.

3) External physical damage - Although not one of the most often speculated (8
times), the mechanism “external damage,” is concluded to be demonstrated in 4
studies (Jabeen et al., 2018; Kalcéikova et al., 2017; Zhao et al., 2019; Ziajahromi et
al., 2017). Among these, there are 2 studies that fulfilled the crucial criteria (#6, #11
and #14). The one with the highest QA/QC score is Ziajahromi et al. (2017) with 30
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points, who observed malformations on the carapace of Ceriodaphnia dubia.
Additionally, with a score of 18, Kal¢ikova et al. (2017) showed that microbeads
with sharp edges affected the root growth and reduced viability of root cells of
Lemna minor. This study qualitatively assessed the adsorption of MP onto root
surface and took measures to ensure chemical purity.

4) Oxidative stress - Oxidative stress has frequently been framed as a demonstrated
mechanism for the effects observed (8 times). There is, however only one study
that complied with the three criteria crucial to reliably assess a demonstrated
mechanism (i.e. #6, #11, #14). Qiao et al. (2019) observed inflammation and
oxidative stress in the gut of Danio rerio. Besides qualitatively assessing MP in the
gut, they also took measures to ensure chemical purity, and fish were fed daily. This
study however, scored relatively low on QA/QC (16 points), rendering the results
less reliable. Oxidative stress is a molecular mechanism and can be defined as an
imbalance in the production of free radicals and the ability of organisms to deal
with them (Proki¢ et al., 2019). As oxidative stress is also an endpoint, it is likely
that it has often been considered as demonstrated. Moreover, oxidative stress is
one of the most commonly measured biomarkers (Jeong and Choi, 2019; Revel et
al., 2019). It is, however, not clear if oxidative stress is a response to another MP
toxicity mechanism or that the MP toxicity directly works at the molecular level
(Gouin et al., 2019; Ogonowski et al., 2018). Elucidating on this aspect will aid in
choosing relevant endpoints to use within risk assessment frameworks (Gouin et
al., 2019).

5) Disturbance of essential processes that affect physiology - The mechanism
“disturbance of essential processes that affect physiology” is claimed to be
demonstrated 3 times (Détrée and Gallardo-Escdrate, 2017; Green et al., 2019;
Seoane et al.,, 2019). No studies, however, comply with the criteria to credibly
ascertain the demonstrated mechanism.

6) Adjustment of energy metabolism to cope with MP — While the mechanism
“adjustment of energy metabolism to cope with MP” is suggested once, it is
reported as ‘demonstrated’ two times (Seoane et al., 2019; Watts et al., 2016).
Seoane et al. (2019) showed that MP caused a slight decrease in the growth rate of
the marine diatom Chaetoceros neogracile, but also a significant decrease in the
esterase activity and the lipid reserves of MP-exposed cells. While scoring relatively
well on the overall QA/QC scores (20 points), this study did not take any measures
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to ensure chemical purity, rendering the result less reliable. Additionally Watts et
al. (2016) showed that Crabs were able to overcome minor effects on ion exchange
by minor physiological regulation, however did not meet criteria #6 and #14.

7) Microbial imbalance - Two studies speculate that adverse effects are caused by
microbial activity or the presence of bacteria on the MP (Green, 2016; Leung and
Chan, 2018). Additionally there is one study by Jin et al. (2018) that has framed this
mechanism as demonstrated. However, no measures were taken to ensure
chemical purity or assess MP exposure to the organisms.

8) Leaching of additives or chemicals - ‘In 14 studies, leaching of additive or
adsorbed chemicals from MP was speculated to be an explanation for the observed
effect of MP; however, this mechanism has never been framed as demonstrated.
Demonstrating this mechanism can be achieved by simply washing MP with organic
solvent thoroughly and repeatedly, subsequently enabling to distinguish particle
from chemical toxicity of MP. Interestingly, Cole et al. (2019) only suggested that
leaching of chemicals could have played a role, i.e., not claiming the mechanism to
be demonstrated. However, they received maximum score of 2 on this criterion
(#6), meaning that in our view they adequately addressed the issue actually
rendering the mechanism to be demonstrated.

9) Cellular stress - As “cellular stress” is a broad term, hard to specify and hence not
easily measurable, it is likely that for this reason it has never been framed as a
demonstrated mechanism.

10) Effects of surface properties - Only two studies speculate that adverse effects
measured in their studies are due to the surface properties of MP (Au et al., 2015;
Blarer and Burkhardt-Holm, 2016). No study, however, claims to have
demonstrated an effect of surface properties.

Overall final WOE assessment of mechanisms explaining adverse effects of MP -
When comparing the demonstrated mechanisms according to studies it is apparent
that “inhibited food assimilation and/or decreased nutritional value” has been
demonstrated most often with relatively high overall QA/QC scores (average =
21.4). Most importantly 5 out of 9 studies comply with the crucial criteria to reliably
assess a mechanism, making it a plausible mechanism to explain adverse effects
with high overall WOE.



| 39

Additionally, the mechanism “internal physical damage” has a relatively high overall
WOE. Of the 7 studies that managed to demonstrate this mechanism, 3 fulfilled the
crucial criteria (#6, #11, #14) with an average score of 21.0 points. While the
mechanism “external physical damage” has been demonstrated less often, effects
have been measured with higher reliability than for other demonstrated
mechanisms. The 2 out of 4 studies that comply with the crucial criteria to reliably
assess a mechanism, score an average of 24 QA/QC points, thus also making it a
plausible and high WOE mechanism explaining adverse effects.

4. Perspective and outlook

Research on the effects of MPs on biota in aquatic and other environmental
compartments is a relatively new discipline in the environmental sciences. As a
result, approaches to assess these effects vary widely across research groups, with
both the nature of effects testing and analytical methods developing rapidly over
time. Here, we evaluate the quality of 105 studies that report on the
ecotoxicological effects of MPs for aquatic biota. The evaluation includes studies of
organisms at various functional groups, such as phytoplankton, macrophytes,
zooplankton, benthic invertebrates, and fish. The evaluation criteria developed as
part of the evaluation can be used as guidance towards best practices to assess
exposure, effects and effect threshold concentrations for MPs, and can provide a
guantitative quality assessment of studies reporting adverse effects of MPs on
aquatic organisms. Lastly, we summarize and discuss the characteristics of the tests
that have been performed thus far (e.g., particle size ranges, concentrations,
polymer types, particle shapes, species, endpoints, test duration) in order to detect
knowledge gaps within effect studies, and use information gained from the review
of the literature to assess the WOE with respect to the effect mechanisms most
likely influenced by exposure to MPs.

When adopting strict quality criteria, an overall lack of reliability is observed in the
studies evaluated in this review, particularly for how data from available effect
studies can be used to help inform the risk assessment process. This is partly related
to technical shortcomings in the experimental design, such as not ensuring
chemical purity, prevention and verification of MP contamination in the laboratory,
and partly to limitations in the relevance of studies, for instance when studies do
not use ecologically relevant particles or testing conditions. This implies that based
on the current state-of-the-science, the WOE for ecological effects is very limited
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and the environmental risk of MPs is difficult to assess. The lack of clear evidence
for ecological effects in nature due to relatively poor-quality effects studies
available for the risk assessment process is worrying, particularly given concerns
raised by the public and decision-makers to provide a quantitative assessment of
the risks for MPs. The purpose of the present study is therefore to provide timely
guidance on best practices needed to improve and standardize effects testing
protocols. This includes the need for access to standardized test methods using
reference MPs that can be used between research groups in an effort to strengthen
both replication and inter- and intra-laboratory reproducibility. We recommend
that at least one of these reference materials is an environmentally realistic mixture
of particles, i.e. having a realistic range of sizes, shapes, densities and ages. This
way, organisms themselves select the fraction from the mixture that is bioavailable
and relevant for them. This would mimic the situation in nature better than tests
with single type materials. The adoption of standardized test methods and use of
environmentally relevant reference materials would help reduce uncertainties
inherent in the effects data and strengthen both environmental risk assessment
and mechanistic understanding of the ecotoxicity of MP.

Based on our review of study characteristics, it appears that particle type ‘fibres’
and polymer type ‘polypropylene’ are understudied in effect studies. Ideally, the
MP tested should be as realistic as possible, thus representing a broad range of
sizes, shapes, densities and polymer types. The ecological relevance of tests should
be increased by extending exposure times, as chronic tests are rarely performed. In
order for effect tests to be more informative for risk assessment, the reporting of
thresholds effect concentrations should be made more accurate and explicit,
preferably as either LC,, EC,, LOEC or NOEC values, with the use of both mass and
particle unit concentrations.

Based on the evaluation of the WOE pertaining to effect mechanisms associated
with exposure to MPs, we observe that the WOE is strongest for the mechanisms
related to ‘inhibition of food assimilation and/or decreased nutritional value’,
‘internal physical damage’ and for the mechanism ‘external physical damage’. To
increase the WOE of ecological effects and effect mechanisms we recommend that
the guidance provided in this evaluation study be used to develop studies that
explore the mechanistic nature of both MPs and generic particle effects on aquatic
organisms more broadly.
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Supporting information

Table S1, containing study characteristics and Table S3, containing the scores and
mechanisms per author can be found online:
https://pubs.acs.org/doi/10.1021/acs.est.0c03057.

Methods continued - Detailed motivation for each criterion used in the
quality evaluation.

Particle characterization

Criterion 1. Particle size. Species-specific physiological and behavioural traits can
strongly influence the relative size of particles ingested by an organism, including
MP (Cole et al., 2013; Lee et al., 2013; Redondo-Hasselerharm et al., 2018b; Scherer
et al., 2017). Size selectivity depends on the morphology and feeding strategy of a
species, which determines the upper size limit for the food they can ingest, as well
as for the ingestible size of MP (Burns, 1968; Jams et al., 2020; Kooi and Koelmans,
2019). For instance, in a study assessing the ingestion of MP by seven Cladocera
species, the maximum size of MP ingested increased proportionally with the body
size (Burns, 1968). The upper size limit will differ between species at varying trophic
levels, but can also show significant variation within species depending on their
developmental stage (Au et al., 2015; Scherer et al., 2017). Based on species traits,
size preferences have been demonstrated for a few organisms, being some MP
sizes ingested in higher quantities than others (Browne et al., 2008; Jams et al.,
2020; Redondo-Hasselerharm et al., 2018b). Particle shape and polymer identity
also affect the probability of MP to be encountered and ingested, thereby affecting
the bioavailability of MP (Scherer et al., 2017). Furthermore, the residence time of
MP in the body of the organisms has also been related with the size of the particles
(Gray and Weinstein, 2017). The relative relationship between the ingestion and
retention of MP can result in decreased nutritional value and/or physical
obstruction in the digestive tract, which have been proposed as two of the
mechanisms underlying observed adverse effects for organisms exposed to MP
(Redondo-Hasselerharm et al., 2018b) (Au et al., 2015; Blarer and Burkhardt-Holm,
2016; Lee et al., 2013; Wright et al., 2013). As the ingestion and effects of MP can
be size-dependent, the size distribution of the MP selected in an effect study can
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directly influence the occurrence and severity of the effects observed and therefore
requires analytical characterization. Consequently, studies that report the full
particle size distribution of the tested MP are assigned a criterion value of 2. The
distribution, however, should be provided with sufficient resolution, ideally with 10
bins or more. If only one size is reported instead of a range, a study receives 2 points
when the size reported is supported by analytical characterization and reported
with a measurement error. MP sizes should ideally be characterized analytically
using dynamic light scattering or laser diffraction methods or alternatively
estimated using high resolution microscopy of the MP with a scale in combination
with imaging analysis software. When the particle size/sizes are reported but not
supported by analytical characterization, based on information provided in material
safety data sheets or size separation using sieves, a study is assigned a criterion
value of 1. Finally, studies that did not report the size of the MP used in their
experiments are assigned a criterion value of 0.

Criterion 2. Particle shape. For several species, selective ingestion, gut retention,
and effects of MP have been found to depend on their shape (Au et al., 2015;
Frydkjeer et al., 2017; Gray and Weinstein, 2017). For instance, fibres were more
lethal than spheres for the amphipod Hyalella azteca (Au et al., 2015). Authors
report that fibres resulted in longer gut retention times, speculating that fibres may
have aggregated in the gut (Au et al., 2015). Additionally, Piarulli et al. (2020)
showed that MP analysed in six different benthic invertebrate species collected
from salt marshes, were mostly fibres (98.5%) (Piarulli et al., 2020). MP fragments
are also reported to be associated with longer gut retention times in the cladoceran
Daphnia magna in comparison to spherical MP (Frydkjaer et al., 2017). It has been
suggested that the rounded shape of spherical MP facilitates their transport
through the digestive system of organisms, resulting in less severe effects than for
other shapes of MP (Au et al., 2015). Given several observations reporting on the
relative influence of the shape of MP on effect endpoints, the evaluation criterion
related to characterizing MP shape is seen as an important factor when interpreting
ecotoxicological effects data. The shapes of MP have been defined in many ways,
such as e.g., fragment, fiber, film, foam, pellet, sphere, line, bead, flake, sheet and
granule (Hartmann et al., 2019; Koelmans et al.,, 2019; Rochman et al., 2019).
Different shape categories can be found even within these categories; for instance,
MP fragments can be further characterized as rounded circular or edgy rectangular
shapes (Redondo-Hasselerharm et al.,, 2018b). Further complicating shape
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characterization is the observation that the dimensions of MP vary along
continuous scales and therefore do not lend themselves well to discrete categories
of characterization (Kooi and Koelmans, 2019). Consequently, we consider the term
“irregular MP” as an ambiguous definition of the shape, as it includes the potential
to reflect several shape categories. Moreover, for a complete characterization of
the shape, it is necessary to include at least one high-resolution photo illustrating
each of the shapes included in the MP tested. Therefore, studies that provide an
image obtained from a high-resolution microscope of the MP tested are assigned a
criterion value of 2. Studies that limit the reporting of the shape of MP to the
definitions of Rochman et al. (2019) or their synonyms (sphere vs. bead), based on
the information obtained from material safety data sheets but without a visual
confirmation by the authors are assigned a criterion value of 1. Finally, studies that
do not report the shape of the MP used or reported shapes that did not fall within
the definitions described by Rochman et al. (2019), are assigned a criterion value of
0.

Criterion 3. Polymer type. The fate, bioavailability, uptake and thus potential effects
of MP can be also influenced by the composition of the polymer representing the
MP, which determines the density of the particles in aqueous systems (Kooi et al.,
2017; O'Connor et al., 2020). In a sterile system without potential biofouling of the
particles and in the absence of agitation, positively buoyant MP will float on the
water surface, while negatively buoyant MP will remain in the water column until
they sink to the bottom of the system (Kooi et al., 2017). The fate of the MP in the
water column thus influences their bioavailability and therefore the polymer type,
as a proxy for density, needs to be characterized and reported. Additionally,
knowing the polymer type will allow comparisons with field data on the occurrence,
abundance and physical properties of the same polymer type, and possibly linking
it with certain products and product emissions. Currently, elaborate techniques for
polymer identification are available and widely applied in MP research, such as ATR-
FTIR, micro-FTIR, Raman spectroscopy, pyrolysis GC-MS or similar methods (Shim
et al., 2017). For studies that analytically characterize the polymer type using one
of these methods, a criterion score of 2 is assigned. When the polymer type is
reported following the information given in the material safety data sheet and not
confirmed by the authors, the study is assigned a criterion value of 1. Finally, studies
that did not report the polymer type of the MP used are assigned a criterion value
of 0.
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Criterion 4. Source of MP. Reporting the source of where the MP were obtained is
essential in order to better interpret the data the MP relate to, and to strengthen
data reproducibility in future studies. Some studies, for instance, use in-house
manufactured MP, following ad-hoc procedures which may not lend themselves
well to reproducibility. In these instances it is imperative that detailed descriptions
of the protocol used in producing the MP is provided (e.g., Korez et al., 2019).
Results of effect studies on MP published to date show a wide variety of responses
for different organisms (Burns and Boxall, 2018). Even for the same species,
different results can be obtained, which could be attributed to differences in the
source(s) of MP (Weber et al., 2018; Wright et al., 2013). Therefore, when MP are
purchased from a commonly available supplier and where specifics of the provider
is provided in the main text or in the supporting information, a study is assigned a
criterion value of 2, as this scenario lends itself best to reproducibility. For those
studies where MP are prepared in-house using commercially available plastic
products, we also assign a criterion value of 2 when the name of that plastic product
is provided as well as a detailed protocol for the preparation or extraction of the
MP. For instance, Jemec Kokalj et al. (2018), extracted MP from a facial cleanser
and made MP from a plastic bag. Polymers were characterized using FTIR, particle
size distributions were measured by laser diffraction, and images of the MP were
taken with a field emission scanning electron microscope. However, they do not
provide the name of the facial cleanser nor the precedence of the plastic bag.
Consequently, when the information given on a MP source is incomplete and thus
not fully reproducible, a criterion value of 1 is assigned. Finally, studies that do not
provide any information on the source of the MP are assigned a criterion value of
0.

Criterion 5. Data reporting. 1t is widely acknowledged that inconsistency in how
concentrations are reported make it difficult to compare between effects studies
(Burns and Boxall, 2018; Connors et al., 2017; Van Cauwenberghe et al., 2015).
Concentrations of MP can be presented as a particle number concentration, like
the number of MP particles per L or per Kg of sediment, food or weight of the
organism; or mass concentration, like grams of MP per L or per Kg of sediment, food
or weight of the organism (Besseling et al., 2019). Some studies quantify the
number of MP in a specific volume or weight using a hemocytometer, a flow
cytometer or a coulter counter (Cole and Galloway, 2015; Ogonowski et al., 2016;
Sussarellu et al., 2016; Ziajahromi et al., 2018). Other studies estimate the number
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of MP manually using a stereomicroscope combined with image analysis software,
applicable for MP (Ogonowski et al., 2016; Wang, Y. et al., 2019; Ziajahromi et al.,
2018). Moreover, some studies convert mass concentrations to number
concentrations or vice versa based on assumptions that correlate the size of a
particle to its volume, for which MP characteristics such as size distribution, shape
and density are required (Gerdes et al., 2019; Redondo-Hasselerharm et al., 2018b;
Rehse et al., 2016). A few other studies make reference to the conversion provided
by the supplier of the MP (Jeong et al., 2017; Lee et al., 2013; Sjollema et al., 2016).
Thus, the reporting and conversion of concentrations between particle number and
mass concentration units can be done using a variety of methods, and should be
clearly described in the study in order to facilitate comparisons across studies. Since
the units of concentration represent a fundamental parameter to assess risk, which
compares environmental concentrations to effect threshold concentrations,
consistency in units is therefore of paramount importance (Besseling et al., 2019;
Koelmans et al., 2017). Studies that report concentrations in particle number as
well as in mass concentrations are thus assigned a criterion value of 2, as they
provide the greatest opportunity to compare between studies and for use in
assessing environmental risk. Studies that limit the reporting of concentrations to
only either particle number or mass concentrations, are assigned a criterion value
of 1. Finally, studies where concentrations of MP are not reported receive a
criterion value of 0.

Experimental design

Criterion 6. Chemical purity. Studies that aimed to investigate the interactive effects
of MP and chemicals are not included in this study but are reviewed
elsewhere.?>339 persistent organic pollutants (POPs), such as polychlorinated
biphenyls (PCBs) and organochlorine pesticides are ubiquitous in the environment
and will partition into any organic carbon, including MP (Koelmans et al., 2017).
Experiments measuring the partitioning behaviour between MP and organic
chemicals are relevant for determining sorption/desorption coefficients and/or
sorption kinetics. However, from the perspective of assessing risk it is more relevant
to evaluate the toxicity of plastic-associated chemicals in the absence of MP
(Koelmans et al., 2017). Assessing the adverse effects of the chemical stressor in
the absence of the MP individually first, can provide an effective strategy for
developing more complex test systems aimed at assessing multiple chemical and
non-chemical stressors, and help address the immediate challenges of assessing the
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environmental risks of MP themselves (Koelmans et al., 2017). This reasoning also
applies for the diversity of chemical additives and plasticizers commonly associated
with plastic (Zimmermann et al., 2019). Moreover, disentangling the effect
assessment associated with chemical stressors from the non-chemical particle
stressor can strengthen overall understanding of the mechanisms that influence
MP toxicity. For instance, studies by Martinez-Gémez et al. (2017) and Pikuda et al.
(2018) have shown that the toxicity from leachates derived from additives are more
harmful than the inert polymer material, highlighting the importance of washing
MP before the start of an experiment, if insight regarding the effects associated
with the particles themselves is the main objective. Otherwise, the chemical
stressor overwhelms the effects that might be associated with the particles,
preventing the ability to distinguish between the two. Additionally, the artificiality
of an exposing test organisms to MP containing chemical additives within a closed
system represents a worst-case scenario that is not representative of an
environmentally relevant exposure. In the environment, organic chemicals,
including POPs, chemical additives and plasticizers are widely dispersed as a
consequence of their use in manufacturing and consumer products, and partition
into all environmental media, resulting in various exposure pathways to exist.
Consequently, assessing chemical exposure requires an understanding of the
multimedia behaviour of organic chemicals, whereby exposure via MP likely
represents a negligible pathway as compared to other sources (Bakir et al., 2016;
Koelmans et al., 2016). Therefore, in order to disentangle the effects associated
with the particle stressor from confounding chemical effects, the toxicity of
background chemicals should be minimized. This includes minimizing exposure to
chemical additives and plasticizer that might be present in MP, but also chemicals
associated with food particle surfactants (e.g., Tween) and markers (fluorescence).
Minimizing chemical exposures in MP effects studies, however, represents a major
challenge. For instance, a recent study by Cole et al. (2019) extensively measured
chemicals in MP, and reports that a wide variety of unknown chemicals are used in
MP, making it nearly impossible to confirm conclusively that all relevant chemicals
have been assessed. Therefore, it is preferred to repeatedly wash the particles with
an organic solvent(s) in an effort to minimize effects associated with a chemical-
associated contaminant. It is notable, however, that this could have the undesired
effect of altering the properties of the particles themselves, consequently care is
required with respect to which organic solvents are used as well as the conditions
of cleaning. Alternatively, several studies have demonstrated that it is possible to
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minimize the influence of the chemical stressor by providing evidence that the mass
of chemical in the test system is at an exposure that remains below a chemical
toxicity (e.g.,Bellingeri et al., 2019; Redondo-Hasselerharm et al., 2020; van Weert
et al.,, 2019). In summary, studies that report the inclusion of methods to
thoroughly clean MP by washing with an organic solvent are assigned a criterion
value of 2, since the observations of adverse effects could be more confidently
allocated to a particle-associated effect. If a certificate from the manufacturer was
used or measurements were taken to subsequently use a control for the chemicals
or the toxicity of chemicals was calculated based on Lsg or ECso from literature, the
study is assigned a criterion value of 1. Finally, studies that did not address the
potential influence of a chemical stressor on observed adverse effects when testing
MP are assigned a criterion value of 0.

Criterion 7. Laboratory preparation. The importance of preventing contamination
when testing MP is emphasized in several recent papers and critical reviews
(Hanvey et al., 2017; Hermsen et al., 2018; Koelmans et al., 2019; Prata et al., 2019;
Vandermeersch et al., 2015; Wesch et al., 2016). Catarino et al. (2018) for instance,
quantified atmospheric fall-out within households, which, when rescaled to the
surface area of a representative experimental test system of e.g. 20 x 25 cm?, would
imply a flux of 8333 particles per test system per day. The amount of natural fall-
out of MP likely differs between locations within a laboratory and among
laboratories. Catarino et al. (2018), emphasized the need to account for
atmospheric deposition during experiments, even in instances where relatively high
concentrations are tested. We argue, therefore, that the uncertainty related to
contamination with MP during MP effects studies, also requires care in mitigating
the potential for deposition and with respect to characterizing and quantifying the
nature of the contaminants. This is because the nature of the MP-contaminants
may be significantly different than those used in the test system, in that they may
contain chemical additives that can strongly influence observed effects, negating
test results. This is particularly relevant to the control test-system, meant to have
zero MP concentration, or very low dosed systems, for which greater sensitivity
would be anticipated due to the influence of MP-contaminants. Some studies
thoroughly report measures taken to prevent MP-contaminates, such as wearing
cotton lab coats, rinsing of equipment, covering the test systems or avoiding the
use of plastic materials during the experiment (Revel et al., 2019; Revel et al., 2020;
Silva et al., 2019). Consequently, a criterion value of 2 is assigned for those studies
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adopting measures aimed at avoiding contamination from air, water and all
materials used during the experiment. Studies adopting limited measures are
assigned a criterion value of 1. Finally, studies that do not report the use of any
measure to prevent contamination are assigned a criterion value of 0.

Criterion 8. Verification of background contamination. \Whereas the previous
criterion focuses on the measures taken to mitigate background MP-contaminants,
the present criterion evaluates the extent to which studies verify that such
measures are successful or alternatively that the adoption of taking no action to
reduce background contamination is needed because the potential for MP-
contaminants is demonstrated to be minimal. In this case, verification implies the
use of methods that characterize and analytically measure MP concentrations in
exposure systems. A study by Welden and Cowie (2016), for instance, observed a
fiber in the foregut of one of their control animals, underlining the importance of
including method verification in MP effects test studies. A few studies, on the other
hand, have limited verification of background contamination to the reporting of
visual observations (Revel et al., 2019; Silva et al., 2019; Ziajahromi et al., 2017).
Visual inspection, however, is generally considered inaccurate, as there is a high
probability of missing small and transparent MP (Hermsen et al., 2018; Koelmans
et al., 2019). Moreover, reliance on the use of visual observations is susceptible to
false positives (Shim et al., 2017). Based on these considerations, a criterion value
of 2 is assigned to studies measuring background contamination with analytical
detection methods, such as by FTIR or Raman. For studies that limit the verification
of background MP-contaminants to a visual inspection, a criterion value of 1 is
assigned. Finally, for studies that do not report on background contamination of
MP, a criterion value of 0 is assigned.

Criterion 9. Verification of exposure. In order to obtain accurate dose-effect
relationships, exposure concentrations in the test systems must be quantified. Test
concentrations are typically prepared by adding particles to the test medium,
occasionally followed by dilution and homogenization steps. There are several
reasons why the actual exposure concentration can deviate from the nominal
concentration estimated from the initial preparation. First, human error can occur
in the initial calculations or laboratory manipulations of glass ware and equipment
can lead to deviations in the concentration. Secondly, the test system itself can
influence exposure, whereby particles can stick to container walls and/or become
unevenly distributed across test systems when homogenization is insufficient.
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Actual concentrations can also be higher than nominal concentrations due to
background MP-contaminants, as discussed in the previous criterion (Catarino et
al., 2018; Foekema et al., 2013). These factors can propagate and substantially
influence initial estimates of test concentrations. Furthermore, the dynamic
behaviour of the particles themselves can cause significant changes in exposure
during the test. While less important for sediment-test systems, the behaviour of
particles in agueous test systems can result in settling, floating or aggregation of
the particles, changing the actual exposure conditions over time (Besseling et al.,
2017). Fundamentally, the exposure of the stressor in an ecotoxicity test system
should be constant over time and reproducible for each test. Demonstrating
consistency in the exposure concentrations for the duration of the test is thus
important to develop accurate dose-effect relationships, and the quantification of
the exposure concentration should therefore be verified. A criterion value of 2 is
assigned to studies that verify the exposure concentration of MP and ensure that
at least 80% of the nominal concentration is maintained throughout the test
(Benfenati, 2011; OECD, 2014). Studies that measure the exposure concentration,
but without verifying that at least 80% of the nominal concentration is maintained
throughout the test are assigned a criterion value of 1. Studies that only report the
nominal concentration or limit the verification of the concentration to the stock
solution are assigned a criterion value of 0.

Criterion 10. Homogeneity of exposure. The previous criterion evaluates the extent
to which the exposure concentration is verified. However, unlike the fate of
dissolved chemicals in ecotoxicological effect testing, solid particles are prone to
inhomogeneity of exposure as they tend to settle or float depending on a variety of
factors, such as the difference in their density compared to that of the medium they
are dispersed in (Galloway et al., 2017; Hartmann et al., 2015; Hjorth et al., 2017;
Karami, 2017; Monikh et al., 2018; Petersen et al., 2014; Rist et al., 2017; Rist et al.,
2018). Therefore, especially for aqueous test systems, MP that have a higher
density than water may settle when the dispersion is not well mixed, whereas
buoyant particles may tend to reside at the surface of the test system only.
Presence of air pockets or biofilm layers may change over time and influence
exposure as a result of settling or causing differences in particle-particle
interactions and settling velocities as a function of time, thus questioning the
assumption of exposure homogeneity. These inhomogeneities can strongly
influence the bioavailability and thus the exposure of the particles, resulting in a



| 51

lack of control and reproducibility of test results. Methods for addressing
heterogeneity in test systems assessing particle stressors include the use of
ultrasonic agitation, and other physical mixing techniques (circular, wrist action
shaking, plankton wheels) prior or during exposure, or by simply reporting the
absence of such problems based on visual observations (Cole et al., 2019;
Gambardella et al., 2019; Gerdes et al., 2019; Magni et al., 2019; Qiao et al., 2019;
Tang et al., 2018).

Natural sediments are comprised of a mixture of particles with densities spanning
a wide range, as compared to that of the solid polymeric particles that have been
tested. MP mixed in sediment are ‘held’ in the sediment matrix and progressively
encapsulated when biofilms form and test particles form hetero-aggregates and —
agglomerates with the natural particles in the sediment matrix. This implies that
exposure in effects test systems of MP mixed in sediment are homogeneously
distributed. Many studies have recognized the need for homogeneity and have
described in detail how MP were mixed in the exposure medium and sometimes
also how homogeneity of exposure was verified (Bour et al.,, 2018; Redondo-
Hasselerharm et al., 2020). For aqueous exposures, a criterion value of 2 is assigned
to studies that verify that MP were homogeneously distributed through the use of
microscopy photos and/or apply analytical tools to demonstrate that the MP were
well mixed or dispersed in the solution. In instances where the method used to
generate a homogeneous exposure is described but not verified, a criterion value
of 1 is assigned. Effect testing of MP in sediment test systems, for which the
verification of homogeneity is deemed to be not crucial, results in a criterion score
of 2 for all studies that describe the method by which the MP are homogeneously
mixed with the sediment, in detail. Studies that do not address the issue of
homogeneity, or that observed an inhomogeneous exposure, are assigned a
criterion value of 0.

Criterion 11. Exposure assessment of organisms. To be able to understand and
interpret effect data, it is important to be able to causally link an observed effect to
actual exposure data. The question ‘what is an organism exposed to?’ however can
have different answers for different organisms, particles and/or test conditions.
The metric used to quantify the effect should be ecologically relevant and should
be the same as the one used to quantify exposure (Koelmans et al., 2017).
Microplastics can have multiple of such environmentally relevant metrics (ERMs).
They can be characterized on the basis of known species- and particle-specific
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effect mechanisms. Hence, it is the actual effect mechanism which defines how
microplastic particles and test organisms interact and how actual exposure should
be assessed. Exposure then can be seen as accumulation at the receptor site, i.e.
where the interaction takes place, and which is considered as the target for the
microplastic effect under consideration. We illustrate the principle with three
examples. For instance, one of the more well understood effect mechanisms, is the
deterioration of food quality due to the dilution of nutritious food particles caused
by an elevated exposure to low-caloric, non-digestible MP that are co-ingested with
food (Redondo-Hasselerharm et al., 2018b; Wright et al., 2013). Therefore, for a
study that would ascribe observed effects to this mechanism, demonstrating
ingestion would be a crucial criterion. Instead, studies that ascribe suborganismal
effects to damage at the cell level (Détrée and Gallardo-Escarate, 2017; Franzellitti
et al., 2019; Goncalves et al., 2019; Qiao et al., 2019) should ideally demonstrate
systemic uptake and/or penetration of MPs and should demonstrate that these
cells are reached. As a final example, studies that explain growth inhibition in algal
cultures from a decrease in photosynthesis, should verify the presence of MPs at or
in between algal cells in the culture (Seoane et al., 2019; Zhang et al., 2017). A
detailed overview and analysis of such reported effect mechanisms is provided in
section 3.3 of his review. In the majority of instances, effects related to the
ingestion of MP are reported as the most relevant exposure pathway, implying that
the quality criteria to detect and quantify MP ingested by biota are of critical
importance. Exposure due to translocation and cell penetration also requires
detection and quantification of MP in biota tissue and is thus also important in
defining the quality criteria. These criteria have been reported in a previous study
(Hermsen et al., 2018), for which criteria related to tissue digestion, particle
detection and polymer identification are all applicable. For adverse effects
influenced by external exposure of MP, i.e. from MP just being present in water or
sediment, as in the example for algae, criteria for the analysis and quantification of
MP in water are most relevant. It is widely understood that visual sorting of MP is
insufficient to detect the small and often light-coloured MP against a background
of e.g., animal tissue. Therefore, following the QA/QC criteria suggested by
Hermsen et al. (2018), a criterion value of 2 is assigned to studies that report the
detection of MP quantitatively using e.g., FTIR or Raman imaging, to support
statements of MP ingestion and/or penetration into cells of biological tissues that
have been appropriately digested and filtered. Studies demonstrating exposure of
organisms to MP based on qualitative or visual observation, or citing results from a
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separate experiment, or in the absence of a digestion step, are assigned a criterion
value of 1. Studies that do not report data on exposure, are assigned a criterion
value of 0.

Criterion 12. Replication. \n every effect assessment, an adequate experimental
design requires a sufficient number of replicates in order to ensure statistically
reliable results (Hanson et al.,, 2017; Moermond et al., 2016). Studies should
therefore clearly explain the degree of replication of each treatment (Hanson et al.,
2017).8! Some studies, however, fail to report on the use of replicates in their
experimental design (Jemec Kokalj et al., 2018; Welden and Cowie, 2016) while
other studies report the use of replicates, but which are not actual replicates but
better characterized as pseudo-replicates (Chapron et al., 2018; Jovanovic, 2017,
Rist et al., 2017). For instance, Jovanovic et al. (2018) considered as replicates the
15 fish exposed to MP in the same tank. As each replicate should be an independent
experimental unit, with the experimental unit here being the tank, the exposure of
all fish via the same tank should thus be better defined as multiple measurements
taken one experimental unit (Calfee and Piontkowski, 1984). In contrast to soluble
chemicals, which can be homogenously distributed in the test system, the severity
of the effects detected in MP studies can be attributed to the relative extent of
bioavailability of the particles and the probability of encountering them in the test
system. Therefore, in the case of MP, it is especially important to have several
replicates to compensate for the uncertainties associated with the potential for
inhomogeneous exposure associated with the test system. Studies were assigned a
value of 2 when they included results from a minimum of three replicates. A
criterion value of 1 is assigned to studies using only two replicates. Finally, studies
that do not include any replicates or do not report the number of replicates used
are assigned a criterion value of 0.

Applicable to risk assessment

Criterion 13. Endpoints. Effect studies with MP use a wide variety of endpoints,
sometimes even within studies. We argue that when data from such studies are to
be used in ecological risk assessment, the ecological relevance of the selected
endpoint represents an important criterion to consider. From a risk assessment
perspective, endpoints such as survival, growth and reproduction are considered
ecologically relevant, because these endpoints directly relate to a population-level
effect. These endpoints are preferred over e.g. suborganismal or behavioural
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endpoints, which are generally less relevant in assessing population-level
responses, unless there is a clear demonstrated causal relationship between these
responses and a higher level effect e.g. population effect (Connors et al., 2017;
Posthuma et al., 2001). For instance, de Sa et al. (2015) speculated that reduced
food intake caused by the ingestion of MPs adversely affects both the individual
and population-level fitness of a species. The endpoints studied, however, are
attributed to the predatory performance and efficiency of the species, which does
not necessarily translate to an ecologically relevant population level effect.
Whereas it has been suggested that suborganismal endpoints such as biomarkers
can be representative of early warning signals and are thus more sensitive
indicators than the traditional endpoints used in risk assessment (Forbes et al.,
2006; Revel et al., 2019), they can also be perceived as being susceptible to type |
and Il error, due to under-replication and pseudo-replication in ecotoxicological
bioassays, which could lead to false alarms or undetected effects (Forbes et al.,
2006; Tincani et al., 2017). Moreover, there is no evidence that suborganismal
endpoints are more sensitive than endpoints taken at higher organismal level
responses, particularly for MP effects studies. Additionally it is possible that effects
seen at the suborganismal level merely resemble reaction to decreased nutritional
intake (Ogonowski et al., 2018). Furthermore, endpoints at these suborganismal
levels are not likely to be useful predictors since they have complicated time- or
dose-dependent responses, which makes it difficult to extrapolate correlations to
higher levels of biological organization (Forbes et al., 2006). Still, in carefully
controlled studies e.g. biomarkers can be useful for elucidating mechanisms of toxic
action (Forbes et al., 2006). In summary, a criterion value of 2 is assigned to studies
where endpoints at either community or individual level of biological organization
(e.g. survival, growth, development or reproduction) are used. If suborganismal
endpoints are used, for which a causal relationship with effects on higher levels of
biological organization is demonstrated, a criterion value of 1 is assigned to the
study. Finally, studies that use endpoints that cannot be unambiguously linked to a
threat at the individual or population level are assigned a criterion value of 0.

Criterion 14. Presence of natural (food) particles. |t is important to note that the
natural environment is not free of particles and that organisms have adapted
various species-specific traits in relation to strategies for interacting with particles.
While MP are ubiquitous in the aquatic environment, the amount of natural
particles is typically greater than the concentrations of MP that have been reported
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in the environment (Koelmans et al., 2016; Triebskorn et al., 2019). Therefore,
when designing an experiment meant to simulate natural conditions it is important
to consider the response of organisms to both naturally occurring particles as well
as a MP-stressor exposure (Connors et al., 2017; Ogonowski et al., 2018). Exposure
to naturally occurring particulates, for instance, can represent an important food
source to an organism or may otherwise form part of their natural habitat, such as
sediment or suspended solids (Redondo-Hasselerharm et al., 2020; Redondo-
Hasselerharm et al., 2018b). The inclusion of food and other particulates is needed
because ecotoxicological effects of MP on organisms has been demonstrated to be
influenced by the presence of naturally occurring particulates (Aljaibachi and
Callaghan, 2018; Critchell and Hoogenboom, 2018; Rist et al., 2017; Scherer et al.,
2017). Observations that the co-exposure of both naturally occurring particulates
and MP can mitigate toxicity implies the relative importance of a species ability to
selectively feed and therefore reduce the risks associated with MP under
environmentally relevant conditions (Tincani et al., 2017). We argue that without
taking natural (food) particles into account, the observed adverse effects represent
a system-dependent artefact that does not lend itself to risk assessment purposes.
An exception, however, is made for algal studies, as their food source are nutrients
and light, and therefore the addition of other naturally occurring particles is less
likely to influence adverse effects (Wu et al., 2019).

It is further noted that there are several studies that adopt standard test protocol
guidelines for acute toxicity testing, which are applicable to soluble chemicals
(Gambardella et al., 2017; Jemec et al., 2016; Jemec Kokalj et al., 2018; Rehse et al.,
2016). In such experiments the test guidance is not to feed the organisms, which is
logical when testing soluble chemicals as the food particles may influence the
bioavailability of the test chemical and the presence of food does not represent a
limiting factor due to the short duration of the acute study. However, this guidance
is not applicable to experiments aimed at assessing the acute response of MP,
because the adverse effects can also potentially be influenced by the presence of
food particles (Ogonowski et al., 2018). Therefore, when natural particles (at least
food) are added to avoid an exposure that might be perceived as analogous to
‘force feeding’ the organisms with MP, a criterion value of 2 is assigned to the study.
Studies that add food, but in which the food is not optimally available to the
organisms are assigned a criterion value of 1. Finally, studies that do not include
any naturally occurring or food particles are assigned a criterion value of 0.
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Criterion 15. Reporting of effect thresholds. To date, the majority of effect studies
report adverse effects for MP at a single or limited number of test concentrations
(Blarer and Burkhardt-Holm, 2016; Cole et al., 2015; de Sa et al., 2015; Green, 2016;
Kaposi et al., 2014). These observations are beneficial in demonstrating the
potential adverse effects that MP can have on biota. It remains unclear, however,
the threshold concentration above which the adverse effect initiates. For the
purposes of risk assessment, where the ratio of exposure concentrations to that of
effect threshold concentrations are derived, accurate estimates of effect threshold
concentrations, such as derived from dose-response relationships in the form of
L(E)Cs, (or the generally less preferred NOEC or LOEC) (Green et al., 2013; Jager,
2012; Landis and Chapman, 2011), are required. Given the paucity of dose-response
threshold effects data for MP, the need for effect threshold concentrations to help
inform the risk assessment process has been widely recognized (Besseling et al.,
2019; Burns and Boxall, 2018; SAPEA, 2019). Therefore, given the relative
importance of this criterion regarding applicability in risk assessment, effect studies
aiming at reporting effect thresholds are assighed the greatest value. To be
effective it is notable that effect threshold concentrations must be accompanied
with estimates of error or uncertainty, in order to evaluate that differences in
exposure concentrations are statistically meaningful. Based on this reasoning, we
assign a criterion value of 2 to studies that report threshold effects data using L(E)C«
derived from dose-response relationship modelling, with error data (95%
confidence interval, standard error or standard deviation). If other metrics like
NOEC or LOEC are used, or when no error data are provided, the data are still
considered useful and a criterion value of 1 is assigned. Studies that do not explicitly
provide data on threshold concentrations for the reported effects are assigned a
criterion value of 0.

Criterion 16. Quality of the dose-response relationship - Effect threshold
concentrations, such as ECso or LCso, are typically obtained by fitting a logit or probit
model to dose-response data (Lenz et al., 2016), in which ECsp or LCso is a model
parameter. This implies that the statistical significance of the resulting ECso or LCso
value depends on the quality of the fit to the data, and on the number of
parameters fitted, compared to the number of data points in the dose-response
relationship. In standard ecotoxicity test systems it is generally suggested to assess
effects using a minimum of six different exposure dose concentrations, including
the control, to obtain an accurate ECsp or LCso value (Ritz, 2010). Ideally, the
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exposure concentrations used are representative of the full range of effects, i.e.
from low effect to near-maximum effect, such that an ECsp or LCso value can be
derived without extrapolation. Intuitively, replication of test results at each
exposure concentration will also contribute to more accurate ECso or LCso values.
Since replication is already covered by criterion 12, only the number of exposure
concentrations used in an effect study is evaluated under this criterion. Studies that
use the recommended minimum of six exposure dose concentrations or more,
including a treatment control (zero microplastic concentration), are assigned a
criterion value of 2, and a criterion value of 1 if five different concentrations are
used. For studies reporting dose-response relationships using less than five
concentrations, a criterion value of 0 is assigned.

Criterion 17. Concentration range tested. Recent studies have drawn attention to
the need to better define ecologically relevant concentration ranges for effect
testing of MP (Lenz et al., 2016; Van Cauwenberghe et al., 2015). As previously
discussed, studies reporting adverse effects for MP often use unrealistically high
exposure concentrations, which has resulted in suggestions for future studies to
assess effects using lower, more environmentally relevant, concentrations
(Koelmans et al., 2017; Lenz et al., 2016). However, if studies limit assessing effects
to low concentrations, it is possible that derivation of effect threshold
concentrations may not be possible. Consequently, we argue that studies must
follow standard principles adopted in assessing the risks of chemicals, such as
through the use of quantitative dose-effect relationships to obtain an assessment
of effect threshold endpoints typical of ecotoxicology (i.e., ECsop or LCso) with
sufficient quality. To meet this requirement, effect testing can include both high
and low concentrations, as long as the results are used to quantitatively derive the
appropriate threshold values. For example, if an effect observed in an ecotoxicity
test system occurs only at concentrations that exceed environmentally relevant
exposure concentrations by several orders of magnitude, the end result would be
supportive of demonstrating low risk. Nevertheless, there can also be strong
arguments that support the use of environmentally realistic, low concentrations in
ecotoxicity effects tests. This is because the reported effects occurring at high
concentrations may be linked to an effect associated with a decrease in food
quality, resulting from either the ingestion of inert non-digestible particles or due
to an overwhelming number of particles in the test system that results in a
decreased potential for the test organisms to find food particles. This type of effects
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occurs with any type of particle of low nutritional value and may be perceived as an
artefact of the test system design, not an effect that is intrinsic to the MP
themselves (Connors et al.,, 2017; Gerdes et al., 2019) and is therefore better
understood as a non-specific particle effect. This exposure scenario typically results
in the test organisms suffering from starvation prior to any other modes of action
that the MP may cause — effects that might occur at lower concentrations following
a chronic exposure (Bosker et al., 2019; Redondo-Hasselerharm et al., 2020). In
other words, at environmentally relevant concentrations, it is unlikely that food
dilution represents a mechanism of ecological significance, but that more subtle
effect mechanisms (related to behaviour, avoidance, reproduction, particle
toxicity) are likely of greater relevance to assess and for which long term chronic
effects testing would be beneficial. For this reason, some studies intentionally
assess the effects associated with lower test concentrations (Redondo-
Hasselerharm et al., 2018b; Wang, Y. et al., 2019). In summary, environmentally
relevant concentrations should be given priority for effects testing of MP, which
forms the basis of a legitimate criterion for the ecological relevance associated with
chronic ecotoxicity test system design. Note that exposure duration is evaluated
below, in a separate criterion, and only the ecological relevance of the
concentration is evaluated under this criterion. Thus, studies that use two or more
environmentally realistic concentrations in the exposure concentration doses
tested, supported by credible literature data, are assigned a criterion value of 2. If
the test system uses only a single environmentally relevant concentration,
supported by credible literature data, a criterion value of 1 is assigned. Studies that
acknowledge that concentrations are far above environmentally relevant
concentrations, or that do not evaluate their exposure concentrations with
environmental monitoring data, are assigned a criterion value of 0.

Criterion 18. Aging and biofouling. Under environmentally relevant conditions, MP
undergo abiotic and biotic processes that alter their shape, size, structure and
eventually their bioavailability (Jahnke et al.,, 2017). Vroom et al. (2017)
demonstrate that the aging of MP promotes their ingestion by marine zooplankton.
As the surface of MP functions as a substrate for biofilm to grow, ingestion of
biofouled MP potentially represents an additional energy source for test organisms
(Canniff and Hoang, 2018). This implies that ecotoxicity tests that assess pristine
particles may potentially underestimate the ingestion rates that may occur in the
environment, whereby the potential to ingest aged and biofouled particles may be
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higher. Since MP undergo both aging and biofouling in the environment, it would
thus be beneficial to consider how such processes influence ecotoxicity results and
would further strengthen aims directed at ecological relevance. Consequently,
studies that include aging of MP to make them more environmentally realistic and
also characterized the MP for aging and biofouling, for instance by scanning
electron microscope (SEM), are assigned a criterion value of 2. Studies that have
only aged the MP but do not characterize them (e.g.,Zettler et al., 2013) are
assigned a criterion value of 1. Finally, studies that limit testing to only the use of
pristine MP and/or conditions that prevent the formation of a biofilm are assigned
a criterion value of 0.

Criterion 19. Diversity of MP tested. To date, most studies assessing the effects of
MP limit observations to a relatively small sub-set of all possible characteristics. For
instance, studies testing MP based on a single or limited range of particle sizes,
shapes and polymeric type may provide valuable information on how specific
particle characteristics influence uptake and effects, but under ecologically relevant
conditions, organisms will encounter a wide variety of characteristics, of which size,
shape and density often are considered the most important properties influence
the transport, fate and bioavailability of MP (Andrady, 2011; Kooi and Koelmans,
2019; SAPEA, 2019). Species-specific biological and behavioural traits can also play
an important factor in determining which properties of MP found in the
environment will most likely result in an exposure for the individuals of a species
(Redondo-Hasselerharm et al., 2018b; SAPEA, 2019). The ecotoxicological effects
related to the properties of the relevant fraction of MP for a species, may also be
influenced by the presence of either other MP or of naturally occurring particles.
Simulating species-specific responses to exposures of environmentally relevant
heterogeneous mixtures of both MP and naturally occurring particles represents a
significant challenge in MP effects testing. Recently, Kooi and Koelmans (2019)
reviewed the ranges and distributions of the characteristics of environmentally
relevant MP and observed relative similarity across datasets taken from different
locations, with respect to their physicochemical characteristics. Given the recent
awareness associated with this criterion, we suggest that future studies adopt the
use of distributions in physicochemical properties of MP as a standard approach to
enable better environmental realism in MP effects testing. Consequently, studies
that use MP with a range of sizes, shapes and densities in one mixture exposure,
and which attempts to simulate the diversity of environmental MP, are assigned a
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criterion value of 2. If the diversity related to only one or two of the
physicochemical characteristics and/or a limited distribution, a criterion value of 1
is assigned. Studies that limited effect testing to a single type of MP were assigned
a criterion value of 0.

Criterion 20. Exposure time. Standard test protocol guidelines for the ecotoxicity
testing of chemicals recommend the application of defined exposure times for each
of the endpoints assessed. While these guidelines are also routinely adopted in the
effects testing of MP, some studies highlight the need for longer exposure times,
due to the detection of time-dependent effects (Bosker et al., 2019; Chapron et al.,
2018; Redondo-Hasselerharm et al., 2020; Rehse et al., 2016; Schrank et al., 2019;
Von Moos et al., 2012; Zhang et al., 2019). For instance, the effects of MP on the
freshwater coral Lophelia pertusa differed between exposure times of 7, 20 and 47
days. While the coral growth rate decreased over time, effects on capture prey and
polyp activity disappeared after 47 days, revealing that both positive and adverse
effects of MP can differ with time (Chapron et al., 2018). Furthermore, observations
for the marine mussel Mytilus edulis, report the formation of granulocytomas and
the destabilization of the lysosomal membrane increased significantly with longer
exposure times when exposed to MP (Von Moos et al., 2012). Moreover, adverse
effects of MP on the growth of the cladoceran Daphnia magna were only found
after 25-31 days of exposure (Schrank et al., 2019). For D. magna, another study
demonstrated that their immobilization increased over time when exposed to MP
(Rehse et al., 2016). Generational effects following exposure to MP have also been
reported, as in the case of the copepod Tigriopus japonicus (Zhang et al., 2019).
Therefore, the importance of exposure duration, which can influence the detection
of adverse effects that might differ between chemicals and MP is emphasized
within this evaluation criterion. Exposure duration is of particular importance for
endpoints that seem to be time-dependent, such as growth, reproduction and long
term community effects (Foley et al., 2018; Redondo-Hasselerharm et al., 2020).
Additionally, increasing the exposure time can be perceived as adding greater
environmental relevance to the effect study, explaining the logic for why this
criterion is in the ecological relevance category. Thus, for studies that include a
minimum exposure time of 7 days for bacteria or phytoplankton, 21 days for
zooplankton, 28 days for benthic invertebrates, macrophytes or fish larvae and 3
months for adult fish, the study is assigned a criterion value of 2. For studies that
use an exposure time between 1 and 7 days for bacteria or phytoplankton, between
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4 and 21 days for zooplankton, between 7 and 28 days for benthic invertebrates,
macrophytes or fish larvae and between 1 and 3 months for adult fish, a criterion
value of 1 is assigned. Finally, studies that use substantially shorter exposure times,
specifically <1d for bacteria and phytoplankton, 4 days for zooplankton, 7 days for
benthic invertebrates, macrophytes or fish larvae and 1 month for adult fish, are
assigned a criterion value of 0, except in instances where multigenerational studies
are performed, where a criterion value of 1 is assigned

Table S2. Explanation of the quantitative scoring system proposed to evaluate the studies
testing the effects of MP on aquatic biota using the (QA/QC) criteria. The purpose of the
quantitative scoring system criteria is to assess the quality of the papers and to give
guidance for appropriate methods for MP particle studies in the future. The first subset of
criteria (criteria 1 — 12) relates to the general technical quality of effect tests. The second
set of criteria (criteria 13-20) relates to relevance of the papers to be used in risk
assessment. For each criterion a score of either 2 (adequate), 1 (adequate with
restrictions) or 0 (inadequate) points were assigned, which are explained below.

CRITERIA RELATING TO THE TECHNICAL QUALITY OF EFFECT TESTS (1 -12)

Criterion Explanation Score 2 Score 1 Score 0

Particle characterization

1. Particle size  Size is a crucial - If a range of sizes is If particle size/sizes  No
factor explaining used; a full (i.e. = 10 bins) are reported but information on
effects of MP and size distribution is not measured. size reported.
thus should be measured and reported.
reported.

- If a single size is used,
that size is measured with
an indication of
measurement error and

reported.

2. Particle Shape is a crucial Shapes are measured Particle shapes are No

shape factor explaining with high resolution reported but not information on
effects of MP and picture and reported. measured. particle shape
thus should be is reported.
measured and
reported.

3. Polymer Polymer type can be  Polymer identity Polymer type No

type a factor explaining confirmed with e.g. FTIR, provided with information on
effects of MP and Raman spectroscopy or certificate or as polymer
thus should be similar methods. provided by identity is

reported. manufacturer. reported.
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4. Source of
MP

5. Data
reporting

Specification on
where MP stock or
solution is bought
and/or how it is self-
made maximizes
reproducibility and
thus should be
reported.

Unambiguous units
are required to
ensure
reproducibility of
the experiment and
to make it possible
to compare data
across experiments.

Experimental design

6. Chemical
purity

7. Laboratory
preparation

8. Verification
of background
contamination

In order to test
particle toxicity, the
toxicity of other
chemicals in
solution or mixture
should be ruled out.
This includes
additives present in
MP, chemicals
associated with
food particles and
surfactants (e.g.
Tween).

MP contamination
arising from the
laboratory (air,
water and
materials) should be
minimized. All
materials used
(equipment, tools,
work surfaces and
clothing) should be
free of MP.
Assessment of MP
contamination of
the exposure
systems in the
laboratory.

The origin and/or
production of MP in own
laboratory is reported in
detail.

MP concentrations are
reported as mass as well
as number concentration.

Chemical effects other
than from the polymer or
solution/mixtures are
ruled out. MP are cleaned
with organic solvent.

- All materials used are
thoroughly washed with
high quality water (e.g.
Milli-Q water).

- Measures are taken to
prevent MP
contamination from air.
- Cotton lab coats were
used to avoid microfiber
contamination.

Level of contamination
evaluated and quantified,
e.g. with FTIR, Raman or
similar method.

The information
given on MP
source is
incomplete and
hence not fully
reproducible.

MP concentrations
are reported as
mass or as number
concentration.

- Chemicals are
analyzed or studies
relied on
manufacturer
certificate.

- Controls are used
or calculations are
made with values
from literature
(i.e., LCso or ECso)
to rule out toxicity
of chemical
impurities.

Only part of the
measures under 2
are taken to avoid
MP contamination.

Contamination
visually inspected.

No
information on
MP source
reported.

MP
concentrations
are not
reported.

Not
mentioned.

Not
mentioned.

No verification
of
contamination.



9. Verification
of exposure

10.
Homogeneity
of exposure

11. Exposure
assessment

12.
Replication

Not only the
nominal
concentration
should be
mentioned. The
exposure
concentration
should be
measured.

Verification of
homogeneity
throughout the
entire exposure
system is crucial for
the MP
characterization and
the assessment of
bioavailability.
Exposure of the
organism to MP
should be verified
by measurement.

For statistical rigor
in detecting effect
thresholds (e.g.,
ECso or EC10),
sufficient replicates
should be tested.

Measurement of
exposure concentration
and evidence that at least
80% of the nominal
concentration throughout
the test is maintained.

Water as medium: Picture
or measurement of MP in
water that demonstrated
well mixed or dispersion
in solution.

Sediment as medium:
Description of method
used to obtain
homogenous exposure.
Exposure of the organism
to MP is measured
quantitatively with e.g.
FTIR or Raman. In case
MP are ingested
additionally an digestion
step is included (see
Hermsen et al., 2018).5!

3 or more replicates.

CRITERIA APPLICABLE TO ECOLOGICAL RISK ASSESSMENT (13-20)

Criterion

Explanation

Applicable to Risk assessment

Score 2

Measurement of
exposure
concentration,
however no
evidence that at
least 80% of the
nominal
concentration
throughout the

test is maintained.
Water as medium:

Description of the
method used to
obtain
homogeneous
exposure.
Sediment as
medium:

Exposure of the
organism to MP is
demonstrated
qualitatively,
visually, in a
separate
experiment or
without digestion
step.

2 replicates.

Score 1
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No verification
of exposure
concentration.

Not mentioned
or exposure is
not
homogenous.

No
measurement
of exposure of
MP to
organism.

No replicates.

Score 0
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13. Endpoints

14. Presence
of natural
(food)
particles

15. Reporting
of effect
thresholds

16. Quality of
dose-response
relationship

Endpoints should be
considered that
inform ecologically
relevant population
level risk
assessment and
clearly reported.

The exposure
conditions should
be environmentally
relevant.

To enable PEC/PNEC
types of
comparisons, the
effect threshold
should be assessed
with error of
uncertainty using
dose- response
relationships.

For statistical rigor
in detecting effect
thresholds (e.g.,
ECso, EC10), sufficient
doses should be
tested, including a
treatment control,
covering the full
shape of the effect
curve and
emphasizing the
slope for parameter
estimation.

Ecological relevance

17.
Concentration
range tested

Concentrations
should be motivated
(with a reference in
the appropriate
unit) from
measured
environmental

Endpoints taken at the
community (e.g. bacteria
and algae) or individual
level (e.g. survival,
mortality, growth,
development,
reproduction).

Natural particles (at least
food) are added to avoid
force feeding of MP.
Criterion not applicable to
algae or bacteria and
hence these studies
receive 2 points.

Effect thresholds are
reported as L(E)Cx with
error or uncertainty
intervals.

Multiple doses, at least 6,
including a treatment
control.

More than 1
environmentally relevant
concentration was used
within the range tested.

Suborganismal
responses as long
as a causal
relationship with
the endpoints
mentioned under
‘2" has been
demonstrated.
Food is not

optimally available.

Effect thresholds
are reported as
LOEC or NOEC, or
as L(E)Cx value
without error or
confidence
interval.

Multiple doses, at
least 5, including a
treatment control.

Atleast 1
environmentally
relevant
concentration was
used within the
range tested.

Endpoints
cannot be
unambiguously
linked to a
threat on the
population or
individual
level.

No food or
natural
particles are
added to avoid
force feeding
of MP.

Effect
thresholds are
not reported
explicitly with
L(E)Cx, LOEC or
NOEC or not
possible to
derive effect
threshold.

Less than 5
doses.

- No relevant
concentrations
were used.

- No
comparison
with MEC.



18. Aging and
biofouling

19. Diversity
of MP tested

20. Exposure
time

concentrations
(MEC).

Aging, weathering
and biofouling is
what occurs in the
environment and
could affect the
uptake of MP;
therefore, it is
crucial to consider
this for an ecological
relevant
experiment.

In the environment,
MP have a wide
variety of shapes
and sizes. This
needs to be taken
into account for
environmentally
relevant effect
assessment.

Itis crucial to use
appropriate
exposure times to
allow for the
detection of adverse
effects.

MP particles have
undergone process to
make them
environmentally realistic
by accounting for
biofouling.

In addition, pictures of
altered particles are
provided.

A wide range of sizes
(order of magnitude),
shapes and densities are
used, thereby
approaching the diversity
of environmental MP.

Bacteria and
phytoplankton > 1 week

Zooplankton>21d

Benthic invertebrates >
28d

Fish > 3 months

Macrophytes > 28 d

MP particles have
undergone process
to make them
environmentally
realistic,
accounting for
aging, weathering
and/or biofouling,
however they have
not been
characterized.
Diversity relates to
only 1 or 2 of the

characteristics (e.g.

only a wide size
range) and/or
spans a part of the
characteristics
range only.

Bacteria,
phytoplankton: 1 —
7d

Zooplankton: 4 —
21d

Benthic
invertebrates: 7 -
28d

Fish: 1 - 3 months

Macrophytes: 7 -
28d
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Pristine MP
used and/or
conditions
were as such
that it was not
possible to
form a biofilm
during the
exposure time.

Only a single
type of
particles is
tested (i.e.
single size,
shape and
density).

Bacteria,
phytoplankton
<1d

Zooplankton <
4d

Benthic
invertebrates <
7d

Fish < 1 month

Macrophytes:
<7d
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Chapter 3

Microplastic effects tests should use a
standard heterogeneous mixture:
Multifarious impacts among sixteen benthic
invertebrate species detected, under
ecologically relevant test conditions

Vera N. de Ruijter, Matthias Hof, Petranta Kotorou, Jesse van Leeuwen, Martine J. van den
Heuvel-Greve, Ivo Roessink, Albert A. Koelmans
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This chapter is published as: de Ruijter, V.N., Hof, M., Kotorou, P., van Leeuwen, J., Van Den Heuvel-Greve,
M., Roessink, I, Koelmans, A.A., 2023. Microplastic Effect Tests Should Use a Standard Heterogeneous
Mixture: Multifarious Impacts among 16 Benthic Invertebrate Species Detected under Ecologically
Relevant Test Condlitions. Environ. Sci. Technol. https.//doi.org/10.1021/acs.est.3c06829.
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Abstract

Microplastics require a risk assessment framework that takes their
multidimensionality into account while exclusively considering robust data.
Therefore, effect tests should use a diverse, environmentally relevant microplastics
(ERMP) standard material that adheres to high-quality requirements. In this study,
we provide chronic dose-effect relationships and effect thresholds for sixteen
benthic species exposed to ERMP. The ERMP was created from plastic items
collected from natural sources and cryogenically milled to represent the diversity
of microplastics. The test design met twenty previously published quality assurance
and quality control (QA/QC) criteria. Adverse effect thresholds (ECio) were
determined at ERMP concentrations of 0.11 * 0.17% sediment dry weight
(Gammarus pulex, growth), 0.49 * 0.68% sediment dry weight (Lumbriculus
variegatus, growth), and 1.90 + 1.08% sediment dry weight (Lumbriculus
variegatus, reproduction). A positive effect of microplastics, such as decreased
mortality, was observed for Cerastoderma edule (ECyo = 0.021 * 0.027% sediment
dry weight) and Sphaerium corneum (ECyo = 7.67 + 3.41% sediment dry weight),
respectively. Several of these laboratory-based single-species effect thresholds for
ERMP occurred at concentrations lower than those found in the environment. For
other species, no significant effects were detected up to an ERMP dose of 10% dry
weight.
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1. Introduction

In recent years, research into microplastics has increased significantly due to
growing concerns within the public, political, and scientific community. It is well
known now that microplastics can be found anywhere and could potentially lead to
negative impacts on aquatic ecosystems (de Ruijter et al., 2020; Koelmans et al.,
2022b; SAPEA, 2019). Although sediments are considered a sink for microplastics,
most research to date has focused on pelagic exposure scenarios. Moreover, not
much is known about differences between habitats (marine versus freshwater) or
about the implications of species traits on the toxicity of microplastic. Prospective
risk assessments show that it is only a matter of time until the risk of adverse effects
on the ecosystem function will increase and that this is already the case for some
hotspot sites such as the Mediterranean, the Yellow Sea, and several highly
polluted freshwater sites (Adam et al., 2019; Coffin et al., 2022b; Everaert et al.,
2020; Koelmans et al., 2020). The results of these risk assessments should however
be regarded as preliminary since they were not performed in a regulatory context,
and the ecotoxicological data used is surrounded with uncertainties (de Ruijter et
al., 2020; Everaert et al.,, 2018; Koelmans et al.,, 2020). Many researchers
acknowledge that methodologies in plastic research need improvement and
harmonization (Burns and Boxall, 2018; Connors et al., 2017; Cowger et al., 2020;
de Ruijter et al., 2020; Everaert et al., 2020; Gouin et al., 2019; Karami, 2017).
Moreover, there is an urgent need to deal with the complexity of microplastics as
a diverse contaminant, varying in size, shape and polymer type and to elucidate the
underlying mechanisms of effects to explain conflicting results (Bucci et al., 2020;
Paul-Pont et al., 2018). Recently developed Species Sensitivity Distributions (SSDs)
contain ecotoxicological data that do not test microplastics in their diversity as one
would encounter in the aquatic environment (Adam et al., 2019; Besseling et al.,
2019; Everaert et al., 2020; Everaert et al., 2018). Because datapoints in these SSDs
relate to different particle types, results from such SSDs are fundamentally flawed.
Rescaling methods have been developed that solve the problem of this
misalignment (Koelmans et al., 2020; Kooi et al., 2021) and these have been applied
to derive management thresholds for the first time in a regulatory context (Coffin
et al., 2022a; Mehinto et al.,, 2022). While elegant and efficient, and can be
considered the best option at the moment, they use several approaches and
assumptions that introduce new uncertainties (Koelmans et al., 2020). In addition,
they often have to use relatively poor-quality input data (Mehinto et al., 2022), a
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problem that cannot be completely solved by scaling or alignment methods. We
propose that to increase the realism of risk assessments, exposure, and effect
threshold data should be used that meet the highest QA/QC standards, and that
relate to environmentally relevant standard microplastic mixtures that reflect the
full multidimensionality of the material (Koelmans et al., 2022b; Kooi et al., 2021).
More specifically, for effect tests, microplastic mixtures used should provide a valid
representation of the distribution of polymer types, shapes, and sizes as found in
nature (de Ruijter et al., 2020), so that as little extrapolation via rescaling as possible
is needed.

This study aimed to provide threshold effect concentrations for a range of benthic
species with different feeding traits and habitats, for risk assessment purposes. To
achieve this aim, we first prepared an environmentally relevant microplastic
(ERMP) mixture, and then tested 16 invertebrate species using that mixture while
fulfilling strict QA/QC criteria (de Ruijter et al., 2020). For instance, key features of
the quality assurance were that ERMP was characterized extensively;
contamination was minimized, exposure concentrations were homogenous and
verified, natural particles were included, allowed for biofouling of MP to increase
environmental relevance (Aljaibachi and Callaghan, 2018; Amariei et al., 2022), use
of environmentally relevant concentrations, and six replicated doses to enable
dose-response modelling to detect and report of effect thresholds. Effects data
were analysed using dose-response models, and generalised linear mix models
were applied to explore differences in effects between marine versus freshwater
species, and between feeding traits.

2. Material and Methods
2.1. Quality assurance and quality control (QA/QC)

Test design, materials, handling of materials, control of background contamination,
and exposure conditions fulfilled the twenty QA/QC criteria as defined by de Ruijter
et al (2020). A summary of how these criteria were met is provided as Supporting
information (Table S1). Additionally, a detailed description of how the criteria
verification of exposure concentration and background contamination were met, is
provided as Supporting information (Material & Methods, page S2, S3).



| 71

2.2. Preparation of environmentally relevant microplastics

Microplastic particles with varying polymer types, sizes, shapes, and colours were
created in the laboratory. In brief, naturally aged macroplastics were collected from
the river banks of the National Park Biesbosch (The Netherlands), analysed with
ATR-FTIR to determine the polymer identity, and subsequently cryogenically milled
(Figure S1, S2, S3, S4). Sieve fractions of the milling product were combined in such
a way that the final mixture demonstrably resembles ERMP occurring in sediments
(Figure S5) (de Ruijter et al., 2020; Kooi and Koelmans, 2019). The result was an
ERMP standard test mixture, with polymer weight percentages: of irregular PE
fragments (34%), irregular PP fragments (15.9%), PP fibres (10.5%), irregular PET
fragments (20.6%), and irregular PS fragments (19%). These proportions are similar
to those found in the environment.(Kooi and Koelmans, 2019) Moreover, the ERMP
test mixture had a size range between 9 to 5386 pm and a power law slope a (a =
3.28 + 0.02) (Figure S5) equal to the slope found for microplastic mixtures in
freshwater sediments (a = 3.25 £ 0.19)(Kooi et al., 2021). A detailed description of
the preparation and characterization of the ERMP test mixture is provided as
Supporting information (Material & Methods, Page S4, S5, Figure S5, S6).

2.3. Test organisms

A total of sixteen benthic invertebrate species, comprising nine freshwater and
seven marine species, were tested in this study. Freshwater species selected were
Gammarus pulex, Hyalella azteca, Asellus aquaticus, Sphaerium corneum, Corbicula
fluminalis, Potamopyrgus antipodarum, Tubifex spp., Lumbriculus variegatus, and
Chironomus riparius. Organisms were selected to differ in their feeding and living
behaviour, however, are all connected to the benthic environment (Table S2).
Marine species selected were Alitta Virens, Limecola balthica, Corophium volutator,
Arenicola marina, Cerastoderma edule, Porcellana platycheles, and Mytilus edulis
(Table S3). A detailed description of the origin and collection of the test organisms
is provided as Supporting information (Material & Methods, Page S6).

2.4. Sediment

Clean freshwater sediments were collected from the experimental field station of
Wageningen University (the Sinderhoeve, Renkum, The Netherlands). Marine
sediments were collected from Oesterput and Roelshoek (Eastern Scheldt, The
Netherlands) and mixed with a ratio of 1:4 (Redondo-Hasselerharm et al., 2018b).
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For a detailed description of the collection and preparation of the sediments, see
Supporting information (Material & Methods, Page S7).

2.5. Experimental setup

The systematic testing approach in this study is similar to the one followed by
Redondo-Hasselerharm et al. (2018), with a few adjustments (Redondo-
Hasselerharm et al.,, 2018b). Sediment-microplastics mixtures were added to
sediment at the concentrations 0, 0.1, 0.3, 1.0, 2.5, 5.0, and 10.0 % dry weight
(d.w.). This translated to a particle concentration of 5.9 x 10°, 1.8 x 107, 5.9 x 10/,
1.5 x 108, 2.9 x 108 and 5.9 x 108/kg d.w. sediment, respectively. In total 17 chronic,
single-species bioassays were performed. The systematic testing approach in this
study is similar to the one followed by Redondo-Hasselerharm et al. (2018),
however, in the previous study the sediment that originated from a
noncontaminated ditch in Veenkampen (Wageningen, the Netherlands), had a
TOM content of 31.6% * 3.5 (n=4) (Redondo-Hasselerharm et al., 2018b). While
environmentally relevant, this high TOM content could mask the adverse effect of
microplastics. After all, negative effects observed in aquatic organisms have been
explained by the inhibition of food assimilation and/or decreased nutritional value
of food, more commonly referred to as “food dilution” (de Ruijter et al., 2020).
Hence we chose sediment with a lower, more common TOM content. To verify
comparability between our testing approaches and implement a positive control,
we repeated the previous experiment by Redondo-Hasselerharm et al. (2018) with
G. pulex. Once with the lower TOM content sediment and PS fragments as used by
Redondo-Hasselerharm et al. (2018), and once with the lower TOM content and
with ERMP instead of PS fragments. For experiments 1 and 2, experimental units
were made by either adding PS fragments or ERMP without PS fragments to
sediment (Table S2, 3) in the following concentrations 0, 0.5, 1, 3, 5, 10 and 20
weight %. For experiments 3 through 17, ERMP including PS fragments (Table S2,
3) were added to the sediment in the following concentrations 0, 0.1, 0.3, 1.0, 2.5,
5.0, and 10.0 weight %. Concentrations ranging from environmentally relevant (0
to 1.0%)(Lenaker et al., 2019; Redondo-Hasselerharm et al., 2023; Xia et al., 2021)
to high concentrations (2.5-20%) were included to cover criteria related to
relevance as well as to statistical rigour in finding an effect threshold (de Ruijter et
al., 2020).
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Sediment-microplastic mixtures were manually homogenized with a stainless steel
spoon. Consequently, Dutch Standard Water (DSW) or filtered seawater was gently
added at a 3:1 water-to-sediment ratio. Experimental units were made in
quadruplicate and four blanks (containing only DSW or seawater) were added to
measure background microplastic contamination, e.g. from air fallout. Systems
were randomized and left to acclimatize to allow for biofilm formation for two
weeks before adding the organisms (Amariei et al., 2022; Diepens et al., 2015;
Lobelle and Cunliffe, 2011; Ramsperger et al.,, 2020; Vroom et al.,, 2017).
Experimental units received 11 to 22 organisms depending on the size of the
organisms (Table S2, S3). Exposure lasted 28 days. Dissolved oxygen, pH,
temperature, conductivity/salinity, and NH; concentrations were measured twice a
week and DSW and seawater were refreshed periodically (Table S5, S4). For a
detailed description of the experimental design, the reader is referred to the
Supporting information (Material & Methods, Page S8).

2.6. Endpoints mortality, reproduction, growth, feeding rate, emergence, and
development rate

After 28 days organisms were sieved, counted, and transferred to clean DSW or
seawater to clear their gut for 24 hours. Consequently, organisms were rinsed with
milli-Q water and microplastic particles in their gut contents, and body tissues were
stored separately at -20°C for later microplastic analysis. Findings related to
microplastic ingestion will be detailed in an companion paper. Organisms were
photographed and either their length was measured using ImagelJ (Schneider et al.,
2012) or they were weighed per replica. The emergence of Chironomus riparius was
counted daily. The feeding rate (mg d.w. leaf/organism/d) of G. pulex was
calculated from the loss of poplar leaves (Equation S1). An overview of endpoints
measured per organism is provided as Supporting information (Table S2, S3).

2.7. Data analysis

Selection of the best-fitting dose-response models, and detection of statistically
significant ECso threshold effect concentrations, was done using the dose response
curve (DRC) package in R (Ritz et al., 2015). The significance of ERMP dose-
dependence (pnotttect) Was assessed using a log-likelihood ratio test using the best-
fit dose-response model compared to a linear regression model with a slope of 0,
representing absence of dose-dependency.
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To explore if the effects of the ERMP concentration on mortality were different for
the freshwater versus marine species tested, a Generalized Linear Mixed model
(GLMM) was used. Similarly, a GLMM was used to explore if the effects of ERMP on
mortality were different for the feeding traits (filter feeders, sediment/deposit
feeders, sediment grazers, and facultative deposit feeders). All statistical analyses
and graphs were performed in R Studio (Team, 2021). For a detailed description of
the statistical approach the reader is referred to the Supporting information
(Material & Methods, Page S9, S10)

3. Results and discussion
3.1. Mortality, emergence and reproduction

The mortality in the controls was 20.0 % on average across all tests, ranging from
0.0 % (P. platycheles and C. fluminalis) to 75.0 % (C. edule) with a median mortality
of 9.5% (Table S2, S3). The mean total of C. riparius that did not emerge was 40%.
Additionally L. variegatus had a mean reproduction factor of 2.9, which is more
than acceptable (OECD, 2007). Some marine species were never tested before,
making control mortality less predictable and in some cases less ideal in the context
of effect testing for regulatory purposes. Error in replicated treatments was fairly
high in some cases. We observed a cascading phenomenon in the test systems of
Cerastoderma edule, Porcellana platycheles, Arenicola marina, and Mytilus edulis,
implying that the death and decay of only 1 individual resulted in a decline in water
quality, which in turn resulted in the death of more individuals. Note that the effect
thresholds derived from effect tests with high mortalities in the controls are not fit
for regulatory purposes. Nevertheless, sediments were non-toxic, water quality
parameters were good (Table S5, S6), and 80% of all individuals tested survived 28
d of exposure, illustrating that test conditions generally were sufficient.

There was no statistically significant effect threshold found for mortality of G. pulex
after chronic exposure to ERMP without PS fragments with concentrations up to
20% d.w. (Figurel, Table S7). There were no statistically significant effect thresholds
found for the marine and freshwater species H. azteca, A. aquaticus, C. fluminalis,
P. Antipodarum, Tubifex spp., A. Virens, L. balthica, C. volutator, A. marina, P.
platycheles or M. edulis after chronic exposure to ERMP with concentrations up to
10% d.w. in sediment (Figure 1, 2) (Table S7, S8). Statistically significant effect
thresholds were found for mortality for the species G. pulex after chronic exposure
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to PS, however the dose-response curve was not significant (Figure 1, Table S7).
Moreover, a significant effect threshold was found after chronic exposure to ERMP
with concentrations up to 10% d.w. in sediment for the emergence of C. riparius,
however the dose-response curve was not significant (Figure 1, Table S7). A
significant dose-response curve, however, was found for the reproduction of L.
variegatus (p = 0.009; Table S7) (Figure 1). Dose-response curve fitting yielded a
significant ECso value of 2.51 + 0.44 % (p = 0.002 ) for L. variegatus (Figurel, Table
S7, Table 1).

We emphasize that it is challenging to compare these results with previous
literature data, because, unlike the present study, previous data were obtained
with microplastics that are not environmentally relevant, and previous effect tests
often failed to meet sufficient QA/QC criteria. In this sense, the current data can be
considered the first of its kind, and can only be compared with previous test results
with caution.

Nevertheless, our results do not completely contradict previous microplastic
experiments with benthic macroinvertebrates in terms of mortality (Imhof and
Laforsch, 2016; Mateos-Cardenas et al., 2019; Redondo-Hasselerharm et al., 2018b;
Weber et al., 2018). For instance, Imhof and Laforsch (2016) tested an
environmentally relevant mixture of irregular PA, PET, PC, PS, and PVC particles
ranging from 4.64 to 602 um and did not find any effects on morphological or life-
history parameters of the mud snail Potamopyrgus antipodarum (Imhof and
Laforsch, 2016). Additionally, Redondo-Hasselerharm et al. (2018) tested a wide
size range of irregular PS fragments on G. pulex, H. azteca, A. aquaticus, and Tubifex
spp. with a dose up to 40% in sediment d.w. and reported no effects on mortality.
Interestingly, they also reported no effects on the reproduction factor of L.
variegatus, whereas we detected effects in the present study. Several factors may
explain the difference. First of all, our present study used a more realistic
microplastic mixture with a more diverse polymer composition, whereas also
shapes were more diverse, e.g. including fibres and irregularly shaped PE, PP, and
PET fragments ranging from 9 to 5386 um. The inclusion of fibres associated with
longer gut retention time in the current study may increase the impact of
microplastics, as is seen also in other studies (Au et al., 2015; Ziajahromi et al.,
2017). Second, our present study used sediment with a lower organic matter
content (6.8 + 0.42%) compared to the sediment used by Redondo-Hasselerharm
et al. (2018) (31.6 £ 3.5%). This suggests that the inclusion of naturally occurring
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organic particles can lower the impact of MP significantly or even mask adverse
effects, as is also observed in other studies (Aljaibachi and Callaghan, 2018; Amariei
et al., 2022; Rist et al., 2017; Scherer et al., 2017).

However, these explanations of observed differences in adverse effects remain
speculative and the ingestion of ERMP by the organisms as well as effects at
different food quality levels need further study to be conclusive. Nevertheless, the
present study underlines the importance of testing a set of diverse microplastics to
make accurate predictions on the population level. For instance, Silva et al. (2021),
did not find any adverse effects on the reproduction of L. variegatus after long-term
exposure to solely irregular-shaped PE, suggesting no negative impacts on L.
variegatus population fitness (Silva, C. J. et al., 2021). Yet using a diverse suite of
environmentally relevant microplastics we show that the organism L. variegatus is
likely to be affected at the population level (ECio = 1.90 + 1.08 %, p = 8.1x10° )
(Table 1).

Remarkably, a significant positive effect on survival was found for the marine clam
C. edule (ECso=1.01 £ 0.45 %, p = 0.003) and the freshwater clam S. corneum (ECsg
=9.88 + 0.68 %, p = 2.0x107'%) (Table S7, 8) (Table 1). Note that mortality in the
controls was high for C. edule (75% ), meaning that the control, unlike those for the
other species, was not representative of a habitat with optimal conditions. It does
however indicate that with increasing concentration of ERMP in the sediment, the
mortality decreased, and habitat quality for these species increased with
concentration given the test conditions. C. edule as well as S. corneum inhabit the
surface of sediments, burrowing to a depth up to 8 cm (McMahon and Wilson,
1981). A possible explanation is that the sediment was too compact for these
species, causing resistance for burrowing in the top sediment layer. The
microplasticamendments may have loosened sediment consolidation, reducing the
energy required for digging. It remains unclear to what extent this effect would be
detectable in nature where sediment top layers are more dynamic due to
bioturbation and wind or wave-induced pressure gradients. Moreover, on an
intertidal flat in nature, C. edule would be able to move to a location with more
optimal sediment.

3.2. Growth and feeding activity

The growth of marine and freshwater organisms was assessed using length after 28
days and length of the population at the start. For the worm species Tubifex spp.,
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L. variegatus, A. virens, and A. marina, growth is expressed in weight (mg d.w.) and
showed relatively high variability among replicates (Figure 3, 4). As for the other
organisms G. pulex, H. azteca, A. aquaticus, S. corneum, C. fluminalis, P.
Antipodarum, C. riparius, C. volutator, L. balthica, C. edule, P. platycheles, and M.
edulis, growth is expressed in length (mm) and variability among replicates was
relatively low (Figure 3, 4).
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Figure 1 Mean mortality (+ s.d.) expressed in proportion (dead/start population) of G. pulex
exposed to PS (A), G. pulex exposed to ERMP (B) with concentrations up to 20% in d.w.
sediment. H. azteca (C), A. aquaticus (D), S. corneum (E), C. fluminalis (F), P. antipodarum,
(G), Tubifex spp. (H) exposed to ERMP + PS with concentrations up to 10% in d.w. sediment.
Mean reproduction factor (£ s.d.) of L. variegatus (I) exposed to ERMP + PS and mean total
emergence (t s.d.) of C. riparius (J) exposed to ERMP + PS. Exposure time for all freshwater
species was 28 days. A three and a four parameter log-logistic dose response model were
plotted for S. corneum (E) and L. variegatus (), respectively. Concentrations are on a log
scale. The zero concentration has been converted to 0.01 to allow plotting on the log scale.
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Figure 2 Mean mortality (+ s.d.) expressed in proportion (dead/start population) of A. virens
(A), A. marina (B), C. volutator (C), L. balthica (D), C. edule (E), P. platycheles (F), M. edulis
(G) exposed to ERMP + PS with concentrations up to 20% in d.w. sediment. Exposure time
for all marine species was 28 days. A three-parameter Weibull (type 1) model was plotted
for C. edule (E). Note that concentrations are on a log scale, additionally the zero
concentration has been converted to 0.01 to allow plotting on the log scale.
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Figure 3 Mean growth (x s.d.) expressed in length (mm) of G. pulex exposed to PS (A), G.
pulex exposed to ERMP (B) with concentrations up to 20% in d.w. sediment. Mean growth
(s.d.) expressed in mm or mg of H. azteca (C), A. aquaticus (D), S. corneum (E), C. fluminalis
(F), P. antipodarum, (G), Tubifex spp. (H) and L. variegatus (l) exposed to ERMP + PS with
concentrations up to 10% in d.w. sediment. Mean development rate (£ s.d.) of C. riparius (J)
exposed to ERMP + PS with concentrations up to 10% in d.w. sediment. Exposure time for
all freshwater species was 28 days. A two parameter log-logistic dose response model were
plotted for G. pulex exposed to ERMP -PS (B), respectively. A four-parameter Weibull (type
1) model was plotted for L. variegatus (). Note that concentrations are on a log scale,
additionally the zero concentration has been converted to 0.01 to allow plotting on the log
scale.
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Figure 4 Mean growth (* s.d.) expressed in either length (mm) or weight (mg) of A. virens
(A), A. marina (B), C. volutator (C), L. balthica (D), C. edule (E), P. platycheles (F), s (G)
exposed to ERMP + PS with concentrations up to 20% in d.w. sediment. No statistically
significant effect thresholds were found. Exposure time for all marine species was 28 days.
Note that concentrations are on a log scale, additionally the zero concentration has been
converted to 0.01 to allow plotting on the log scale.
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For the marine and freshwater species H. azteca, A. aquaticus, S. corneum, C.
fluminalis, P. Antipodarum, Tubifex spp., C. riparius, A. Virens, A. marina, C.
volutator, C. edule, P. platycheles or M. edulis no statistically significant effect
thresholds were found after chronic exposure to ERMP with concentrations up to
10% d.w. in sediment for growth (Figure 3, 4) (Table S9, S10). For L. balthica a
significant effect threshold was found (p = 0.002), however the dose response curve
was not significant as was also apparent by visual inspection (pnosfect = 0.126).
Additionally, for G. pulex, exposed to PS fragments, a significant effect threshold
was found (p = 0.006), however the dose response curve was not significant (pnotfect
= 0.332). For G. pulex, a reduction in growth was observed after chronic exposure
to ERMP without PS-fragments sediment (ECso = 2.85 + 1.39 %, p = 0.050) with
concentrations up to 20% in d.w. (Table S9; Figure 3; Table 1). Note that this effect
threshold is not fit for regulatory purposes as the control mortality was too high
(40.9%). Additionally, for L. variegatus a statistically significant adverse effect was
found for growth (ECso = 0.77 + 0.14 %; p = 0.007; Protfrect = 2.32 x 103; Table S9;
Figure 3; Table 1). Finally, no effect threshold was found for feeding rate of G. pulex
after 28-day exposure to PS fragments. For the feeding rate of G. pulex exposed to
ERMP without PS fragments a significant effect threshold was found (p = 2.16 x 10°
16), However, the effect threshold concentration was not physically realistic,
moreover the dose-response curve was not significant (pnoerect = 0.980) as was also
apparent by visual inspection (Table S9, Figure S8).

Our findings of G. pulex exposed to ERMP without PS are in accordance with the
study done by Redondo-Hasselerharm et al. (2018b). Also here a reduction of
growth on G. pulex was reported after exposure to PS, with a similar effect
threshold (ECso =3.57%). As discussed previously, almost identical systematic
approaches were used, however, in the present study we used a more commonly
occurring sediment with a lower TOM content and an even higher diversity of
microplastic particles. The masking hypothesis previously mentioned does however
not seem to apply to G. pulex from the study by Redondo-Hasselerharm et al.
(2018b), suggesting a certain species-specific trait. Of all the species tested and
considering the results of the various tests done with G. pulex, this species seems
to be the most sensitive to adverse effects of microplastic (Table 1).

For L. variegatus a significant negative effect was found for growth (ECso = 0.77
0.14 %, p = 0.007). This is in contrast to the finding reported by other studies
(Redondo-Hasselerharm et al., 2018b; Silva, C. J. et al., 2021). For instance, Silva et
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al. (2021) reported on sub-organismal effects such as depletion of energy reserves
of L. variegatus, however, no adverse effects were found on biomass when exposed
to only irregularly-shaped PE. The differences in effects are likely due to the
different types, shapes, sizes and aging processes of the microplastics used. Again,
to be conclusive about the latter, the ingestion of ERMP by L. variegatus would
need to be studied.

No differences on feeding activity in the studies done for G. pulex (exp 1 and 2)
were found after 28 day exposure to ERMP. This is similar to the results found in
previous chronic exposure studies (Redondo-Hasselerharm et al., 2018b; Weber et
al., 2018). Although testing solely PS and PET respectively, these studies also did
not find any effect on the feeding rate of G. pulex. These results show that the
reduction in growth cannot be explained by the reduction in food uptake as this
stays constant throughout treatment concentrations (Redondo-Hasselerharm et
al., 2018b). Moreover, Straub et al. (2017) showed that after chronic exposure to
polymethylmethacrylate (PMMA) and polyhydroxy butyrate (PHB) in Gammarus
fossarum, the assimilation efficiency and wet weight gain decreased, however the
feeding rate was not affected. It is likely that the decrease in growth can be
explained by the mechanism inhibition of food assimilation and/or decreased
nutritional value of food, but also obstruction in the gut (de Ruijter et al., 2020;
Straub et al., 2017).



84 |

'sasodind AJo3e|nSaJ 40} 1 S| 8104219y} S3193S SIY} J0) SP|OYSDIYL 199443 DY *|0JIU0D B} Ul PUNO) SBM %6°0 40 Alljeow ysiy e Sd-dINY3 03 pasodxa xajnd ‘o 104 (,
'S0°0 > 1%, ‘TO'0 > sk, TO0'0 > “sxxe, TOOO'0> 1S9POD IUBDHIUSIS “PlOG Ul PRIYSIYS1Y 318 (S0°0 > d) SBUIpUly JUBIIUSIS (g
"pamy sia1oweled 4o Jaquinu 3yl SulAIS X yum ‘(x*17) a13siS0| So| pue (X' TM) [apow | adAy |Ingia (S|apow Suimo||o) Y3 sapiaoid Y ul aSexded aAIND asu0dsal-asop YL (e

*xxST £20°0 a|npa b
-3cTe % €00°0  £L0+396°S SP'0F¥T0°T 90+3vC’T ¥ T1¢00 €TM ou Ayjenon QUUBN  WJopPOISDIa)
sn30ba1IoA
+x€0-ICE'C % £00°0  LO+3ESY YI'0+LL0 LO+388'C 89'0F6V0 7'TM EE yimois 191emysaly sninaqwny
lojoey
uon sn10b31ioA
*%600°0 %%x€00°0  80+381'T 0+ 19°C 80+3CT'T 80T+06'T Al saA  anpoiday J31emysaly sninarquing
wnauiod
*€ET0°0 %% 9T-30°C  80+378'S 89'0%¥886 80+3tSV TV'EFLIL €M ou Aujeron Jaiemysaly wnuapyds
o (Sd
*%xV0 -dWy3) xaind
-382°9 x0§0'0  80+389'T 6ETFS8C 90+387'9 LTOFTITO [l sahA Yyimouo Ja1eMysaly snJpwwng
WBWIPaS uBWIPaS
}sa) onnes (q Mp mp »
-ploysaiyr 8y / sons 8y / sons pany  aye
Paye  ejdosiw ejdosoiw e p  9sa9 JUBWUOIIAUD
anjea-d anjea-d %331 %'3'S¥%03 033  %'I'SFOD3I o adAL  Apy  julodpu3 anenby wsiuesio

(e SUOI1EJIUIUOD 12943 P|OYSaIY] ('S F) 0TD3 pue 0533 Pa1dalap JO MIIAISAQ *T 3|qel



| 85

3.3. Different responses to microplastic exposure for groups of species with
different feeding traits.

We also tested whether the response of species to an increasing dose of
microplastics is different for groups of species with different feeding traits.
We distinguished four types of main feeding traits: filter feeders,
sediment/deposit feeders, sediment grazers and facultative deposit feeders
(Table S12). For mortality, no significant differences were found, except for
the group of species feeding in the water column (filter feeders). Increasing
exposure to microplastics has a greater effect on organisms exposed to
water than on organisms in any of the other feeding guilds (GLMM, p <3.90
x 107; Table S13a-d). Here too Cerastoderma edule falls within the deviant
group, a species whose mortality decreases with increasing concentration.
Again, we can only speculate about possible explanations for the aberrant
exposure from the aqueous phase. One possible explanation is that species
that feed on the water above the sediment have a higher general sensitivity
to particulate matter than species that are naturally more closely associated
with sediment because that is their natural habitat.

4. Limitations and recommendations for future work

Here we have provided 17 dose-response relationships consisting of 5 effect
threshold concentrations for 16 freshwater and marine benthic
macroinvertebrates species using an environmentally relevant mixture of
microplastic particles, demonstrating that this can be done under the
strictest methods of quality assurance. Nevertheless, some species
(Gammarus pulex, Hyalella azteca, Asellus aquaticus, Sphaerium corneum
and Cerastoderma edule) exhibited high mortality rates in their control
groups, rendering these results less suitable for regulatory considerations.
Although these results have given us valuable insight, we suggest that these
particular species be re-evaluated in future studies.

Earlier studies did not test such a wide range of species under the same
conditions, were less reliable, and/or were less fit for purpose concerning
risk assessment (de Ruijter et al., 2020). Rescaling and alignment methods
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have been developed to correct for differences among studies that target
different microplastic size ranges, densities, or shape categories (Koelmans
et al.,, 2020; Kooi et al.,, 2021). However, the present effect data would
require no or only a very limited level of corrections because microplastic
particles were tested that were already close to those occurring in (aquatic)
environmental samples. This enables direct use of the present data in risk
assessment, without the need for mathematical alignments. Furthermore,
for the present microplastic mixture used, probability density functions
(PDFs) for shape, size, and density were provided nevertheless, thus still
allowing alignments to microplastic exposure conditions that would deviate
from those represented by our tested mixture. We propose that PDFs are
always provided when microplastic particles are used in tests so that users
can translate test results into other conditions. Examples of how the results
of these types of complex exposures can be applied to risk assessments have
been outlined in recent literature (Mehinto et al.,, 2022; Redondo-
Hasselerharm et al., 2023).

We did not find statistically significant effects on mortality or emergence for
the freshwater and marine species G. pulex, H. azteca, A. aquaticus, C.
fluminalis, P. Antipodarum, Tubifex spp., C. riparius, A. Virens, L. balthica, C.
volutator, A. marina, P. platycheles or M. edulis (Table S7, S8). Additionally,
chronic exposure to ERMP with concentrations up to 10% d.w. in sediment
caused no significant effect on growth for the marine and freshwater species
H. azteca, A. aquaticus, S. corneum, C. fluminalis, P. Antipodarum, Tubifex
spp., C. riparius, A. Virens, A. marina, C. volutator, L. balthica , C. edule, P.
platycheles or M. edulis (Table S9, Table S10). Ideally, Species Sensitivity
Distributions used for ecological risk assessment contain data on endpoints
that are directly relevant to the population level, like reproduction,
mortality, and growth. Here, we only considered such relevant endpoints,
which implies that it is legitimate to speculate on implications for risks of
microplastic in aquatic sediments based on our data. We detected number
concentration effect thresholds ECio for adverse effects for two freshwater
species; 6.48x10° #/kg (growth of G. pulex exposed to ERMP without PS) and
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2.88x107 and 1.12x10® #/kg (growth and reproduction of L. variegatus).
When comparing these effect threshold concentrations to rescaled
measured environmental concentrations (MEC) for Liangfeng River
sediments in China of 2.21x10® #/kg d.w. (Redondo-Hasselerharm et al.,
2023; Xia et al., 2021) or for Menomonee river sediments in the USA of
1.73x108 #/kg (Lenaker et al., 2019; Redondo-Hasselerharm et al., 2023), it
becomes apparent that risks would be indicated for G. pulex and L.
variegatus and sufficiently similar species if our test conditions would be
sufficiently representative of in situ exposure conditions.

Interestingly, we detected positive effects of microplastic on habitat quality
for two species; C. edule and S. corneum, besides negative effects for several
other species. The simultaneous existence of effect mechanisms that lead to
a decline of the population density for some species and to a lesser decrease
in population density for some other species has crucial implications for
understanding the effects of microplastic on the community level.
Previously, an analysis of community effects after long-term exposure to
nano- and microplastic has revealed that the abundance of some species
decreased whereas the abundance of other species increased, indicating
either direct or indirect positive effects on the species level (Redondo-
Hasselerharm et al., 2020). Another example of this is that the increase in
microplastic concentrations in the oceans has reduced substrate limitation
for oviposition for the pelagic insect Halobates sericeus (Goldstein et al.,
2012), which also constitutes a positive effect on the population
level. Additionally, Canniff and Hoang (2018)), showed in an algal
experiment that microplastics enhanced the growth of Raphidocelis
subcapitata and suggested that when ingested by Daphnids could provide a
possible food source. Recently, Amariei et al. (2022) reported a negative
effect of microplastic ingestion by Daphnids due to food dilution, however,
a positive effect on the population was observed when that same
microplastic was carrying a nutritious biofilm, which is the default situation
in nature. Obviously, these observations should not be taken as a reason to
scale down the problem of microplastic particles in the environment.
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However, a thorough understanding of multifarious effects including
negative as well as positive population effects is required to be able to
understand and model secondary effects on the food web and ecosystem
level (Kong and Koelmans, 2019).

Acknowledgments

We acknowledge financial support from the European Chemical Industry
Council (CEFIC) Long Range Research Initiative (LRI), project ECO49 —
Microplastics Effect Threshold for Aquatic Species (METAS). We thank Frits
Gillissen, Dorine Dekkers, Marie-Claire Boerwinkel, Pim van Dalen, Wouter
Suykerbuyk, Emiel Brummelhuis, and Jennifer Chin for their practical
assistance. Additionally, we would like to thank Svenja Mintenig for her help
with the development of a protocol for FTIR-analysis and Clara Delecroix,
Edwin Peeters, and Noél Diepens for their assistance with the statistical
analysis.



| 89

Supporting Information

The supporting information can be found online at:
https://doi.org/10.1021/acs.est.3c06829







| 91

Chapter 4

Trait-based bioavailability of microplastics
for benthic macroinvertebrates

Vera . N de Ruijter, S.M. Mintenig and Albert A. Koelmans

Manuscript in preparation



92 |

Abstract

Since effect and bioaccumulation tests have so far mainly used monodisperse
microplastics while natural microplastics are diverse, there is no accurate
understanding of the actual biological availability of microplastics. Therefore, risk
assessments based on that test data are questionable. In this study, we investigate
the species-specific uptake of an environmentally realistic microplastic mixture for
11 species. The species specificity is demonstrated by describing the ingested
particles as a continuum, quantified through continuous size distributions.
Differences are statistically tested, both among species data and in comparison to
distributions for the controls. The quantity and type of ingested particles are
determined based on a polymer and size-specific blank correction procedure. The
results indicate that adverse effects like reduced growth and reproduction,
previously observed in Lumbriculus variegatus after exposure to environmentally
relevant microplastics (ERMP), can be causally linked, as microplastics have been
detected in the species’ whole body tissue samples. We discovered that only a
select portion of ERMP is bioavailable for Asellus aquaticus, Corbicula fluminalis,
Corophium volutator, Hyalella azteca, Lumbriculus variegatus, Limecola balthica,
Mytilus edulis and Tubifex spp.. More specifically, the majority of particles detected
in organisms ranged from 5.5 to 27.7 um, but differed in polymer composition, with
5.5 um also being the method's lower size detection limit. The abundance of
egested ERMP significantly exceeded that retained in the tissue samples, indicating
organisms can egest most ingested microplastics within a 24 h depuration period.
The lowest number of ERMP was found in tissue and egestion samples of
Chironomus riparius and Potamopyrgus antipodarum respectively, averaging <1
particle/organism. The highest egested ERMP count was for M. edulis, at 49.9
particles/organism, primarily polystyrene. Similar size distributions were found in
whole body samples amphipods A. aquaticus and H. azteca, which are both
sediment grazers/scavengers. Also, similarities were noted between the size
distributions of freshwater and marine clams C. fluminalis and L. balthica, both
facultative deposit feeders. The particle size and species-specific ingestion patterns
highlighted here offer a critical foundation for understanding the relevance of
effect mechanisms like particle volume-based food dilution.
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1. Introduction

A large portion of microplastics research has concentrated on the biomonitoring of
microplastics across a broad range of freshwater and marine organisms (Gouin,
2020; Hermsen et al., 2018; Wesch et al., 2016). Meanwhile, laboratory studies
have primarily examined the ingestion of microplastics, often using monodisperse
particles that may not realistically represent environmental conditions (de Ruijter
et al., 2020). For ecotoxicological studies no standard protocols have been widely
accepted to identify microplastics. While most ecotoxicological studies (78.1%)
include a description verifying that microplastics have been ingested by test
organisms, verification is often (72.4%) demonstrated in either a separate
experiment, assessed qualitatively, visually, or without a digestion step (de Ruijter
et al., 2020). The number of studies that qualitatively assesses and thus causally
links observed effect to actual exposure data is limited (de Ruijter et al., 2020).
However to be able to understand and interpret effect data in the context of
hypothesized effect mechanismes, it is important to determine which fraction of the
diverse environmental mixture of particles is available for organisms. For instance,
when observing effects like a reduction in growth or survival, it is relevant to
measure the ingested microplastic particles to determine if the observed effect is
due to the mechanism of food dilution caused by the co-ingestion of low-caloric,
nondigestible microplastics. Furthermore, it is essential that the metric used to
quantify the effect is ecologically relevant and identical to the metric used for
guantifying exposure. Microplastics, given their species- and particle-specific effect
mechanisms, may have several such environmentally relevant metrics (ERMs).
Research indicates that in scenarios of food dilution, the volume of ingested
particles serves as the ERM (Koelmans et al., 2022b; Thornton Hampton et al.,
2022b). Conversely, in instances where effects are triggered by translocation, the
collective surface area of bio accessible particles becomes the ERM (Koelmans et
al., 2022b). Thus, it is the effect mechanism that dictates the interaction between
microplastic particles and organisms, as well as the proper method for assessing
actual exposure (Koelmans et al., 2022b).

Effect studies often focus on narrow segments of the microplastics continuum,
usually examining monodisperse pristine particles that inadequately represent the
heterogeneous mixture found in natural environments (de Ruijter et al., 2020). This
segmented approach, poses challenges in translating research findings into
meaningful insights for risk assessment. Although alignment methods have been



94 |

developed and applied to address this issue (Koelmans et al., 2023a; Koelmans et
al.,, 2020; Kooi et al.,, 2021; Redondo-Hasselerharm et al.,, 2023; Redondo-
Hasselerharm et al.,, 2024), they involve complex calculations that introduce
additional uncertainties. Ideally, effect studies should therefore examine
microplastics that closely mirror the environmental continuum in terms of size,
shape, and polymer type (Koelmans et al., 2022b; Koelmans et al., 2020). By testing
a representative mixture of microplastics, researchers can more accurately
determine the bioavailable fraction, acknowledging that the total substance
concentration often lacks toxicological relevance (Posthuma et al., 2001). This
comprehensive approach not only enhances the ecological relevance of effect
studies but could also facilitates a more nuanced understanding of the
environmental impact of microplastic pollution by unravelling the intricacies of
species-specific responses to microplastics. For instance, non-selective feeders
such as sediment feeders might struggle to avoid microplastics due to their feeding
strategy, rendering them more susceptible to ingestion. Conversely, these
organisms may have adaptations to cope with the presence of non-nutritious
particles in their environment, potentially reducing the adverse effects of
microplastic exposure.

In a previous study by de Ruijter et al., (2023), a total of 16 benthic marine and
freshwater species with diverse feeding habits — including filter feeders,
sediment/deposit feeders sediment grazers/scavengers, and facultative deposit
feeders-, were exposed to environmentally relevant microplastics (ERMP) to
guantify effect thresholds (Chapter 3). Subsequently, the present additional study
was initiated that involved collecting and storing samples for microplastic analysis
from the biota tissues and the egestion samples for each species.

In this study, we aim to measure the bioavailable fraction of ERMP mixture for 11
selected freshwater and marine benthic species with diverse feeding traits. To
achieve this aim, we employed whole-body digestions using enzymatic purification
protocols modified from previous studies (Loder et al.,, 2017; Pan et al., 2021).
Additionally, we adhered to strict quality assurance and quality control (QA/QC)
criteria, following Hermsen et al. (2018).
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2. Material & Methods
2.1. Environmentally relevant microplastic (ERMP) mixture

Samples selected for the detection of ERMP originated from single-species
bioassays with organisms that had been exposed to sediment-microplastic mixtures
of up to 10.0 % dw sediment (5.9 x 108/kg of dw sediment). For details, the reader
is referred to de Ruijter et al. (2023; Chapter 3). The ERMP mixture consisted of
particles of varying polymer type, size, shape and colour, and was created in the
laboratory in proportions that match those occurring in the environment (Kooi and
Koelmans, 2019; Kooi et al., 2021). The weight distribution of polymers used to
create the microplastic mix consisted of irregular polyethylene (PE) fragments
(34%), irregular polypropylene (PP) fragments (15.9%), PP fibres (10.5%), irregular
Polyethylene terephthalate (PET) fragments (20.6%), and irregular polystyrene (PS)
fragments (19%). Moreover, the ERMP test mixture had a size range between 9 and
5386 um and a power law slope a (a = 3.28 + 0.02) equal to the slope found for
microplastic mixtures in freshwater sediments (a = 3.25 * 0.19)(Kooi et al., 2021).
A detailed description of the preparation and characterization of the ERMP test
mixture is provided in (de Ruijter et al., 2023; Chapter 3).

2.2. Sample preparation enzymatic purification

After exposure (see de Ruijter et al., 2023), all organisms were placed in clean water
to enable depuration of their gut for 24 hours. Subsequently, both egestion samples
and the whole body tissues, hereafter referred to as “tissue samples”, of organism
samples were stored separately at —20 °C for later microplastic analysis. For each
of the organisms samples (n=3) from the highest exposure concentration were
selected. The amount of organisms per samples varied from 7 to 55 individuals
(Table S1). The tested species included the freshwater species Asellus aquaticus,
Hyalella azteca, Corbicula fluminalis, Tubifex spp., Lumbriculus variegatus,
Chironomus riparius, Potamopyrgus antipodarum, Sphaerium corneum, and the
marine species Limecola balthica, Mytilus edulis, and Corophium volutator.

The tissue or dissected soft tissue of A. aquaticus, H. azteca, C. fluminalis, Tubifex
spp., L. variegatus, C. riparius, L. balthica and C. volutator, and the egestion samples
of A. aquaticus, H. azteca, C. fluminalis, P. antipodarum, Tubifex spp., S. corneum,
M. edulis, L. balthica and C. volutator were digested following an enzymatic
purification protocol modified from previous studies (Loder et al., 2017)(Table S2).
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Generally the digestion treatments began and ended with a hydrogen peroxide step
and involved the following process: the sample was immersed in the appropriate
solution, loosely covered with aluminium foil, and placed in drying chamber
(Binder, GmbH) at either 37 or 40 °C. When transitioning from one treatment to the
next, the sample was filtered using a 10 um aluminium filter and rinsed thoroughly
with milli-Q water and ethanol. Afterwards, the aluminium filter was placed into a
new clean glass beaker and submerged in a new liquid. Depending on the class of
organisms, different enzymes were used: protease A-01 (EC 3.4.21.62, ASA
Spezialenzyme GmbH, Wolfenbittel, Germany), chitinase (EC 3.2.1.14, ASA
Spezialenzyme GmbH, Wolfenbittel, Germany) and lipase FE-01 (EC 3.1.1.3, ASA
Spezialenzyme GmbH, Wolfenblittel, Germany)(Loder et al.,, 2017)(see Table 1).
Crustaceans, consisting of A. aquaticus, H. azteca, C. volutator and C. riparius, which
possess a chitin exoskeleton, were treated with chitinase. Tubifex spp. and L.
variegatus underwent digestion with protease. After dissection, the shellfish
species C. fluminalis, P. antipodarum, S. corneum, L. balthica and M. edulis were
digested with both protease and lipase. For the egestion samples, only hydrogen
peroxide (30%) was wused (Table 1). Additionally, buffers such as
tris(hydroxymethyl)-aminomethane (Tris), HCl 1 M buffer (pH5) and sodium acetate
(NaOAc) 1 M buffer (pH9) were added to optimize enzyme activity. The digestion
treatments and conditions were chosen based on evidence from previous work that
microplastics would not be affected (Loder et al., 2017). For the final step of sample
preparation, the solution was filtered on to an Anodisc filter (diameter 25 mm, pore
size 0.02 um, Whatman, U.K.). The Anodisc filter was then transferred to a glass
Petri dish and placed in a closed drying chamber (Binder, GmbH) at 37 °C for at least
two days.

2.3. Microplastic identification

Anodisc filters were placed on Calcium fluoride (CaF2) crystal windows and were
analysed using an FTIR microscope (Cary 620/670 Agilent). The samples were
analysed in transmission mode using a 15x objective lens and an FPA detector. The
size limit, determined by the pixel size of the FTIR imaging, was 5.5 pum.
Subsequently, FTIR data were analysed with siMPle, and MPAPP software (Primpke
et al., 2020; Primpke et al., 2019; Primpke et al., 2017; Primpke et al., 2018). The
threshold values for identifying polymer types underwent manual spectral
evaluation based on a subset of samples. Specifically, the spectral threshold for
polyester was optimized from 600 to 1050 cm™. Additionally, an organism-specific
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threshold was optimized from 600 to 1100 cm™ for polystyrene in the samples of
L. balthica. In some cases, FTIR imaging included the outer edges of the Anodisc
filter, which consists of polypropylene. Using the software Origin, these corners
were excluded from further analysis.

2.4. Quality assurance and quality control (QA/QC) standards

All materials, equipment and laboratory surfaces were thoroughly rinsed with milli
— Q and ethanol. All solutions used were filtered through a 10 um aluminium filter
and then transferred to glass bottles. Furthermore, all handling of samples took
place in a laminar flow cabinet to minimize contamination risks. To further prevent
contamination, 100% cotton lab coats were utilized. Each sample included a pre-
processing digestion step, and was subsequently analysed using Fourier transform
infrared (FTIR) spectroscopy to determine width, length and polymer identification.
Moreover, negative (n = 14) and positive controls (n = 6) were used either in parallel
with or prior to the procedures, respectively. The positive controls were spiked with
green fluorescence polyethylene beads of approximately 90 um, and had a recovery
of 75.8 £ 18.4 (n = 6).

2.5. Data analysis

The data sets originating from the MPAPP software were cleaned by removing
spectral hits for non-microplastic materials such as animal fur, plant fibres, sand,
chitin, charcoal and coal. The data was checked for normality through visual
inspection with a ggplot and with the formal statistical shapiro Wilkinson test.
Given that the data were not normally distributed, the two-sample Wasserstein test
was used to determine if two distributions were likely to originate from the same
probability distribution (Vaserstein, 1969). Our reasoning is that if the distribution
significantly differs between the blank and the sample, or among samples, or
between the ERMP mix to which the organisms have been exposed and what is
recovered, then species-specific uptake has been demonstrated. Moreover, even if
the distribution difference is not significant, there can still be uptake if the amount
of particles absorbed significantly deviates from the amount in the blank.
Therefore, we tested the differences between the blanks and the treatments both
in terms of the cumulative distribution of particle sizes, and in terms of the
abundance of particles per polymer and size category (see below). The Wasserstein
test calculates the area between two empirical cumulative distributions functions
(ECDFs) and provides a measure of dissimilarity between distributions (equation 1).
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The p-value was calculated by randomly resampling from the combined dataset of
the two samples with the same size using the function wass_test from the R
package “twosamples”, where bootstraps were set at 10,000 (Dowd, 2020;
Vaserstein, 1969). The Wasserstein distance is then calculated between the ECDFs
of the original samples and the bootstrapped ECDFs generated from the resampled
datasets. The two-sample Wasserstein tests were performed for comparing particle
size distributions between blanks (controls), ERMP and ERMP found in tissue and
egestion samples per organism, as well as among samples from different
organisms. All two- sample Wasserstein tests were performed for the mixtures of
ERMP and at the individual polymer levels of PE, PP, PET and PS. To decrease the
false discovery rate (FDR), the Benjamini-Hochberg (BH) procedure was used to
adjust p-values (Benjamini and Hochberg, 1995; Jafari and Ansari-Pour, 2019).

wass = ffooo | F (x) — E(x)|dx (1)

After visualizing and inspecting data, blank corrections were made based on
polymertype and size. For this, datasets were first corrected for unequal sample
sizes, as the sample effort needs to be comparable. This was done by cloning
datasets with the least common multiple (LCM) to keep datasets “integer”.
Consequently, for each polymer and both tissue and egestion sample types were
set at the same number of midpoints at 50, where after the amount of particles
detected in blanks were subtracted from samples for each size and polymertype
(Figure S1, S2, S3, S4).

3. Results & Discussion

Analysing microplastic size distributions from the perspective of the organism could
offer essential insights. The likelihood of microplastic ingestion varies with the size
of the organism’s mouth opening, the organism’s size and its feeding traits.
Therefore, particles of certain sizes are more likely to be ingested. As particles
approach or exceed the maximum ingestible size, their probability of being ingested
decreases. Although overall the amount of particles will decrease when particle size
increases, feeding traits can influence the selection of microplastics from the ERMP
microplastic continuum, leading to unique size distributions.
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3.1. Bioavailability of ERMP as a whole as measured in tissue samples

Here we focused on the selectivity of the uptake of microplastic particles based on
their size, excluding polymer type considerations. The ERMP mixture showed a
distinct size distribution compared to the (negative) controls (W =57.57, p = 0.002),
suggesting the ERMP mixture’s detectability in tissue samples. Significant
differences in size distributions in the tissue samples, when compared to the ERMP
mixture, were observed for A. aquaticus (W = 40.76, p = 0.033), C. fluminalis (W =
72.22, p =< 0.001), L. variegatus (W = 67.78, p = < 0.0001), L. balthica (W = 78.96,
p =0.042) and Tubifex spp. (W =47.81, p =0.001), indicating that only a part of the
ERMP mixture is bioavailable for these organisms (Figure 1; Table S3). The size
range of the ERMP mixture spans from 9 to 5386 um, with particles predominantly
concentrated around a median of 68 um, and an average size of 87.3 um. In
contrast, these organisms typically showed a median ingestible size of 5.5 um.
Interestingly, the minimum size of previously characterized ERMP particles is larger
than that of the particles detected in the tissue, which could be explained by the
fragmentation of particles by the organisms after ingestion (Mateos-Cardenas et
al., 2020).

The microplastics detected in C. volutator (W =9.81, p > 0.05) and H. azteca (W =
12.71, p > 0.05) exhibited no significant differences in size distributions compared
to the controls, suggesting that a part of the microplastics detected here might be
attributable to contamination and were not a result of ingestion. However,
significant differences in microplastic size distributions compared to the control
were observed in A. aquaticus (W = 19.96, p = 0.002), C. fluminalis (W = 18.09, p =
< 0.0001), C. riparius (W = 28.85, p = < 0.0001), L. variegatus (W = 15.33, p = <
0.0001), L. balthica (W = 21.39, p = 0.008) and Tubifex spp. (W = 13.37, p = 0.011),
indicating that the presence of particles in these instances is not likely due to
contamination (Figure 1; Table S3).

Both freshwater wormes, i.e., L. variegatus and Tubifex spp. (W =23.98, p =< 0.0001)
showed significant different size distributions of microplastics detected in their
tissue samples (figure 1; table S3). Although Tubifex spp. is a smaller worm,
relatively more larger particles were detected than in L. variegatus. Particles of up
to approximately 140 um where detected in Tubifex spp., which aligns with the
previously reported maximum of 130 um (Juget, 1979). In accordance with the
previously reported ingestible size, most particles ingested by L. variegatus are
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smaller than 250 um (Silva, C. J. et al., 2021). There is however, also a relatively
small number of particles that exceeds 1000 um, indicating that some microplastics
found were more likely to have been attached to the outside of the body (figure 1).

Interestingly, L. balthica and C. fluminalis (W = 7.43, p = p > 0.05), which are marine
and freshwater clams respectively, displayed similar size distributions, indicating
that their shared trait as facultative deposit feeders may influence the size
distribution of the ingested material. Furthermore, the deposit feeder L. variegatus
also showed similar size distributions of microplastics to both the marine and
freshwater clams (W =11.18, p > 0.05) (W = 5.40, p > 0.05) (Figure 1; Table S3). No
significant differences in size distributions were detected between C. volutator and
C. riparius (W = 25.32, p > 0.05), both of which are crustaceans. The ingested ERMP
particles detected in C. riparius exceeded the previously reported maximum
ingestible size of 135 um. ERMP particles detected in H. azteca and A. aquaticus,
both sediment grazers/scavengers, showed similar size distributions (W = 11.37, p
> 0.05), with two peaks present at 5.5 and approximately 50 um (Figure 1; Table
S3). For both species, the maximum ingestible sizes were exceeded, consisting of
140 um for A. aquaticus and 112 um for H. azteca (Moore, 1975; Redondo-
Hasselerharm et al., 2023; Schmitz and Scherrey, 1983).

3.2. Bioavailability of polymer-specific ERMP particles as detected in tissue
samples

In addition to analysing the ERMP mix as a whole, we also looked at the uptake per
polymer, namely PET, PE, PP, and PS. No significant differences were detected in
the size distributions of PET particles between controls and organisms Tubifex spp.,
C. volutator, H. azteca or A. aquaticus. Most observations of PET were detected in
the controls, where 62 particles were detected. In contrast, only 3,1,1,32and5
PET particles were detected in A. aquaticus, C. fluminalis, C. riparius, C. volutator
and H. azteca, respectively (Table S4). This indicates that the PET particles detected
in these samples are likely due to contamination (Figure 2; Table S4). Moreover, no
PET particles were detected in L. variegatus, L. balthica, C. fluminalis and C. riparius.
Additionally, there were no observed differences in the size distributions of PET
particles among the organisms (Figure 2; Table S4).

No significant differences were detected in the size distributions of PE particles
between controls and organisms Tubifex spp., L. balthica, C. riparius, C. volutator,
C. fluminalis, H. azteca or A. aquaticus. With 177 PE particles detected in the
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controls and 91, 5,57, 5, 24, 17 and 56 respectively in the organisms, it is likely that
these can be attributed to contamination (Figure 2; Table S5). The only significantly
different size distributions of PE particles from the control were detected for the
organism L. variegatus (W = 12.28, p = 0.014). Although the shapes of the size
distributions appear similar, most of the 952 PE particles detected in L. variegatus
were centered at the 5.5 pum size, compared to 177 PE particles in the control.
Moreover, differences in size distributions were detected between L. variegatus
and A. aquaticus (W = 25.14, p=0.012), and L. variegatus and C. riparius (W = 29.80,
p > 0.002), and L. variegatus and Tubifex spp. (W = 23.73, p < 0.0001). No
differences were detected in the size distributions of detected PE particles among
the other organisms (Figure 2; Table S5).

No significant differences were detected in the size distributions of PP particles
detected in controls and organisms Tubifex spp., L. variegatus, L. balthica, C.
fluminalis, C. volutator, H. azteca or A. aquaticus. This suggests that at least part of
the PE particle detected in these samples likely results from contamination (Figure
2; Table S6). The only significant difference in size distributions for PE particles
compared to the control was detected for the organism C. riparius (W = 60.65, p <
0.004), where the size distributions shows a distinct peak around 300 pum, while
usually the maximum ingestible size is found to be around 135 pum (Redondo-
Hasselerharm et al., 2023; Silva, Carlos JM et al.,, 2021). No differences were
detected in the size distributions of PP particles detected among the other
organisms (Figure 2; Table S6).
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Figure 1. Density plots for ERMP detected in the whole body tissue or dissected soft tissue
of organisms A. aquaticus (n = 3, observations = 123), H. azteca (n = 3, observations = 39 ),
C. riparius (n = 3, observations = 78), C. volutator (n = 2, observations = 53), C. fluminalis (n
= 3, observations = 151), L. balthica (n = 3, observations = 38), L. variegatus (n = 2,
observations = 1046), and Tubifex spp. (n = 3, observations = 259) are depicted in blue.
Additionally, ERMP (n =48262) is depicted in green and ERMP detected in negative controls/
blanks are depicted in pink (n = 5, observations = 323).
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No significant differences were detected in the size distributions of PS particles
between controls and the organisms C. volutator, H. azteca, A. aquaticus or L.
variegatus. Moreover, only a single PS particle was detected in C. volutator, H.
azteca, or L. variegatus and 13 particles in A. aquaticus, suggesting that the
presence of PS particles in these samples is likely due to contamination (Figure 2;
Table S7). Significant differences in size distributions were detected between
controls and C. fluminalis (W = 47.90, p < 0.0001), controls and L. balthica (W =
46.46, p < 0.0001) and controls and Tubifex spp. (W = 20.67 p < 0.026). These
findings indicate that the detected PS particles are not likely attributed to
contamination. Moreover, only 18 PS particles were detected in the control, with
most being approximately 90 um in size. Both the freshwater and marine clam
species C. fluminalis and L. balthica exhibited similar size distributions (W = 1.45, p
> 0.05), with PS particles primarily detected at 5.5 um. Additionally, these
organisms showed significantly different size distributions compared to other
organisms such as A. aquaticus (W = 68.36, p < 0.0001) (W = 66.92, p < 0.0001) and
Tubifex spp. (W =29.30, p < 0.0001) (W = 27.86, p < 0.0001) (Figure 2; Table S7). A
significant difference in size distributions was also detected between A. aquaticus
and Tubifex spp. (W = 47.12, p < 0.005) where A. aquaticus also showed a small
peak at approximately 500 um. This is not in line with previous observations by
Moore (1975), who identified the maximum ingestible size at approximately 140
pm. Despite thorough rinsing of organisms after exposure and before storage, it is
possible that PS particles remained attached to the exterior of the organisms.
Finally, no PS particles were detected in C. riparius.
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Figure 2. Density plots for ERMP detected in the whole body tissue or dissected soft tissue
of organisms A. aquaticus (n = 3, observations = 123), H. azteca (n = 3, observations = 39 ),
C. riparius (n = 3, observations = 78), C. volutator (n = 2, observations = 53), C. fluminalis (n

= 3, observations = 151), L. balthica (n = 3, observations = 38), L. variegatus (n = 2,
observations = 1046), and Tubifex spp. (n = 3, observations = 259) are depicted in blue.
Additionally ERMP detected in negative controls/ blanks (n =9, observations = 323)
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3.3. Bioavailability of ERMP as a whole as measured in egestion samples

The ERMP mixture shows a size distribution that is distinctly different from that of
the controls (W = 52.39, p = 0.005), suggesting that the ERMP mixture can be
detected in the egestion samples. Moreover, significant differences in size
distributions between ERMP and organisms were observed for A. aquaticus (W =
45.00, p = 0.004), C. fluminalis (W = 51.07, p = 0.005), C. volutator (W = 54.10, p =
0.043), H. azteca (W = 54.59, p = 0.022), L. balthica (W = 53.42, p < 0.001), M. edulis
(W = 46.94, p < 0.0001), and Tubifex spp. (W = 53.11, p < 0.001). Thus indicating
that only a part of the ERMP mixture is bioavailable to these organisms (Figure 3;
Table S8). Only for the organism P. antipodarum, no significant difference in size
distribution was detected compared to ERMP mixture (W 63.71, p > 0.05) (Figure
3; Table S8). Interestingly, particles larger than the previously reported size of 72
pm (Aberle et al., 2005), were detected in the egestion samples with the largest
particle observed measuring approximately 250 um.

The microplastic size distributions of C. fluminalis (W = 10.60, p > 0.05, obs = 210),
C. volutator (W =5.34, p > 0.05, obs = 81) H. azteca (W = 6.43, p > 0.05, obs = 104),
P. antipodarum (W =11.81, p > 0.05, obs =48), and S. corneum (W =12.89, p > 0.05,
obs = 635), showed no significant differences from the controls (obs =191) and it is
likely that at least a part of the microplastics detected here can be attributed to
contamination (Figure 3; Table S8). However, A. aquaticus (W = 36.57, p = 0.001),
L. balthica (W = 13.89, p = 0.005), M. edulis (W = 10.43, p = 0.046) and Tubifex spp.
(W = 33.77, p = 0.030) exhibited significantly different size distributions to the
control. This indicates that it is not likely that the measured particles here can be
attributed to contamination.

A. aquaticus (W = 36.57, p = 0.001) showed a distinct size distribution from almost
all other organisms except Tubifex spp, with a second peak at approximately 60 um
(Figure 3; Table S8). Here, egested particles up to the mm range have been
detected, exceeding the previously reported maximum ingested particles size of
140 um (Moore, 1975). While no significant differences in size distributions were
found between the marine clams M. edulis and L. balthica (W =7.93, p > 0.05), they
significantly differ from the freshwater clam S. corneum (W = 13.47, p = 0.002) and
(W =20.29, p = 0.031), respectively. However, the freshwater clam C. fluminalis is
similar to all these three marine and freshwater clams, with W =7.06, p > 0.05, W
=9.06, p > 0.05, W =11.57, p > 0.05, respectively (Figure 3; Table S8).
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Figure 3. Density plots of ERMP size distributions in egestion samples for organisms A.
aquaticus (n = 3, observations = 269), H. azteca (n = 3, observations = 104), C. volutator (n
= 3, observations = 81), C. fluminalis (n = 3, observations = 210), L. balthica (n = 2,
observations = 223), M. edulis (n = 2, observations = 1086), P. antipodarum (n =
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observations = 48), S. corneum (n = 3, observations = 635) and Tubifex spp (n =
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w

observations = 629). Additionally, ERMP is depicted in green and ERMP detected in negative
controls/ blanks are depicted in pink (n = 9, observations = 128).
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3.4. Bioavailability of polymer-specific ERMP particles as detected in egestion
samples

No significant differences were detected in the size distributions of detected PET
particles between the controls and the organisms Tubifex spp., S. corneum, M.
edulis, C. fluminalis, C. volutator, or A. aquaticus (W = 26.10; W = 16.65; W = 58.33;
W =8.48; W =24.17; W = 34.56, p > 0.05), indicating that the PET particle detected
in these samples are at least partly due to contamination (Figure 4; Table S9).
Moreover, no differences were detected in the size distributions of PET particles
among the other organisms (Figure 4; Table S9). Only 14 PET particles were
detected in the blanks, whereas the highest numbers of particles were detected in
Tubifex spp. with 41 observations and C. fluminalis with 35 particles. The particles
detected in S. corneum, M. edulis, C. volutator, and A. aquaticus where all less than
14 (Table S9). Additionally, no PET particles were detected in P. antipodarum, L.
balthica, and H. azteca.

No significant differences were observed in the size distributions of detected PE
particles between the controls and the organisms Tubifex spp., S. corneum, P.
antipodarum, M. edulis, L. balthica, C. fluminalis, C. volutator or H. azteca (W = 9.96;
W=787,W=11.68, W=12.01; W=13.44;, W=15.72, W=6.67, W=7.67, W= p
> 0.05), indicating that the PE particle detected in these samples are likely due to
contamination (Figure 4; Table S10). However, A. aquaticus shows a significantly
distinct size distribution compared to the control, L. balthica, M. edulis and Tubifex
spp. (W =45.86, p=0.001)(W =42.55, p =0.001)(W = 37.80, p < 0.0001)(W = 35.99,
p = 0.008), respectively (Figure 4; Table S10).

No significant differences were detected in the size distributions of detected PP
particles between the controls and organisms Tubifex spp., S. corneum, P.
antipodarum, M. edulis, C. volutator, H. azteca or A. aquaticus (W = 78.42; W =
82.97; W=56.17; W =34.32; W =43.07; W =49.03, W =52.44, p > 0.05), indicating
that some of the PE particles detected in these samples could be due to
contamination (Figure 4; Table S11). However the organisms in the blanks only
contained 7 PP particles, whereas Tubifex spp., S. corneum, P. antipodarum, M.
edulis, C. volutator, H. azteca or A. aquaticus, contained 269, 73, 4,192, 14, 51, 62
particles, respectively. Significant differences were detected in the size
distributions of PP particles between the controls and organisms C. fluminalis and
L. balthica, (W =49.62, p = 0.047)(W = 47.13, p = 0.050), indicating that PP particles
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cannot be attributed to contamination. Additionally, size distributions of A.
aquaticus were significant different from the organisms C. fluminalis, H. azteca and
L. balthica (W = 69.20, p = 0.005) (W = 65.57, p = 0.047) (W = 66.99, p = 0.050).
Moreover, size distributions of the freshwater clam C. fluminalis were significant
different from marine and freshwater clam M. edulis and S. corneum (W =32.19, p
= 0.050) (W = 89.14, p = 0.050), respectively (Figure 4; Table S11).

Only one PS particle was detected in the control of the egestion samples, indicating
that the majority of PS particles detected in samples cannot be attributed to
contamination. No significant differences in size distributions were detected for PS
particles, besides for M. edulis and Tubifex spp. (W = 23.56, p < 0.0001) (Figure 4;
Table S12).

3.5. Microplastic abundance microplastics per organism after adjusting for
background contamination

Most particles were detected in the egestion samples of M. edulis, with an average
of 49.9 particles/organism (Figure 5; Table S13). This amount is almost four times
lower than the highest detected in Asellidae collected from the Dommel river in the
Netherlands, at 195 particles/organism (Pan et al., 2021), but comparable to what
Li et al. (2015) detected in the commercial marine bivalve P. yessoensis, which had
an average of 57.2 particles/organism. Contrastingly, for environmental samples,
researchers typically report 0-10 particles/organism (Gouin, 2020). While no tissue
samples were analysed, it has been reported that M. edulis is able to egest a
considerable amount of microplastics > 60% from its gut in 9 h (Woods et al., 2018).
Most particles detected in the egestion samples of M. edulis were polystyrene,
amounting to an average of 23.8 particles/organism, with polyethylene also being
significant at 16.8 particles/ organism. Most of the particles are approximately 28
um size (Figure 5; Table S13).

The lowest microplastic abundance (PE and PP) was observed in the tissue samples
of C. riparius with an average of 0.3 particles/organism (Figure 5; Table S13).
Despite exposure to exceedingly higher concentrations of microplastics (5.9 x 108
particles/kg of dw sediment) in the lab, this result is in accordance with findings by
Pan et al. (2021) Pan et al, 2021, who found a range of 0.0 to 0.4
microplastics/organism in environmental samples collected in the Netherlands,
indicating there might be a limit to ingestible number of particles.
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Figure 4. Size distributions of microplastics polyester, polyethylene, polypropylene and
polystyrene in egestion samples for organisms A. aquaticus (n = 3, observations = 269), H.
azteca (n = 3, observations = 104), C. volutator (n = 3, observations = 81), C. fluminalis (n =
3, observations = 210), L. balthica (n = 2, observations = 223), M. edulis (n = 2, observations
=1086), P. antipodarum (n = 2, observations = 48), S. corneum (n = 3, observations = 635)
and Tubifex spp (n = 3, observations = 629). Additionally, ERMP detected in negative
controls/ blanks are depicted in pink (n = 9, observations = 128).
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For most organisms, specifically, A. aquaticus, H. azteca, C. fluminalis, Tubifex spp.,
and C. volutator, where both tissue and egestion samples were analysed, most
microplastics were detected in the egestion samples (Figure 5; Table S13). This
suggests that particles can easily be egested. For instance, in A. aquaticus an
average of 6.6 microplastics/organism was detected in the egestion samples, while
tissue samples revealed an average of 1.0 microplastics/organism (Figure 5; Table
S13). Moreover, the Tubifex spp. tissue samples revealed an average of 3
particles/organism, while egestion samples contained an average of 10.6
particles/organism were detected, indicating that the majority of particles were
egested (Figure 5; Table S13). Most particles that were retained and egested were
detected in the 22.4 -27.7 um size range (Figure S3, S4). While PP and PE particles
were more prevalent in the egestion samples, PS particles were the most retained
(Figure 5; Table S13).

Interestingly, the highest abundance of ERMP in tissue samples was observed in L.
variegatus with an average of 8.6 microplastics per organism (Figure 5; Table S13).
Of all organisms analysed this was the only organism where adverse effects,
specifically reduced reproduction and growth, were detected after a 28-day
exposure to ERMP, with ECso values of 1.48 x 108 and 4.53 x 107 particles/kg of dry
weight sediment [de Ruijter 2023]. Most particles detected in L. variegatus ranged
from 5.5 to 22.4 um. Furthermore, particles consisted mainly of PE with an average
of 8.0 particles/organism. A small quantity of PP and PS was also detected, with on
average 0.62 and 0.01 particles/organisms, respectively (Figure S3, S4).

Previously, a positive effect was detected for S. corneum after 28 day exposure to
ERMP (de Ruijter et al., 2023; Chapter 3). That is, with increasing ERMP in the
sediment, mortality decreased with an ECso of 5.82 x 10%® particles/kg of dw
sediment. Although tissue samples were not analysed, the egestion samples of S.
corneum indicated a relatively high abundance with an average of 21.8 egested
particles/organism (Figure 5; Table S13). Most of these particles fell withing the size
range of 5.5 to 22.4 um (Figure S3, S4). Moreover, the particles were mainly
composed of PE with an average of 16.7 particles/organism. Additionally, small
amounts of PET, PP and PS were found, with averages of 0.2, 2.6 and 2.5
particles/organisms, respectively (Figure 5; Table S13).
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Figure 5. The average ERMP abundance per organism after correction for contamination.
Note that for the organisms A. aquaticus, H. azteca, C. fluminalis, Tubifex spp., and C.
volutator, both whole body tissue and egestion samples were analysed. For C. riparius and
L. balthica only tissue samples were analysed. For M. edulis, P. antipodarum and S. corneum
only egestion samples were analysed.
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4. General discussion and conclusion

In this study we have directly and indirectly, verified the exposure of ERMP in 11
different marine and freshwaters benthic species previously exposed to ERMP for
28 days. Notably, the negative effects previously detected, specifically the
reduction in reproduction and growth in L. variegatus, have now been causally
linked because ERMP has been detected in the tissue samples of this freshwater
worm. Our analysis has primarily focused on particle length, however ideally other
ERM such as volume and surface area should be studied in order to determine the
mechanism behind the observed effects. For instance, analysing the volume of
particles relative to exposure concentration could provide more valuable insights
into the “food dilution” mechanism.

Although the organisms were exposed to exceedingly high concentrations (10.0 %
dw sediment, 5.9 x 108 particles/kg of dw sediment), the findings of this study were
either comparable to or smaller than those observed in environmental samples,
indicating a limit to the amount of particles that can be ingested by organisms.
Overall we observed that organisms ingested only specific parts of the ERMP
mixture, usually those in the smaller size range of 5.5 to 27.7 um. Additionally, it
was apparent that the uptake of specific polymer types is species-specific. Whether
this is due to differences in density or the inherent shapes of the polymer types
remains to be studied. Moreover, we find that overall, ERMP detected in egestion
samples far exceeds that in the tissue samples, indicating that organisms can easily
egest most ingested microplastics after only 24 h depuration in clean water.
Furthermore, we see that the size distributions of ERMP are species-specific,
showing distinct differences and similarities. For instance, similar size distributions
were detected in the tissue samples of the crustaceans A. aquaticus and H. azteca,
which are both sediment grazers/scavengers. Additionally, similarities in the size
distributions of microplastics were detected among the freshwater and marine
clams C. fluminalis, M. edulis and L. balthica. However, the freshwater clam S.
corneum only showed a similar size distribution of microplastics to its freshwater
counterpart C. fluminalis. Interestingly, no similarities were detected between the
worms L. variegatus and Tubifex spp., demonstrating that the size of the organisms
is also an important factor in explaining the size distribution of ingested
microplastics.



| 113

In this study, we implemented a novel approach to blank correction for
microplastics detection. Here we introduced a combination of visual inspection, the
Wasserstein statistic that distinguishes between the cumulative size distributions,
consequently followed by a traditional blank correction by subtraction, per size bin
and per polymer type. After thorough inspection and data analysis we determined
that blank correction was most effectively accomplished by considering both size
and polymer type. This is a different finding than that of Dawson et al. (2023). In
their study, multiple blank correction methods were tested and they concluded
that polymer specific correction was not advisable. We consider it fundamentally
incorrect, however, to correct particles for particles of a completely different type,
such as a different polymer, and therefore used a particle-specific blank correction
approach. At this moment, the question of how to properly conduct blank
corrections for such diverse particles as microplastics is a subject of discussion
among various research groups. Although not the primary goal of this study, we
contribute to this with our new approach.

The particle size-specific, polymer-specific, and species-specific ingestion patterns
that we demonstrate in our study provide an essential basis for understanding the
significance of effect mechanisms, such as those based on the volume of particles,
like the food dilution hypothesis. Additionally, the specific ingestion patterns are
important for establishing risk profiles for certain types of microplastics, as defined
by their size or polymer type. This brings particle-specific risk assessments within
reach and also offers a course of action for environmental managers and
policymakers to address the emissions that lead to these specific particle types.
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Supporting information

Table S1. Overview of organisms analysed with FTIR

Organism Sample type Replicate Survival Sum

Name Code

A. aquaticus AA tissue 1 11

A. aquaticus AA tissue 2 11

A. aquaticus AA tissue 3 11 33
H. azteca HA tissue 1 11

H. azteca HA tissue 2 11

H. azteca HA tissue 3 11 33
C. riparius CR tissue 1 10

C. riparius CR tissue 2 10

C. riparius CR tissue 3 11 31
C. volutator cv tissue 1 9

C. volutator cv tissue 2 8 17
C. fluminalis CF tissue 2 11

C. fluminalis CF tissue 3 11

C. fluminalis CF tissue 4 11 33
L. balthica LB tissue 1 10

L. balthica LB tissue 2 11

L. balthica LB tissue 3 11 32
L. variegatus LV tissue 1 55

L. variegatus LV tissue 3 55 110
Tubifex spp. TSP tissue 1 16

Tubifex spp. TSP tissue 2 16

Tubifex spp. TSP tissue 3 20 52
A. aquaticus AA egestion 1 11

A. aquaticus AA egestion 2 11

A. aquaticus AA egestion 3 11 33
H. azteca HA egestion 1 11

H. azteca HA egestion 2 11

H. azteca HA egestion 3 11 33
C. volutator cv egestion 1 9

C. volutator cv egestion 2 8
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Organism Sample type Replicate Survival Sum
Name Code
C. volutator cv egestion 3 10 27
C. fluminalis CF egestion 2 11
C. fluminalis CF egestion 3 11
C. fluminalis CF egestion 4 11 33
L. balthica LB egestion 2 11
L. balthica LB egestion 3 11 22
M. edulis ME egestion 1 10
M. edulis ME egestion 2 11 21
P. antipodarum PO egestion 1 17
P. antipodarum PO egestion 2 18 35
S. corneum SC egestion 1 11
S. corneum SC egestion 2 8
S. corneum SC egestion 3 7 26
Tubifex spp. TSP egestion 1 16
Tubifex spp. TSP egestion 2 16
Tubifex spp. TSP egestion 3 20 52

Table S2. Overview of the digestion treatments and conditions applied for different

benthic invertebrates
]

Treatments Annelida Insecta/Crustacea Molluscs/Bivalves Egestion
24h, . . 48h,
10-15 ml H202 375¢ 24h, 37°C 24h, 37°C 3700

1 ml Chitinase + 20 ml

NaOAc buffer - 5 days, 37°C -

5 ml Protease + 25 ml 24h, . .

Tris HCL buffer 40°C 24h, 40°C 24h, 40°C

1 ml Lipase + 20 ml o

Tris HCL buffer 24h, 40°c
24h,

10-15 ml H202 24 h days, 37°C 24h, 37°C

37°C
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Table S3. Wasserstein statistics comparing size distributions of detected ERMP in tissue
samples

Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 123 323 19.96 0.0002 0.0019
AA CF 123 151 35.57 0.0000 0.0000
AA CR 123 78 14.28 0.3172 0.3465
AA Ccv 123 151 16.78 0.2046 0.2303
AA HA 123 39 11.37 0.7310 0.7354
AA LB 123 38 41.34 0.0013 0.0032
AA Lv 123 38 32.78 0.0000 0.0003
AA TSP 123 259 18.04 0.0773 0.1144
AA ERMP 123 48262 40.76 0.0184 0.0330
Blank CF 323 151 18.09 0.0000 0.0000
Blank CR 323 78 28.85 0.0000 0.0000
Blank Ccv 323 151 9.81 0.1810 0.2155
Blank HA 323 39 12.71 0.0905 0.1208
Blank LB 323 38 21.39 0.0031 0.0083
Blank Lv 323 38 15.33 0.0002 0.0000
Blank TSP 323 259 13.37 0.0068 0.0109
Blank ERMP 323 48262 57.57 0.0000 0.0000
CF CR 151 78 44,72 0.0000 0.0000
CF Ccv 151 151 21.39 0.0126 0.0215
CF HA 151 39 30.75 0.0012 0.0019
CF LB 151 38 7.43 0.4056 0.4278
CF Lv 151 38 5.40 0.5526 0.5666
CF TSP 151 259 27.31 0.0000 0.0000
CF ERMP 151 48262 72.22 0.0004 0.0003
CR Ccv 78 151 25.32 0.0707 0.1137
CR HA 78 39 23.35 0.1560 0.2016
CR LB 78 38 50.14 0.0008 0.0000
CR Lv 78 38 41.75 0.0001 0.0012
CR TSP 78 259 30.10 0.0158 0.0272
CR ERMP 78 48262 39.64 0.0511 0.0781
Ccv HA 53 39 14.41 0.3057 0.3405
Ccv LB 53 38 24.82 0.0046 0.0083

cv Lv 53 38 18.07 0.0656 0.0995
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
cv TSP 53 259 20.58 0.1652 0.2154
cv ERMP 53 48262 54.60 0.0376 0.0651
HA LB 39 38 33.67 0.0000 0.0000
HA Lv 39 38 27.63 0.0385 0.0665
HA TSP 39 259 11.44 0.6604 0.6739
HA ERMP 39 48262 45.43 0.0870 0.1156
LB LV 38 38 11.18 0.1988 0.2261
LB TSP 38 259 32.55 0.1264 0.1648
LB ERMP 38 48262 78.96 0.0270 0.0421
LV TSP 1046 259 23.98 0.0000 0.0000
LV ERMP 1046 48262 67.78 0.0000 0.0000
TSP ERMP 259 48262 47.81 0.0001 0.0012

Table S4. Wasserstein statistics comparing size distributions of detected PET in tissue

samples
Comparison Observations Wasserstein Benjamini - Hochberg
Batch1 Batch 2 Batch1 Batch 2 Statistic P value P value
AA Blank 3 62 9.40 0.8724 1.0000
AA CF 3 1 45.62 0.2529 0.7443
AA CR 3 1 10.37 1.0000 1.0000
AA Ccv 3 32 18.50 0.3443 0.8066
AA HA 3 5 3.06 1.0000 1.0000
AA TSP 3 5 20.57 0.8209 1.0000
Blank CF 62 1 42.07 0.0780 0.7443
Blank CR 62 1 19.17 0.5276 0.9840
Blank cv 62 32 15.86 0.0484 0.7443
Blank HA 62 5 10.37 0.5678 0.9840
Blank TSP 62 5 16.25 0.2273 0.7443
CF CR 1 1 55.99 1.0000 1.0000
CF cv 1 1 56.92 0.1182 0.7443
CF HA 1 5 47.19 0.1672 0.7443
CF TSP 1 5 47.94 0.3305 0.8066
CR cv 1 32 17.11 1.0000 1.0000
CR HA 1 5 8.80 1.0000 1.0000
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
CR TSP 1 5 28.01 1.0000 1.0000
cv HA 32 5 16.46 0.6286 1.0000
Ccv TSP 32 5 22.81 0.2246 0.7443
HA TSP 5 5 21.41 0.5309 0.9840

Table S5. Wasserstein statistics comparing size distributions of detected PE in tissue

samples
Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 56 177 14.02 0.1352 0.3348
AA CF 56 24 19.48 0.3614 0.5527
AA CR 56 57 11.95 0.6228 0.8101
AA cv 56 5 26.11 0.6165 0.8075
AA HA 56 17 16.40 0.7673 0.8328
AA LB 56 5 32.67 0.2335 0.4233
AA LV 56 952 25.14 0.0016 0.0120
AA TSP 56 91 15.00 0.1975 0.3958
Blank CF 177 24 7.97 0.7579 0.8328
Blank CR 177 57 18.64 0.0299 0.1337
Blank cv 177 5 28.33 0.1538 0.3608
Blank HA 177 17 21.74 0.0799 0.3132
Blank LB 177 5 19.08 0.3781 0.5527
Blank LV 177 952 12.28 0.0011 0.0144
Blank TSP 177 91 13.84 0.0195 0.1308
CF CR 24 57 24.69 0.1604 0.3608
CF cv 24 5 29.59 0.0866 0.3132
CF HA 24 17 26.45 0.1084 0.3132
CF LB 24 5 13.38 0.3869 0.5527
CF LV 24 952 9.92 0.2575 0.4517
CF TSP 24 91 17.11 0.0950 0.3132
CR cv 57 5 19.74 0.8609 0.9106
CR HA 57 17 12.09 0.9620 0.9903
CR LB 57 5 37.72 0.2452 0.4363

CR Lv 57 952 29.80 0.0001 0.0018
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
CR TSP 57 91 11.85 0.4339 0.5916
Ccv HA 5 17 18.43 0.9915 0.9913
Ccv LB 5 5 41.51 0.1291 0.3348
cv Lv 5 952 38.66 0.0587 0.2844
cv TSP 5 91 15.68 0.7041 0.8145
HA LB 17 5 39.58 0.2665 0.4544
HA LV 17 952 33.98 0.0150 0.1210
HA TSP 17 91 11.37 0.6751 0.8145
LB LV 5 952 10.27 0.6560 0.8101
LB TSP 5 91 28.63 0.1687 0.3608
Lv TSP 952 91 23.73 0.0000 0.0000

Table S6. Wasserstein statistics comparing size distributions of detected PP in tissue

samples
Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 46 71 18.59 0.0217 0.1591
AA CF 46 17 38.24 0.1588 0.3405
AA CR 46 20 45.69 0.0241 0.1591
AA Ccv 46 15 7.80 0.9769 0.9752
AA HA 46 16 16.34 0.3176 0.4171
AA LB 46 3 41.22 0.1489 0.3405
AA LV 46 93 55.46 0.0132 0.1332
AA TSP 46 58 42.12 0.0790 0.3405
Blank CF 71 17 33.93 0.1613 0.3405
Blank CR 71 20 60.65 0.0002 0.0036
Blank Ccv 71 15 19.53 0.1092 0.3405
Blank HA 71 16 11.67 0.2825 0.4171
Blank LB 71 3 22.63 0.3322 0.4171
Blank Lv 71 93 39.52 0.0051 0.0684
Blank TSP 71 58 29.09 0.3099 0.4171
CF CR 17 20 62.63 0.1484 0.3405
CF Ccv 17 15 36.10 0.8138 0.8646

CF HA 17 16 38.76 0.6337 0.6903
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch1 Batch 2 Batch 1 Batch 2 Statistic P value P value
CF LB 17 3 53.75 0.2999 0.4171
CF Lv 17 93 51.29 0.1702 0.3464
CF TSP 17 58 42.27 0.5536 0.6063
CR Ccv 20 15 42.99 0.2117 0.4090
CR HA 20 16 59.12 0.0440 0.2592
CR LB 20 3 83.28 0.2255 0.4090
CR Lv 20 93 91.22 0.0488 0.2895
CR TSP 20 58 79.59 0.1062 0.3405
cv HA 15 16 18.95 0.4243 0.5138
Ccv LB 15 3 42.16 0.2655 0.4171
Ccv Lv 15 93 55.77 0.1447 0.3405
Ccv TSP 15 58 42.51 0.2696 0.4171
HA LB 16 3 33.17 0.0941 0.3405
HA Lv 16 93 49.98 0.1536 0.3405
HA TSP 16 58 36.07 0.3636 0.4330
LB Lv 3 93 28.22 0.8530 0.8863
LB TSP 3 58 44.95 0.2555 0.4171
LV TSP 93 58 26.53 0.5122 0.6035

Table S7. Wasserstein statistics comparing size distributions of detected PS in tissue

samples
Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 18 13 65.67 0.0283 0.0687
AA CF 18 109 68.36 0.0000 0.0000
AA cv 18 1 69.20 0.4294 0.5480
AA HA 18 1 67.37 0.4159 0.5480
AA LB 18 30 66.92 0.0000 0.0000
AA LV 18 1 88.54 0.2603 0.4048
AA TSP 18 105 47.12 0.0012 0.0052
Blank CF 13 109 47.90 0.0000 0.0000
Blank Ccv 13 1 48.74 0.1459 0.2608
Blank HA 13 1 17.95 0.4170 0.5480

Blank LB 13 30 46.46 0.0000 0.0000
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch1 Batch 2 Batch 1 Batch 2 Statistic P value P value
Blank Lv 13 1 27.52 0.1367 0.2608
Blank TSP 13 105 20.67 0.0076 0.0256
CF Ccv 109 1 0.84 1.0000 1.0000
CF HA 109 1 35.55 0.0077 0.0302
CF LB 109 30 1.45 0.2422 0.3778
CF Lv 109 1 75.42 0.0079 0.0314
CF TSP 109 105 29.30 0.0000 0.0000
cv HA 1 1 36.39 1.0000 1.0000
cv LB 1 30 2.28 1.0000 1.0000
Ccv LV 1 1 76.26 1.0000 1.0000
Ccv TSP 1 105 30.14 0.3008 0.4341
HA LB 1 30 35.05 0.0588 0.1312
HA Lv 1 1 39.88 1.0000 1.0000
HA TSP 1 105 21.73 0.7166 0.8719
LB Lv 30 1 73.98 0.0324 0.0768
LB TSP 30 105 27.86 0.0000 0.0000
Lv TSP 1 105 47.46 0.0380 0.0836

Table S8. Wasserstein statistics comparing size distributions of detected ERMP in egestion

samples
Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 269 191 36.57 0.0000 0.0012
AA CF 269 210 34.87 0.0004 0.0007
AA Ccv 269 81 38.36 0.0165 0.0368
AA HA 269 104 38.86 0.0054 0.0165
AA LB 269 223 37.69 0.0000 0.0000
AA ME 269 1086 31.21 0.0000 0.0000
AA PO 269 48 47.98 0.0214 0.0453
AA SC 269 635 26.39 0.0028 0.0110
AA TSP 269 629 15.49 0.3532 0.4034
AA ERMP 269 48262 45.00 0.004 0.0035
Blank CF 191 210 10.60 0.1316 0.1998

Blank cv 191 81 5.34 0.7439 0.7538
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
Blank HA 191 104 6.43 0.4786 0.5031
Blank LB 191 223 13.98 0.0014 0.0051
Blank ME 191 1086 10.43 0.0211 0.0463
Blank PO 191 48 11.81 0.2042 0.2715
Blank SC 191 635 12.89 0.2508 0.3262
Blank TSP 191 629 33.77 0.0102 0.0288
Blank ERMP 191 48262 52.39 0.0006 0.0051
CF Ccv 210 81 8.47 0.6745 0.6912
CF HA 210 104 8.01 0.6291 0.6499
CF LB 210 223 9.06 0.1074 0.1566
CF ME 210 1086 7.06 0.1864 0.2457
CF PO 210 48 13.22 0.3183 0.3937
CF SC 210 635 11.57 0.3348 0.3973
CF TSP 210 629 32.43 0.0088 0.0272
CF ERMP 210 48262 51.07 0.0006 0.0050
Ccv HA 81 104 7.33 0.4603 0.4975
cv LB 81 223 10.91 0.0267 0.0493
cv ME 81 1086 8.47 0.3324 0.3973
cv PO 81 48 10.52 0.2539 0.3279
cv sC 81 635 14.67 0.4066 0.4686
cv TSP 81 629 35.56 0.0866 0.1361
cv ERMP 81 48262 54.10 0.0161 0.0429
HA LB 104 223 10.03 0.0330 0.0566
HA ME 104 1086 9.62 0.1329 0.2001
HA PO 104 48 9.12 0.3430 0.3973
HA SC 104 635 16.04 0.2616 0.3262
HA TSP 104 629 37.07 0.0414 0.0612
HA ERMP 104 48262 54.59 0.0080 0.0223
LB ME 223 1086 7.93 0.0567 0.1013
LB PO 223 48 11.91 0.0293 0.0524
LB SC 223 635 20.29 0.0112 0.0307
LB TSP 223 629 39.50 0.0006 0.0051
LB ERMP 223 48262 53.42 0.0002 0.0007
ME PO 1086 48 16.83 0.0544 0.0911

ME SC 1086 635 13.47 0.0006 0.0016
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
ME TSP 1086 629 31.67 0.0000 0.0000
ME ERMP 1086 48262 46.94 0.0000 0.0000
PO SC 48 635 24.36 0.1569 0.2001
PO TSP 48 629 45.49 0.0819 0.1361
PO ERMP 48 48262 63.71 0.0295 0.0566
SC TSP 635 629 21.23 0.0103 0.0272
SC ERMP 635 48262 45.42 0.0000 0.0000
TSP ERMP 629 48262 53.11 0.0000 0.0000

Table S9. Wasserstein statistics comparing size distributions of detected PET in egestion

samples
Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 3 14 34.56 0.1844 0.9009
AA CF 3 35 38.75 0.1790 0.9009
AA Ccv 3 6 29.77 0.6742 1.0000
AA LB 3 2 26.02 0.3965 0.9009
AA ME 3 9 68.78 0.7206 1.0000
AA PO 3 1 32.31 0.7516 1.0000
AA SC 3 16 22.99 0.0872 0.7776
AA TSP 3 41 52.28 0.3789 0.9009
Blank CF 14 35 8.48 0.7456 1.0000
Blank Ccv 14 6 24.17 0.5462 1.0000
Blank LB 14 2 21.18 0.9349 1.0000
Blank ME 14 9 58.33 0.0730 0.7776
Blank PO 14 1 27.89 0.6987 1.0000
Blank SC 14 16 16.65 0.3676 0.9009
Blank TSP 14 41 26.10 0.5958 1.0000
CF Ccv 35 6 26.49 0.2470 0.9009
CF LB 35 2 20.68 0.8945 1.0000
CF ME 35 9 62.52 0.0501 0.7776
CF PO 35 1 28.55 0.2428 0.9009
CF SC 35 16 18.00 0.2480 0.9009
CF TSP 35 41 31.71 0.3599 0.9009
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
cv LB 6 2 29.70 1.0000 1.0000
cv ME 6 9 47.58 0.9330 1.0000
cv PO 6 1 38.06 1.0000 1.0000
cv sC 6 16 24.92 0.1471 0.9009
cv TSP 6 41 34.38 0.9434 1.0000
LB ME 2 9 73.43 0.7865 1.0000
LB PO 2 1 13.75 1.0000 1.0000
LB SC 2 16 6.36 1.0000 1.0000
LB TSP 2 41 44.35 0.9412 1.0000
ME PO 9 1 84.79 1.0000 1.0000
ME SC 9 16 70.00 0.0365 0.7776
ME TSP 9 41 52.97 0.3902 0.9009
PO sC 1 16 16.21 0.8217 1.0000
PO TSP 1 41 53.16 0.7436 1.0000
SC TSP 16 41 39.26 0.4042 0.9009

Table S10. Wasserstein statistics comparing size distributions of detected PET in egestion

samples
Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 138 136 45.86 0.0001 0.0011
AA CF 138 58 33.34 0.1589 0.3250
AA cv 138 47 46.13 0.0338 0.0951
AA HA 138 40 41.69 0.0878 0.2077
AA LB 138 153 41.55 0.0001 0.0011
AA ME 138 385 37.80 0.0000 0.0000
AA PO 138 33 57.17 0.0302 0.0951
AA SC 138 481 38.65 0.0000 0.0000
AA TSP 138 213 35.99 0.0009 0.0081
Blank CF 136 58 15.72 0.2843 0.4412
Blank cv 136 47 6.67 0.7459 0.7629
Blank HA 136 40 7.67 0.6792 0.7277
Blank LB 136 153 13.44 0.0109 0.0554

Blank ME 136 385 12.01 0.0259 0.0951
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
Blank PO 136 33 11.68 0.3181 0.4604
Blank SC 136 481 7.87 0.3097 0.4604
Blank TSP 136 213 9.96 0.2072 0.3586
CF cv 58 47 17.79 0.6391 0.7015
CF HA 58 40 17.84 0.7233 0.7569
CF LB 58 153 24.54 0.0123 0.0554
CF ME 58 385 20.30 0.0329 0.0951
CF PO 58 33 26.99 0.2410 0.4017
CF e 58 481 12.65 0.3274 0.4604
CF TSP 58 213 11.85 0.6071 0.7005
Ccv HA 47 40 12.46 0.3572 0.4871
Ccv LB 47 153 13.23 0.0548 0.1451
cv ME 47 385 13.11 0.1835 0.3418
Ccv PO 47 33 13.59 0.2532 0.4069
Ccv SC 47 481 9.36 0.6230 0.7009
cv TSP 47 213 10.85 0.4939 0.6310
HA LB 40 153 10.67 0.1790 0.3418
HA ME 40 385 9.99 0.4120 0.5453
HA PO 40 33 15.57 0.1899 0.3418
HA SC 40 481 8.79 0.7735 0.7735
HA TSP 40 213 11.24 0.5305 0.6420
LB ME 153 385 5.60 0.5421 0.6420
LB PO 153 33 17.98 0.0114 0.0554
LB SC 153 481 13.09 0.0215 0.0880
LB TSP 153 213 16.70 0.0075 0.0554
ME PO 385 33 19.83 0.0689 0.1723
ME SC 385 481 9.32 0.0297 0.0951
ME TSP 385 213 13.16 0.0112 0.0554
PO SC 33 481 18.96 0.1219 0.2612
PO TSP 33 213 21.53 0.0923 0.2077

SC TSP 481 213 5.89 0.5048 0.6310
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Table S11. Wasserstein statistics comparing size distributions of detected PP in egestion
samples

Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 62 7 52.44 0.5865 0.6588
AA CF 62 61 69.20 0.0000 0.0045
AA cv 62 14 59.06 0.3075 0.5479
AA HA 62 51 65.57 0.0020 0.0465
AA LB 62 40 66.99 0.0067 0.0495
AA ME 62 192 38.26 0.0280 0.0900
AA PO 62 4 75.68 0.3137 0.5479
AA SC 62 73 42.64 0.5729 0.6494
AA TSP 62 269 38.47 0.3768 0.5990
Blank CF 7 61 49.62 0.0042 0.0465
Blank cv 7 14 43.07 0.2142 0.4663
Blank HA 7 51 49.03 0.0290 0.0900
Blank LB 7 40 47.13 0.0102 0.0495
Blank ME 7 192 34.32 0.3898 0.5990
Blank PO 7 4 56.17 0.3617 0.5990
Blank SC 7 73 82.97 0.5223 0.6345
Blank TSP 7 269 78.42 0.3600 0.5990
CF cv 61 14 13.88 0.2874 0.5479
CF HA 61 51 11.04 0.1953 0.4583
CF LB 61 40 4.34 0.6298 0.6634
CF ME 61 192 32.19 0.0048 0.0495
CF PO 61 4 13.45 0.4505 0.6303
CF SC 61 73 89.14 0.0054 0.0484
CF TSP 61 269 69.75 0.0316 0.1017
cv HA 14 51 10.78 0.8371 0.8346
cv LB 14 40 15.48 0.2954 0.5479
Ccv ME 14 192 21.39 0.6195 0.6588
Ccv PO 14 4 25.81 0.4923 0.6345
cv SC 14 73 79.14 0.3959 0.6068
cv TSP 14 269 58.35 0.5653 0.6447
HA LB 51 40 14.11 0.1362 0.3029
HA ME 51 192 28.31 0.0302 0.0900
HA PO 51 4 19.44 0.5464 0.6447
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch1 Batch 2 Batch 1 Batch 2 Statistic P value P value
HA SC 51 73 85.65 0.0201 0.0900
HA TSP 51 269 66.13 0.0591 0.1578
LB ME 40 192 30.84 0.0278 0.0900
LB PO 40 4 12.09 0.5256 0.6345
LB SC 40 73 87.16 0.0493 0.1229
LB TSP 40 269 70.78 0.0738 0.1812
ME PO 192 4 41.99 0.4307 0.6239
ME sC 192 73 59.37 0.0086 0.0529
ME TSP 192 269 45.68 0.0123 0.0740
PO SC 4 73 97.97 0.4979 0.6345
PO TSP 4 269 81.62 0.5196 0.6345
SC TSP 73 269 27.58 0.7314 0.7515

Table S12. Wasserstein statistics comparing size distributions of detected PS in egestion

samples
Comparison Observations Wasserstein Benjamini - Hochberg
Batch 1 Batch 2 Batch 1 Batch 2 Statistic P value P value
AA Blank 66 1 98.46 0.0454 0.2554
AA CF 66 56 15.18 0.1001 0.2897
AA cv 66 14 12.92 0.7007 0.8504
AA HA 66 13 12.52 0.7577 0.8543
AA LB 66 28 13.51 0.3417 0.5803
AA ME 66 500 11.76 0.0200 0.2554
AA PO 66 10 13.08 0.7840 0.8637
AA SC 66 65 11.45 0.3605 0.5955
AA TSP 66 106 21.69 0.0660 0.2787
Blank CF 1 56 83.48 0.0349 0.2554
Blank Ccv 1 14 94.02 0.0682 0.2787
Blank HA 1 13 96.65 0.0690 0.2787
Blank LB 1 28 95.99 0.0374 0.2554
Blank ME 1 500 89.86 0.0274 0.2554
Blank PO 1 10 87.99 0.0952 0.2897
Blank SC 1 65 91.76 0.0765 0.2787
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Comparison Observations Wasserstein Benjamini - Hochberg
Batch1 Batch 2 Batch 1 Batch 2 Statistic P value P value
Blank TSP 1 106 94.78 0.1260 0.2992
CF cv 56 14 13.33 0.2866 0.5371
CF HA 56 13 15.95 0.1641 0.3508
CF LB 56 28 15.30 0.0345 0.2554
CF ME 56 500 8.20 0.1057 0.2897
CF PO 56 10 7.70 0.9144 0.9165
CF SC 56 65 10.88 0.2196 0.4308
CF TSP 56 106 19.18 0.1245 0.2992
cv HA 14 13 7.01 0.5446 0.7183
Ccv LB 14 28 4.18 0.8912 0.9165
Ccv ME 14 500 7.58 0.7009 0.8504
Ccv PO 14 10 7.24 0.7368 0.8504
cv SC 14 65 10.75 0.7398 0.8504
cv TSP 14 106 29.58 0.2046 0.4308
HA LB 13 28 6.33 0.5492 0.7183
HA ME 13 500 9.03 0.5380 0.7183
HA PO 13 10 9.16 0.5077 0.7183
HA SC 13 65 13.32 0.5225 0.7183
HA TSP 13 106 32.20 0.1523 0.3508
LB ME 28 500 8.27 0.2932 0.5423
LB PO 28 10 8.11 0.4959 0.7183
LB SC 28 65 11.89 0.3033 0.5423
LB TSP 28 106 31.55 0.0449 0.2554
ME PO 500 10 6.92 0.9139 0.9165
ME sC 500 65 5.10 0.4846 0.7183
ME TSP 500 106 23.56 0.0000 0.0000
PO SC 10 65 10.88 0.8694 0.9165
PO TSP 10 106 24.07 0.5920 0.7588
SC TSP 65 106 20.06 0.0812 0.2787

Table S13. Microplastic abundance per organism

Organism Sample type PET PE PP PS Sum

Name Code

A. aquaticus AA egestion 0.03 2.73 1.79 2.00 6.55
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Organism Sample type PET PE PP PS Sum
Name Code
A. aquaticus AA tissue 0.00 0.07 0.40 0.50 0.97
H. azteca HA egestion 0.00 0.08 1.46 0.39 1.94
H. azteca HA tissue 0.00 0.01 0.00 0.00 0.01
C. riparius CR tissue 0.00 0.14 0.19 0.00 0.34
C. volutator cv egestion 0.04 0.32 0.43 0.52 1.31
C. volutator cv tissue 0.98 0.04 0.06 0.04 111
C. fluminalis CF egestion 0.68 0.34 1.79 1.69 4.49
C. fluminalis CF tissue 0.00 0.01 0.03 3.28 3.33
L. balthica LB egestion 0.00 0.01 0.01 0.01 0.04
L. balthica LB tissue 0.00 0.00 0.00 0.89 0.89
M. edulis ME egestion 0.21 16.84 9.06 23.80 49.91
P. antipodarum PO egestion 0.00 0.19 0.08 0.29 0.56
S. corneum SC egestion 0.17 16.67 2.55 2.49 21.87
L. variegatus LV tissue 0.00 8.01 0.62 0.01 8.63
Tubifex spp. TSP egestion 0.53 3.18 4.93 2.03 10.67

Tubifex spp. TSP tissue 0.02 0.32 0.45 1.87 2.66
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Figure S1. Histogram of ERMP retention samples. In grey the controls are depicted.
Unequal sample effort has been corrected. 50 bins were selected for correction of
contamination.
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depicted . Unequal sample effort has been corrected. 50 bins were selected for correction

of contamination.



132 |

CR cv

HA LB

ERMP abundance/ organism

Lv TSP

— T
QAVOUOT O \
Logtwa waYo
DM DM NI R
VOO O

Length (um)

polymer
polyester

B rolyethylene
polypropylene

. polystyrene

Figure S3. ERMP found in whole body tissue samples after blank correction. Note that
particles > 650 um were excluded, as 0.01 < counts were detected above this size range.



| 133

25+
20+
15
10

5

0 J=— I ———

cv HA

£ LB ME
(2]
'g 254

Polymer
220 I y

polyester

B rolyethylene
[ polypropylene

. polystyrene

-
(&2
1

4
o o o
Il u
[ ]

1]

1

I

MP abundance/ o

PO SC

254
204
154

104
N [
—m

04———

4727
516.4 7

338.7
383.17
427.57
560.8
605.2 7
649.7 7

0~ — © « < © o
TSP w~NN©o LYo

N~ — o X o
254 - [SURS RS
204
15
101

0 J—-_— —

205.47
249.87
294.37

ength (um)

Figure S4. ERMP found in egestion samples after blank correction. Note that particles >
650 um were excluded, as 0.01 < counts were detected above this size range.






| 135

Chapter 5

Microplastics versus natural mineral
particles. How to create and test them while
maintaining environmental relevance

Vera N. de Ruijter, Xinyi Xie and Albert A. Koelmans

ERMS OM+

Ce T
®
- éﬁ i .
/
&&

ERMP

ERMS ERMP
B R <R
ELSS

Manuscript submitted for publication



136 |

Abstract

Whether microplastics cause different effects than inert natural particles, and how
to create relevant testing materials, are key questions in microplastics research. We
prepared Environmentally Relevant Microplastic (ERMP) and Mineral Microparticle
(ERMS) mixtures with similar levels of polydispersity and tested their 28-day chronic
effects on the reproduction and growth of Lumbriculus variegatus at two different
organic matter (OM) contents (average and enriched). Additionally L. variegatus
was exposed to ERMP and ERMS to study the particle egestion for 14 days. We
observed no differences in growth or reproduction between ERMP and ERMS at
particle concentrations of up to 10% (v/v). In contrast, organisms exposed to
enriched OM content increased their growth with 30% and increased reproduction
of 20%. Only when L. variegatus was exposed to ERMP with an enriched OM
content, a decrease in reproduction was detected with an effect threshold ECs, of
13.68 + 5.54%, which however does not represent an environmentally realistic
exposure concentration. After 14 days of exposure to 5% ERMP, the egestion of
faecal pellets was higher compared to exposure to 5% ERMS, suggesting that in
order to acquire the same amount of nutrition, L. variegatus is spending more
energy. With this study, we demonstrate that refinements in the manufacturing of
environmentally diverse particle mixtures can contribute to a more realistic testing
of particle effects.
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1. Introduction

Microplastics (MP) are ubiquitous in the aquatic environment today (Besseling et
al., 2019; Burns and Boxall, 2018; Van Cauwenberghe et al., 2015). Consequently,
they can be ingested by organisms and experimental work has shown that this
ingestion could lead to potential negative effects (Foley et al., 2018). Many different
kinds of negative effects have been reported including physiological stress, cell
death, aberrant development, altered lipid metabolism, and intestinal damage
(Kogel et al., 2020). However, most of the reported negative effects involve reduced
body and population growth, or a decrease in energy levels (Kogel et al., 2020).
While numerous effects have been documented, an almost equal number of
studies have found no significant effect (Bucci et al., 2020). This inconsistency is
likely attributable to variability across taxa, and differences in experimental design
(Bucci et al., 2020; Foley et al., 2018; Kogel et al., 2020).

In order to more accurately assess the ecological risk associated with microplastics,
a better understanding of the mechanisms underlying their effects and the key
factors triggering these effects is needed (de Ruijter et al., 2020) (Bucci et al., 2020).
Currently, it is difficult to compare the impact of various factors on the toxicity of
microplastic particles, because experimental setups vary significantly.
Furthermore, microplastic constitute a diverse suite of contaminants (Kooi and
Koelmans, 2019; Lambert et al., 2017; Rochman et al., 2019; SAPEA, 2019), and in
laboratory tests, different researchers often use particles that differ substantially
from one another, and exhibit only a limited degree of polydispersity (de Ruijter et
al., 2020). Nevertheless, it has been shown that the most important factors
determining the toxicity of microplastics include concentration, particle size, shape
and exposure duration (Bucci et al., 2020; de Ruijter et al., 2020; Kogel et al., 2020;
Ogonowski et al., 2023; Thornton Hampton et al., 2022). Additionally, important
cofactors such as species traits and food abundance and quality have been
highlighted (de Ruijter et al., 2023). Much less is known about the mechanisms
underlying adverse effects. Most studies are unable to demonstrate the
hypothesized effect mechanisms. For invertebrate aquatic species, the strongest
evidence exists for “inhibited food assimilation and/or decreased nutritional
value”(de Ruijter et al., 2020; Thornton Hampton et al., 2022), more commonly
referred to as ‘food dilution’. This would imply that any inert material causing the
same dilution would have a similar effect on the organism.
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Testing microplastics with an environmentally relevant degree of polydispersity
(ERMP) is a challenge in itself. It is necessary to first determine what the relevant
properties of ERMP are (Kooi et al., 2021). For effects related to 'food dilution’, the
relevant property is the volume of the ingested polydisperse ERMP mixture
(Koelmans et al., 2020), which should contain all size classes of natural ERMP in the
correct proportions. The same applies to translocation-based effect mechanisms,
such as inflammation and oxidative stress, for which the reactive surface of the
translocated particles is important (Kooi et al., 2021; Mehinto et al., 2022). Realism
in these cases can only be achieved with an environmentally relevant degree of
polydispersity. As a positive particle control, or to differentiate between effects
caused by particle shape or particle material type, an inert non-polymer test
material with the same specifications must be synthesized in the laboratory. To
investigate whether the inert non-polymer material causes the same effects, if any,
this test material must also meet those morphological specifications. The need to
include positive particle controls in effect tests, as well as to investigate differences
in material type, while keeping particles otherwise as similar as possible, is an often-
mentioned research priority (Gerdes et al.,, 2019; Koelmans et al., 2022b;
Ogonowski et al., 2018; Ogonowski et al., 2023). Several studies have been
conducted comparing effects of MP with non-polymer test materials (Gerdes et al.,
2019; Ogonowski et al., 2016; Schiir et al., 2020; Yap et al., 2020). However, these
studies used monodisperse or only slightly polydisperse particles. We are not aware
of studies specifically aimed at keeping toxicologically relevant characteristics such
as size and volume approximately equal, and also equal to the polydispersity
observed in nature.

Recently, we detected a significant difference in the effects of ERMP on L.
variegatus in sediments with varying organic matter (OM) content (de Ruijter et
al., 2023; Redondo-Hasselerharm et al., 2018). While Redondo-Hasselerharm et al.
(2018) found no effect on the growth or reproduction of L. variegatus in sediments
with an OM content of 32% (Redondo-Hasselerharm et al., 2018), de Ruijter et al.
reported negative effects on the growth and reproduction of L. variegatus (growth:
ECso=0.77 £ 0.29 % d.w.; reproduction factor: ECso = 2.51 + 0.44 % d.w) when the
OM content in the sediment was 4.5 times lower (de Ruijter et al., 2023). This
suggests that the OM content is an important factor affecting the effects of
microplastics.
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The aim of this study is twofold. First, we aim to compare the effects of two
different inert materials, i.e., environmentally relevant microplastic (ERMP), and
environmentally relevant mineral microsolids (ERMS), while ensuring their particle
size distribution is as similar as possible, on the benthic invertebrate species
Lumbriculus variegatus. Secondly, we aim to introduce a method and provide a
protocol for preparing polydisperse mixtures of microplastics or mineral particles
based on a pre-known particle size distribution.

To achieve this goal, we utilized the model species Lumbriculus variegatus to
compare the effects of ERMP on growth and reproduction, with those of an
environmentally relevant mixture of ERMS. We conducted chronic dose-response
tests with both particle types at two levels of sediment OM, following the QA/QC
criteria proposed by de Ruijter et al. (2020) The ERMS consisted of a mixture of
various clay, silt and sand fractions with the same polydispersity as the ERMP
mixture, and the preparation of both mixtures was considered a secondary
objective of the study. This approach allows us to contextualize the effects of ERMP
in relation to natural particles.

Similarities in - or absence of differences in the effects between ERMP and ERMS
are examined in the context of known effect mechanisms, such as food dilution
(Koelmans et al., 2017; Koelmans et al., 2020). Given that the implications of an
effect mechanism like food dilution are closely related to food availability, the
egestion of faecal pellets was studied for 14 days.

2. Material & Methods
2.1. Preparation of environmentally realistic microplastic particles (ERMP)

Environmentally realistic microplastic particles were designed to closely mimic the
properties of microplastics found in the environment including size, shape and
polymer distributions (Kooi et al, 2021), and were manufactured as follows. Plastic
granulates and flakes consisting of PE, PP, PET, PS and PA were all cryogenically
milled under the same conditions, specifically at -50 °C at the industrial grinding
company Netzch Lohnmatecknik GmbH (Bobingen, Germany). Our objective was to
grind the plastic granulates and flakes into the following size distribution: D1p = 20
pum, Dso = 80 pum, Dgp = 500 um (Table S1), however it is important to note that each
polymer type has a unique size distribution (Figure S1). This variation arises
because, by using the same grinding energy for all polymers, relative differences in
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polymer strengths and resistances are preserved, which also affect the relative size
distributions of individual polymers in the environment.

The polymer identity was confirmed using ATR-FTIR. To verify size and shape
distributions, we captured high resolution pictures (n>100 particles) for each
polymer type and size class using an Olympus SZX10 stereomicroscope (Figure S5.1
-55.9). These images were then analysed with Imagel to determine for major- and
minor axis (Schneider et al., 2012). In total nine classes of polydisperse particles
were identified, with lengths ranging from 3 to 145 um (PA), 5 to 185 um (PS), 5 to
229 um (PET), 9 to 348 um (PP), 15 to 589 um (PE1), 7 to 590 um (PE>), 3477 to 5000
pum (PEpig), 2858 to 5000 um (PETwig), and 4371 to 5000 um (PPyig) (Table S1). To
ensure that the particles remained within the standard maximum size for
microplastics, they were sieved twice through a 5 mm sieve. However, it should be
noted that a few particles longer than 5 mm were found, likely having passed the
sieve perpendicular to their longitudinal axis. Nevertheless, based on particle
number this represented a negligible amount of microplastic contamination within
the microplastic mixture. The density of each polymer type, as well as the final
mixture was measured using a gas pycnometer (Ultrapyc1200, Quantachrome
Instruments) for powders and porous materials. The polymers PA, PS, PE, PP and
PET showed densities of 1.16 + 0.001, 1.10 + 0.001, 0.97 + 0.002, 0.93 + 0.001 and
1.30 £ 0.015 g cm respectively (Table S1). The proportions at which the different
polydisperse polymer powders had to be mixed to obtain an ERMP mixture were
based on an a priori in silico design, which is detailed in the next section. Finally the
ERMP mixture had a density of 1.00 + 0.006 g cm™.

2.2. Designing ERMP from polydisperse polymer particles with a limited size
range

Because we know the particle size and polydispersity (the slope of the power law)
for each particle class, we can simulate the properties of any mixture made from
these 9 classes in silico. This allows us to optimize how the classes should be
blended to closely match the power law exponent measured for ERMP in the
environment. To create a size distribution similar to that found in the freshwater
environment (Kooi et al, 2021), we calculated the required proportions of the nine
polydisperse polymer powders a priori using equation 1, taking into account the
upper (UL; um) and lower size limit (LL; pwm) of each size class and a mean power
law exponent parameter of 3.25 + 0.19 (a) (Kooi et al., 2021).
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To obtain an accurate particle size distribution based on Imagel) analysis of
microscope pictures, multiple pictures were combined until a number of >100
particles was obtained (Figure S5.1 -S5.9). For each polymer type, we determined
the actual lower limit (LL) and upper limit (UL) through image analysis (Table 1,
column ‘LL’, ‘UL’). In some cases, a size class had varying sizes and multiple
magnifications were required to capture all the particles within the sample. The
smaller particles captured with a higher magnification were, in fact, a subsample
and were rescaled by multiplying the whole unique dataset by the difference in
magnification factor. Consequently, for each size class the amount of particles per
dataset was calculated (Table 1, column ‘Observed Image Count’). Using the major
axis diameter (length) (¢;) and the minor axis diameter (width) (¢s) and the
polymer density (p), we calculated the mass per unique dataset (Table 1, column
“observed mass”) using equation 2 (Tanoiri et al., 2021).

Msimon = 5 (5) (5) (+5%) o @

We targeted an average number of particles in each size fraction for the LL and UL
values using Equation 1, where a = 3.25 represents the power-law slope of the
targeted particle size distribution. Based on these values, a relative targeted
number concentration (%) was calculated (Table 1, column ‘targeted particle (%)’).
Since the observed and targeted relative fractions vary for each polymer, a
multiplication factor (MF) was computed (MF = targeted% /observed%). For
example, for PA, the targeted percentage was 58.4, while the observed percentage
was 17%, resulting in an MF of 58.4 / 17 = 3.51. By applying this multiplication factor
to the observed weights per polymer fraction, we derived a corrected weight for
each polymer fraction. These weights are low and the weight of a mixture made
from these polymer fractions is too low for experimental use. However, the
calculated weight fractions for each polymer (Table 1, under the column 'targeted
weight%') can be applied to achieve any desired total weight for the final mixture.
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To verify the mean power law exponent parameter for the final mixture, the
required proportions were adjusted in R by multiplying the datasets accordingly.
Subsequently, power law distributions for the separate polymers and the final
mixtures were fitted using maximum likelihood estimation (Clauset et al., 2009;
Newman, 2005) and n = 100 bootstraps as previously designed by Kooi et al. (2021).
All calculations were performed using the R package poweRlaw (Gillespie, 2014).

Finally, based on the design, we created in the laboratory the physical ERMP mix
with varying polymer type, size, shape and colours, in mass proportions
corresponding to those occurring in the freshwater sediment environment (PE >
PET > PP > PS > PA), and a natural polydispersity characterized by an average
exponent parameter of 3.57 + 0.10 (Figure S1, S2, S6)(Kooi and Koelmans, 2019).
Our research questions concern the particle effects of microplastics, rather than
particle-associated chemicals. Therefore, to eliminate any additives present in the
plastic, the microplastics were washed with methanol three times and mixed on a
shaker table for at least two hours per wash, with a final overnight wash (de Ruijter
et al., 2020; Koelmans et al., 2017).

2.3. Preparation of environmentally relevant micro-solids (ERMS) particles

Similar to the environmentally relevant polydisperse microplastic mixture, a
mixture of inert non-polymer particles was designed and created from nine classes
of mineral particles (clay, fine sand, coarse sand, very coarse sand and fine gravel)
(Table S2). High resolution pictures (n>100 particles) were taken per size class with
an Olympus SZX10 stereomicroscope (Figure S5.10 -S5.18). The particle properties
of these nine classes were determined using Imagel) and exhibited unique size
distributions (Figure S4). Kaolin particles ranging from 5 to 39 um were purchased
from Sigma Aldrich. Very fine sand to coarse sand with grain sizes ranging from 14
to 413 um (Zilverzand), 16 to 533 um (Ophoogzand), 16 to 353 um (Speelzand), and
42 to 787 um (Brekerzand), were collected from Karwei construction shop
(Wageningen, the Netherlands). Very coarse sand particles ranging from 86 to 907
um (RayherHobby) and 22 to 876 um (MICADecoration) were ordered from
Shoppartners b.v.. Finally, very fine gravel with particles ranging from 12 to 4047
um (NurzurDekoration) and 50 to 5071 (Eurosand) were ordered from hobby shop
Boetiek Chloé and Dutch QualityProducts respectively (Table S2).

The mineral-based ERMS mixture was made to closely match the size distribution
of ERMP and followed the same design procedure. A mean exponent parameter of
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2.37 + 0.03 was obtained (Figure S3, S4, S7). Although no additives or sorbed
chemicals were expected for these mineral particles, they underwent the same
methanol washing treatment as the ERMP mixture (de Ruijter et al., 2020;
Koelmans et al., 2017). The density of the sand and clay as well as the final mixture
was measured using a gas pycnometer (Ultrapyc1200, Quantachrome Instruments)
for powders and porous materials (Table S2). The particles from Eurosand,
MICAdecoration, Rayherhobby, Nurzurdekoration, Brekerzand, Speelzand,
Ophoogzand. Zilverzand and Kaolin had densities of 2.69 + 0.004, 2.68 + 0.004, 2.64
1+0.003, 2.86 £ 0.003, 2.64 £ 0.006, 2.64 £ 0.003, 2.64 + 0.015, 2.64 £ 0.012 and 2.71
+0.055 g cm respectively. Finally the ERMS mixture has a density of 2.68 + 0.004
gcm3,

2.4. Sediment

Clean freshwater sediments were collected from the experimental field station of
Wageningen University (the Sinderhoeve, Renkum, The Netherlands).
Subsequently, sediments were sieved through a 2 mm sieve and stored at -20°C in
order to preserve OM and kill any organisms present. The sediment has an OM
content of 4.21% + 0.03 (n=5) (de Ruijter et al., 2023), which can be considered as
a typical, default standard OM content.

2.5. Test organisms

L. variegatus were cultured at the Aquatic Ecology and Water quality Management
Department, Wageningen University and Research (Wageningen, The
Netherlands), in Dutch Standard Water (DSW) at 20 £ 1 °C. They were fed twice a
week with organic nettle powder. Additionally unbleached kitchen paper was
added as a living substrate. DSW was renewed weekly.

2.6. Test design

The ERMP and the ERMS mixtures were each mixed into the sediment in order to
obtain six doses: 0, 0.3, 1.0, 2.5, 5.0 and 10.0 % (v/v). Exposure to ERMP and ERMS
was standardized by applying doses based on particle volume. This equalizes the
number of encounters between organisms and the particles, as well as the
bioavailable fractions for particle ingestion and food dilution. However, equalizing
by volume does result in a difference in dose based on the weight of the particles.
In terms of weight, ERMS doses were 2.68 times higher than those for ERMP.
Weight percentages were: 0, 0.26, 0.88, 2.21, 4.43 and 8.91% (wt). Particle number
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concentrations were: 0, 3.49 x10°, 1.18 x107, 2.97 x107, 5.94 x10” and 1.20 x 10®
microplastics/kg. Experimental units were prepared in triplicate. For the systems
with enriched OM, 1.0 g of organic nettle powder was added to the sediment.
Subsequently, the systems were manually homogenized using a stainless steel
spoon (Figure S8, 9). Afterwards, DSW was gently added at a 4:1 water-to-sediment
ratio. The systems were randomized and left to acclimatize for two weeks before
adding the organisms. In each experimental unit, 20 organisms were added. The
exposure duration was of 28 days, and the temperature was maintained at a
constant 20 £ 1 °C. Dissolved oxygen, pH, temperature, conductivity, salinity and
NH3 concentrations were measured twice a week. DSW was periodically refreshed,
and air supply was checked daily. During the exposure period, the test systems were
covered with aluminium foil to avoid contamination from the laboratory
environment. After 28 days, the organisms were sieved, counted and then dried for
96 hours at 37°C before being weighed per replica. For ERMP treatments, exposure
was verified by analysing whole body tissue and egestion samples for microplastic
contents using micro-FTIR, which is reported elsewhere (de Ruijter et al., 2023).

Test design, materials, handling of materials, control of background contamination
and exposure conditions adhered to the QA/QC criteria as defined and previously
described by de Ruijter et al. (2020) and de Ruijter et al. (2023). A summary of how
these criteria were met is provided as Supporting information (Table S3).

2.7. Data analysis

All statistical analyses and graphs were performed in R (R Core Team, 2023). Dose
response curves and effect concentrations (ECy) were determined utilizing the drc
package in R (Ritz et al., 2015). The continuous data for reproduction and growth
responses were fitted using 2 to 4 parameter log-logistic and Weibull models. The
best fitting model was selected based on the Akaike Information Criterion (AIC),
using the mselect function from the drc package and visual inspection.
Subsequently, model assumptions were checked visually using Q-Q plots and
residual plots. To assess the presence of a dose-effect relationship, the dose
response model was compared to a linear regression model with a slope of 0,
indicating the absence of a dose-response relationship. This was done using the
likelihood ratio test (noEffect function drc). ECio and ECso values were derived with
95% confidence intervals using the function ED() in the drc package.
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The effects of material type (i.e., ERMP or ERMS), OM content (enriched and
average), and exposure concentration on reproduction and growth, were assessed
with a three-way ANCOVA. Additionally, the effect of material type (ERMP or
ERMS), concentration (0%, 5%, 10%) and day were tested with a repeated three-
way ANOVA. Interactions between variables were investigated using ANOVA, AIC,
significance of interaction terms and interaction plots. Model assumptions were
checked using diagnostic plots (Q-Q and residual plot), as well as statistical tests
such as the Shapiro-Wilk normality test and Levene’s test. All residuals of
reproduction and growth data were normally distributed, and the variances were
homogenous. However, residuals of egestion data were not normally distributed,
and were log transformed before analysis. Multiple comparisons among different
treatments (mixtures, OM content) and concentrations were conducted using
Tukey’s method.

3. Results & discussion

3.1. Effects of microplastics and mineral particles on reproduction

We exposed worms for 28 days to increasing doses of particles, mixed in the
sediment. Water quality measurements temperature, pH and dissolved oxygen
were consistent through time and showed no apparent differences between
treatments (Table S4). Conductivity 884 + 68.41 uS/cm was higher than
recommended, however no differences between treatments were detected (Table
S4) (OECD, 2007). The average number of living worms in the controls increased
with a factor of 2.5+0.10, 1.98 + 0.32, 2.08 £ 0.31, 1.8 + 0.48 compared to the start
of the test for the treatments ERMP with enriched OM content, ERMP with average
OM content, ERMS with enriched OM content and ERMS with average OM content,
respectively. This indicates that all exposures adhered to OECD guidelines regarding
control reproduction, and test conditions were adequate (OECD, 2007).

Our primary objective was to compare the effects of environmentally relevant
microplastic (ERMP) with an inert non-polymer material exhibiting a similar level of
polydispersity. In a direct comparison of the effects of ERMP on reproduction with
those obtained for ERMS, no statistically significant differences were observed
(three-way ANCOVA, p = 0.174) (Table S6). This implies that neither material is
significantly more toxic than the other, even at the highest tested dose of 10%.
While this lack of differences does not confirm the existence of specific effect
mechanisms such as food dilution (since no effects were observed), it does reduce
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the likelihood of material-specific mechanisms. In contrast, a non-specific
mechanism like food dilution relies solely on the volume ingested. Thus, it is
possible that the ingested volumes for both material types were limited enough to
prevent food dilution from occurring. In this context, the results are consistent with
a food dilution mechanism. Similarly, previous studies by Silva et al. (2021) and
Redondo-Hasselerharm et al. (2018) also did not find any reproductive effects on L.
variegatus after a 28-day exposure.

Despite these findings, our dose-response model extrapolated a statistically
significant effect threshold above the highest tested dose (ECso = 13.68 £ 5.54
v/v%; 1.64*108 £ 6.59*107 microplastics/kg) for ERMP in the 'enriched OM'
treatment (Table S5; Figure 1). However, because the ECs value exceeds the
highest tested concentration of 10% (v/v), this raises concerns about the reliability
of the threshold, which therefore must be interpreted with caution.
Nevertheless, this ECsg is close to the highest 'hotspot' concentrations reported
for Liangfeng River sediments in China with 2.21 x 108 number/kg of dw. For the
other treatments, including ERMP with average OM content, ERMS with enriched
OM content, and ERMS with average OM content, no significant dose-effect
relationships could be established (Table S5; Figure 1).

Significant differences in the reproduction rate were found between the
treatments depending on the organic matter content in the sediment (three-way
ANCOVA, p =< 0.001)(Table S6). Where the organic matter content was higher, the
reproduction rate was also higher with a factor of 1.2 for the treatment ERMP
(Tukey HSD, ERMP OM enriched vs ERMP OM average, p = 0.022) and ERMS (Tukey
HSD, ERMP OM enriched vs ERMS OM average, p = 0.003)(Figure 1; Table S6). This
confirms the important role of food quality and abundance as factors of habitat
quality for benthic invertebrates (Amariei et al.,, 2022; Vroom et al., 2017).
Furthermore, this underscores the significance of food conditions when designing
microplastics effect studies.



148 |

B
ERMP ERMS

44 4
= =
2 25
8 Yy l
c OM content pm | ¢ | ,L OM content
(] o |
B2 ‘ Enriched B2 [ $ ¢ Enriched
=} =]
8 I Average '5 Average
Q 14 Q 1+
7} [9)
14 o

0 0

0 0.3 1 25 5 10 0 0.3 1 25 5 10
c , D
OM Enriched OM Average

4 4
. .
2 2
81 | 81
"é T ¥ L Mixture "é Mixture
= | =
3 9) + + + ERMP 3 2 ERMP
e e
8 -4~ ERMS 8 ERMS
Q 14 Q 14
7} [3)
o o

0 0

0 0.3 1 25 5 10 0 0.3 1 25 5 10

Microplastic concentration / d.w. sediment (% v/v)

Figure 1. Mean reproduction factor (+ s.d.) of L. variegatus after chronic exposure to ERMP
or ERMS in sediment with enriched versus average organic matter content. Note that
concentrations are on a log scale. Additionally the zero concentration has been converted
to 0.01 to allow plotting on the log scale.

3.2. Effects of microplastics and mineral particles on Growth

Chronic exposure to ERMP or ERMS with concentrations of up to 10% (v/v) caused
no significant effect on the growth of L. variegatus, and no significant dose effect
relationships were observed (figure 2; Table S7). This is in accordance with previous
studies that exposed L. variegatus to PS and PE, respectively (Redondo-
Hasselerharm et al., 2018; Silva et al., 2021). No differences on the growth were
detected between the mixtures ERMP and ERMS (three-way ANCOVA, p =
0.592)(Table S8). Hence, also for this endpoint, neither material appeared
significantly more toxic than the other, supporting our interpretation of the
reproduction data. Interestingly, sediment OM content appeared to be a more
important factor explaining the observed growth differences (three-way ANCOVA,
p = < 0.001)(Table S8). With enriched OM content, the growth of L. variegatus
increased on average by a factor of 1.3. These differences were apparent between
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the treatments ERMP OM enriched and EMS OM average (Tukey HSD, p = 0.013)
and ERMS OM enriched and ERMS OM average (Tukey HSD, p = 0.011)(Table S8).
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Figure 2. Mean growth mg dw (+ s.d.) of L. variegatus after chronic exposure to ERMP or
ERMS in sediment with enriched versus average organic matter sediment content. Note that
concentrations are on a log scale, additionally the zero concentration has been converted
to 0.01 to allow plotting on the log scale.

3.3. Effects of microplastics and mineral particles on egestion

Water quality measurements temperature, pH and dissolved oxygen were
consistent over the 14 days of exposure and showed no apparent differences
between treatments (Table S9). After 14 days, the controls had an average
reproduction factor of 0.91 £ 0.11 and growth of 10.77 + 3.24 mg dw.

The egestion of faeces by L. variegatus was not significantly different between the
two mixtures ERMP and ERMS (three-way repeated ANOVA, p = 0.071)(Figure 3;
Table S10). Only for one exposure concentration 5 % (v/v),ERMS. L. variegatus
exposed to ERMP egested more than when exposed to ERMS (three-way repeated
ANOVA, Mix x Concentration, p = 0.004) (Tukey HSD, p = 0.010)(Figure 3; Table S10).
We can only speculate about the explanation. As egestion is a proxy for ingestion
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this indicates that for the same amount of nutrition ingested more energy is spent.
Another explanation could be due to the density differences in the particles. As
ERMS had a 2.68 times higher density than ERMP, it might take more energy to
process the sand and clay particles compared to the microplastics, resulting in less
egestion of these particles. However, it remains unclear, because you would also
expect this at other doses, which is not observed.

When the dose of ERMP is increased up to 10% (v/v), egestion decreases
significantly (Tukey HSD, p = 0.029) and shows no difference compared to the
control (Tukey HSD, p = 1.000) (Figure 3; Table S10). We have no conclusive
explanation for this observation; we can only speculate how material-specific
differences such as particle density or aggregation behaviour might affect the
egestion of particles. A possible explanation is that at higher concentrations
microplastics were more aggregated or encapsulated in the sediment, rendering
them less bioavailable for L. variegatus. For the treatment with ERMS the egestion
rate is not concentration dependent; no differences are found between the control
and the concentrations tested (Tukey HSD, p = 0.310, p = 0.999) (Figure 3; Table
$10).
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Figure 3. Egestion of faecal pellets (mg dw) after exposure of L. variegatus to ERMP or
ERMS over 14 days.



| 151

4. General discussion and recommendations

In this study, we introduce a novel approach for making environmentally relevant
mixtures of particles within the microplastic size range of 1 to 5000 um. We provide
a recipe for making polydisperse mixtures of microplastic and natural sand and clay
particles with a focus on achieving size similarity among them. The chosen size
range determines if the particles can be ingested, and by expressing exposure using
a particle volume-based concentration ratio instead of using mass or particle
number concentration, hypothesized effect mechanisms like that of food dilution
can be tested.

This study shows that it is possible to conduct effects tests on environmentally
relevant, heterogeneous particle mixtures, here ERMP and ERMS, while adhering
to strict QA/QC criteria (de Ruijter et al., 2020). There was no difference between
the effects of inert ERMP or ERMS particles on the reproduction and growth of L.
variegatus. This result differs from what has been found in recent meta analyses
comparing effects of microplastic to those of natural particles, which generally
suggest that microplastics are slightly more toxic than natural particles (Doyle et
al., 2022; Ogonowski et al.,, 2018; Ogonowski et al., 2023; Waldschlager et al.,
2022). However, these meta analyses have their limitations. They involve the
comparison of data from different studies, each carrying considerable
uncertainties, resulting in reduced statistical rigour compared to experiments
where all experimental conditions are held constant, as in our study (Waldschlager
et al., 2022). Published studies often involve particles that differ significantly in
terms of polydispersity, compared to the particles tested in our study. Moreover,
the particles used in those studies may contain chemicals, with unknown chemical
identities and concentrations that vary between experiments. Consequently,
differences in toxicity stemming from chemical contaminants are erroneously
attributed to inherent microplastics characteristics. In essence, the toxicity of
chemicals primarily pertains to the hazard assessment of those chemicals, and
should be considered separately from the assessment of particle effects (Koelmans
et al., 2017; Koelmans et al., 2022a; Petersen et al., 2022). Together with the use of
inappropriate metrics, these factors complicate comparisons (Ogonowski et al.,
2018; Ogonowski et al., 2023).

Only for ERMP with enriched organic matter content we find an adverse effect on
the reproduction of L. variegatus, higher than the highest dose. However, this is not
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an environmentally relevant concentration(Lenaker et al., 2019; Redondo-
Hasselerharm et al., 2023; Xia et al., 2021), is not a reliable threshold concentration,
and does not alter the fact that the direct comparison between ERMP and ERMS
showed no difference. Furthermore, this effect threshold is considerably higher
than we found in our previous study (ECso = 2.51 £ 0.44 % d.w). As the experimental
set ups were almost identical, this indicates that the repeatability of tests to detect
adverse effect induced by microplastic particles may be limited, possibly due to
biological variability and the relatively small effect size detected previously.

We did observe a difference in egestion rates between the diverse microplastics
and diverse mineral particles tested. Interestingly, when exposed to the same
particle volume concentration in the sediment for the two mixtures, L. variegatus,
albeit only at the 5% (v/v), showed an increase of egestion when exposed to ERMP
compared to ERMS. This suggests that in order to acquire the same amount of
nutrition, L. variegatus is spending more energy. This is in accordance with the
findings of Silva et al. (2021), who found that PE-MPs induced depletion of energy
reserves (Silva et al., 2021). Notably, this difference in effect diminished at the
highest concentrations tested 10% (v/v). Although the sediment was thoroughly
homogenized before the start of the experiment, it can be speculated that during
the experiments, the bioturbation of the blackworms caused aggregation of
microplastics preventing it to become bioavailable. Here the use of a polydisperse
mixture increases environmental relevance and gives insight into behaviour of
particles as a mixture. One factor explaining the response variables more
substantially than the different mixtures tested, is the organic matter content in
the sediment. This variable explains significant differences in both the reproduction
and weight of L. variegatus, highlighting its importance when designing
microplastic testing experiments.
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Figure S1. Particle length distributions for the different polymer types. The blue vertical
lines indicate the minimum size for which the fitted power law is valid (Xmin). The orange
slopes indicate the fitted power law distributions (a). The mean and standard deviation of
both a and Xmin were determined using a bootstrap method (n = 100) for the different
polymer types. a = 3.45 + 0.23 for PA, 4.59 + 0.89 for PS, 4.32 + 0.87 for PE1, 3.83 £ 0.31
for PE2, 3.80 + 0.29 for PP, 5.26 + 0.25 for PET, 2.94 + 0.23 for PE big, 3.86 + 0.25 for PET
big and 3.61 + 0.23 for PP big.
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Figure S2. Particle length distributions for the ERMP, mean exponent parameter a =3.57 +
0.10. The blue vertical line indicate the minimum size for which the fitted power law is
valid. The orange slope indicates the fitted power law distribution.
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Figure S3. Particle length distributions for the ERMS, mean exponent parameter a = 2.37
1 0.03 s.d. The blue vertical line indicate the minimum size for which the fitted power law
is valid. The orange slopes indicate the fitted power law distributions.
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Figure S4. Particle length distributions for the different sand and clay particles. The blue

vertical lines indicate the minimum size for which the fitted power law is valid (Xmin). The
orange slopes indicate the fitted power law distributions (a). The mean and standard

deviation of both a and Xmin were determined using a bootstrap method (n = 100) for the
different sand and clay particles: a = 9.70 + 1.72 for Eurosand, 2.08 + 0.04 for
MICADecoration, 9.35 + 1.90 for RayherHobby, 3.93 + 0.11 for NurzurDekoration, 5.94 +
1.86 for Brekerzand, 6.48 + 2.10 for Speelzand, 4.97 + 1.05 for Ophoogzand, 7.01 + 1.03
for Zilverzand and 4.83 £ 0.82 for kaolin.
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Figure S5.1. Microscope image of Polyamide.

Figure S5.3. Microscope image of Polyethylene.
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Figure S5.4. Microscope image of Polyethylene.

Figure S5.5. Microscope image of Polypropylene

Figure S5.6. Microscope image of Polyethylene terephthalate



Figure S5.9. Microscope image of Polypropylene big



Figure S5.10. Microscope image of Eurosand

Figure S5.11. Microscope image of MicaDecoration

Figure S5.12. Microscope image of RayherHobby
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Figure S5.13. Microscope image of NurzurDekoration

Figure S5.14. Microscope image of Brekerzand

Figure S5.15. Microscope image of Speelzand
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Figure S5.18. Microscope image of Kaolin
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Figure S7. Final mixture of ERMS including all nine size classes.
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Figure S8. Experimental set up. ERMP with average and enriched organic matter content
in sediment. Additionally 6 doses; 0, 0.3, 1.0, 2.5, 5.0 and 10.0 % v/v in triplicate are
shown.

natural natural

Figure S9. Experimental set up. Natural particle mix with average and enriched organic
matter content in sediment. Additionally 6 doses; 0, 0.3, 1.0, 2.5, 5.0 and 10.0 % v/v in
triplicate are shown.
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Table S1. Summary of different size classes, including polymer type, source, lower and

upper limit of size range, mean particle size and density.
—————————————————————————————————————————————

Size Type Source Density Mass Particle
class Lower Upper (g/cm3)  mixture mixture
0, 0,
limit  limit  Median Mean (%) (%)
(um) (um) (nm) (um)
1 WeCreate 1.16 + 1.0 14.4
www.korrels.nl 0.001
PA 3 145 33 39
2 WeCreate 110+ 3.0 15.5
www.korrels.nl 0.001
PS 5 185 49 56
3 UniPlastic 097 36.7 14.4
0.001
PE1 15 589 141 155
4 UniPlastic 097+ 27.3 15.8
0.002
PE2 7 590 123 134
5 UniPlastic 0.93 £ 3.9 8.6
0.001
PP 9 348 79 91
6 Plastic Recycling 130+ 11.5 29.7
Amsterdam 0.015
PET 5 229 73 74
7 Plastic Recycling 0.95+ 5.6 0.5
Amsterdam 0.003
PE
big 3477 16837 8394 8700
8 Plastic Recycling 135+ 5.6 0.7
Amsterdam 0.002
PET
big 2858 13409 6456 6583
9 UniPlastic 0.91+ 5.6 0.5
0.002

PPbig 4371 18605 8785 8856
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Table S2. Summary of different size classes, including source, lower and upper limit of size
range, mean particle size and density.

Siz Name Source EAN Densi Mass Particl
e ty mixtu e
clas Low Upp (g/cm re (%) mixtu
s er er medi mea 3) re (%)
limit limit an n
1 Dutch 9506864654 269+ 53.9 0.39
QualityProduct 270 0.004
s
307
EuroSand 50 5071 3247 2
2 Shoppartners 8711473463 2.68 + 0.3 2.50
B.v. 286 0.004

shoppartners.n

MICADecorati |

on 22 876 104 147
3 Shoppartners 8718758989 2.64 1.2 0.12
B.v. 967 0.003
shoppartners.n
RayherHobby | 86 907 557 536
4 Boetiek Chloé 6090927853 286+ 443 9.79
821 0.003
NurzurDekora
tion 12 4047 137 893
5 Karwei 8711297375 2.64 + 0.1 0.58
(constructions 314 0.006
hop)
Brekerzand 42 787 208 228
6 Karwei 8711297134 2.64 + 4.7*1 5.12
(constructions 041 0.003 02
hop)
Speelzand 16 353 157 151
7 Karwei 8711297375 2.64 0.1 5.12
(constructions 307 0.015
hop)
Ophoogzand 16 533 98 121
8 Karwei 8711297134 264+ 0.1 6.91
(constructions 065 0.012
hop)
Zilverzand 14 413 147 147
9 Sigma Alderich 271+ 7.5*%1 69.47
1332-58-7 * 0.055 0+
Kaolin 5 39 11 13

* CAS number
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Table S3. Quality Assurance/Quality control (QA/QC) criteria score for testing effects of
MP in aquatic test systems (de Ruijter et al., 2020)

Criteria Score (0- Score explanation
2)2

Particle Characterization

1. Particle size

2. Particle shape
3. Polymer type

4. Source of MP

5. Data reporting

Experimental design

Min/max size values, median and average size given and
particle size distribution measured and reported.

High resolution pictures of used microplastics are provided.
Polymer types (PA, PS, PE, PP and PET) were identified with
FTIR.

Sources of microplastics (Wecreate, UniPlastic, Plastic
recycling Amsterdan, the Netherlands) and description how
MP was made at industrial grinding company (Netzch
Lohnmatecknik GmbH, Bobingen, Germany) reported.

MP concentrations were reported as volume, mass and
particle amount.

6. Chemical purity

7. Laboratory preparation

8. Verification of background
contamination

9. Verification of exposure

10. Homogeneity of exposure

11. Exposure assessment

12. Replication
Applicable for Risk assessment

To remove additives present, if any, the MP were washed
with methanol three times.

All materials used were washed with Milli-Q water, and
non-plastic materials were used whenever possible.
Bioassays were covered with aluminium foil to prevent
contamination from air.

Identical lab conditions used as previous study that showed
that background contamination was negligible (de Ruijter et
al. submitted)

Identical lab conditions used as previous study that
measured nominal concentrations (de Ruijter et al.
submitted), however no evidence that at least 80% of the
nominal concentration throughout the test is maintained.
Method of obtaining homogenous exposure (stirring) was
described.

Whole body tissue and egestion samples were
quantitatively analysed using FTIR in separate experiment
3 replicates were used.

13. Endpoints

14. Presence of natural (food)
particles

15. Reporting of effect
thresholds

16. Quality of dose-response
relationship

Ecological relevance

Ecologically relevant endpoints (growth and reproduction)
for risk assessments at the individual level were used.
Natural particles and food were added to test systems

Effect thresholds were reported as ECso and EC1o with
standard errors reported.
6 concentrations including control

17. Concentration range tested

2 environmentally relevant concentrations were used and
motivated from measured environmental concentrations.
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18. Aging and biofouling 1 Aged plastic was used. A biofilm was allowed to form
during acclimatization, however, the biofilm was not
characterized. Consequently only 1 point was given .

19. Diversity of MP tested 2 A variety of MP shapes and sizes was used.

20. Exposure time 2 The exposure time was 28 days.

Total 38 (95%)

Table S4. Water quality measurements during 28 d chronic exposure, taken every other day and at

least one sample of each dose and replicate.
. ____________________________________________________________________________________________________________________________________________]

Mixture OM content T(°C) pH DO(%) Conductivity NH3 (mg/L)
(nS/cm)

ERMP Enriched 20.1+0.35 8.37+0.29 85.1+8.1 953 +68 0.13+0.12

ERMP Average 20.5+0.36 8.31+0.28 86.9+7.2 833+82 0.11+0.10

ERMS Enriched 20.1+0.36 8.38+0.29 85.1+12.1 950+ 92 0.12+0.12

ERMS Average 20.1+0.36 8.19+0.30 85.9+6.0 800+ 79 0.11+0.09

Table S5. Statistical results dose response testing and likelihood ratio test for the endpoint

‘reproduction”
. ______________________________________________________________________________________________________________________________________________]

Treatment Endpoint Type Log- p-value EC10 ECwo # ECso ECso #
of likelihood effect + particles/ + particles/
drc? ratio test threshold S.E.% kgdw S.E% kgdw
fitted p-value (v/v) sediment (v/v) sediment
(noEffect)
ERMP Reproduction  LL.3 0.035 0.026 5.43 6.45 *107 13.68 1.64 *108
enriched + +4.08 + +6.59
3.44>  *107 5.54¢  *108
ERMP Reproduction  LL.4 0.073 0.009 - - - -
average
ERMS Reproduction W1.3  1.000 0.913 - - - -
enriched
ERMS Reproduction  LL.4 0.766 NA - - - -
average

Significant findings (p < 0.05) are highlighted in bold.
2 Dose-response curve package in R provides the following models: Weibull type | model

(W1.x) and log logistic (LL.x), with ‘x’ is the number of parameters fitted.
b Lower limit uncertainty range of EC1o is zero.
) ECso value higher than the highest concentration of 10% (v/v)

Table S6. Statistical results from three-way ANCOVA for the endpoint ‘reproduction’

Response: reproduction d.f. Sumsq Mean F p

Sq
Mix 1 0.300 0.300 1.886 0.174
oM 1 2.293 2.293 14.404 <0.001
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Concentration 1 0.004 0.004 0.022 0.882
Mix:OM 1 0.025 0.025 0.159 0.691
Mix:Concentration 1 0.065 0.065 0.409 0.525
OM:Concentration 1 0.949 0.949 5.961 0.017
Mix:OM:Concentration 1 1.451 1.451 9.112 0.004
Residuals 64 10.190 0.159

Tukey’s method for multiple comparisons

ERMP OM Enriched vs ERMP 0.022
OM average

ERMP OM Enriched vs ERMS 0.598
OM enriched

ERMP OM Enriched vs ERMS 0.003
OM average

ERMP OM average vs ERMS OM 0.326
Enriched

ERMP OM average vs ERMS OM 0.901
average

ERMS OM Enriched vs ERMS OM 0.087
average

Table S7. Statistical results dose response testing and likelihood ratio test for the endpoint ‘growth’
———————————————————————— ————————————

Treatment Endpoint Type Estimate Log- ECio+ ECwo # ECso+x  ECso #
ofdrc  effect likelihood S.E% particles/ S.E% particles/
fitted  threshold ratio test kg dw kg dw

p-value p-value sediment sediment
(noEffect)

ERMP Growth LL.3 0.946 1.000 - - - -

enriched

ERMP Growth LL.3 0.939 1.000 - - - -

average

ERMS Growth LL.3 0.070 0.107 - - - -

enriched

ERMS Growth LL.3 0.209 0.525 - - - -

average

Table S8. Statistical results three-way ANCOVA for endpoint ‘growth’
——————————————————————————————————

Response: growth d.f. Sumsq Mean sq F p

Mix 1 18.400 18.400 0.291 0.592
oM 1 1025.300 1025.290 16.199 <0.001
Concentration 1 93.400 93.380 1.475 0.229
Residuals 64 4177.300 63.290

Tukey’s method for multiple comparisons

ERMP OM enriched vs ERMP 0.084

OM average



ERMP OM enriched vs ERMS
OM enriched

ERMP OM enriched vs ERMS
OM average

ERMP OM average vs ERMS OM
enriched

ERMP OM average vs ERMS OM
average

ERMS OM enriched vs ERMS
OM average

1.000

0.013

0.080

0.898

0.011
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Table S9. Water quality measurements during the 14 d egestion study, taken every other two days

and at least one sample of each dose and replicate.

Mixture T(°C) pH DO(%) Conductivity NH3 (mg/L)
(nS/cm)

ERMP 19.7 £ 0.64 8.04 £0.36 91.76 £4.14 489 + 59 0.05+0.05

ERMS 19.7+£0.70 8.36+0.08 92.36+2.75 467+ 58 0.06 +£0.09
Table S10. Statistical results three-way Repeated ANOVA for egestion.

Response: egestion d.f. Sumsq Mean sq F p

Error: Between

Mix 2 7.789 3.895 3.259 0.071

Concentration 2.217 2.217 1.855 0.196

Mix:Concentration 1 14.874 14.874 14.447 0.004

Residuals 13 15.535 1.195

Error: Within

Day 6 222.65 37.11 102.761 <0.001

Day:Mix 12 10.80 0.90 2.491 0.008

Day:Concentration 6 1.11 0.19 0.513 0.797

Day:Mix:Concentration 6 7.12 1.19 3.286 0.006

Residuals 78 28.17 0.36

Tukey’s method for multiple comparisons

Control 0 % — ERMP 10 % 1.000

Control 0 % — ERMP 5 % 0.010

Control 0 % — ERMS 10 % 0.310

Control 0 % — ERMS 5 % 0.999

ERMP 10 % — ERMP 5 % 0.029

ERMP 10 % — ERMS 10 % 0.480

ERMP 10 % — ERMS 5 % 1.000

ERMP 5 % — ERMS 10 % 0.423

ERMP 5 % —ERMS 5 % 0.037

ERMS 10 % —ERMS 5 % 0.562
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Chapter 6

General discussion
A brief history of microplastics effect

testing: Guidance and prospect
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1. Introduction

Over the past few decades, concerns have arisen regarding the potentially adverse
effects of microplastic particles (MP) in the environment. Understanding these
effects is crucial to quantify them within the context of risk assessments (Koelmans
etal.,, 2017). While the testing of more traditional chemical stressors like pesticides,
persistent organic pollutants (POPs), and heavy metals has been well-established,
resulting in numerous guidance documents, protocols, and standard operating
procedures (SOPs), the MP scientific community has undergone a steep learning
curve in the past decade.

MP represent a complex, heterogeneous mixture of particles with varying degrees
of aging and weathering Jahnke et al. (2017). They are associated with biofilms and
chemicals, including additives and chemicals sorbed from the environment. These
characteristics are highly variable in both time and space, posing significant
challenges when evaluating the risks associated with this complex contaminant.
Despite the challenges causing the research community to take substantial detours
and delays in developing valid testing and assessment strategies, some of these key
issues are gradually being addressed in response to landmark papers highlighting
the limitations of available data (Figure 1).

Our brief history of MP effect testing begins as early as 2016 with the work of Lenz
et al. (2016), who stressed the importance of using environmentally realistic MP
concentrations. In the same year, Phuong et al. (2016) also argued that laboratory
experiments often employed MP concentrations significantly higher than those
found in the field. Additionally, they noted that MP exposure conditions typically
involve a single type of polymer with a precise size and homogeneous shape, which
does not accurately represent the diversity of MPs found in the environment.
Connors et al. (2017) also emphasized the need to address the environmental
relevance of test concentrations and stressed that studies should provide sufficient
detail to convert particle concentrations and characterize particles extensively.
Moreover, they highlight the need for relevant controls or reference materials.
Karami (2017) underscored the importance of quantifying chemicals associated
with MP particles, selecting appropriate test organisms, preventing aggregation,
and considering the environmental relevance of particle size. Rist and Hartmann
(2018) elaborated on these aspects and emphasized the need of developing clear
definitions for plastic particle categorization, including controls for chemical
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leaching (e.g., monomers, additives), the development of reference materials for
method validation and comparison, and addressing the influence of environmental
transformation processes (e.g., 'aging') on MP behaviour and ecotoxicity. De Sa et
al. (2018) were among the first to observe the over-representation of certain
species in MP effect studies, primarily focusing on fish and small crustaceans. They
also highlighted a lack of understanding regarding the mechanisms responsible for
MP effects. Burns and Boxall (2018) were the first to provide a systematic
comparison of effects across multiple species (Species Sensitivity Distributions) and
exposure concentrations, shedding light on low risks in natural settings. However,
their analysis still faced challenges due to the incomparability of data, as noted by
earlier authors. Advancing further, O'Connor et al. (2020) stressed that testing
higher-than-realistic MP concentrations remains essential for assessing dose-
dependent effects. Meanwhile, Triebskorn et al. (2019) identified additional
imbalances, including an overrepresentation of certain polymers (e.g.,
polyethylene and polystyrene), species (e.g., fish), and a notable dearth of studies
addressing the effects of diverse MP mixtures. Furthermore, Bour et al. (2021)
advocated for a more nuanced approach to address the complexity of organism-
particle interactions, and Kukkola et al. (2021) reiterated the mismatch between
field and laboratory studies regarding plastic types and assessed endpoints. They
also emphasized that fibres are more prevalent in field studies, whereas particles
dominate laboratory studies. Finally, in 2022, an international group of experts
identified data gaps and emphasized the importance of adequate particle
characterization and appropriate study design that allow for the derivation of dose-
response curves (Thornton Hampton et al., 2022a).
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Recognition of key challenges in MP effect studies over the years
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Figure 1. Recognition of key challenges of MP effect studies (n=16) (Bour et al., 2021; Burns
and Boxall, 2018; Coffin, 2023; Connors et al., 2017; de Ruijter et al., 2020; De Sa et al.,
2018; Karami, 2017; Kukkola et al., 2021; Lenz et al., 2016; O'Connor et al., 2020; Ogonowski
et al., 2018; Phuong et al., 2016; Rist and Hartmann, 2018; Thornton Hampton et al., 20223;
Thornton Hampton et al., 2022b; Triebskorn et al., 2019). Already from 2016, researchers
have pointed out the same key challenges and proposed recommendations on how to

Particle characteristics

Appropriate control

improve MP effect studies. These key challenges include testing of environmentally realistic
concentrations, thoroughly characterizing particles, addressing of aggregation of MP
particles during exposure studies, verification of exposure concentrations, testing of MP in
their diversity, mismatch plastic type field and lab and natural particle as reference material.
Bigger circles indicate that more than one study has pointed out a certain key challenge
(Table S1)

In 2020, de Ruijter et al. (2020)(Chapter 2), synthesized most of these qualitative
observations into a quantitative tool for assessing study quality (QA/QC). They
retrospectively applied this new tool to all studies that had provided effects data
up to that point (n=105 studies), revealing that none of the studies had obtained
non-zero scores for all criteria (de Ruijter et al., 2020). This suggests that, if a strict
approach were followed, none of the studies would hold relevance for risk
assessment in a regulatory context. In the same year, a group of 23 researchers
published a set of reporting guidelines aimed at enhancing the comparability and
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reproducibility of studies (Cowger et al., 2020). To address disparities in particle
testing, Koelmans et al. (2020) proposed a data alignment and rescaling framework,
which for the time being would solve the problem of the incomparability of results
caused by differences in particles being tested.

In summary, numerous reviews over the years have consistently highlighted the
shortcomings of MP effect studies, with many of the same issues identified in 2016
still relevant in 2023 (Figure 1). Solutions have been proposed by de Ruijter et al.
(2020), (Chapter 2), Cowger et al. (2020), and, to some extent, Koelmans et al.
(2020). The question now is to what extent the various guidance documents
converge and whether there are still new or unresolved bottlenecks.

The aim of this concluding chapter is to summarize the knowledge accumulated in
MP effect testing, compare available guidelines, and provide a comprehensive
overview of the knowledge on risk assessment at both the single species and
community levels. | will review the preceding chapters, evaluating their
contributions to the scientific field and their relevance to our overall objectives.
More specifically, | discuss standard test materials, characteristics of MP, and
mechanisms explaining their effects. Finally, recommendations for future research
directions are provided.

2. Effect testing with relevance for risk assessment: Risk assessment
framework

2.1 Assessment of ecological risks using data rescaling and alignment

Similar to more traditional contaminants such as heavy metals and organic micro-
pollutants, the evaluation of the risk associated with MP involves comparing
exposure to effect thresholds (Koelmans et al., 2017). Exposure is quantified
through concentration measurements in environmental samples, while effect
thresholds are derived from dose-response relationships measured in the
laboratory. One challenge in this regard is that these data are often obtained using
different methods, making them incomparable. For instance, exposure to 100
particles/L, ranging in size from 20 to 5000 um and composed of various polymers,
cannot be directly compared to an effect threshold measured in the laboratory for
100 um-sized MP. These are essentially different stressors, making the comparison
like "comparing apples and pears". The only currently available solution is a
computational method to correct for these differences. In this approach, all data
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are converted to an equivalent value as if they were obtained for a standard MP
mixture ranging from 1 to 5000 pum (Koelmans et al., 2020). | will briefly explain the
principle here using an example. Suppose the mechanism causing people to
become nauseous is consuming too many apples. In this case, the total volume of
those consumed apples is a plausible measure of the relevant dose. We can assume
that other factors do not matter in the short term. In this example, it can be
presumed that the same effect would occur if too many pears were consumed, as
long as the total volume of those pears is equal to that of the apples. The effect
thresholds of apples and pears can thus be converted into each other based on
volume. In this example, volume is the "effect metric," and food dilution is the
mechanism. Interestingly, this example is not coincidental; in the literature, this
very mechanism has been identified as the most plausible mechanism for the
effects of MP on small organisms such as zooplankton, with the ingested particle
volume as the relevant exposure metric (de Ruijter et al., 2020; Chapter 2; Thornton
Hampton et al., 2022b).

2.2 Past Risk Assessments

Several previous risk assessments have been carried out with non-harmonized data
(Adam et al., 2019; Besseling et al., 2019; Everaert et al., 2020; Everaert et al.,
2018), which will not be covered in the present review. The data rescaling and
alignment techniques, as explained in the previous section, have been applied in a
limited number of risk assessments. In 2020, the first assessment for MP in surface
waters was conducted, providing an indication of risks for 1.5% of the then-known
exposure concentrations worldwide (Koelmans et al., 2020). In 2022, the method
was employed by an international working group in the context of California state
regulations to set risk management thresholds for coastal waters (Mehinto et al.,
2022). A risk assessment was performed for MP in San Francisco Bay (Coffin et al.,
2022b). Over 75% of the samples exceeded the limit for the most conservative food
dilution threshold. Within the Central Bay, 38% of the samples exceeded a higher
threshold related to management planning, which was statistically significant
within a 95% confidence interval. In 2023, a risk assessment for MP in freshwater
sediments worldwide was also conducted (Redondo-Hasselerharm et al., 2023).
The exposure concentrations were below or within the uncertainty range of the
HC5 values. This implies that the risks of MP for benthic communities at the current
freshwater sediment concentrations worldwide could not be ruled out. In 2023, the
same methods were used for a risk assessment of MP in the Laurentian Great Lakes
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(Koelmans et al.,, 2023b). Due to uncertainties in the parameters used for
corrections and conversions, uncertainties in sample volume, and variability in
hydrological conditions, the assessment was performed probabilistically (Koelmans
et al., 2023b). The probability of a risk occurring due to food dilution was 24% of
pelagic exposure in Lake Ontario, 8.3—10.3% of pelagic exposures in Lake Michigan,
Lake Huron, Lake Superior, and Lake Erie, and 13—15% of benthic exposures in Lake
Erie and Lake Huron. A recent risk assessment for soils also shows that MP
concentrations, for a limited number of soils globally, cause a probability of effects
occurrence up to 95% (Redondo-Hasselerharm et al.,, 2024). All these risk
assessments indicate that the highest concentrations observed within an
ecosystem or globally, for surface water, sediments, and soils, exceed the effect
thresholds measured in the laboratory.

2.3 Assessment of ecological risks using tests with environmentally relevant
microplastics

The data alighnment methods described above aim to correct the differences
between particles in the environment and particles used in laboratory effect tests
as accurately as possible. However, a significant drawback is the uncertainty
introduced by all these computational corrections. It is preferable to conduct
laboratory effect tests using environmentally relevant microplastics (ERMP), a
mixture of particles that represents the average MP composition of an
environmental compartment as closely as possible (de Ruijter et al., 2023; Chapter
3). This mixture should thus have a realistic polymer composition, particle size
distribution, and composition of shape categories, e.g., fibres, fragments, pellets,
and sheets. In addition, tests with such an ERMP mixture should meet crucial
QA/QC criteria (de Ruijter, 2020; Cowger et al, 2020). In de Ruijter et al.
(2023)(Chapter 3), we put this into practice by testing 16 invertebrate species while
satisfying 20 QA/QC criteria. Consequently, in Chapter 4 we analyse the
bioavailable fraction from the ERMP mixture with FTIR. In Chapter 5, a similarly
diverse ERMP mixture was used to test one species and compare the effects with a
mixture with a nearly identical particle size distribution, but composed of non-
polymer particles (de Ruijter et al., 2024). Threshold effects obtained from dose-
response relationships for such realistic mixtures could be more directly compared
with exposure data to characterize the risk without computational alignments.
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3. Quality assurance in single species tests of microplastic particles

In de Ruijter et al. (2020)(Chapter 2), 20 QA/QC criteria were proposed for the
adaptation of a standardized protocol to test the effects of MP in aquatic test
systems. These criteria provide guidance to enhance the quality of effect tests with
regard to particle characterization, experimental design, applicability to risk
assessment, and ecological relevance. After analysing 105 studies, they showed
that no study scored positively on all criteria, highlighting the need for improved
quality assurance (de Ruijter et al., 2020; Chapter 2). Specifically, most room for
improvement lies in the experimental design, which includes ensuring chemical
purity, preventing and measuring contamination in the laboratory, verification of
exposure concentrations, and ensuring that tested concentrations are
homogeneous and well dispersed within the medium. To enhance applicability to
risk assessment, studies should report effect thresholds and include at least 6
doses. Additionally, improving the ecological relevance of studies can be achieved
by aging and biofouling MPs rather than testing pristine particles. Furthermore,
enhancing the reliability of MP risk assessment can be achieved by diversifying the
types of particles tested and extending the exposure time. While acknowledging
that some criteria may substantially increase workload, it is essential to recognize
that some criteria represent “low-hanging-fruit”, or quick wins that can be easily
implemented. Given limited resources, a strategic focus on these achievable criteria
holds the potential for substantial improvements in informing risks assessment
practices.

In parallel with de Ruijter et al. (2020)(Chapter 2), a diverse group of 23 researchers
suggested reporting guidelines to increase the reproducibility of MP research,
including considerations for toxicology studies (Cowger et al., 2020). Importantly,
their recommendations align with those of de Ruijter et al. (2020)(Chapter 2)
emphasizing the importance of thorough reporting of MP characteristics, such as
plastic age, polymer type, size, and shape. Additionally, they underscore the
importance of reporting colour, if possibly relevant for organism being tested.
Furthermore, they highlight the need for reporting exposure concentrations and
their verification, which depend on the exposure media. They also stress the
importance of providing detailed descriptions of how test organisms are exposed,
and which tissues were analysed.In line with the recommendations of Cowger et al.
(2020); de Ruijter et al. (2020)(Chapter 2), Alimi et al. (2022) propose reporting
guidelines specifically for studies investigating the effects of weathered MPs. This
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review once again underlines that the vast majority (90.4%) of MP effect studies
only test pristine MP. Alimi et al. (2022) offer highly specific guidance aimed at
enhancing comparability and reproducibility when testing weathered MPs. They
emphasize the need to clearly report the conditions under which particles have
been weathered including exposure time, temperature, humidity, irradiance and
also specifying the mimicked weathering pathway.

The body of literature describing the effects of MPs is growing (Granek et al., 2020).
Thornton Hampton et al. (2022c) have innovatively designed an open database,
complemented by an open source R shiny web application named Toxicity of
Microplastics Explorer (TOMEX). This tool enables the compilation and synthesis of
existing toxicity data and now includes 160 MP toxicity studies. Moreover, it
incorporates the twenty QA/QC criteria proposed by de Ruijter et al.
(2020)(Chapter 2), filtering out poor-quality data for risk assessment. Interestingly,
a subset of 14 criteria, referred to as “red criteria”, was pragmatically selected;
otherwise an insufficient amount of data would have passed the QA/QC screening
(Mehinto et al., 2022). Although expert groups may make such decisions in the
absence of useful data, the consequence is that the resulting assessment did not
meet the full set of twenty critical criteria, and thus, it should not be considered
reliable. Nevertheless, while some experts still assigned a value of 4 on a scale of 5
for the reliability of the results, others who gave more weight to the reliability of
the data assigned only a score of 1 for the quality of the established thresholds
(Mehinto et al., 2022). For instance, the “chemical purity” criterion is excluded,
despite its importance in distinguishing particle effects from chemical effects
arising from MPs, which is a fundamental component of risk assessment. A
potential solution involves thorough particle washing with organic solvents to
isolate the particle effect; however, this approach may raise concerns about
altering particle characteristics (Cowger et al., 2020; de Ruijter et al., 2020; Chapter
2). As an alternative, the distribution of plastic-associated chemicals in the
exposure system can often be calculated based on chemical distribution or
speciation principles. Subsequently, the calculated concentrations for the various
exposure media can be compared to threshold effect concentrations for these
chemicals to potentially exclude any contribution of the chemicals to the observed
effect (e.g. (Besseling et al., 2014; Redondo-Hasselerharm et al., 2020; Redondo-
Hasselerharm et al., 2018b; Redondo-Hasselerharm et al., 2021)). Another solution,
although laborious, is proposed by Cowger et al. (2020): non-target screening for
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the presence for additive chemicals. Although the proposed solutions differ, both
research groups agree that it is crucial in toxicity testing to know what is being
tested. Additionally, several other crucial criteria, despite their importance, have
not yet been incorporated as strict prerequisites in ToMEX. These include
preventing and measuring contamination in the laboratory, verifying exposure
concentrations, ensuring the homogeneity of these exposure concentrations,
assessing exposure in tested organisms, and replication. Hopefully, in the future,
studies will be able to incorporate these criteria, thereby reducing uncertainties in
risk assessment.

In a study conducted by Coffin (2023), an evaluation applying 20 QA/QC criteria
from (de Ruijter et al., 2020; Chapter 2), assessed whether the quality of MP toxicity
tests (n = 160) improved from 2012 to 2020. While the overall total accumulated
score has indeed improved, the rate of progress, at 0.002 points per year, suggests
that the research community would require many years to achieve a perfect score.
Specifically, advancements have been made in the technical aspects, such as
particle characterization and experimental design, of MP toxicity tests. However,
critical elements, such as including sufficient doses and incorporating
environmentally relevant doses withing the tested range, have not shown
improvement. Furthermore, a prevalent trend persists wherein many studies
choose to test monodisperse pristine MPs, neglecting the environmentally realistic
preference for diverse aged and biofouled particles.

To date, only a few studies (Amariei et al., 2022; Verdu et al., 2022) have specifically
aimed to incorporate the QA/QC guidelines proposed by de Ruijter et al
(2020)(Chapter 2). In a follow-up study de Ruijter et al. (2023)(Chapter 3),
demonstrated the feasibility of meeting all 20 criteria (i.e. 95% of the maximum
score while not having ‘zero scores’) by conducting standardized dose-response
tests for 16 benthic invertebrate species. In another study, they successfully met all
criteria while also adhering to standards for control mortality. This study compared
the effects of MP with the effects of natural particles (de Ruijter et al., 2024;
Chapter 5).

All 20 criteria remain to be incorporated for ecotoxicology studies focusing on
pelagic species. These existing criteria are applicable to both benthic and pelagic
tests. However, the criterion “homogeneity of exposure” may be considered more
challenging when working with water as the medium, as MPs tend to aggregate and
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adhere to glass walls. Nevertheless, solutions such as renewing the media, plankton
wheels, or applying gentle aeration during exposure are available (Détrée and
Gallardo-Escarate, 2017; Gambardella et al., 2019; Gerdes et al., 2019; Tang et al.,
2018). Furthermore, the ‘verification of exposure concentrations’ is not yet a
standard procedure when testing MP in water. However, many studies have
successfully done so in the past (Long et al., 2017; Peixoto et al., 2019; Reichert et
al., 2019; Sussarellu et al., 2016; Wang, J. et al., 2019; Zimmermann et al., 2020).
Some studies have utilized slightly more advanced methods such as a flow
cytometer (Long et al., 2017; Sussarellu et al., 2016), coulter counter (Zimmermann
et al., 2020) or a fluorescence microscope (Peixoto et al., 2019). Alternatively, it is
also possible to filter a subsample of the exposure suspension and simply count the
numbers under a stereomicroscope (Reichert et al., 2019; Wang, J. et al., 2019).
Interestingly, upon screening the ToMEX database, it is notable that, for each
individual criterion, there is always at least one study that manages to incorporate
that criterion adequately when testing pelagic species. This indicates that the
scientific community possesses the knowledge for conducting high-quality MP
effect studies. In conclusion, there is no valid reason for ecotoxicological studies
testing pelagic species not to adhere to the 20 criteria proposed in (de Ruijter et al.,
2020; Chapter 2).

Recently, Jemec Kokalj et al. (2021) put forward new quality criteria for
nanomaterial studies using the 20 QA/QC criteria for MP effect studies (de Ruijter
et al., 2020; Chapter 2) as a starting point and proposed additional nanoplastic
specific criteria for nanomaterial studies. Moreover, similar QA/QC evaluation tools
have been developed for measuring MP in matrices such as water, sediment, air or
biota samples (Hermsen et al., 2018; Koelmans et al., 2019; Redondo-Hasselerharm
et al., 2023; Wright et al., 2021). Since the measurement of MP in these matrices is
also necessary in the context of effect tests, these QA/QC criteria are relevant to
such studies. Although the details are beyond the scope of this review, QA/QC
criteria for water and biota samples, for instance, have been implemented by the
World Health Organization (World Health Organization, 2019, 2022).

4. Quality assurance in single species tests of microplastic particle-associated
chemicals

MP particles in the natural environment always contain chemical substances, either
as a result of the production of the polymers from which the MPs originated, or due
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to the adsorption of chemicals from the environment. Effects of MPs can, therefore,
occur when thresholds for the particles, the chemicals, or both are exceeded, e.g.
Tian et al. (2021). When testing these effects in a laboratory test simultaneously, a
problem often arises regarding the relevance of exposure to the substances and
particles, ideally aiming for exposures that are as environmentally relevant as
possible (Koelmans et al., 2016; Koelmans et al., 2022a).

The first issue is that when you test chemically contaminated MPs in an
uncontaminated test system, the chemical substances will start to desorb
immediately. This needs to be measured to understand the exposure, but this is
rarely done (Koelmans et al., 2022a). The second problem is that some researchers
accelerate this desorption by actively extracting the chemicals and determine the
toxic effects of the substances after concentrating them (Capolupo et al., 2021;
Klein et al., 2021; Zimmermann et al., 2021; Zimmermann et al., 2020), while using
unrealistically high plastic-to-water ratios up to 80 g/L. They frame testing of
methanolic extracts as “worst case scenario” and testing of water extracts as a
“realistic scenario”. However, as long as the exposures are not environmentally
relevant, this may still be misleading. What is subsequently measured often has
little to do with reality. In nature, microplastic-associated chemicals do not desorb
as they are in equilibrium with their surroundings, or they desorb very slowly. This
means that when chemicals are released, it leaves few effects through dilution. The
third problem is that the tests often use relatively clean test organisms, so exposure
is caused only by the created thermodynamic concentration gradient. In reality,
these gradients are often absent or even reversed, in which case the substances
adhere to the plastic, and exposure can actually decrease (Koelmans et al., 2016;
Koelmans et al., 2013; Mohamed Nor and Koelmans, 2019; Mohamed Nor et al.,
2023). The fact that absorption to plastic is typically discussed in the context of the
'vector effect' concerning hazards and risks but is omitted when it occurs in the
context of exposure reduction suggests the existence of biases in the literature. The
fourth problem is that tests examining the role of MP in the exposure to plastic-
associated chemicals usually do not consider parallel exposure routes (Koelmans et
al., 2016; Koelmans et al., 2022a). The flux of chemical substances through the
ingestion of MP is relatively small when compared to the flux through water or food
(prey). Because plastic, water, and food are part of the same system, they typically
contain the same substances. The fact that the flux through water and food is often
greater than that through MP is often overlooked in tests, even though it is a crucial
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feature of environmentally relevant exposure. Guidance on testing for plastic-
associated chemicals is detailed by Koelmans et al. (2022a), so | omit it here. The
most important point of attention is that the actual chemical exposure must be
determined in the test system, for example with passive samplers, that the
exposure must be environmentally relevant, and that the data interpretation
explicitly states the degree of environmental relevance.

5. Community level approaches
5.1. Community level approaches as a component of tiered risk assessments

To assess the environmental risks associated with MPs in a cost-effective manner,
it is advisable to employ a tiered approach (Koelmans et al., 2017; Posthuma et al.,
2008). This framework consists of successive tiers that increase in ecological
relevance and complexity, and resource requirements. The lowest tiers encompass
the use of databases (Tier 0) and the performance of laboratory single species tests
(Tier 1). Toxicity data obtained from these tests can be combined with literature
data in Species Sensitivity Distributions (SSDs) (Tier 2). SSDs are cumulative
probability distributions that show the sensitivity of a group of species to a stressor.
This tool enables the determination of the Hazardous Concentration for 5% of the
species (HC5), which is commonly used to estimate the Predicted No Effect
Concentration (PNEC) in environmental risk assessments. As previously mentioned,
several studies have characterized the risks associated with MPs by constructing
SSDs using toxicity data for aquatic organisms (Coffin et al., 2022b; Koelmans et al.,
2023b; Redondo-Hasselerharm et al., 2023). Discrepancies among the PNECs
reported in the literature were resolved by aligning exposure and effect data, and
by selecting data based on quality criteria and other relevant aspects (e.g., included
endpoints). When risks are estimated in Tier 2 through the comparison of the PNEC
with measured or predicted environmental concentrations, higher-tier
experiments become necessary to assess effects at population and community
levels. Higher-tier experiments (Tier 3) are conducted in outdoor artificial or semi-
artificial systems, such as mesocosms or enclosures, which mimic the natural
environment more effectively than single species tests and significantly enhance
ecological relevance. One advantage is that interactions between abiotic and biotic
factors play a role in higher tiers, enabling the detection of effects under more
realistic and complex scenarios. However, these experiments are more expensive
and time-consuming, which consequently limits the amount of toxicity data
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available for population and communities. Although environmental risks of MPs
have been identified for aquatic ecosystems, only a few experiments have been
conducted at this level of ecological relevance with marine and freshwater
organisms (Foekema et al., 2022; Green, 2016; Marchant et al., 2023; Redondo-
Hasselerharm et al., 2020).

5.2. Overview of microplastic community tests

One of these freshwater outdoor mesocosm studies, as conducted by Marchant et
al. (2023), assessed the effects of two MP polymer types (polyethylene and
biodegradable polylactic acid) under two nutrient conditions (enriched and non-
enriched) on pelagic community structure and ecosystem functioning over a 12-
weeks period. The study demonstrated that environmentally relevant MP
concentrations, even at higher levels, did not have an impact on plankton
community composition and taxonomic richness, periphyton productivity, or leaf
litter decomposition (Marchant et al., 2023). In another study, a freshwater benthic
community in a semi-artificial ditch was exposed to trays containing sediment and
either polystyrene NPs or MPs for durations of 3 and 15 months (Redondo-
Hasselerharm et al., 2020). While no effects were detected after 3 months of
exposure, after 15 months the highest concentration (5% plastic per sediment dry
weight) of both NP and MPs led to a reduction in the population of Naididae worms.
Furthermore, a freshwater mesocosm study by Yildiz et al. (2022) also showed
adverse effects. They reported a significant reduction in the biomass of daphnids,
and a significant change in the wing morphology of chironomids following 7 weeks
of exposure to MPs through water (polyethylene and polypropylene) and
sediments (polystyrene, polyvinyl chloride, polyethylene terephthalate and
polyamide) at the highest MP concentration of 20 mg L (Yildiz et al., 2022). In a
study by Foekema et al. (2022) marine pelagic and benthic communities, including
fish, were exposed to 700 um polystyrene spheres for 2 months using outdoor
mesocosms. At the community level, no effects were observed on species richness
and diversity. However, reductions in the condition index of fish (Solea solea) and
the density of barnacles (Semibalanus balanoides) were found (Foekema et al.,
2022). Lastly, Green (2016) conducted a study that exposed a marine benthic
community to MPs. Exposure of polyethylene and biodegradable polylactic acid for
60 days resulted in a significant reduction in species richness and total number of
organisms. Furthermore, the abundances of periwinkles (Littorina sp.) and isopods
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(Idotea balthica), as well as the biomass of clams (Scrobicularia plana), decreased
at the highest tested concentrations of 80 pug L™* (Green, 2016).

5.3. Determining effect thresholds and risks of microplastics based on
community test data.

When comparing the effect thresholds of studies for freshwater and marine
populations and communities (Table 1), it becomes apparent that establishing safe
limits for the occurrence of MPs in aquatic ecosystems is challenging. Some studies
report effect thresholds in mass concentration, while others use number
concentrations. Moreover, the characteristics of the tested MPs, the chosen
exposure pathways and the selected exposure times greatly differ. Here, | provide
an example of how environmental risks of MPs could be calculated using high-tier
effect thresholds and compare the measured environmental concentrations of MPs
in sediments, as reported by Redondo-Hasselerharm et al. (2023), with the PNEC
calculated from the NOEC,opuiation for Naididae in Redondo-Hasselerharm et al.
(2020). One way to account for the uncertainties and variability in the data is to use
assessment factors (AF). This is a conservative approach to ensure that the
estimated exposure levels are protective. However, currently, there are no widely
accepted AFs specifically tailored for MPs. For this reason, | assessed MPs risks in
two ways: 1) without the use of an AF (NOEC = PNEC), and 2) using an AF of 5, as
recommended for mesocosm studies by the Technical Guidance for Deriving
Environmental Quality Standards from the European Union for chemicals
(European Commission Directorate-General for Health and Food Safety, 2017). The
PNEC values were rescaled to encompass the entire MP size range (1 — 5000 um),
while also accounting for the polydispersity of environmental MP and the
bioaccessible MP fraction (Koelmans et al., 2023b; Koelmans et al., 2020; Mehinto
et al., 2022; Redondo-Hasselerharm et al., 2023; Rico et al., 2023). Following earlier
studies (Koelmans et al., 2023b; Redondo-Hasselerharm et al., 2023; Rico et al.,
2023), the minimum, mean and maximum measured environmental concentrations
of MPs in sediments were compared with the PNECs. These comparisons were
repeated for two effect mechanisms: food dilution and toxicity triggered upon
translocation, which are caused by the volume of the MPs ingested, and the surface
area of the MPs, respectively. The bioaccessible MP fraction for volume was set at
1 - 130 pum based on the maximum ingestible size of particles reported for Tubifex
spp., which belongs to the family Naididae (Juget, 1979; Redondo-Hasselerharm et
al., 2023). For surface area, the selected bioaccesible MP fraction selected was 1 -
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83 um following previous studies (Koelmans et al., 2023b; Mehinto et al., 2022;
Redondo-Hasselerharm et al., 2023; Rico et al., 2023). The rescaled PNECs were
2.68 x 10% and 7.6 x 10 particles/kg for volume and surface area when AF = 0,
respectively. With AF=5, the rescaled PNECs for volume and surface area were 5.5
x 10° and 1.5 x 10 particles/kg. When plotting the rescaled measured
environmental concentrations of MPs in sediments against the rescaled PNECs, we
observe that no risks are expected, whether using an AF =0 or an AF =5 (Figure 2).
Therefore, we can conclude that no risks are anticipated for freshwater benthic
communities at the current environmentally realistic concentrations of MPs.
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Table 1. Microplastic effect thresholds collected from the literature for freshwater

and marine populations and communities.

Sl Effect
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e
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water
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Littorina sp.
(Genus)

Surface

Idotea \(Nma:fg d

balthica with

(Species) .
microalga

e)

Scrobiculari
aplana
(Species)

Pelagic and

PE

0.6 —
363
um

NOEC

80 pg/L
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0.48
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um

NOEC

80 pg/L
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0.6 —
363
pum

NOEC
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um
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NOEC
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Green et al.
(2016) [7]

benthic Surface 700 2 Foekema et
communitie water PS um HNOEC 80g/m2 months | al. 2022 [8]
s
0.6 —
Surface PE 363 | NOEC 80 pg/L
Benthic wa.ter pm
communitie (mixed 0.48 60 days Green et al.
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* Non concentration dependent

Abbreviations: PA: polyamide; PE: polyethylene; PET: polyethylene terephthalate; PLA:
polylactic acid; PP: polypropylene; PS: polystyrene; PVC: polyvinyl chloride; NOEC: no

observed effect concentration; HNOEC: highest no observed effect concentration.
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Figure 2. Cumulative frequency distributions of the rescaled minimum, mean and maximum
measured environmental concentrations (MECs) of MPs in freshwater sediments compiled
by Redondo-Hasselerharm et al. (2023) , plotted together with the predicted no observed
effect concentration (PNEC) (dashed lines) derived from NOECpopuiation from Naididae in
Redondo-Hasselerharm et al. (2020) for volume (purple) and area (green) as ecologically
relevant metrics (ERM) using no assessment factor (upper panel) or an assessment factor
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of 5 (lower panel). This higher tier community level risk assessment shows that there are no
MEC values that exceed the PNEC values and thus no risks are expected for freshwater
benthic communities at the current environmentally realistic concentrations.

6. Standard test materials

To ensure comparability of results across different laboratories, the development
of standard reference materials is crucial (ACC TG Environmental Research, 2022;
Dehaut et al.,, 2023; Martinez-Francés et al., 2023; Teague et al.,, 2021). For
instance, standard reference MP particles are essential in calibrating and validating
analytical methods, as well as in studies investigating the effects of MPs on
organisms. In the latter case, there are valid reasons for using either mono- or
polydisperse distributions. While testing monodisperse plastics has provided
valuable insights, offering the scientific community a mechanistic understanding of
MPs, many researchers have recognized the need to account for the diversity of
MPs in study design (Coffin, 2023; de Ruijter et al., 2020; Chapter 2; Koelmans et
al., 2023a; Lambert et al., 2017; Rochman et al., 2019; Thornton Hampton et al.,
2022a). One of the solutions considered to address this key challenge is proposed
by Bucci and Rochman (2022). They advocate the separate testing of various
components of MPs, taking into account differences in shape, size and polymer
type, to assess their potential hazards. However, although such monodisperse
toxicity test results are beneficial for mechanistic research, their environmental
relevance may be limited. Translating these results to the natural environment,
where MP mixtures are polydisperse, is challenging and conducting separate tests
for all possible combinations of characteristics would require extensive resources
(Koelmans et al., 2023a). A more relevant and efficient approach is to assess the
effects of environmentally realistic polydisperse particles. This approach allows for
the evaluation of the causal link between exposure and effects by measuring the
bioavailable MPs within the continuum of MPs. By using continuous probability
distributions (i.e. probability density functions; PDFs) for shape, size and density
from empirical data sets, the multidimensionality of MPs can be characterized
across various environmental compartments (Kooi and Koelmans, 2019). This new
concept of using polydisperse, environmentally relevant microplastics (ERMP) in
effect tests has been implemented in recent studies for a wide range of
invertebrate species ((de Ruijter et al., 2023; Chapter 3; de Ruijter et al., 2024;
Chapter 5)). These studies also provide detailed descriptions of the preparation and
characterization of the ERMP test mixture (de Ruijter et al., 2024; Chapter 5).



| 191

Additionally, a step by step protocol for creating such a polydisperse ERMP test
material is provided as Supporting information.

7. MP characteristics determining effects and mechanisms explaining effects

The most important MP characteristics that determine effects are concentration,
particle size, shape and type (Bucci et al., 2020; Kogel et al., 2020). Furthermore,
numerous researchers have emphasized the importance of determining the
appropriate units for reporting MP concentration in the context of understanding
the effects of MPs (Bucci et al., 2020; Burns and Boxall, 2018; Connors et al., 2017;
de Ruijter et al., 2020; Karami, 2017; Kogel et al., 2020). In previous studies, the
choice between reporting mass or particle count concentration has complicated
the comparison of toxicity studies (Thornton Hampton et al., 2022b). Recently,
there has been a positive shift towards adopting these recommendations, with an
increasing number of studies reporting both metrics (Thornton Hampton et al.,
2022b). Consequently, Thornton Hampton et al. (2022b) assert that reporting mass
and number concentration should be the minimum requirement. Additionally,
metrics such as particle volume and surface area, which may be informative for
certain toxicity mechanisms, should also be reported . Already since 2017,
researchers noted that mechanisms behind adverse effects are poorly understood
(Connors et al., 2017; De Sa et al.; Ogonowski et al., 2018). de Ruijter et al.
(2020)(Chapter 2) found that most evidence supports the food dilution mechanism,
but there is also evidence for mechanisms like internal physical damage, external
physical damage and oxidative stress (de Ruijter et al., 2020; Chapter 2). In a study
conducted by Thornton Hampton et al. (2022b), researchers were instructed to
explore the ToMEx database using their own expertise, knowledge and statistical
tools and determine which MP characteristics are most explanatory for
understanding MP effects. In line with the food dilution hypothesis, they found that
particle volume was a statistically significant predictor of toxicity. Additionally, they
found that surface area was an explanatory factor for toxicity of MPs. While MPs
need to be relatively small to translocate from the gut to other tissues (Mehinto et
al., 2022), once situated within the tissue, it is likely that the surface area correlates
with the extent of inflammation and oxidative stress. However, these findings come
with uncertainties as the data in the existing toxicity database was not thoroughly
screened for quality before data analysis. Moreover, surface area and total plastic
volume in the gut are often not comprehensively reported in toxicological studies
(Thornton Hampton et al., 2022b).
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While all 20 criteria proposed by de Ruijter et al. (2020)(Chapter 2) are crucial for
testing the effects of MP, three criteria - namely “chemical purity”, “exposure
assessment of organism” and “presence of food” - could enhance the strategic
testing of mechanisms. For instance, assessing chemical purity helps distinguish the
particle effects from the chemical effects. Moreover, studying how organisms are
exposed to MP, preferably quantitatively, provides insight into the mechanisms
behind adverse effects. Finally, the criteria focusing on the presence of food are
equally important. If no food is provided during exposure to MP, it is remains
unclear whether the effect is due to starvation of the organisms or the MPs
themselves. Only a relatively small number of MP effect studies have incorporated
all of these three criteria to a certain extent (Blarer and Burkhardt-Holm, 2016;
Kalcéikova et al., 2017; Lu et al., 2023; Murphy and Quinn, 2018; Qiao et al., 2019;
Redondo-Hasselerharm et al., 2018b; Sussarellu et al., 2016; Von Moos et al., 2012;
Ziajahromi et al., 2017).

Natural particles as controls in MP effect tests

Scientists have often emphasised the importance of including natural particles in
the experimental design as a control (Gerdes et al., 2019; Ogonowski et al., 2018;
Ogonowski et al., 2023). Some argue that, to inform risks assessment, researchers
need to demonstrate that the effects of MPs are indeed different from those of
natural particles (Ogonowski et al., 2018). While including natural particles provides
insight into the specific causes of toxicity to organisms and places the magnitude of
toxicity in a broader context, it is not a prerequisite for determining risk. For
instance, if negative effects due to food dilution by MP were to increase with rising
plastic pollution, while natural inert particles cause similar negative effects, this
would not diminish the adverse effects caused by the MPs. Nevertheless,
investigating differences in material type, while keeping particle characteristics as
similar as possible, enables the testing of mechanisms such as food dilution, where
the volume determines toxicity. Until recently, studies have generally indicated that
MPs may be slightly more toxic than natural particles (Gerdes et al., 2019;
Ogonowski et al.,, 2018; Ogonowski et al., 2016; Redondo-Hasselerharm et al.,
2018b; Schiir et al., 2020; Yap et al., 2020). However a recent meta-analysis by
Ogonowski et al. (2023), comparing the toxic effects of MP and naturally occurring
suspended solids (SS), indicated that there was no significant difference between
the two types of particles. Researchers however, highlighted that the uncertainties,
relating to systematic differences in experimental design such as unreported
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chemicals in MPs and the predominant use of pristine MPs, were substantial. This
underlines the need for studies with a more targeted design (Ogonowski et al.,
2023), such as for instance the design provided in Chapter 5. Here a similarly diverse
ERMP mixture was tested on Lumbriculus variegatus and compared to the effects
of a mixture with a nearly identical particle size distribution, but composed of
mineral particles, —specifically, an a priori designed mixture of ten clay, silt, and
sand fractions of different particle sizes (de Ruijter et al., 2024). For both mixtures,
no effect was found, which is consistent with the assumption regarding the
comparability in potential harmlessness or harmfulness of the particles. Moreover,
we observed no differences in growth or reproduction between the two mixtures
at particle concentrations of up to 10% (v/v).

8. Recommendations and prospect

We conclude that the quality of microplastic effect studies is gradually improving,
and QA/QC practices are increasingly being adopted by MP researchers. However,
there are specific aspects that require more attention. The most significant
advancements in MP effect studies can be achieved through the improvement in
the experimental design. Additional focus should be placed on enhancing the
applicability to risk assessment and the ecological relevance of MP effect studies.
For instance, diversifying the types of particles tested simultaneously could
significantly enhance the reliability of MP risk assessment. While data rescaling and
alignments are available, it is recommended to use environmentally relevant
microplastic (ERMP) mixtures. In this regard, we have provided a step-by-step
protocol for designing polydisperse test materials and a targeted approach to test
differences between ERMP mixtures and equally diverse mixtures of natural
particles. Given the constraints of limited resources, a focused emphasis on these
achievable criteria strategically holds the potential for substantial improvements in
enhancing risk assessment practices. Nevertheless, in order to produce reliable
data for risk assessment studies should adhere to all QA/QC criteria.

The body of literature providing reliable data on the effects thresholds and
mechanisms behind adverse effects is still limited, underscoring the need for more
research to advance our understanding and accurately inform risk assessments.
Additionally, it could provide insights into the specific organisms that are more
sensitive to MPs. To achieve this, well-designed experiments focusing on
mechanisms are needed, while adhering to strict QA/QC criteria. For instance, a
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comparative study between natural and MP particles with dimensions as closely
aligned as possible, could provide insight into the mechanisms of food dilution,
where volume determines toxicity.

Current risk assessments predominantly indicate that concentrations observed
globally and within ecosystems, specifically in surface water, sediments, and soils,
exceed the effect thresholds measured for MP toxicity in the laboratory. However,
here a higher-tier approach is presented, that reveals no significant risks for
freshwater benthic communities at prevailing environmental MP concentrations.
Nonetheless, it is important to note that only a limited number of mesocosm
studies have been conducted, emphasizing the critical need for broader application
of community effect testing and a more comprehensive higher tier risk assessment.
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Table S1. Recognition of key challenge of MP effect studies (n=16). These key challenges are 1= testing of environmentally realistic
concentrations, 2 = thoroughly characterizing particles, 3 = reporting of concentration metric, 4 = addressing of aggregation of MP

particles during exposure studies, 5 = inclusion of sufficient doses, 6 = verification of exposure concentrations, 7 = testing of MP in

their diversity, 8 = mismatch plastic type field and lab, 9 = natural particle as reference material and 10 = endpoint selection.

Study

10

Lenz et al. (2016)

Phuong et al. (2016)

Connors et al. (2017)

Karami (2017)

Rist and Hartmann (2018)

De Sa et al. (2018)

Burns and Boxall (2018)

Ogonowski et al. (2018)

0O'Connor et al. (2020)

Triebskorn et al. (2019)

de Ruijter et al. (2020)

Bour et al. (2021)

Kukkola et al. (2021)

Thornton Hampton et al. (2022a)

Thornton Hampton et al. (2022b)

Coffin (2023)
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Protocol for the manufacture of an

environmentally relevant microplastics
(ERMP) mixture

Q Analysis microplastics
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Calculations
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10 100 1000 5000
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Selection of materials

e The ERMP mixture consists of several polydisperse microplastic mixtures,
each spanning various size ranges

e These mixtures can be obtained through purchase, collection, or grinding,
and if necessary, sieving may be required.

e The combined size classes should cover the range of 10 — 5000 um. The
protocol is generic and not dependent on the number of classes used to
make the complete mixture. In this explanation, we use four classes (A, B,
C, D), to create a polydisperse mixture for a single polymer. For multi-
polymer mixtures the approach involves combining mixtures for multiple
polymers based on weights.
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Characterizing particles

Assuming a mixture of particles from a single polymer with different size categories
A (10-100 um), B (100-500 um), C (500-1000 um) and D (1000-5000 um).

1.

Capture high resolution pictures of at least 100 random particles per size
category within the overall targeted size range of 10 to 5000 um. Ensure
that a scale is included and particles are as dispersed much as possible.
Maintain consistent magnification all the time, otherwise, the data needs
to be corrected for ‘2D subsampling’ (for explanation how to correct for
this see below). Repeat this process for other size classes B, C and D.

Use Imagel (Schneider et al., 2012) or another image analysis software to
assess the exact number of particles (Nobserved,x; X = A, B, C or D), the minor
and major axis of the particles, and the perimeter in the 2D image. In
Imagel a macro can be created to automatically measure the minor and
major axis using the “analyze particles” — plugin, this way manual actions
do not have to be repeated for each image (Barchiesi et al., 2023). How the
image is analysed depends on the image, but prerequisites include setting
a scale, enhancing contrast, setting a HSB stack, using an auto threshold to
distinguish the particle from the background and if particles are not fully
dispersed in the image, the option “watershed” can be applied (Figure
$1;S2). Repeat for other size classes B, C and D.

For each particle now the volume can be calculated assuming that particles
have an ellipsoid shape. For this, the user can follow either the Barchiesi
model, the Simon model, or the Tanoiri model (Barchiesi et al., 2023; Simon
et al., 2018; Tanoiri et al., 2021). Subsequently, the mass of each particle
can be calculated by multiplying the volume with the density of each MP.
The densities of the MPs can, after polymer identification with ATR-FTIR or
micro-FTIR, be taken from literature (Kooi and Koelmans, 2019). Densities
can also be measured with volume displacement or with a gas pycnometer
(Barchiesi et al., 2023). Calculate the total mass (Mobserved,x) for the total
number of particles (Nobserved,x) Of €ach size category. Repeat for other size
classes B, C and D (Table S2).

This step is optional, but for each polymer a power law distribution can be
fitted for the final mixture using maximum likelihood estimation (Clauset
et al., 2009; Newman, 2005). For this use the poweRlaw package in R
(Gillespie, 2014).
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5.

From your ImagelJ analysis of microscope pictures determine the lower limit
(LL) and the upper limit (UP) for the size class considered (Table S2). Using
equation 1, the number of particles (A) can be calculated that is needed
given the targeted mean exponent parameter (a) (Kooi et al., 2021), for the
known upper limit (UP) and lower limit (LL). This calculations can be made
for each - as much as possible complementary - size category and for the
total number of all particles in all size classes together, which is set to 100%
(10 — 5000 um), giving the proportions for your mixture (equation 2). Note
that these proportions are in particle numbers (table S2; column Particles
targeted (%)).

ULl—a_LLl—Cl

UL . _q
A= ), Cx % dx= -

(1)

Aot = Aa + A+ Ac + Ap
(2)

Here, Awtal represents a total number of particles between 10 and 5000 pum,
given a power

law slope a, and each A represents the number of particles within the LL-
UL size fractions

A, B, C, D for the same power law slope.

Now consider the number of particles per data set (Nopserved,x) With x is A, B,
C or D (Table S2, column) and the calculated total mass per data set
calculated in Step 3 (Table S2 “Mobserved,X”). From your observed Imagel
counts (Nobserved,x), YOUu can calculate the observed particle concentration
for each of the classes A, B, C and D as a percentage (%). This information
is required to determine how many times the number of particles
(Nobserved,x) Need to be multiplied to match the targeted percentages based
on the theoretical design (Eq. 1). Since the targeted particle (%) differs from
the observed particle (%) for each size category (Table S2), compute a
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multiplication factor (MF = targeted% /observed%). By applying this
multiplication factor to the observed weights per polymer fraction, a
corrected weight for each polymer fraction can be derived (Table S2,
column “Mrequired”)-

7. Determine the desired polymer percentage mass distribution (Table S2,
column “Mrequired,x”), and translate the required mass to percentages (Table
S2, column “Mrecipex”), -

8. Duplicate the datasets accordingly to calculated MF (Table S2).
Subsequently, a power law distribution can be fitted for the final mixture
using maximum likelihood estimation (Clauset et al., 2009; Newman, 2005).
For this use the poweRlaw package in R (Gillespie, 2014).

Possible corrections required at Step 1:

If pictures are taken at different magnifications in
order to get a focused image of the different particles
sizes within a size category, corrections need to be
made. Assume pictures are taken, first with a
magnification such that a frame (A1) of 1 x 4 mm is

covered (blue rectangle). Secondly, images are taken with a higher magnification
for smaller particles magnification, leading to a frame (A2) of 0.5 x 2 mm (red
rectangle). Compared to the blue rectangle, this should be considered a subsample
in 2D. Therefore all individual particles analysed from the higher magnification red
rectangle should be multiplied with a factor of 4, because that is the ratio of the
surface areas of the frames: A1/A2=4.

For example if there would be three measured red areas, then the re-scaling would
be by a factor of 4/3 = 1.33. However, the unique datasets with particle
measurements cannot be cloned with such a number. In such a case it is possible
to randomly select particles from the dataset in the measured read areas. Another
solution could be to multiply both datasets with whole numbers in such way that
the correct ratio is obtained.

If there would be more than four red areas (the total of the ‘high magnification red
field of view areas’ exceeds the surface of the low magnification blue area, then
simply declare that total high magnification area as the sample size, and consider
the blue area as subsample.
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Figure S2. Image polystyrene particles after analysis Image)
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