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Introduction: Living in the Plastic Age

Johanna Kramm, Carolin 1 olker

Living in the Age of Plastics

The notion Plastic Age draws on epochal categories such as Stone Age and
Iron Age. These notions describe periods of time in which the specific
material shape the social artefacts and technologies in such profound ways
that the materials become characteristic for the societies in that petiods
(Bensaude Vincent 2013).

The notion of Plastic Age therefore implies that a material and its mate-
riality with all its relations it engages enables a new way of living. Materials
mattet, but they need to be sensed in a relational way. Plastics matetialize
through practices and technological configurations, are symbolically loaded,
and enable new economic, technological, natural, and societal relations all at
once.

The first plastic materials were invented in the 19% century to substitute
other materials like wood, horn or metals. At this time first plastics precur-
sors like Parkesine created by Alexander Parkes around 1860 or celluloid
developed by John Wesley and Isaiah Hyatt in the 1870s were praised as
solutions to dooming scarcities of resources such as tortoise shell and ivory
and considered as means for relieving the pressure on natural resources
(Meikle 1995). About 100 years later, plastics have evolved from a “symbol
of progress and modernity” (Umiilig 2021) into a symbol of mass consump-
tion, a society of disposables, and unmanageable amounts of waste with far-
reaching consequences for the environment. The accumulation of plastic
waste in the oceans illustrates these consequences and is considered as one
of the most urgent environmental problems today.
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While Robert Sklar (1970) identifies the start of the Plastic Age after the
First World War with the first developments of mass culture, the cultural
historian Jeffrey Meikle (1995) argues that plastics became to play a crucial
role in American culture in the second half of the twentieth century. As
Bensaude Vincent (2013, 19) has argued, these temporal positionings show
that synthetic materials did not revolutionize economies, cultures, and soci-
ety all at the same time. However, about 150 years later, we can say, synthetic
polymers have found their way into all realms of life, from daily routines of
hygiene, cooking or shopping, to transport, construction, leisure, agriculture
or medical care (PlasticsEurope 2020). A reason for their versatile applica-
tions is that “plastics” refer not to a single material, but to a range of different
polymers with different additives resulting in materials with different
properties and capabilities. In the process of polymerization, the plastic
product is molded and can take any shape. Additives help to create multiple
properties. For instance, plasticizers can make plastics flexible, colorants can
give the product any desired color, thermal stabilizers create heat resistance,
and flame retardants enhance flame resistance.

The problems related to plastics are closely intertwined with the estab-
lishment of mass consumption after the Second World War. Single-use
products, such as all kinds of packaging, created an unprecedented waste
problem. Additionally, plastics have been found to be problematic due to
their building components like bisphenol A or additives like phthalates. It
has been proven that these chemicals interfere with the hormone system,
and so some of them are now banned in certain products. During the last
decades, attention was also drawn to finely fragmented plastic particles,
commonly known as “microplastics”, that are traceable even in remote
locations such as the Arctic (Bergmann et al. 2022).

Information about the downsides of plastics has exploded in recent years
and has been covered in various books, documentaries, museum exhibitions,
as well as by environmental non-governmental organizations, coalitions, and
global campaigns on microplastics, single-use plastics, and zero-waste (e.g.,
“Beat the Microbead” ot “#BeatPlasticPollution”). As a result, an increas-
ing awareness has arisen about the implications of plastic use, such as
microplastics (e.g., for risk perception in Germany see Kramm et al. 2022)
with a consequential public debate about measutes to curb plastics usage. A
further result has been the development of policies and strategies such as
the European Strategy on Plastics. Moreover, several funding lines on
plastics were launched and possible measures for a sustainable use have



INTRODUCTION: LIVING IN THE PLASTIC AGE 9

emerged (e.g., for Europe JPI Oceans and H2020 on marine plastics and
litter and another one on microplastics and human health risks, for Germany
the funding line “Plastics in the Environment” by the Federal Ministry for
Education and Research). Global attention to plastics as a pressing
environmental issue has led the international community to endotse a
resolution at the United Nations Environment Assembly in May 2022 to
establish a legally binding agreement to “end plastic pollution” by the end of
2024 (UNEA 2022).

This resolution demonstrates that it is now globally recognized that the
plastic economy needs to be fundamentally transformed in order to enable
a more sustainable use of plastic materials. This transformation should not
only include measures to prevent plastic waste from entering the environ-
ment, but must also cover other aspects such as production and
consumption. Nevertheless, plastics remain the “workhorse” of the global
economy (WEF 2016). Since 2016 global plastics production increased from
322 to almost 370 tons per year (PlasticsEurope 2020) with a market size of
approximately 580 billion U.S. dollars in 2020 (Statista 2021). A sustainable
future use of plastics therefore requires a transformation of the linear
economy towards more circularity and sufficiency. This change is a major
challenge and requires the cooperation of science and societal actors at all
levels. However, the idea of transformation should not solely focus on or
stop at the economy, but should permeate all societal realms. This thought
informs the rationale for this anthology. Since plastics permeates not only
all societal realms but also all ecosystem and natural realms as well, we need
to scrutinize plastics from multiple angles. This anthology, therefore,
compiles research from different disciplines ranging from humanities, social
sciences, psychology, political sciences and environmental sciences.

Background of the Book: Inter- and Multidisciplinary
Perspectives

As the issue of plastics is part of both scientific and public debate, science is
called upon to contribute to questions raised in public discourse with
empirical and normative research. Problems associated with the production,
use, and disposal of plastics are complex, as is the case with most
sustainability issues, and require knowledge from multiple disciplines as
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stated above. For instance, plastics in the environment stem from numerous
sources and are hardly traceable back to their origin. Due to the diversity of
environmental plastics and the resulting biological effects, it is difficult to
quantify the risks to the environment and human health. In addition, plastics
are so closely intertwined with almost all aspects of everyday life that the
topic encompasses an inexhaustible wealth of societal actors, practices,
technological and policy fields, each bringing different perspectives and
interests to the table.

Our research group “PlastX—Plastics in the Environment as a Systemic
Risk”1, which we led from 2016 until 2021, took an inter- and transdiscipli-
natry approach and looked at the problem in a holistical way. The PlastX
team members shared the common boundary object of “plastics in the
environment” and examined the problem from different disciplinary angles.
Ecotoxicologists analyzed the environmental risks of microplastics
(Zimmermann et al. 2020b), while human geographers focused on the
science-policy interface (Kramm 2022). Furthermore, human geographers
studied the governance mechanisms of matine plastic pollution (Kerber and
Kramm 2021; 2022). In interdisciplinary collaboration, the translation of
scientific findings on the risks of microplastics into public discourse as well
as public risk perception was investigated (Kramm et al. 2022; Vélker et al.
2020). To elucidate solution strategies that cover the supply chain of a plastic
product, another focus was placed on plastic packaging. Sociologists ana-
lyzed the role of plastics in food supply practices (Sattlegger et al. 2020;
2021a; 2021b), chemists evaluated bioplastics as an alternative to conven-
tional plastics (Haider et al. 2019), and ecotoxicologists investigated the
toxicity of chemicals in both conventional and bioplastics (Zimmermann et
al. 2019; 2020a; 2021).

The holistic perspective highlighted the multiple problems associated
with plastics and subsequently the complexity of the issue. By framing the
problem as a “systemic risk” (Klinke and Renn 2000), its complexity was
addressed as well as the following further characteristics, such as ambiguity
or divergent perceptions, high uncertainty of scientific data, and the

1 PlastX was funded by the German Federal Ministry for Education and Research (BMBF)
as part of the funding priority “SOF — Social-ecological research” within the funding area
“Junior research groups in social-ecological research”. The group included the (former)
PhD students Dr. Lisa Zimmermann (ecotoxicology), Dr. Tobias Haider (chemistry), Dr.
Lukas Sattlegger (sociology) and Heide Kerber (human geography) as well as the
PostDocs and project coordinators Dr. Johanna Kramm (human geography) and Dr.
Carolin Volker (ecotoxicology).



INTRODUCTION: LIVING IN THE PLASTIC AGE 11

everyday production of environmental risk of plastics (Kramm and Vélker
2018). Moreover, the intet- and transdisciplinary collaboration included the
perspectives and priorities of various societal actors as for instance industry,
retailers, water authorities, nature conversation, development cooperations,
and consumer protection groups. Thus, the PlastX team members were able
to gain a joint and more detailed understanding of the issue and to critically
evaluate solution strategies and their potential implications (Kramm et al.
2020).

The members of the PlastX team also held lectures and seminars at
Goethe University Frankfurt where they shared the results of the inter-
disciplinary collaboration

The broad network was used to organize the public lecture series “Living
in the Plastic Age” in summer semester 2019 with speakers from the
humanities, social sciences, and natural sciences. With their insights into
different disciplinary approaches, the vatious experts met with broad interest
from the auditorium that also included students from various disciplines.
The book “Living in the Plastic Age” ties in with the lecture series and aims
to spark interest among a broad readership, highlight different approaches
and perspectives on plastics, and encourage interdisciplinary collaboration.
The anthology presents the multidimensional facets of plastics and micro-
plastics from different disciplinary angles including political and environ-
mental sciences, psychology, sociology, ecotoxicology, environmental hu-
manities, and science and technology studies (Tab. 1). While some chapters
are taking a disciplinary perspective, others are interdisciplinary, ie.,
integrating different disciplines.
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Tab. 1: Chapters of the anthology “Living in the Plastic Age” and the respective

disciplines.

Chapter

Disciplin(es)

(1) Explaining Agenda-Setting of the
European Plastics Strategy. A Multiple
Streams Analysis

(2) Microplastics in the Aquatic

Environment

(3) Risk Perception: The Case of
Microplastics. A Discussion of
Environmental Risk Perception Focused

on the Microplastic Issue

(4) Everyday Life with Plastics: How to
Put Environmental Concern into
Practice(s)

(5) Using Citizen Science to Understand
Plastic Pollution: Implications for Science
and Participants

(6) Behavior Change as Part of the
Solution for Plastic Pollution

(7) Chemicals in Plastic Packaging:
Challenges for Regulation and the Circular

Economy

(8) Circularity in the Plastic Age:
Policymaking and industry action in the
European Union

(9) Plastivores and the Persistence of
Synthetic Futures

Political Sciences

Environmental Sciences

Psychology

Sociology

Environmental Sciences,
Environmental Psychology,
Sociology

Psychology

Ecotoxicology

Political Sciences

Environmental Humanities,
Science and Technology
Studies
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Overview of the Book

As is evident from Table 1, the chapters of the book are not arranged by
discipline, but in thematic order. The anthology opens with different
descriptions of the problem, from both political and natural science perspec-
tives, and then addresses social aspects, risk perception, and behavior
change. It then moves on to harmful chemicals, circular economy, and a
critical perspective on petro-capitalism. In the following, an overview of the
chapters is given.

In the last decades plastics have achieved a “new” political status. While
previously under waste legislation, plastics wete treated as one waste material
amongst others, they now have a status of their own with special strategies
and policies.

In the contribution on agenda-setting of the European plastics strategy,
Panta Florides and Johanna Kramm trace how plastics were scientifically and
politically problematized. They show how the topic of plastics was
subsequently shifted from a long-known environmental problem that was
addressed in European legislation only in a scattered way, to a prominent
place on the agenda of the European commission, a development that has
enabled the material to be addressed in a more systematic way. They
reconstruct the way it took to put plastics onto the political agenda. Using
the Multiple Streams Framework, the authors analyze how different streams
such as problem frames, policies and policy ideas and political institutions,
e.g., governments, the European Commission or pressure-groups, are
coupled during windows of opportunity. Agenda-setting is then a result of
the coupling of these different streams (problem, policy and politics).
Environmental concern about plastic waste, especially the one in oceans, has
been raised at least since the 1970s (Kramm and Volker 2018). But it was
not until the early 2000s with the observation of plastic debris accumulations
in the pacific gyres by Charles Moore (Moore et al. 2001) and the coining of
the term “microplastics” by Thompson et al. (2004) that the scientific and
public debate on plastics in the environment accelerated. As research on
policy-processes has pointed out (e.g., Kingdon 2014), “problems” have to
be framed in such a way that policy-makers recognize the need to respond
to it. In the case of plastics, pressure groups, some of which were closely
collaborating with scientists (e.g., Algalita, 5 Gyres, Beat the Microbead) and
the media contributed to a problem framing that put a certain pressutre on
policy-makers. The authors show that marine litter was not explicitly
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connected to plastics but was rather considered as something to be dealt
with by the coastal member states of the EU or in the context of
international agreements on marine pollution. A “Europanization” of the
problem raised political concerns and created a sense of responsibility
among European policy-makers. This was achieved by two shifts: the first
concerned the discourse on marine litter that changed from a sea-based
petspective to the inclusion of land-based sources connecting marine
plastics to waste management policies and the second was a shift from spatial
distance to spatial proximity by detecting plastic debris and microplastics
along European coasts and in European rivers and lakes. Moreover, the
former European Commissioner of the Environment played an important
role in putting plastics onto EU’s agenda by connecting plastic waste to his
ongoing plans of resource efficiency that paved the way for the European
plastics strategy. The analysis shows that environmental problems need to
be made explicit and that proposals for policy are equally necessary.

The plastics strategy was adopted in 2018 and is a key element in the
European circular economy action plan. Next to measures to curb plastic
waste, improve plastics recycling, and foster innovation and international
development, measures to reduce microplastics are another central part of
the strategy. Meanwhile, microplastics are found ubiquitously in the
environment and in the last decades a new field of science has developed
with its own research methods, journals (Microplastics and Nanoplastics
(Springer Open), Microplastics (MDPI), handbooks, and conferences
(MICRO) all dealing particularly with this topic. Numerous research
questions are being pursued regarding microplastics, for example concerning
their sources, to what extent they are entering the environment, how
microplastics behave in the environment (fate), in what manner they interact
with flora and fauna, and what effects this entails.

In the contribution by a group of environmental scientists working on
different aspects of microplastics, Maren HefS and colleagues give an overview
of how microplastics can be identified, monitored, analyzed, and assessed
regarding the damage they cause for the aquatic environment. It becomes
clear that microplastics challenges science in many ways as it is a complex
matetial that needs new methods and new ways of risk assessment. The
complexity is already reflected in the search for a definition of microplastics.
The term “microplastics” refers to diverse particles with different chemical
compositions, shapes, densities, polymer types, surface properties, sizes, and
origins. Environmental scientists and citizen science have disclosed the
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diverse emission pathways and sources that are strongly connected to usage
patterns. So far, there is no consensus on the basis of which properties
microplastics should be defined. The discussion on definitions can become
important when it comes to political regulations. Questions might arise as
to where to draw the line, what is covered by microplastics regulations and
what is not. Is it size that is mostly relevant? Or what about blend materials
which might consist only in minor parts of synthetic polymers? The chapter
by Hel et al. also demonstrates that not only the sampling of microplastics
(for example in rivers) requires extensive survey designs in order to cover
different layers in the water column, but also the particle analysis used to be
very time-consuming in the beginning when it was still done manually. Due
to different measurements the results of many studies cannot be compared
ot put in relation to each other. Therefore, there are frequent demands for
standardization and harmonization concerning the methods used.

When it comes to questions of adverse effects and harm of microplastics,
we are once again faced with the complexity of microplastics. In general,
there are different possible effects that are grouped into ecological,
mechanical, and toxicological clusters and that can be observed on different
scales, for instance regarding the population as a whole or individual, cellular
or subcellular levels. Most of the current testing methods that identify
effects, cannot do justice to the diversity of microplastics and its diverse
possible effects. Therefore, HeB3 et al. call for a multi-dimensional testing
strategy, “which considers substance parameters (e.g., polymer type, size,
and shape), single contaminant or mixture toxicity (e.g., known virgin
particles vs. unknown mixture of environmental particles), and the choice of
the corresponding endpoint [evidence to characterize the effects] and the
resulting suitable test method” (HeB et al., 72). The question of “how much
information is enough for action” is a recurring point of discussion in
environmental sciences (Backhaus and Wagner 2020). In the case of
microplastics, “from a purely scientific point of view, each particle could be
an individual multiple stressor in itself—requiring an individual testing
strategy” (Hel3 et al., 76). This is, of course, not feasible from a regulatory
point of view. The authors are suggesting precautionary measures referring
to the persistence of microplastics, their further accumulation in the
environment without any action and the difficulty to assess long-term effects
on ecosystems. Here, we see that the risks imposed by microplastics reflect
characteristics that have been described as typical for environmental risks in
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general (e.g., uncertainty, complexity, delayed consequences) (Kramm and
Volker 2018; Steg and de Groot 2018).

Media coverage on scientific findings and the work of activists have
raised public concern about microplastics. Surveys on public risk perception
show that for the majority of the public perceives (micro-)plastics have a
major risk which is why there is a certain concern (for Europe see
Eurobarometer, for Germany see Kramm et al. 2022). In their contribution,
Marcos Felipe-Rodriguez, Gisela Bobm and Rowven Doran analyze from an
environmental psychological perspective which factors contribute to a risk
perception of microplastics. While only few studies on risk perception of
microplastics exist, they discuss different heuristics and concepts with
respect to the topic of microplastics. Drawing on the psychometric paradigm
(Fischhoff et al. 1979), they analyze the main risk perception features of
microplastics that show characteristics of an “unknown risk”, since it is a
rather new risk and not easy to observe including its potential delayed
effects. Furthermore, they discuss how specific perceiver characteristics,
such as socio-demogtaphics, reasoning knowledge and fairness, as well as
values and worldviews impact risk perception. Another important factor are
emotions, that are grouped according to consequentialist and moral
emotions. Microplastics activate both forms of emotions. While con-
sequential emotions comprise fear, for example about consequences of
microplastics for sea animals, moral emotions on the other hand are linked
to outrage and guilt over violating moral norms, such as the plastic pollution
of environments caused by humans. Next to emotions, mental models, that
is how people mentally conceive microplastics regarding their causes,
consequences, and solutions, are also crucial for risk perception research on
microplastics.

The question of how perception and awareness correspond to action and
practice is addressed in the next contribution. Based on a survey and group
discussion Immannel Stief§, Luca Raschewski and Georg Sunderer explore along
the lines of certain practices concerning consumer goods such as peelings
and fleece jackets. They consider the awareness of consumers and their
knowledge about this set of issues as well as their attitudes regarding
alternative practices. It turns out that plastic usage is deeply interwoven with
social practices. There are many plastic products used on a daily basis that
release microplastics which then enter into our environment either via our
wastewater or via the air. The authors investigate practices around peelings,
fleece jackets, moist toilet paper, and dog poop bags. They identify
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promoting and inhibiting factors for the adoption of more environmentally
friendly practices and they investigate who the consumers perceive to be
responsible to take action. The authors ascertain a high problem awareness
and overall concern regarding microplastics on the part of the consumers.
However, the latter often lack knowledge of the environmental impacts of
their product use. Respondents were for example not aware of the fact that
moist toilet papers contain plastic fibers. Thus, consumers do not link their
practices to the release of microplastics. Respondents of the survey at-
tributed producers and manufacturers of the products the most responsibil-
ity for preventing microplastics to be discharged into wastewaters.

While Stief3, Raschewski and Sunderer look on daily practices of plastic
usage, Marine Isabel Severin, Alexander Hooyberg, Gert Everaert and Ana Isabel
Catarino engage with questions of the psychological aspects of participating
in citizen science projects. In their literature review, they analyze what
impacts citizen science projects such as public beach clean-ups and plastics
surveying activities have on the participants regarding well-being, human
health, and ocean literacy. While there is much literature on the scientific
outputs of such projects, the role of the participants has so far not been
analyzed in-depth. Severin et al. turn to the existing literature in order to
identify educational and behavioral impacts that occur after the participation
in a citizen science activity such as increased environmental awareness and
pro-environmental behavior.

Aspects of health and well-being that were identified in the literature, are
categorized as of emotional and cognitive origin. The observed emotional
changes were described as feeling more “empowered/encouraged” and
“orateful” (Yeo et al. 2015) and as “better mood” and “higher meaningful-
ness” (Wyles et al. 2017). However, they also identify negative aspects “such
as a lower cognitive restoration in response to beach cleaning compared to
walking or rock pooling” (Severin et al., 153). Severin et al. make an
important critical point in their analysis, when pointing out the diversity bias
of the participants and the socio-economic and geographically uneven
distribution of access to and benefits of citizen science activities. “Most
participants are from middle to high income backgrounds, with access to
education, technical skills, resources, and infrastructure that facilitate en-
gagement in citizen science projects” (Severin et al.,, 155—156). Since envi-
ronmental datasets based on citizen science could be used to craft policies
and measures, the under- and non-representation of certain geographic areas
and specific communities may imply their exclusion when prioritization
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policies to prevent and mitigate plastic pollution (Pandya and Dibner 2018;
Pateman et al. 2021). They atgue for empowering “local communities in
taking part in the development of a successful plastic circular economy, via
perception and behavior shifts, and via active participation in decision-
making” (Severin et al., 157). Therefore, they recommend, that plastics-
related projects involving citizen scientists should broaden their collabora-
tive scopes to include ovetlooked geographic areas, marginalized communi-
ties and underrepresented socio-economic and socio-demographic groups.
Furthermore, future surveying programs of plastic pollution involving
citizen scientists should consider a collaboration with natural and social
science professionals to achieve an in-depth evaluation of the educational
and psychological benefits to the participants while also taking social
diversity into account.

Raising awareness is a measure which is quickly referred to when it comes
for example to the reduction of the plastics consumption. However, research
has shown that awareness alone does not automatically imply a behavior
change (Heidbreder et al. 2019; van Valkengoed and Steg 2019). In the
literature, this is referred to as “awareness-behavior gap” (e.g., Lio and Bai
2014). While measures that are laying the responsibility for the problem and
for the solution solely on individuals, have been criticized in social research,
e.g., research on consumption pointing towards structural changes in the
economy or the society, the individual level is, nevertheless, acknowledged
as one among many elements in the plastic assemblage. Thus, as the authors
Maja Griinzgner and Sabine Pahl argue in their contribution, social and environ-
mental psychology approaches focusing on behavior change can contribute
to design measures and interventions to reduce plastic consumption. They
show that problem awareness and perception are important elements in
understanding current beliefs and opinions, but there are still other elements
that also need to be considered when it comes to promoting behavior
change. Griinzner and Pahl discuss two theoretical models—a prediction
model and a stage model and then present practical guidelines for imple-
menting behavior-targeted intervention tools. Amongst others, these tools
include cognitive dissonance, goal setting, instructions, rewards, and
prompts. The authors show that knowing about negative impacts of plastics
alone does not entail a behavior change since habits as well as social and
situational factors, like convenience play an important role. The authors
conclude that there is no “one fits all” solution for tackling environmental
behavior, since “some behaviors have stronger moral components, some ate
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more influenced by the individual’s perception of control (how easy or
difficult it is doing a behavior) and others are strongly habitualized”
(Griinzner and Pahl, 188). They also point out that behavior change should
be understood as just one component amongst others when it comes to
tackling plastic pollution. It needs “actions from different stakeholders such
as governments, businesses, and communities worldwide combining pre-
and postconsumption solutions |...]” (Griinzner and Pahl, 189).

When it comes to interventions on the individual level, often the
prevention or usage reduction of single-use plastic products (e.g., plastic
packaging, plastic cups or tableware) are targeted. Packaging for example
produce the largest share of plastics waste (Ritchie and Roser 2018).
However, there is an additional reason to opt for less plastic packaging and
packaging in general and that is chemicals. The purity and inertness of
plastics have been long deconstructed. The public is aware that there may
be additives that can leach from the plastic product. However, food contact
materials, such as plastics, count as safe. Jane Muncke and Lisa Zimmermann
show in their contribution that it is safe to assume that there are many plastic
materials on the market that are in contact with food and from which
untested chemicals get into food. As the authors demonstrate, there are
several reasons for that: i) plastics materials that are in contact with food can
consist of hundreds to thousands different chemicals. During the
production process (polymerization) non-intentionally added substances
(NIAS), comprising polymerization impurities, reaction by-products, and
break-down products of additives can occur; ii) chemicals intentionally
added to food contact materials are tested only one by one. However,
“|m]ixtures are a reality for all plastics in direct food contact, with hundreds
to thousands of chemicals found to migrate at the same time, many of which
are unknown” (Muncke and Zimmermann, 209) as it is the case for non-
intentionally added substances (NIAS). Muncke and Zimmermann criticize
the virtually uncontrolled human exposute to chemicals. They point towards
epigenetic effects, meaning that the DNA itself does not change, but the
activity state of genes changes, due to chemical exposure, which can be
passed on to generations to come. They call for the moral obligation to
decision-makers to protect future generations. “It is unknown whether
industry is performing risk assessments for each and every of these
substances. What is clear is that regulatory enforcement agencies are neither
assessing all chemicals that are authorized for use in food contact plastics
nor controlling whether industry is meeting its regulatory requirements—in



20 KRAMM, VOLKER

part, because the required information is not shared with authorities”
(Muncke and Zimmermann, 211). This chemical complexity of plastics also
poses a challenge to the process of recycling. Due to limited information on
the chemicals in plastic products some might be of concern to waste and
recycling institutions, a real “re”cycling is hardly possible, thus for most
plastics products it is rather a down-cycling that applies. Another challenge
are so called “legacy contaminants”. These are substances that are now
forbidden, but may still be contained in recycled plastics.

While Muncke und Zimmermann point out the challenges of “recycling*
and the circularity of plastic products, Sandra Eckert explores the role of
plastics in European policies and regulation activities on establishing a
circular economy from a political sciences perspective. She also pursues the
question if the circular economy agenda promotes the transformation of
plastics towards more sustainability taking a specific focus on the policy-
industry nexus. She acknowledges that a diverse range of European circular
economy policies have recently been adopted to respond to issues of plastic
pollution like marine litter and microplastics and that the regulatory pressure
on the plastic sector has been intensified in the last years. Eckert questions
however, if these measure really lead to a transition to more circularity or if
they do not, on the contrary, rather stabilize the current linear economy.
Drawing on literature on stakeholder involvement in policy frames and
discursive business power as well as rule-setting capacity and strategic
mobilization of expertise by corporates (e.g., Fuchs 2007; Mikler 2018), she
analyses the circular economy agenda of the European Union with regard to
the policy-industry nexus. By taking the earlier debate on PVC as an
example, she identifies challenges that are currently recurring for the circular
economy of plastics. In both cases, the PVC and the current plastic issue,
the industry has intervened in policy debates to avoid worst case scenatios
like a ban of PVC and has emphasized its recycling ambitions. However, due
to recycling constraints like legacy contaminants, recycling is not the panacea
of the plastic waste, rather other measures of the circularity debate need
more attention like for instance refuse, rethink or reduce. Eckert points out
the balancing act of the policy-makers between teaming up with actors from
the industry and endorsing voluntary industry pledges on the one hand and
dealing with stringent regulatory actions on the other (like the single-use
plastics ban). She argues, though, that the circular economy agenda could
too easily be brought in line with the status quo of a linear economy which
in the case of plastics is mainly fossil-based despite a few bio-based
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exceptions. The prognosis is that plastic production as a key branch of the
petrochemical industry will become the fastest growing sector in terms of
oil consumption (International Energy Agency 2021).

Another critical perspective is formulated in the next contribtion. For a
few years now, measures to curb plastic pollution have been publicly de-
bated. Among those measures is the use of plastivores, plastic eating
organisms. Kim De Wolff explotres in her contribution biotech visions of
plastivores as panacea to plastic pollution. Scientists have discovered up to
30,000 plastic degrading enzymes and emphasize the crucial role those
microorganisms could—with the help of bioengineering—play in the global
management of the plastic waste (Zrimec et al. 2021). With the abundance
of plastivores the earth is adapting to the plastic pollution and this “natural”
process can be used in waste management. Kim De Wolff turns to science
and technology studies informed by feminist and queer theoty to point out
that this “natural” process is only a solution if the problem is dealt with in
solation leaving out the entanglements of persistent harms of toxic
chemicals and extractive capitalisms.

Inspired by Heather Davis, she argues for a broadening of relationships
of responsibility and care beyond the familiar, to include the own commu-
nity and even transcend the boundaries of species to explore alternative ways
of living and to question current modes of living and their social, economic,
and political orders.

A wortld of interconnectedness counters industrial and political strategies
of containment and control (e.g., of chemicals in plastics or microplastics)
based on assumptions of separation and purity. By recognizing plastivores
as our “queer kin” is already an act of resistance to logics of extractivism and
control of nature. Kim De Wolff emphasizes not to adopt the narrative of
earth’s adaptation to plastics pollution as this shifts responsibility from social
to natural processes. Furthermore, integrating microbes in the recycling pro-
cess perpetuates the plastic production of the petro-capitalism. “Plastic-
eating solves a problem for petro-capitalism, not the problem of it” (De
Wolff, 272). De Wolff urges scholars of the humanities and natural scientists
alike to re-think their relationships to petro-capitalism and calls for radical
collaborations to challenge our plastic system.
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Explaining Agenda-Setting of the
European Plastics Strategy. A Multiple
Streams Analysis

Panla Florides, Johanna Kranm

Introduction

Since the start of plastics mass manufacturing in the 1950s, plastic produc-
tion volumes have grown continuously, reaching almost 370 million tonnes
globally in 2020 (PlasticsEurope 2021, 12). The public image of plastics, sim-
ultaneously, has changed for the worse: In a representative survey conducted
in 2017, 87 percent of Europeans expressed worry about the effects of
plastics on the environment and 74 percent about its effects on their health
(European Commission 2017). Politically, plastics have become an integral
part of European environmental discussions and in 2018, concerns about
growing plastic waste pollution were met by the EU with the adoption of
the European Strategy for Plastics in a Circular Economy. As the first EU-
wide material-specific policy framework, the strategy aims to lay the
“foundations to a new plastics economy” (European Commission 2018, 1)
by targeting the entire life-cycle of plastics from design, use, reuse, to
recycling (for a critical discussion on the circularity of plastics see Eckert in
this volume). Against the backdrop of plastics being “so prominent on the
political and societal agenda that the issue could become a policy field of its
own” (Mederake and Knoblauch 2019, 11) the narrative of plastics as an
environmental pollutant is however by no means new. Instead, newspaper
reports publicly drawing attention to the issue can be traced back to the
1970s (Kramm and Vélker 2018, 225). Therefore, this contribution aims to
understand how and why plastics shifted from being a long-known envi-
ronmental problem, only sporadically addressed in European legislation to
one that, in recent years, has gained such high political salience and was
placed on the top of the EU’s agenda. To do so, the contribution addresses
the question: How did agenda-setting take place in the case of the European
Strategy for Plastics in a Circular Economy?
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The contribution is structured around the Multiple Streams Framework
(MSF), which offers a comprehensive account of the agenda-setting process
by incorporating human agency, temporal order as well as contextual and
institutional factors. Since its introduction in the 1980s by John Kingdon, it
has shaped the course of agenda-setting studies fundamentally and to this
day remains one of the most frequently cited frameworks on agenda-setting
(Herweg 2013; Zahariadis 2016). Regarding the European plastics strategy,
the MSF proves particularly useful as it takes into account factors such as
institutional fluidity, jurisdictional ovetlap, endemic political conflict, varying
time cycles and policy entrepreneurship, which are typically considered to be
“pathologies of the EU system” (Ackrill et al. 2013, 871). After an
introduction to relevant MSF terminology and remarks on the methods
applied, the contribution provides a presentation and discussion of the
results of the EU’s agenda-setting process on plastics.

The Multiple Streams Framework

The MSF aims to explain the process of agenda-setting under conditions of
ambiguity (for a graphic overview see Fig. 1). Ambiguity, here, refers to the
constant fluctuation of participants within institutions where a different set
of actors is involved in each step of the policy process, and preferences
typically differ, meaning that the same problem is interpreted in disparate
ways by different actors (Zahariadis 2007, 66 f.). In such an ambiguous
environment, gathering information is a difficult task for policy-makers,
according to the MSF, as they are bound by considerable time constraints,
and must, inevitably, make decisions with limited information at hand. This
paves the way for political manipulation as information can be provided
strategically to “alter the dynamics of choice by highlighting one dimension
of the problem over others” (Zahariadis 2007, 70). Accordingly, the key
actors behind agenda change are policy entrepreneurs (PEs) who actively
exploit politically opportune moments to influence policy outcomes. PEs
can be individuals or groups inside or outside of the government (e.g.,
politicians, business persons, citizens, NGOs...) (Frisch Aviram et al. 2020,
619 ff)). Similatly, their reasons for getting involved are versatile and can
range from practical and material incentives where a direct, personal,
concrete gain is at stake to ideological motives (Kingdon 2014, 123) and a
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variety of different PE strategies have been identified in agenda-setting
literature (Frisch Aviram et al. 2020, 625 ff.). All PEs, however, share the
defining characteristics of their willingness to devote a considerable amount
of resources (e.g., time, energy, reputation, money) in the hope of a future
return (Kingdon 2014, 179) as well as continuous efforts in “softening up”
relevant stakeholders to build acceptance for their policy proposals
(Kingdon 2014, 128). Nonetheless, PE activities alone do not suffice in
explaining agenda-setting, which is fundamentally shaped by the context
regulating social circumstances and interactions (Zahariadis and Exadaktylos
2016). This account of context is provided in the MSF through the concept
of three separate streams and ripeness in all three must first be achieved to
enable agenda-change: In the problem stream, attention is drawn to a
problem through indicators (routine monitoring or studies conducted by
government agencies, non-governmental researchers, or academics),
focusing events (sudden events such as crises or disasters providing a
powerful impetus for policy change), or feedback from previous programs
(Kingdon 2014, 90 ff.). Problem stream ripeness is achieved “if, first, one of
the above-mentioned mechanisms raises attention to an issue, and, second,
that issue is interpreted as being problematic” (Herweg 2016, 18) by the
respective policy-makers. Such problem recognition can be influenced by
PEs or problem brokers who both engage in problem framing and
promoting issues to policy-makers. However, unlike PEs, problem brokers
refrain from making suggestions on how to solve the problem beyond the
notion that something needs to be done (Knaggird 2015, 453). In the policy
stream, solutions in the form of different policy proposals compete for
consideration by policy-makers. A proposal’s survival is dependent on its
value acceptability (its conformity to existing value constraints), technical
feasibility (the technical possibility of implementing the proposal) and
resource adequacy (obtainability of the needed resources) (Jones et al. 2016,
16). Ripeness in the policy stream is achieved when a policy proposal
adhering to these prerequisites presents itself and is successfully promoted
to policy-makers.! The politics stream comprises the institutional and

1 It has been argued that since policy communities in the EU include national, European
as well as transnational members they are “inevitably characterized by considerable
heterogeneity” making agreeance upon acceptability, tolerable costs, normative
acceptance, and receptivity among decision-makers highly unlikely and that, therefore,
stream ripeness may be reduced to the criterion of technical feasibility in EU-level MSF
applications (Herweg 2016, 21).
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cultural context of the output of concern and consists of three main
elements which each influence the likelihood of policy-makers promoting
certain items on the agenda: Public mood (the perception of the public and
other relevant stakeholders thinking along similar lines), pressure-group
campaigns (the support or opposition of interest groups), and personnel
changes in the political-administrative system itself (e.g., due to election
results or changes in ideological distributions which may result in a cyclical
upturn of certain issues). Stream ripeness is achieved by the presence of
either of the three. According to the MSF, each of the streams has a life of
its own and develops and operates largely independently and untelated to
the others (Kingdon 2014, 85). However, during critical moments in time, a
fleeting window of opportunity opens when the attention of policy-makers
is drawn to a specific policy problem or solution due to one of the before
mentioned mechanisms. An issue ascends onto the agenda during such
opportune moments if a PE succeeds in coupling the three streams by
linking a problem and their preferred solution and successfully promoting it
to the right actors at the right point in time. An issue is considered to have
entered the agenda when it is not only paid serious attention to by policy-
makers but also moved into position for an active decision (Kingdon 2014,
166).
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Methods

The contribution is based on an extensive document analysis to reconstruct
major developments within all three streams. Starting with publicly accessi-
ble policy documents on plastics published by the EU before 2018 (the
adoption date of the European plastics strategy), a wide range of primary
data in the form of EU documents and scientific publications was
considered. Through several rounds of systematic extraction, synthetization,
and interpretation of information, relevant secondary data was identified and
added in the process. Hence, the number and type of documents was not
defined beforehand, but, instead, oriented towards theoretical saturation,
i.e., the point of analysis, where additional data sampling did not lead to more
information in relation to the research question (Glaser and Strauss 2017).
In total, 131 documents wete analyzed; 49 of them ofticial EU documents
(including decisions, resolutions, communications, repotts, press treleases,
and speeches), 44 scientific publications (including articles, discussion pa-
pers, and book chapters), 24 documents published by other relevant stake-
holders (including conference reports, technical memorandums, public
statements, and declarations), and 14 websites. Guided by the previously in-
troduced MSF features, information was deductively systematized.
Resultingly, inferences could be made about how stream ripeness had
occurred and when a window of opportunity had opened. While the first
rounds of analysis mainly focused on macro-level (structural and contextual)
aspects, later rounds complemented the findings with more detailed insights
into meso- and micro-level aspects of the agenda-setting process. Here,
actions, interactions, and consequences of actors and situations, as well as
the perceptions and motivations behind them, gained importance.

Plastics’ Rise onto the EU’s Agenda

Plastics have a history of being implicitly covered within two separate policy
debates: In the context of marine litter, they have played a role from the
onset of the discourse in the 1970s when indicators increasingly appeared in
scientific literature demonstrating the ubiquity of plastic particles at sea (e.g.,
Carpenter et al. 1972; Carpenter and Smith 1972; Colton et al. 1974; Wong
et al. 1974). Plastics were problematized in different contexts from concerns
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on a rise in mortality of different species of seabirds, seals, fish, turtles, and
other marine mammals due to the ingestion of different types of plastic ma-
terials or the entanglement therein (e.g., Kenyon and Kridler 1969; Parslow
and Jefferies 1972; Rothstein 1973; Cornelius 1975; Baltz and Morejohn
1976; Day et al. 1985; Harper and Fowler 1987) to beach litter (e.g., Cundell
1973; Dixon and Cooke 1977; Gregory 1978), or as means of altering eco-
systems by introducing non-native species (e.g., Winston 1982).

The same problem recognition, however, was not reflected in the policy
instruments that were adopted as a response to the growing concerns about
ocean pollution at that time. In the plethora of different global, regional,
national and local conventions, agreements, action plans, and initiatives,
plastics were only implicitly covered within the broader context of marine
litter?, and, at this, exclusively maritime sources of pollution were subject to
regulation (Gold et al. 2013; Simon and Schulte 2017; Simon et al. 2018). In
the EU, marine litter was considered the responsibility of coastal member
states and the respective Regional Seas Conventions (European Commission
2011b, 16) and was not explicitly connected to plastics until the eatly 2010s
when two workshops and an in-depth report on the issue of marine plastic
debris were issued (European Commission 2010b; European Commission
and DG ENV 2011; European Patliament 2013). Similar is the case in
European waste legislation. Highlighted as a priority as early as in the First
Environmental Action Plan, adopted in 1972, waste management “has con-
tinued as a priority area for EU action with a number of important Commis-
sion policy dossiers having been published to determine and evaluate the
direction of EU waste law” (Farmer 2012, 3). However, until the publication
of a Green Paper on a European Strategy on Plastic Waste in the
Environment (European Commission 2013b) by the European Commission
in 2013, plastics were mentioned in discussions on EU waste policy only in
the context of general recycling targets for packaging and household waste
or as individual product groups (e.g., phthalates and PVC). Based on these
observations, a window of opportunity for agenda change can be assumed
to have opened in the early 2010s. A closer look at developments within

2 An exception to this is MARPOL Annex V on the Prevention of Pollution by Garbage
from Ships, which entered into force in December 1988, and (besides specifying the
distances from land and the manner in which different types of garbage may be disposed
of) includes a complete ban on the dumping of operational plastic waste generated on
ships into the sea.
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problem, policy, and politics stream reveals how the window manifested and
how stream coupling took place enabling a shift onto the EU’s agenda.

Problem and Politics Stream

As can be observed in this case, the existence of indicators merely showing
that the problem is “out there” was not enough to achieve a European
problem recognition. To qualify as a problem in the MSF’s sense and to
achieve ripeness in the problem stream, the condition additionally needed to
be framed in a way that required action by policy-makers (Herweg 2016, 18).
This entailed (1) an explanation why something must be done about the issue
and (2) a clarification why it is the EU that should be doing something
(Princen 2009, 42). Regarding both premises, several developments within
the problem stream can be assumed to have made an impact:

A Question of Why: Creating Salience

Problem Framing

After most of the threats of marine litter to marine systems had been
identified throughout the 1970s and 80s, research on the topic declined
throughout the 1990s and was largely restricted to monitoring trends
assessing the effectiveness of mitigation measures until a new wave of
research interest was stimulated in the early 2000s (Ryan 2015). This resurge
in interest can largely be attributed to a publication by Moore et al. in 2001
on an alarmingly high accumulation zone of plastics in the North Pacific
Ocean. It notoriously became known as the “Great Pacific Garbage Patch”
(GPGP) or “plastic soup” creating new problem terminology that was
spread by mass media. (Council of the European Union 2009; European
Commission 2010a; 2010b; Poto¢nik 2010; European Commission and DG
ENV 2011). Similarly, although knowledge of the degradation of plastic
debris into ubiquitous and widely dispersed small particles can be traced
back to its recognition as a significant marine pollutant in the 1970s, it was
only the introduction of the term “microplastics” (first coined by Thompson
et al. in 2004 and popularized by Eriksen et al. in 2014) as a label for such
particles (previously described as pellets, fragments, spherules, granules, etc.)
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which “propelled their scientific career” (Kramm and Vélker 2018, 227)
leading to an exponentially growing number of studies discovering micro-
plastics in more and more ecosystems and producing knowledge on its
sources, environmental fate, and biological effects (see Fig. 2).
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Fig. 2: Environmental studies on plastic particles from 1970 to today. (Source: Kramm
and Volker 2018, 228)

A range of scientific publications in the 2000s further highlichted the special
role of plastics in marine pollution (e.g., Barnes 2002; Derraik 2002; Barnes
et al. 2009; Gregory 2009; Ryan et al. 2009). Such publications played an
important role in problem recognition and in setting the terminology with
which plastics would subsequently be addressed in policy discussions on
marine litter (e.g., Council of the European Union 2009; European
Commission 2010a; 2010b; Potocnik 2010; European Commission and DG
ENV 2011). Here, the role of researchers and activists oftentimes over-
lapped as many researchers actively advocated for the issue. Their findings
were not only “cited in the majority of the policy papers on plastic marine
litter” but researchers were also “present at most of the stakeholder events
partly using emotionalizing strategies to create urgency”’ (Langer 2017, 53).
A prominent example is activist and oceanographer Captain Charles Moore
who, after discovering the GPGP, continued to make it his “life’s work”
(Moorte, no date) to raise awareness on the issue of plastic marine pollution.
By approaching both, politicians as well as the general public on several
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occasions from the early 2000s onwards?, Moore actively engaged in
problem promotion and, in 2010, reached the EU directly at the European
Commission’s workshop on plastic marine litter, as noted in the workshop’s
protocol:

Charles Moore, founder of the Algalita Marine Research Foundation in the USA and
the discoverer of the Great Pacific Garbage Patch, illustrated with many pictures the
pressure of marine litter in the oceans, the estimated quantities involved and the
impacts it has. [...] He ends with the question: How big is your plastic footprint?
(European Commission 2010b, 1)

A further example is scientist and activist Marcus Eriksen. After researching
plastics in the North Pacific Gyre as part of the Algalita Foundation,
Eriksen, together with fellow activist Anna Cummins, founded the non-
governmental organization (NGO) 5 Gyres which is dedicated specifically
to raising awareness on marine plastic pollution by organizing expeditions
to different plastic accumulation zones. He furthermore engaged in
campaigns such as Beat the Microbead. By being persistent in problem
promotion and stressing conditions as public problems in need of a policy
response by decision-makers, different non-state actors, such as scientists
and activists, acted as influential problem brokers (Knaggard 2015, 453) and
contributed significantly to directing policy-makers’ attention towards
plastics. Due to the nature of the problem, which is heavily dependent on
scientific knowledge in assessing the magnitude, sources, distribution, and
impacts of plastic pollution, specialist knowledge on the issue was required
and strengthened the agency and problem framing power of such problem
brokers. The same sector-specific framing power, however, may also serve
as a resource for industry actors to build counter narratives (see Eckert in
this volume).

Pressure Group Campaigns, Mass Media, and Public Mood

Eatly campaigns against marine litter had predominantly consisted of clean-
up operations performed by local authorities, volunteers, and NGOs
(United Nations Environment Programme 2005). While these campaigns
made an essential contribution to problem recognition by assessing the

3 Moore was interviewed, for instance, in popular TV formats such as The Oprab Show, the
Late Show with David 1 etterman, and Good Morning America, published academic as well as
non-academic articles and held a Ted-Talk in the late 2000s publicly raising awareness on
the topic.
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magnitude of the problem and educating the public about it (Hidalgo-Ruz
and Thiel 2015), the high tide of activism targeting marine litter pollution,
and plastics in particular, however, only truly started in the eatly 2010s.4 As
delineated previously, for the creation of salience, the “facts” of an issue do
not necessarily have to change, but the meaning attributed to those facts
(Jones 1994, 106). This can be observed in the case of microplastics when,
in the early 2010s, a range of high-profile pressure group campaigns
demanded a complete ban of microbeads in cosmetic products.
Campaigning methods included, for instance, shopping guides listing
producers using microplastics in their products or the launch of the app Beat
the Microbead in 2012, which could be used to check whether a product
contains plastics (Kramm and Vélker 2018, 231). This, in addition to
concerns about environmental impacts, connected the discussions on
microplastics to consumer health and led to a range of national interventions
with the first ban of microbeads in cosmetic products in Europe enacted by
the Nethetlands in 2014. Such focus on consumer health had already been
successful on EU-level in the 1990s when targeted NGO campaigns against
PVC and phthalates had led to an emergency ban on phthalates in toys in
1999, eventually transformed into a permanent ban in 2005 (Eckert 2019;
Eckert in this volume). Salience was furthermore created by mass media:
Through newspaper articles and movies, such as Plastic Planet (2009),
Trashed (2012) or, later, the BBC series Blue Planet II (2017), labels (e.g.,
“GPGP”, “plastic soup”) and powerful symbols (e.g., images of marine
organism entanglement/ingestion, beach litter), were created that made
problem frames more accessible to broader publics and emotionalized the
problem softening up, both, the public and politicians.>

Pressure group campaigns and the media had a significant impact on the
public mood: A sutvey commissioned by the Commission and the

4 A majority of the prominent organizations, campaigns, and coalitions actively
campaigning against plastic marine pollution were only founded in 2009 or later: E.g., 5
Gyres Institute (founded in 2009); Plastic Pollution Coalition (initiated in 2009 by Earth
Island Institute); Plastic Soup Foundation (founded in 2011 and initiated the Beat the
Microbead campaign in 2012); Trash Free Seas Alliance (initiated in 2012 by Ocean
Conservancy); The Ocean Cleanup (founded in 2013); #breakfreefromplastic Movement
(founded in 2016); Rethink Plastic Alliance (founded in 2017; alliance of leading European
NGOs)

5 The trailer of the movie Trashed (2012) reached European policy-makers directly when
it was screened at the International Conference on Prevention and Management of Marine
Litter in European Seas in 2013 (European Commission et al. 2013, S. 1).
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Directorate-General for Environment (DG ENV) found that by December
2013, nine out of ten Europeans were in favor of greater action on marine
litter (European Commission 2014, 17) and, by 2017, 87 percent of
Europeans expressed worry about the effects of plastics on the environment
and 74 percent about effects on their health (European Commission 2017).
The negative public image of plastics is furthermore reflected in the global
“anti-plastic bag norm” (Clapp and Swanston 2009) that spread among
member states throughout the 2000s where single-use plastic carrier bags
were increasingly perceived as “symbolic of a ‘throw-away’ society” (BIO
Intelligence Service 2011, 23). Most evidently, a “climate of the times” is
revealed through the reactions of high-stake industry actors: On producer
end, several companies—among them global players such as Johnson &
Johnson and Unilever—responded to the growing pressure with voluntary
action, for instance by pledging to remove microbeads from personal care
products (Kramm and Vélker 2018, 231). The global plastics industty, too,
expressed concerns about the negative image of plastics (European
Commission 2010a, 1) and reacted by taking on a proactive role through
sponsoring a range of activities and forming global partnerships to
contribute to solving the marine litter problem (Eckert 2019, this volume).
The notion “that important policy-makers, opinion leaders, and other
politicos think along similar lines” (Zahariadis 2008, 518) created pressure
on European policy-makers:

We don’t have a lot of time—not least because the European Parliamentarians and
the NGOs are getting restless. They/you want action from all of us. Europeans, our
seas, our beaches, our ecosystems and our marine-dependent economies desetve

nothing less. (Potocnik 2010, 3)

Later statements regarding the adoption of the European plastics strategy
emphasized the same sense of urgency. In 2018, then First Vice-President
of the Commission, Frans Timmermans, for instance, undetlined that
“|tlhere is a huge sense of urgency in European society that this needs to be
done and it needs to be done now” (Timmermans, cited in Mederake and
Knoblauch 2019). Similatly, in 2019, then Commissioner for environment,
maritime affairs and fisheries, Karmenu Vella called it “one of the most
called for and supported EU initiatives among European citizens” (Vella,
cited in Mederake and Knoblauch 2019). This observation of a public mood
is highly interesting as, in MSF literature, there is disagreement over the
existence of a European public mood and whether it should be included in
EU-level MSF applications (e.g., Zahariadis 2008; Herweg 2016). As shown,
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in this case it is useful to include the mood of the European public in the
analysis.

Together, the efforts of problem brokers, as well as pressure group and
media involvement, cteated symbols that served as a “reinforcement for
something already taking place” (Kingdon 2014, 97) powerfully focusing
attention towards plastics. From the 2000s onwards, the material started to
stand out from other waste fractions and marine litter became an “obligatory
passage point” (Langer 2017, 47) in policy debates on plastics (European
Commission 2010b; 2012a; Potocnik, 2010, 2011). This new understanding
of the issue is reflected in EU discourses on the topic after 2010, where the
terms “plastics” and “marine littet” were oftentimes used interchangeably
(European Commission 2010b; 2012a; Potoc¢nik, 2010, 2011):

If we want to win our fight against marine litter we have to know more about it. This
is why we will promote more research on the impacts of micro-plastics, the toxicity
of plastics and the potential of bio-degradable plastics. (Potocnik 2011, 5)

Resultingly, ripeness in both problem and politics stream was achieved as
plastics were now petceived as a distinct issue in need of policy response. As
opposed to the MSE’s assumption that the streams will remain largely
independent until a window of opportunity opens, these findings reveal a
close interrelatedness of developments within the problem and politics
stream: It could be argued that without the urgency created by pressure
group campaigns, and the media in the politics stream indicators might not
have reached the attention of policy-makers in the first place.
Simultaneously, the indicators provided in the problem stream served as a
prerequisite for the formation of many of the pressure group campaigns and
media reportts.

A Question of Who: “BEuropeanization” of the Problem

Although at this stage the issue may have become a European debate, it is
not automatically also an EU debate. For this to happen, “policy-makers
within the EU need not only to be receptive to the issue, but also willing and
able to pick it up” (Princen 2009, 152)—a sense of responsibility must be
created. One important development in this was a shift in the discourse on
marine litter from sea-based to land-based sources from the 1990s onwards
(Ryan 2015, 14). This facilitated an EU policy response as it lifted the debate
out of the realm of marine policy and the respective patchwork of already
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existent national, regional, national, and local conventions. As plastic matine
litter was increasingly interpreted as a failure of waste management systems,
the debate migrated to waste policy—a “particularly active” (European
Commission 2015b, 10) area of EU policy. The focus on land-based sources
furthermore coincided with findings of high plastic accumulations in
European waters, which expanded the discourse on marine litter from the
“hot spot” (Ryan 2015, 8) in the Pacific Ocean to a European one:

Marine litter is a big, big problem. [...] And of course it is not only in the Pacific
Ocean. It is a problem in all our seas and oceans. We have all heard about the Great
Pacific Garbage Patch which is perhaps the biggest and the most infamous. But you
can find the same plastic mess in the seas bordering Europe—and on Europe’s
coasts. We have to step up with our fight against waste and littering on land in the
EU and internationally. (Poto¢nik 2010, 2)

Attention was “notably drawn to [the] issue” (European Commission 2010a)
by the Dutch delegation at the European Council of Ministers for
Environment in 2009 and, soon after, by a report drafted by the European
Parliament’s Environment Committee rapporteur Anna Rosbach both
raising concerns on the “plastic soup” now also present in the Atlantic
Ocean (Council of the European Union 2009; European Parliament 2010).
In response, two workshops and an in-depth report on the issue of marine
plastic litter were issued between 2010 and 2013 (European Commission
2010b; European Commission and DG ENV 2011; European Parliament
2013). Additionally, concerns on single-use plastic carrier bags were raised
to the EU directly in 2011 after several member states had already adopted
national measures, indicating “that effective EU action is needed”
(European Commission 2011a, 1). A consultation and a report on options
to reduce the use of single-use plastic carrier bags followed in the same year
(BIO Intelligence Service 2011; European Commission 2011a). Moreover,
from the eatly 2010s onwards, plastics in the context of marine litter were
addressed by a range of international actors, for instance at the UN Rio+20
and GESAMP summits in 2012 or the G7 summit in 2015. This
international problem recognition was acknowledged by EU actors
(European Commission 2012a; 2012b; 2013b; European Commission et al.
2013a; European Commission 2015a). Due to the newly formed
international governance arrangements and commitments the EU could
now be held accountable by NGOs and other actors, which increased the
pressure to act (Langer 2017, 54). Thus, for problem recognition in the EU
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to occur, two major important shifts in the way the problem was framed
were necessary: Firstly, the shift in the discourse on marine plastic litter to
land-based sources, which enabled a connection of the issue to waste policy.
This had to be combined with, secondly, findings of plastic debris along
European coasts which, through spatial proximity, created a greater sense of
EU responsibility. In addition to problem brokers, pressure groups and the
media, plastics were furthermore brought to the EU’s attention through
their thematization at international summits and by individuals and member
states who addressed concerns on different aspects of the problem to the
EU directly. This interplay of contextual factors and actors opened a window
of opportunity in both problem and politics stream in the early 2010s as EU
policy-makers were now paying serious attention to the issue and perceived
it as being problematic and in need of a policy response.

Institutional Changes, Policy Stream, and Coupling Process

Two institutional changes occurred within the Commission coinciding with
the developments in problem and politics stream: In 2010, the second
Barroso Commission took office, and Janez Poto¢nik assumed the role of
Commissioner of the DG ENV. Simultaneously, since 2010, climate change,
previously a chief policy-making issue under the area of competence of the
DG ENV, was now managed by the newly created DG Climate Action. This
resulted in a “vacuum” for Potocnik as new Commissioner, which was filled
by making “resource efficiency” a major policy priority of the Commission
and advancing it as one of the seven flagship initiatives of Europe 2020
(Happaerts 2014, 33). Against the backdrop of the 2008 European debt
crisis, resource efficiency was promoted by the Commission as an economic
opportunity:

Transforming the economy onto a resource-efficient path will bring increased
competitiveness and new sources of growth and jobs through cost savings from
improved efficiency, commercialisation of innovations and better management of
resources over their whole life cycle. (European Commission 2011b, 4)

The predecessor of Europe 2020, the Lisbon Strategy, had received criticism
inter alia due to its lack of attention to social and environmental issues.
Therefore, an increased effort was made for Europe 2020 to place such
concerns more prominently within the strategy (Happaerts 2014, 32).
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Promoting resource efficiency, thus, created a “win-win narrative” (Leipold
2021, 1053) claiming to solve both, environmental and economic issues.
Accordingly, the prevailing circumstances within Europe and the
Commission itself provided an environment where it was favorable for
Potocnik to couple the highly salient problem of plastics to his pet policy
proposal of resource efficiency. This connection is reflected in Poto¢nik’s
speeches on marine litter between 2011 and 2013:

Once waste is seen as a resource, the demand for it allows for the system to work
on its own. Once waste acquires its own market; people want it so that they can use
it; to bury or burn it would be rather like burying or burning money. (Poto¢nik 2011,
4

I have always seen waste management as part of the wider resource efficiency
agenda. I would argue that if we see waste as a resource, it ceases to be a problem; it
becomes valuable - people want it. So if litter is “waste that is in the wrong place”,
then we can follow the same logic and see it as a valuable resource currently in the

wrong place. (Potocnik 2013, 3)

Managing plastic waste is a major challenge in terms of environmental protection,
but it’s also a huge opportunity for resource efficiency. In a circular economy where
high recycling rates offer solutions to material scarcity, I believe plastic has a future.
I invite all stakeholders to participate in this process of reflection on how to make
plastic part of the solution rather than the problem. (Potocnik, cited in European
Commission 2013a, 1)

Potocnik, here, acted as a successful PE by coupling problem and solution
during an opportune moment in time. The DG ENV engaged in coalition
building (Leipold 2021, 1053) and actively promoted this problem-solution
package among different venues at a range of different stakeholder events
(Poto¢nik 2011; 2012; European Commission 2013a; Poto¢nik 2013). The
Green Paper on a European Strategy on Plastic Waste in the Environment,
published by the Commission in 2013, adopted this focus on resource
efficiency and solidified the problem-solution coupling by scheduling a
review of policy options to tackle the problem of plastic litter as a part of
the wider review of waste legislation in 2014 (European Commission 2013b).
Integrating plastics into the pending review of waste policy created ripeness
in the policy stream as it offered a technically feasible policy solution. The
Green Paper recognized that plastic waste was not specifically addressed by
EU legislation “despite its growing environmental impact” (European
Commission 2013b, 6)—an assessment that the BEuropean Parliament
concurred with in a resolution in January 2014 (European Parliament 2014).
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Hereby, a European responsibility for managing plastic pollution was
officially assumed and plastics moved onto the EU’s agenda as the issue was
now “up for an active decision” (Kingdon 2014, 4) by policy-makers.
Furthermore, the Green Paper set the terms in which solutions to plastic

litter were subsequently addressed by the EU’s legislative organs:

[The European Parliament] agrees that plastic waste should be treated as a valuable
resource by promoting its reuse, recycling, and recovery and by enabling the creation
of an adequate market environment |[...]. (European Parliament 2014, 3)

The current consumption levels of plastic carrier bags result in high levels of littering
and an inefficient use of resources, and are expected to increase if no action is taken.
(European Patliament and Council of the European Union 2015, 1)

In the 2015 EU Action Plan for the Circular Economy, plastics occupied the
prominent position of the first of five key waste streams that were to be
addressed to help stimulate Europe’s transition towards a circular economy
(European Commission 2015a). The plan, furthermore, announced an
explicit strategy on plastics “addressing issues such as recyclability,
biodegradability, the presence of hazardous substances of concern in certain
plastics, and marine littet” (European Commission 2015a, 14) which was
implemented in January 2018 in the form of the European Strategy for
Plastics in a Circular Economy (European Commission 2018). The observed
entrepreneurial activities by then DG ENV Commissioner Potoc¢nik
resonate with findings of other agenda-setting scholars on the Commission’s
special role in the EU’s agenda-setting process (e.g., Cram 1994; Schmidt
2001; Ackrill et al. 2013; Tusmen 2013; Maltby 2013; Menz 2013; Copeland
and James 2014; Herweg 2016; Schén-Quinlivan and Scipioni 2017; Brandao
and Camisdo 2021). Indeed, due to its formal monopoly position to initiate
legislation, the Commission was able to act as a “purposeful opportunist”
(Cram 1994, 106) “selling” a ready-made package of problem and solution to
the other legislative organs. Additionally, the beginning of its term of office
opened another window of opportunity as it led to a shift in receptivity to
the issue. Nevertheless, the Commission did not act coherently as a single
body, but instead, as can be observed in this case, motivations, and actions
of individuals within the Commission shaped its entrepreneurial activities
significantly.
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Conclusion

Overall, the MSF proved highly eligible for the analysis of EU agenda-
setting. The analysis of the agenda-setting process within this case revealed,
however, a close interrelatedness of developments within the problem and
politics stream, contrary to the MSF’s notion that, until a window of
opporttunity opens, streams remain largely independent from one another.
Indicators on plastic accumulations and its negative effects in matine
environments provided and promoted by non-state actors, most
prominently scientists, highlighted the special role of plastics within the
broader topic of marine litter and were picked up and popularized by a range
of successful pressure group campaigns and mass media. The introduction
of new problem terminology (e.g., “GPGP”, “plastic soup”,
“microplastics”), powerful symbols (e.g., images of marine organism
entanglement/ingestion and beach litter) and a new risk perception of
microplastics in relation to consumer health created salience. The
increasingly negative image of plastics was reflected in the public mood and
reactions of high-stake industry actors as well as individuals and member
states who raised concerns to the EU directly. Together with a heightened
sense of responsibility after the shift towards land-based sources and
findings of plastic litter along European coasts, as well as international
problem recognition, these developments led to ripeness in both problem
and politics stream, resulting in the opening of a window of opportunity in
the early 2010s. An important role in exploiting the open window and
shifting the issue onto the EU’s agenda was played by the then DG ENV
and its Commissioner Janez Potoc¢nik who actively promoted the problem-
solution coupling of plastic waste and resource efficiency, thus achieving
policy stream ripeness and facilitating the shift of plastics onto the EU’s
agenda with the Green Paper in 2013. This observation reinforces previous
findings on the European Commission’s impact in agenda-setting which can
simultaneously be involved in problem framing and promotion, in creating
stream ripeness as well as the opening of a window of opportunity.
Therefore, the suggestion is put forward to consider both, the Commission’s
special role as well as the European mood in theoretical considerations on
EU agenda-setting.

Agenda-setting, as shown in this case, is the outcome of an interplay of
many different complex external factors and human agency. Developments
and debates take place on different levels simultaneously and mutually affect
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each other. Although many critical influencing factors could be identified,
this contribution does not claim conclusiveness as preconditions can never
be known in their entirety (Kingdon 2014, 73). The results could be
reinforced through the addition of further primary data—a step that was not
possible within the capacities of this contribution but could be
complemented by further research on the topic. Furthermore, in terms of
the investigated case, there are several open ends that seem promising for
further analysis: Throughout the 2000s, the most prevalent problem frames
targeted plastics in the context of marine litter and single-use plastic catrier
bags. As delineated previously, however, microplastics in consumer
products started to emerge as another highly salient issue in the early 2010s
and numerous new campaigns against plastic litter emerged simultaneously.
Moreover, relevant institutional changes within the Commission occurred in
2014 when the new Juncker Commission took office. Both events indicate
a change in the composition of actors after the stage of agenda-setting.
Further analysis could follow up on this lead and inspect how PE strategies
and constellations changed as different stakeholders got involved and how
this influenced subsequent events before and after the adoption of the
European plastics strategy in 2018. This could provide interesting insights
not only for the study of EU plastics policy but also for prospective theory
development of EU agenda-setting processes.
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Introduction

While the increasing load of plastic waste in the environment has been
observable for many decades, the smaller and less obvious microplastics
have only come into focus in recent years. Although marine studies from the
1970s (e.g., Carpenter et al. 1972; Colton et al. 1974) reported an increasing
input of small plastic particles into the oceans, systematic research on this
topic started only about three decades later. In one of the initializing studies,
Thompson et al. (2004) asked, “Lost at Sea: Where is all the Plastic?” and
brought the fragmentation of plastic waste into a continuum of macto-,
micro-, and nanoplastics into the scientific, political, and public focus—the
latter at least by introducing the buzzword “microplastic(s)”. From that
point, the research on microplastics has broadened from marine to
freshwater and later also to terrestrial ecosystems as well as the atmosphere.
Microplastics have been detected in every environmental compartment and
almost all ecosystems around the world.

Research is already underway on developing potential substitutes, such
as biodegradable plastics, and regulators debate measures including bans on
certain products or the restriction of microplastics in products placed on the
market (ECHA 2019). At the same time, there is still a lack of scientific
knowledge about the fate of microplastics in the environment and its long-
term consequences. A consensus on a science-based definition and
categorization of environmental plastic debris (Hartmann et al. 2019;
Rochmann et al. 2019), the harmonization of analytical tools to assess
environmental concentrations, and quality control and assurance protocols
for experiments studying the environmental fate, transport, and effects of
micro- and nanoplastics are the first necessary steps in this regard. Generally,
accepted frameworks are essential prerequisites for a comprehensive
environmental risk assessment and for a dialogue on regulatory measures.
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Scientific knowledge about entry pathways, distribution, and accumulation
in the environment, as well as the effects of microplastics on organisms and
ecosystems is the basis for precise and legitimate measures. A profound
scientific knowledge base is therefore the foundation for all further
discussions on this topic.

This chapter aims to provide an overview of the current state of
knowledge on micro- and nanoplastics from an environmental science
petspective. The most important research areas and findings are presented,
but also open knowledge gaps and challenges are identified, e.g., in the
development of sufficiently sensitive analytical or bioassay methods. Finally,
the aim is to illustrate the complexity of the topic and why hypothesis-driven
research is necessary to address it—but, however, is time intensive.

Towards a Definition for Microplastics

The term “microplastics” has been a catchphrase for various kinds of small
plastic particles. Microplastics are often thought of as one class of
contaminants with distinct properties such as many dissolved cchemicals
(e.g., polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and
many more). However, “microplastics” cover a broad spectrum of intrinsic
chemical and physical properties including polymer types, sizes, shapes, and
the presence of plastic additives (Fig. 1). This makes microplastics rather a
collective term covering diverse particles with diverse molecular features
from a broad range of applications (Rochmann et al. 2019). There is no
consensus so far on which of these various properties define a particle as
microplastic. There is an internationally valid definition for plastic as a

“material which contains as an essential ingredient a high molecular weight polymer
and which, at some stage in its processing into finished products, can be shaped by
flow” (ISO 2013).

However, this definition of plastics is purely based on material science and
excludes materials such as some elastomers (e.g., rubber). Tire materials,
which consist mainly of rubber, have long been left out of the discussion
and research on microplastics in the environment due to different material
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properties and the original extraction from natural sources (rubber tree). In
fact, tire wear particles represent a substantial fraction of synthetic polymer-
based particles in the environment (Lassen et al. 2015). Hence, tire wear
particles have been proposed to be included in the definition of
environmental plastics (Hartmann et al. 2019). An agreement on an
internationally valid definition would be an indispensable prerequisite for
conducting comparable scientific investigations on identical particle types.
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Fig. 1: Spectrum of intrinsic chemical and physical properties of plastic particles in the
environment. (Source: adopted from Hassellov and Kaegi 2009)

Categorization according to the varying properties of the particles would be
appropriate to reflect the complexity of the properties of microplastics and
their different environmental fates (e.g., buoyancy/sedimentation,
degradation/persistence, and uptake by organisms). Due to this diversity,
scientific investigations can often only cover part of the plastic particles or
their effects (e.g., sampling buoyant particles at the water surface or sinking
patticles in the water column/sediment or effects of spheric vs. fibrous
particles). It is essential to name and differentiate specific categories, thereby
enabling better comparability of research results from different studies and
a more targeted derivation of measures.

The most prominent criterion and the first one to be introduced in the
scientific literature by NOAA in 2008 was particle size. The suggested upper
size limit of 5 mm is widely accepted (Arthur et al. 2008). No lower size limit
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or further classification characteristics beyond size were established in early
microplastic studies. It should be noted that there are now proposals not
only to categorize different size classes but also to subdivide nanoplastics.
Currently, plastic particles and fibers smaller than 1 pm and in the size range
1 pm to 1 mm are defined as nanoplastics and microplastics, respectively
(Hartmann et al. 2019; ISO/TR 21960; Braun et al. 2020). Fragments in the
size range 1—5 mm can be referred to as large microplastics ISO /TR 21960;
Braun et al. 2020). Microplastics were eatly differentiated based on their
origin into primary particles produced in this size class (e.g., beads in
cosmetic products, granules for industrial processing) and secondary
particles produced by fragmentation of larger plastic products in the
environment or during the use of products, such as the abrasion particles
from tires and fibers from clothing.

Verschoor (2015) developed a first more comprehensive definition
framework using five criteria such as chemical composition, physical state,
particle size, solubility in water, and degradability. This framework was then
further developed by Hartmann et al. (2019) using the term “plastic debris”
for environmentally relevant plastics to emphasize that these plastic items
occur outside their intended function and to be distinct from watet-soluble
polymers (Huppertsberg et al. 2020). The framework consists of three
defining properties by which materials should be considered plastic debris:
chemical composition, solid state, and solubility. The five additional
categories consisting of particle size, shape and structure, color, and origin
can be used for further classification. Although applying eight criteria sounds
logical, simple, and rather straightforward, defining the boundaries is highly
complex and requires further discussion and the search for consensus.

One of the key challenges regarding the chemical composition lies within
the origin of the polymer. Typically, one would distinguish between a
polymer of natural origin (e.g., DNA, cellulose, wool) or synthetic (e.g.,
nylon, polyethylene, polyester, Teflon, and epoxy). One difficulty is to
delineate at what point natural polymers can be classified as artificially
modified to the extent that they can or must be included in the definition of
plastic debris. Examples are highly modified natural rubber or cellulose to
rayon/viscose and cellophane. While the dyeing of wool tepresents an
artificial treatment, it does not change the core of the material, the natural
polymer—and would therefore not be assigned to plastic debris. Another
challenge poses the classification of composite materials or plastic materials
that contain a high proportion of additives. The additives give the materials
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their final properties, such as flexibility (plasticizers), stability (stabilizers), or
fire resistance (flame retardants). Depending on the plastic, the proportions
can even be >50 percent and thus the material consists largely of low-
molecular weight chemicals and not polymers. The discussion on the criteria
for a definition of environmental plastic debris should be intensified and
broadened beyond the scientific community (e.g., for regulatory purposes)
(Brennholt et al. 2018). The International Organization for Standardization
(ISO) has established an ad hoc working group “Microplastics” working on
a valid definition and nomenclature as a precondition for further
standardization of monitoting and test methods (for example: ISO/TR
21960).

Analysis of Microplastics in the Aquatic Environment

Although harmonization and standardization of the detection of
microplastics in environmental samples has been sought for some time at
both national and international levels, comparability between individual
studies is still not possible due to methodological differences (Hidalgo-Ruz
et al. 2012; Léder and Gerdts 2015). The scientific community now agtees
that microplastic classification based on purely optical criteria is insufficient
because of the occurrence of very high error rates, especially for smaller
particles. Reliable detection of microplastics can only be achieved by
chemical characterization (Ivleva 2021; Léder and Gerdts 2015). Although
a few other analytical approaches exist, there are two major methodological
pathways for chemical characterisation of microplastics—particle-related
analytical techniques and mass-related analytical techniques—on which we
will focus in this section. Both ways for analysis of microplastics should be
seen complementary and their application depends on the respective
research question. The characterization of plastic particles is mainly
important for ecology or ecotoxicology, while mass balances are more
interesting for water management. Particle-related techniques like infrared
spectroscopy, e.g., Fourier transform infrared spectroscopy (FTIR) (Léder
et al. 2015; Schymanski et al. 2021), and Raman spectroscopy (Raman)
(Anger et al. 2018; Schymanski et al. 2021), can be used for ecological and
ecotoxicological research questions because size, shape and number of
particles  matter.  Mass-related  techniques like  pyrolysis  gas
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chromatography/mass spectroscopy (Pyr-GC/MS) (Fischer and Scholz-
Bottcher 2017) or thermal extraction/desorption gas chromatography/mass
spectroscopy (TED-GC/MS) (Duimichen et al. 2017) enable to establish
mass balances, which is important for water management and specific
modeling approaches

Contamination of samples with microplastic particles from ambient air,
clothing, chemicals or laboratory utensils used can be a significant problem
in microplastic analysis of environmental samples. For this reason, cotton
lab coats should be worn and, wherever possible, plastic laboratory utensils
(including bottle lids) should be replaced with glass, metal, or rare plastics
such as polytetrafluoroethylene. Laboratory work should take place under a
laminar flow box and vessels containing samples should be covered with
glass lids or aluminum foil at all times. To avoid contamination, all required
reagents and liquids should further be filtered before use and all laboratory
equipment should thoroughly be rinsed with pre-filtered deionized water, 35
percent ethanol and again with water before use and between steps. Blank
samples should be processed in parallel with the environmental samples to
monitor for possible contamination and to correct the data.

Sampling of Microplastics

Microplastics are particulate contaminants that are mostly not
homogeneously distributed in aquatic environments. Next to polymer type,
density, shape, size, and chemical additives, microplastics in the environment
are subject to aging, biofouling, and aggregation (Fig. 1). All these particle-
related factors in tandem with physical factors including wind, currents,
turbulence, and mixing present in the respective environment, affect the
distribution of microplastics in aquatic habitats and complicate sampling in
aquatic environments.

Microplastics are now detected in all waters, but due to relatively low
concentrations in the samples, it is necessary to concentrate the particles
during or following sampling. Plankton nets are mostly used and deployed
as so-called “manta nets” at the water surface to collect floating
microplastics and efficiently filter water samples in the range of several
thousand liters. This allows for good capture of the larger, but less abundant



MICROPLASTIC IN THE AQUATIC ENVIRONMENT 57

microplastics. Due to the typical mesh size of 300 um!, only particles larger
than the mesh size can be quantified. The smaller, ecologically more
questionable microplastics pass through the mesh. For this reason, a two-
pronged approach to water sampling has now been established using a large-
area filtration unit with a 500 pm prefilter, which concentrates the more
common microplastics <500 um on stainless steel sieve mesh, with a mesh
size of 10 um, filtering several hundred liters. Thus, the broad microplastic
size range of 10 um-5 mm is completely quantified. Alternatives for the
detection of smaller microplastics are the use of candle filter units or sieve
cascades for the filtration of water samples (Mintenig et al. 2017, 2019).

Liedermann et al. (2018) pointed out that plastic transport is not limited
to the surface layer of a river, and must be examined within the whole water
column as well as for suspended sediments. The implementation of repeated
one-location multi-point microplastic surveys for sampling simultaneously
at the water surface, in the water column, the water/sediment interface, and
in the sediment promise a mechanistic understanding of spatial microplastic
distribution. Such a survey design also confronts researchers with a number
of samples that is hard to manage, at least when targeting a single-particle
resolution.

Sample Purification (for Spectroscopic Methods)

The analysis of small microplastics (<500 um) with spectroscopic methods
like micro-FTIR or Raman spectroscopy necessarily requires the placement
of samples on measurement substrates such as filter membranes (Képpler et
al. 2015). An unfavorable target (microplastics)-non-target (organic or
inorganic particles) ratio mostly prevails in water samples, which often
makes both filtration and spectroscopic analysis simply impossible (Léder et
al. 2017). The purification of microplastic samples is an essential part of
sample preparation and a crucial step before the actual analysis; and it is also
of advantage for the available GC/MS techniques (Fischer and Scholz-
Bottcher 2017).

As a prerequisite, the ideal putification approach should efficiently
remove the organic and inorganic materials from the samples, allow the
concentration of the purified samples on filters with a small pore size (<1

1 1 micrometer = 100 meter = 1000 nanometer
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pm), be inexpensive and low effort, and at the same time not interfere with
the different synthetic polymers. To date, a wide variety of purification
methods for microplastic samples have been developed, often using strongly
acidic or alkaline solutions, oxidizing agents, or combined approaches.
Especially more sensitive synthetic polymers can be lost or fragmented
during digestion with the more aggressive approaches (Loder et al. 2017).
Alternatively, a plastic-friendly and effective approach for the
purification of environmental samples is using a combined enzymatic-
oxidative approach to obtain the complete spectrum of available plastics in

the samples (Loder et al. 2017).

Identification and Quantification of Microplastics

The diversity and complexity of plastic sources, usage patterns, emission
pathways, and material properties is reflected in the diversity of
microplastics, exhibiting a high variety of physical, chemical, and biological
characteristics (e.g., size, shape, density, polymer type, surface properties,
etc.). Therefore, advanced methods are required for the reliable
identification and quantification of this analyte?, probably one of the most
challenging analytes in the aquatic environment (Ivleva 2021). An overview
of applicable methods is given in Figure 2.

2 The term analyte refers to a sample of a material that is being analyzed.
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Fig. 2: Complexity and diversity of micro- and nanoplastics and methods applied for the
analysis. (Source: Ivleva 2021)

Particle-Related Analytical Techniques

Net samples can be concentrated in the laboratory on a 500 pm stainless
steel sieve. Any potential microplastic particle in the sieve residue is then
sorted out visually under a stereomicroscope, photo-documented and
measured. This size class can be easily handled with tweezers and plankton
counting chambers, e.g. Bogorov chambers, facilitate systematic sorting. The
individual plastic particles can be identified using various spectroscopic
methods, e.g., attenuated total reflection (ATR) FTIR spectroscopy or
Raman spectroscopy (Anger et al. 2018; Schymanski et al. 2021), to highlight
only the most common methods. Both spectroscopic techniques allow for
matching the spectra of the particles with references in less than a minute.
The purified particles <500 um from filtration set-ups are deposited on
e.g. alumina filters for FTIR or on Au-coated PC filters for Raman
measurement (Schymanski et al. 2021). When using FTIR, the complete
sample filter is measured by e.g., focal plane array (FPA) detector, for
chemical imaging under the IR microscope in transmission mode (Loder et
al. 2015). To cover the complete sample, it is scanned—FPA area by FPA
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tile—one after the other. The resulting chemical imaging data comprise
million spectra and more, making manual evaluation based on characteristic
plastic bands very time-consuming. For this reason, automated analysis is
essential. Here, recently developed free-of-charge software tool, allowing the
systematic identification of MPs in the environment (siMPle) can be applied
(Primpke et al. 2020). Alternatively, novel software solutions based on
Random Decision Forest Classifiers (RDFC) which allow automated
analysis of such data in a few minutes (Hufnagl et al. 2019, 2022) can be
used. For final quality assurance, the obtained list of results is only checked
manually—an immense time saving compared to purely manual analysis.

Raman spectroscopy (similar to IR spectroscopy) provides vibrational
fingerprint spectra, and allows for identification of plastic particles and some
additives (e.g., pigments, oxides) as well as other (in)organic and
(micro)biological compounds. The combination of Raman spectroscopy
with confocal optical microscopy (Raman microspectroscopy or p-Raman
spectroscopy) and the application of excitation lasers in the visible range
enables a significantly better spatial resolution, i.e., down to 1 pm and even
below (down to approximately 300 nm) compared to p-(FT)IR spectroscopy
(where spatial resolution of approximately 10 pm can be achieved).
Therefore, p-Raman spectroscopy can be recommended, especially for the
analysis of plastic particles smaller than 10—20 um (Ivleva 2021).

In contrast to IR, the Raman-based methods offer the advantage of
insensitivity toward water enabling investigations of microplastics in
aqueous and (micro)- biological samples (2D and 3D chemical imaging).
However, the p-Raman analysis is usually more time-consuming and often
suffers from the fluorescence interference (which can be minimized by the
proper sample preparation and optimization of measurement parameters).
To analyze representative numbers of particles on the (entire) filter, the
automated particle recognition approach, utilizing optical image with the
subsequent p-Raman measurements in particle-by-particle mode has been
developed (TUM-ParticleTyper (von der Esch et al. 2020) and GEPARD
(Brandt et al. 2020)). IR and Raman spectroscopy, being complementary,
can be efficiently applied for detailed analysis of microplastic samples.
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Mass-Related Analytical Techniques

Pyr-GC/MS or TED-GC/MS can be efficiently applied to obtain
information about the chemical composition of potential microplastic
particles in environmental samples by analysing their thermal degradation
products. Furthermore, plastic additives can be determined simultaneously
duting Pyr-GC/MS analysis if a thermal desorption step precedes the actual
pytolysis (Fries et al. 2013). Original Pyr-GC/MS approaches involved
manual handling and measurement of single particles and as only one
particle per run could be analysed, the technique was thus not suitable for
processing large amounts of samples. Latest Pyr-GC/MS developments
facilitated the measurement of whole environmental samples concentrated
on filters which relativize the above mentioned restrictions (Fischer and
Scholz-Béttcher 2017). Similar GC-MS technique, namely TED-GC/MS,
allows for the analysis of a significantly larger sample amount (mg-range
compared to pg-range by Pyr-GC/MS). In TED-GC/MS the degradation
products of synthetic polymers are adsorbed on a solid-phase adsorber and
subsequently transferred to the analysis platform (Dtmichen et al. 2017).
The solid-phase adsorber is loaded after organic material is decomposed,
thus the microplastic analysis in highly polluted samples (containing more
than 0.5—1 percent by weight for each type of polymer analyzed) can be
performed without preceding purification of the sample. As the expected
microplastic content in the most real environmental samples is below one
petrcent by weight, microplastics preconcentration per (cascade) filtration
and removal of accompanying (in)organic matrices will improve the
detection and quantification sensitivity of both Py-GC/MS and TED-
GC/MS (as well as spectroscopic methods, as discussed above) for the
analysis of environmental samples (Braun et al. 2020). An overview of
methodical parameters for particle- and mass-related methods for MP
analysis is given in Table 1 (Braun et al. 2020).

A combination of both analytical methods would be ideal, but is time-
consuming and costly. Currently, spectroscopic methods for quantifying and
characterizing particles are used rather for questions on ecological and
ecotoxicological effects, and mass balance methods for water management
questions (e.g. performance of wastewater treatment plants, total load in
streams or in the sea).



62 HESS ET AL.

Tab. 1: Overview of methodical parameters for detection methods, without consideration
of the sample composition in particular (organic/ inorganic) and sample preparation;
abbreviation of methods. (Source: Braun et al. 2020)

Properties Particle-related techniques Mass-related techniques

p- Raman |[IR/FTIR p ATR- ATR-FTIR |Py-GCMS* TED-

(u-/FPA-) FTIR GC/MS

Sample template for | Prepared Prepared Isolated Isolated Isolated Sample
measurement filter filter particles particles particles /

residue residue prepared

sample

Maximum particle 10% - 10% 10% - 102 undefined |[undefined |pg mg
number per
filter/mass in sample
Dimension d-h d-h min min h h
measuring time (real
environ. sample)
Lower detection limit | 1 -5 pm 10pm 25-50pm |[500 pm 0.01-1pg 05-24
(in practice) (abs)*™ pg (abs.)™

* Various superstructures of the pyrolysis unit (e.g. Curie point, filament, micro furnace).
** depending on polymer type and pyrolysis unit.

Transport, Distribution, and Retention of Microplastics in
Aquatic Systems

Emissions and Emission Pathways

In Germany, the highest emissions of microplastics ate attributed to traffic,
infrastructure, and buildings (62 percent), followed by the private and
industrial sectors (24 percent) (Bertling et al. 2018). The share of different
sources on total plastic emissions is highly dependent on the geographical
location (Meijer et al. 2021). Hence, no globally uniform emission patterns
can be derived for plastics.

Depending on their origin, microplastics detected in the environment
can be shaped as spheres, fragments, and fibers (Fig. 1). Fibers ate
commonly released from textiles e.g., during laundry. Fragments are
generated during abrasion and fragmentation of larger plastic items.
Spherical microplastics, often referred to as pellets or beads, are intentionally
produced particles with a defined particle size and shape (Hartmann et al.
2019). Plastic emissions may occur via point sources and diffusive sources
in terrestrial and aquatic environments. Wastewater discharge, in particular
combined sewer overflow, is the predominant point source for aquatic
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environments (Dris et al. 2018). Diffuse emissions include atmospheric
transport, but also flooding and littering as well as road runoff may occur.

The highest share of total plastic emissions is attributed to tire wear with
emission estimates between 75 x 10° to 130 x 10° tons for Germany and 500
x 10% to 1.300 x 10° tons for the EU. First studies indicate major tire road
wear particle sinks ate roadside soils (36-76 percent) and freshwater
sediments (10—22 percent) (Binsch-Baltruschat et al. 2020). Major sources
of microplastics pollution in agricultural soils include application of
biosolids and compost, wastewater irrigation, mulching film, polymer-based
fertilizers, and pesticides, and atmospheric deposition. For Switzerland, it
was estimated that macro- and microplastic emissions to soil are up to 40-
times higher than to the aquatic environment (Kawecki and Nowack 2019).
It is estimated that 32 percent of plastics produced are in the terrestrial and
not in the aquatic environment (Kumar et al. 2020). Marine plastic pollution
is dominated by land-based plastics, either by direct emission from coastal
zones or by transport through rivers (Fig. 3).

-

¥ 3
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Fig. 3: Microplastics in the water cycle. (Source: own representation)

Recent studies quantified plastic pollution in rivers and related emissions and
transport to human settlements, to sewer systems and to flood events
(Roebroek et al. 2021; Meijer et al. 2021). Observed plastic concentrations
and loads in rivers depend not only on the magnitude of emission but also
on instream processing including storage, remobilization, sorting, and
fragmentation. A better understanding of pathways and transport
mechanisms of plastic waste to and within rivers and the global distribution



64 HESS ET AL.

of riverine plastic emissions into the ocean will contribute to develop
effective prevention and collection strategies.

Transport and Distribution in Aquatic Systems

Wastewater effluents, combined sewer overflows, stormwater drain outlets,
and littering contribute to plastic pollution of rivers (Wagner et al. 2019),
(Fig. 4). For instance, ten-year return period floods already tenfold the global
plastic mobilization potential compated to non-flood conditions (Roebroek
et al. 2021). Rainwater runoff and wastewater is transported in the sewer
system to the wastewater treatment plant or directly discharged into surface
water bodies. Regarding urban sewage systems, there are two types: 1) a
separate sewer system for rainwater and sewage water and 2) a combined
sewage system where sewage water and stormwater are conveyed in the same
pipe to the treatment plant for treatment. In the separate system, only the
wastewater is treated in the wastewater treatment plant, while the rainwater
runoff is discharged directly to the water bodies. The percentage of
wastewater and stormwater, which is not treated in wastewater treatment
plants, is estimated by Bertling et al. (2018) at 22 percent for Germany. In
both systems, there are also numerous sinks for microplastics beside the
wastewater treatment plants, such as street inlets on traffic areas, infiltration
systems, rainwater retention and overflow basins, and soil retention filters.
Data about microplastic pollution of stormwater are rarely available, but
high microplastic loads may occur during heavy rainfall events as indicated
by some recent studies.

In municipal or industrial wastewater treatment plants, microplastics are
climinated by aggregation with sewage sludge flocs with a treatment
efficiency >95 percent related to the mass of microplastics (Bertling et al.
2018). An additional downstream sand filtration stage eliminates more than
99 percent of microplastics (Wolff et al. 2021). If the sewage sludge is
incinerated, microplastics are oxidized to carbon dioxide. In cases where the
sewage sludge is used as fertilizer in agriculture or put to landfill,
microplastics are released into the soil and could consequently get re-
mobilized into the water cycle.
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Fig. 4: Emission pathways of urban microplastic in surface waters. (Source: own
representation)

Concentration and Distribution of Microplastics in Surface Waters

The concentration and distribution of microplastics on the water surface, in
the water column and sediment of surface waters showed that their
occurrence depends on many variables: geographical position, wind,
currents, plastic properties like density and size but also on stream flow rate
(Bellasi et al. 2020). Detected microplastic particle numbers do not merely
depend on sampling techniques, sample preparation procedures, and
analytical methods, but also on sampling location (i.e., urban vs. rural areas,
near wastewater treatment plants, size and characterization of catchment
area, water surface vs. water column, sediment depth), season of the year,
and environmental conditions during sampling (i.c., heavy rainfall or
flooding events). Microplastic can accumulate in certain compartments of
the water bodies.

Exemplarily, 41 environmental studies published between 2011 and 2019
were assessed for comparing aquatic environmental concentrations in the
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Fig. 5: Environmental concentrations of microplastic particles in (A) the water phase of
rivers and lakes aronnd the world based on 41 studies published between 2011 and 2019
and (B) river and lake sediments around the world based on 25 studies published between
2014 and 2019 chosen as an example. Each study investigated a variable number of
sampling sites. Each point represents one sampling site. (Source: own drafl, similar to
Scherer et al. 2020)

water phase of rivers and lakes (similar to Scherer et al. 2020, Fig. 5). Most
of these studies presented their results in particles per volume (“particles per
m?”: n=26, “particles per L”: n=9) and some studies showed their results
relating to the water surface (“particles per km*”

a weight indication (“g per 1,000 m®”). Here the data given vary between

: n=5). Just one study used
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0.029 and 0.516 g/1,000 m®. For mote clarity in Figure 5, the unit “particles

per L has been converted into “particles per m*”

and the only study using
a weight indication is not shown. The measured particle numbers show a
wide variability and range from one to about one million particles per m3.

The situation is similar for studies in sediments that use particles/kg,
patticles/L, or particles/m*—making them incomparable. Here the data
vary between one and about 100,000 particles per kg of sediment. In
summary therefore, not only different methods applied making a direct
comparison between these studies difficult, but also the unit in which
quantities are shown.

Weathering and Degradation

Once plastics are emitted to the environment, they are immediately
subjected to environmental factors including light, humidity, temperature,
mechanical stress and biota causing alterations of the plastic surface, changes
in the chemical bulk properties like composition but also physical properties
like particle size (Arp et al. 2021). These processes are referred to as
weathering and proceed along two interconnected and often synergistic
routes: first, fragmentation and the release of soluble or volatile
components, and second, biofouling and oxidative degradation (Macl.eod
et al. 2021). Photooxidation of plastics alters the surface properties like
hydrophobicity, the composition due to the consumption of antioxidants,
and consequently leads to embrittlement of the material. This process is a
prerequisite for fragmentation of plastics where small particles are released
from larger plastic items forming secondary microplastics (Song et al. 2017).
Composition of plastics can also change due to leaching processes, which in
turn can affect the implications of the plastic material in the environment
(Koelmanns et al. 2014).

Numerous processes cause material alteration and material degradation
of plastics is slow. Half-life in nature is not only polymer dependent but
depends on the environmental conditions like temperature and light
exposure. For example, biodegradation rates decrease in the order polyesters
> polyamides (nylon) > polyolefins (e.g., polyethylene), whereas
photodegradation (alteration of materials by light) rates decrease in the order
polytetrafluoroethylene > polyesters > polyamides (Arp et al. 2021).
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Estimations show that for high-density polyethylene half-lives in marine

environments lay between 58 years and 1,200 years (Chamas et al. 2020).
With a continuous release of plastics into the environment, the

accumulation of this slowly degrading material is likely to continue.

Effects of Microplastics on Aquatic Biota

Images of aquatic organisms entangled in larger plastic products, and for this
reason restricted in their mobility or even perished, are well known especially
from marine habitats (e.g., Gregory 2009). Effects from microplastics are
less obvious but it is unanimously accepted that the ubiquitous presence of
microscopic plastic particles threatens aquatic habitats and alluvial wildlife.

Due to the high diversity of microplastic types (Fig. 1), possible effects
on organisms are manifold and depend on the specific properties of the
particles, such as size, shape, density, and chemical composition including
plastic chemical additives (Li et al. 2018; Zimmermann et al. 2020). In
addition, environmental conditions and specific characteristics of organisms
play a role. For an overview and orientation, Figure 6 categorizes potential
effects of microplastic particles on ecosystems and organisms. It is a
simplified scheme of the highly complex interactions between particle
properties and abiotic and biotic parameters. Both, the particle properties
(e.g., plastic type, surface, etc.) and the environmental conditions (e.g.,
weathering, presence of certain micro biocenosis) determine which
chemicals or microorganisms (or pathogens) adhere to particles, transport
pathways or availability to various organisms. Here, we will summarize the
state of research on most important isolated effects while the complexity of
interactions is beyond this chapter.

In general, effects of microplastic particles can be observed at all
biological levels—from subcellular to population level. Microplastic particles
can affect organisms indirectly by changing their habitats (and thereby
causing e.g. behavioral changes), or directly through mechanical injuries or
toxicological effects. A rough distinction in the impacts on organisms can
be made with regard to exposure via external contact vs. ingestion into
organisms (with subsequent (eco)toxicological effects).
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Ingestion of Microplastic Particles—Potential (Eco)toxicological Effects

Microplastics research mainly focuses on the effects caused by the ingestion
of microplastics in organisms. The impacts of microplastics are assumed to
be caused by physical effects, e.g., blocking of the intestinal tract after
ingestion leading to malnutrition or, at worst, starvation (e.g., Besseling et al.
2013; Cole et al. 2013; Gregory 2009; Wright et al. 2013). Nasser et al. (2010)
have shown that accumulation of polystyrene (PS) micro- and nanoplastic
particles in the gut lumen and insufficient clearance affects feeding
behaviour/nuttition uptake in Daphnia magna. Sharp-edged patticles could
lead to mechanical injuries in the intestinal tract. Wright et al. (2013) give a
detailed review of the physical/mechanical impacts of microplastics,
especially on marine organisms, for example.

Besides physical impacts, microplastics are suggested to cause
chemical/toxicological effects in organisms. These effects may include
toxicity of the chemicals present in plastics (monomers and/or additives)
and indirect effects caused by the sorption of organic contaminants from
the surrounding medium onto microplastic surfaces. Chemicals present in
plastics comprise additives, e.g., plasticizers, flame retardants, antioxidants,
dyes such as nonylphenol, and antimicrobial agents. In addition to these
intentionally added chemicals, other substances such as residual monomers
and oligomers, impurities, and side- and breakdown products of
polymerization and compounding, can be contained in plastics (Muncke
2009). These chemicals tend to migrate from the plastics into the
surrounding medium, where they might be available for organisms
(Hahladakis et al. 2018) or chemicals might leach from microplastics after
ingestion. Many plastic chemicals are known to cause hazards in biota, e.g.,
bisphenol A and several phthalates, which lead to disruption of the hormone
system (e.g., impaired reproduction) (Meli et al. 2020). Studies on tire and
road wear particles that display a particular emerging field of microplastics
deal with especially complex material mixtures of natural and synthetic
rubbers, various additives (e.g., vulcanizing agents), road and brake dust,
including heavy metals and other chemicals spilt on roads (Wagner et al.
2018). For example, Tian et al. (2021) identified the metabolite 6-PPD-
quinone of the globally used tire additive 6-PPD as highly acutely toxic to
coho salmon (Oncorbynchus kisntche; median lethal concentration of 0.8+0.16

png/L).
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Additionally, microplastic particles are known to display a high surface
area for organic contaminants to sorb at (analogously to natural occurring
suspended organic matter) (Fang Wang et al. 2020; Hartmann et al. 2017),
which may lead to concentration factors of organic contaminants on
microplastic surfaces up to 10 compared to the surrounding water (Ogata
et al. 2009). Wang et al. (2018) reviewed available data on microplastic
interactions with chemicals in marine environments. It seems convenient
that such data, at least in significant parts, also applies to freshwater habitats.
Thus, microplastic particles are hypothesized to play a role as vectors for
organic contaminants (or pathogens, see below) into organism tissues (i.c.,
trojan horse hypothesis) (Zhang and Xu 2020; Hartmann et al. 2017). Studies
have shown that organisms incorporating microplastics, which were spiked
with organic contaminants, accumulate these chemicals under controlled
laboratory conditions (e.g., Ma et al. 2016). These studies have limited
potential to be transferred to the ecosystem, as concentrations
bioaccumulated by natural prey exceed the flux of ingested microplastics in
most habitats (Koelmans et al. 2016). However, nanoplastics have been
identified as more relevant regarding the vector function of plastics than
microplastics due to their smaller size, which not only implies a higher
relative surface area but also enables subcellular uptake/phagocytosis (Rehse
et al. 2018; Chen et al. 2017).

Limits and Challenges in Ecotoxicology

Several research groups reviewed available effect data over the past years
and concluded that there are indications for adverse effects caused by micro-
or nanoplastic particle exposure (Tricbskorn et al. 2019; Wright et al. 2013;
Hirt and Body-Malapel 2020; Zhang and Xu 2020; de Ruijter et al. 2020;
Wagner et al. 2018; Wagner and Lambert 2018; Li et al. 2018; Anbumani and
Kakkar 2018). However, a returning and strong criticism of studies
examining the adverse effects of microplastics is the lack of harmonization
within the microplastic research community and the absence of
environmentally relevant exposure scenarios (e.g., Triebskorn et al. 2019;
Wagner and Lambert 2018). For instance, Triebskorn et al. (2019) evaluated
67 effect studies, with only three publications using environmentally relevant
exposure scenarios: Ziajahromi et al. (2018) reported the effects of
polyethylene (PE) in sediment on mortality, growth, and emergence of
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Chironomus tepperi after exposure to 500 particles (1—126 um)/kg sediment.
Two other studies did not report any effects of polystyrene divinylbenzene
(PSD) plastic microsphetes on fish (PSD; 100 particles (97 um)/L on Lates
calearifer (Guven et al. 2018)), or of PET on gammarids (102—106 particles
(10=150 um)/L on Gammarus pulex (Weber et al. 2018)). Other studies
investigating effects on aquatic organisms mostly used particle
concentrations that widely exceeded the concentrations currently occurring
in natural ecosystems (see Fig. 5), which are therefore criticized regarding
their environmental relevance (Triebskorn et al. 2019). Expert groups such
as the SAPEA working group, that provides independent scientific advice to
the European Commission, conclude that ecological risks of microplastics
are currently rare, i.e. effect concentrations obtained in the laboratory are
higher than environmental concentrations (SAPEA 2019). However, due to
the continuing emissions of microplastics into the environment and their
persistence and accumulation, concentrations are expected to increase and
risks could occur within a century (SAPEA 2019).

When evaluating microplastic studies, it should also be noted that classic
ecotoxicological test systems are usually used. Model organisms and test
design are therefore tailored to detect the effects of homogeneously
distributed, dissolved substances—but not of particulate stressors. With
certain test configurations it is sometimes not even possible to ensure
sufficient contact between the particle and the test organism (e.g., particles
float on the surface while the test organisms are only in the water column).
Additionally, it is not yet clear whether the endpoints recorded in
ecotoxicological test systems are suitable and sensitive at all for detecting the
effects of particulate microplastics. Thus, ecotoxicology faces new
challenges in the development of adequate test strategies.

Adaption of Ecotoxicological Test Strategies

Considering the (1) need for harmonized testing strategies, (2) microplastics
as a novel, anthropogenically introduced environmental matrix, and (3) the
fact that not only chemical but also mechanical stress are known modes of
action, no “one test for one endpoint” principle can address the complexity
of this research area. A multi-dimensional testing strategy is required, which
considers substance parameters (e.g., polymer type, size, and shape), single-
contaminant or mixture toxicity (e.g., known virgin particles vs. unknown
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mixture of environmental particles), and the choice of the corresponding
endpoint and the resulting suitable test method (Tab. 2, Fig. 7). For certain
questions that focus primarily on toxicological effects, it may be more
appropriate to test extracts (or leachates) rather than the entire particle while
other questions may specifically target the combination of mechanical and
chemical stress.

virgin MP/NP (mono- and polymers) environmental samples

Single mixture spiked cleaned up mixture spiked

Particles

Aqueous
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Fig. 7: Matrix schema of possible common sample types of miicro- or nanoplastics. (Source:
own representation)

A bioanalytical toolbox with a broad battery of effect-based methods
designed to apply to toxicity testing of microplastic matrices would have to
consider all the previously mentioned variables to appreciate the whole
complexity of this novel anthropogenic matrix. The choice of the individual
test setup depends on the physico-chemical and mechanical parameters of
the investigated particles, e.g., the bioavailability of the substances of interest
(e.g., buoyant particles are not available for sediment-bound test organisms).
Depending on the research hypothesis, adequate model organisms should
be selected that provide clear and sensitive endpoints for the effects to be
expected.

An exemplary bioassay battery to analyze microplastics in the
environment may comprise (1) the i vivo “aquatic trias” in algae, daphnids,
and fish embryos, (2) three or more 7 vitro assays covering mechanistic
toxicological endpoints, and (3) behavioral or reproductive endpoints or
molecular biological investigations on transcript level—depending on
whether the research questions is rather a biological or mechanistic point of
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view—to support the 7 vivo information with physiological reaction
pattetns.

Tab. 2: Overview of parameters that can and should be reported to improve the
reproducibility of reported microplastic research. (Source: own representation)

Matrix Parameters
aquatic . . .
Compartment 4 ) soil/sediment air urban
(marine/freshwater)
Processing native extract
Biology with eco-corona without eco-corona in vivo ex vivo
Environment natural environment artificial environment
Substance parameters
Chemical X ]
. . purity polymer/monomer density
information ’ ’ -
Sample . enzymatic
. native extract leachate L
processing digestion
Size diameter/length size distribution
Shape spherical irregular
Condition of test . .
R virgin product aged metabolite
material
Hypothesis polymer testing sorption of chemicals
Testing Parameters
Test system in vivo in vitro in situ in silico
Species vertebrate invertebrate ex vivo
Concentration mg/mL mg/mg particles/L particles/g
Exposure - .
. salinity pH temperature nutrients
medium ’
Test duration acute chronic multi-generation
Toxicological . mechanism-
> 08 (sub-)lethal growth behavior .
endpoints specific
Environmental . N .
concentration size distribution natural particles
relevance

A primary reason for the overall lack of evidence and knowledge, which
prevents tentative conclusions, is the complete lack of standardization in
microplastic research, including a generally accepted definition. Secondly,
the complexity of microplastic matrices in the environment and the currently
available analytical detection limits make it challenging to conclude data
from toxicity tests. Wardman et al. (2021) emphasized enhancing the efforts
in developing a sound and harmonized communication strategy of
microplastic toxicity research to enable the development of an evidence-
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based microplastic regulation strategy. To safeguard reproducibility of
microplastic toxicity testing, a variety of different parameters and variables
has to be considered and reported (at least in the supplementary
information), most of which also apply to the good practices of substance
toxicity testing.

Ecological (Long-Term) Effects—Beyond the Detection Possibilities of
Ecotoxicological Test Systems

The complexity of microplastic particles and the resulting potential effects
on organisms lead to increasingly complex ecotoxicological test strategies
that should cover as many potential effects as possible. However,
ecotoxicological test systems (of course) focus on (eco-)toxicological
effects—usually caused by dissolved chemical pollutants. The endpoints
considered ate typically not designed to capture mechanical stresses or even
impacts on ecosystem-level such as habitat changes (including shifts in
biocenosis /microbial community). One example of microplastic effects
caused by simple, external contact with particles resulting in a range of
ecological consequences is the study by Ehlers et al. (2019). They show that
the common caddisfly larvae Lepdostoma basale, a freshwater invertebrate,
actively integrate different primary and secondary microplastics in their
cases. Furthermore, Ehlers et al. (2020) demonstrated in laboratory
experiments that stability of L. basal cases is reduced by integrated
microplastic particles. This may lead to a limited protective function of the
cases and thus the larvae may be more vulnerable to predators resulting in
decreased survival rates. This again could have consequences for the whole
aquatic biocoenosis as L. basale is an important primary consumer. Changes
in ecosystems may also be caused by invasive species (Gregory 2009),
harmful algal bloom (HAB) species (Masé et al. 2003) and/or opportunistic
pathogens (McCormick et al. 2014; Zettler et al. 2013), which are transported
via floating plastic particles in other regions. In addition, the presence of
microplastics as a novel environmental matrix with a high surface area
(depending on the particle size) implies the presence of a novel type of
biofilms and microbial communities growing on these particles. These
microenvironments are referred to as “eco corona”, shaping them also a
vector for bacteria, increasing the concern about the role of nanoplastic
particles in particular (Triebskorn et al. 2019; Natarajan et al. 2021).
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Because of this complexity of the microplastic matrix in the
environment, a comprehensive assessment must consider all possible
impacts—including potential long-term consequences of ecosystem
changes.

How Much Information Is Needed to Regulate Microplastics?

The complexity of microplastic particles and their multidimensional effects
on organisms are leading to the development of increasingly complex
ecotoxicological testing strategies. From a purely scientific point of view,
each particle could be an individual multiple stressor in itself—tequiring an
individual testing strategy. This leads to a dilemma between scientific
precision and regulatory feasibility: From a regulatory point of view,
individualized and highly complex test strategies would rather prevent
reasonable measures. Here, standardized and robust test procedures are a
prerequisite for a uniform assessment of all microplastic particles. In
addition, current testing approaches focus too much on the purely
ecotoxicological endpoints and usually do not capture broader ecosystem-
level effects such as habitat changes (including biocoenosis/microbial
community changes). In particular, more attention should be paid to long-
term ecological impacts. Microplastics are extremely persistent in the
environment and concentrations ate steadily increasing. Effects on
ecosystems that will only become relevant in decades, when critical
concentrations are exceeded, must be taken into account today. Because
later they are no longer reversible.

A threshold value for microplastics (and plastics in general) in the
environment must therefore go beyond a “conventional limit value” and be
based primarily on the high persistence and the unpredictable ecological
consequences. This is suggested, for example, by the European Chemicals
Agency proposal for a restriction on intentionally added microplastics
(ECHA 2019).
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Complexity of the Microplastics Problem—A Challenge for
Risk Assessment and Regulation

Studies looking into the environmental fate and hazard of micro- and
nanoplastics are little comparable with respect to their results, which stems
from the lack of internationally accepted definition and the application of a
variety of non-standardized methods, but is also due to the heterogeneity of
the material and the resulting complexity in the analysis. This is one of the
key bottlenecks for generating a consistent and reliable hazard assessment.
To overcome this, the use of standardized methods would provide a little
more clarity. While the standardization process for analytical methods is in
good progress, available standard methods in ecotoxicology are typically
made for dissolved compounds (Petersen et al. 2022). Micro- and
nanoplastics, like engineered nanomaterials, can also cause physical effects
to organisms, which is typically trying to be avoided in standardized
ecotoxicology methods. Given their common particulate nature, the
concepts developed for the environmental risk assessment of engineered
nanomatetials may be adapted for the fate and hazard assessment of micro-
and particular nanoplastics (Hiffer et al 2017). One way forward may be to
use OECD guidance documents 317 (OECD 2020a) and 318 (OECD
2020b)) and test guideline 318 (OECD 2020c), which have been developed
for engineered nanomaterials. Although many of the challenges in designing
particles-specific tests for engineered nanomaterials are applicable to micro-
and nanoplastics, it must be pointed out that there are considerations
specific to micro- and nanoplastics requiring adaptations to the standard
methods.

The rather low intrinsic toxicity of microplastic particles determined in
the studies available to date and the results of ecotoxicological risk
assessments do not hint at a widespread risk of microplastics to the
environment. Due to complexity of the material and the great uncertainty
regarding environmental effects, regulatory measures are being implemented
in various countries around the world to reduce microplastic inputs.
Although recent policy decisions, in particular the banning of microbeads in
some countries, can be seen as precautionary measures, the relevant legal
documents do not refer to the precautionary principle. For instance, Canada
listed microbeads as toxic substances under the Canadian Environmental
Protection Act (CEPA), although scientific studies indicate a rather low
toxicity of microplastic particles compared to other environmental
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pollutants. Due to this incongruence of ecotoxicological test results and
rationales used for regulatory measures, there are voices calling for a revision
of the scientific rationale for microplastics regulation (Bujnicki et al. 2019).

In Europe, where a restriction of microplastics is currently being
prepared by ECHA, other criteria than detrimental ecotoxicological effects
are used as the basis for regulation. In this context, a qualitative risk
assessment is proposed, which is generally conducted under REACH for
substances for which the quantitative approach (PEC/PNEC ratio) cannot
be performed with sufficient reliability. The qualitative risk assessment
covers substances that satisfy PBT (persistent, bioaccumulative, and toxic)
or vPvB (very persistent, very bioaccumulative) criteria and that might not
show effects in short-term toxicity tests. According to ECHA, the risks of
microplastics are not adequately controlled because the particles persist in
the environment and each release contributes to a growing environmental
stock that could exceed safe thresholds in the future (ECHA 2019).
Therefore, it is proposed to treat microplastics as a non-threshold substance
similar to PBT/vPvB substances under the REACH regulation. In this
approach, emissions are used as a proxy for the associated risks and efforts
to reduce emissions can be equated with a reduction in risk (ECHA 2019).
Although microplastics have not been shown to be bioaccumulative or toxic,
the ECHA approach is a way forward as it focuses on other criteria than
toxicological thresholds. In this way, ECHA complies with the precautionary
principle, as long-term effects on ecosystems (e.g., habitat changes) are even
more difficult to assess than the immediate ecotoxicological effects on
organisms. However, it is difficult to translate this approach into concrete
regulatory requirements. Microplastics as an environmental problem are not
subsumable as an indicator that could be used to derive the specific need for
measures. In addition, much of the microplastics originates from
fragmentation of larger products in the environment, i.e., after the items
have left their actual product cycle. This makes it difficult to target measures
to those actually responsible.
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Risk Perception: The Case of Microplastics.
A Discussion of Environmental Risk
Perception Focused on the Microplastic
Issue

Marcos Felipe-Rodriguez, Gisela Bihnz, Ronven Doran

Introduction

Risk can be generally understood as the possibility that situations or events
might lead to consequences that affect aspects of what humans value (Renn
and Rohrmann 2000). Risk perception involves implicit or explicit
judgements of the likelihood or uncertainty as well as the desirability or
undesirability of uncertain effects, which yield some benefit or cost (Eiser
2004).1 The formal definition of risk often entails the magnitude and
probability of harmful consequences (Aven and Renn 2009), and risk per-
ceptions include these dimensions, along with perceptions of familiarity and
controllability, dread and catastrophic potential, as well as affective and emo-
tional responses (Finucane et al. 2000; Slovic 2000; 2016). Risk petceptions
deviate from numerical risk estimates because they are not exclusively
determined by statistics and probabilities, but also by qualitative factors
related to the risks themselves and those perceiving them (Kortenkamp and
Moore 2011).

Environmental risks diverge from other types of risks. First, they are
often characterized by high uncertainty and complexity, leading to
complicated causal relationships and numerous consequences (Steg and De
Groot 2018). Moreover, they tend to develop from the behaviors of many
individuals; consequently, mitigation requites the actions of many people.
Lastly, their consequences are often temporally delayed and geographically
distant. Those who contribute to the risk are not necessarily those who

1 Slovic (1999) argued that “danger” is a reality, but “risk” is socially constructed.
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suffer its consequences, which raises ethical issues (Steg and De Groot
2018).

The current chapter focuses on risk perception of the environmental
problem of microplastics. Microplastics are tiny particles of plastic, smaller
than 5 mm. Microplastics are found at growing concentrations in the envi-
ronment and have accumulated even in the most distant (van Sebille et al.
2015; Egger et al. 2020). The public and academia are increasingly concerned
about the possible effects of this global challenge (SAPEA 2019). Accord-
ingly, it is necessaty to gain an understanding of people’s perceptions and
engage the public to tackle this problem effectively (Pahl and Wyles 2017).

The determinants of microplastics risk judgments are numerous and
interrelated. Socio-psychological factors have substantial influence on the
evaluation of such environmental risks. Furthermore, people’s risk
petceptions about microplastics are important to consider when addressing
the threat microplastics pose. This chapter discusses the different aspects
that may affect environmental risk perceptions, focusing on the case of
microplastics. It begins by highlighting the characteristics of the hazard itself
and moves on to the individual characteristics, with an emphasis on the role
of heuristics, emotions, and finally models.

Hazard Characteristics

There are cases in which people are wary of hazards that experts agree do
not cause much significant harm, like electronic radiation from mobile
telephones, while in other cases, people are ready and willing to expose
themselves to hazards that result in large numbers of fatalities each year,
such as drinking alcohol (Siegrist and Arvai 2020). Such divergences can be
at least partially explained by specific characteristics of the hazards
themselves. The core variables in risk perception research are (perceived)
magnitude of the risk and risk acceptance (Renn and Rohrmann 2000).
Nonetheless, in most studies, many more risk-related aspects are included,
such as qualitative features of the hazard (e.g., familiarity with the risk or
associated fear), benefits (e.g., attractiveness of the risky activity), personal
relation to the hazard (e.g., whether one voluntarily exposes oneself to it,
degree of worry about the risk, etc.), and acceptability facets (e.g., willingness
to pay or desired level of restrictions) (Renn and Rohrmann 2000).
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The psychometric paradigm (Fischhoff et al. 1979) suggests that differ-
ent types of hazards can be mapped onto four dimensions across two axes,
labelled dread risk and unknown risk, respectively.? Dread risk refers to the
level to which the risk is perceived as alarming or as having grave
consequences; unknown risk describes the level to which the risk is
expetienced as unfamiliar, new, unobservable or having delayed effects (Steg
and de Groot 2018). Dread risk includes features such as uncontrollable,
catastrophic, dreaded, involuntary, fatal, inequitable, global, and difficult to
reduce, whereas unknown risk includes risks that are unobservable, not
understood by science, new, and have delayed effects (Kortenkamp and
Moore 2011). Risks with effects that are perceived as far off in time or as
occurring in a faraway place are also included within this dimension (Eyal et
al. 2008). Non-experts’ risk perceptions have been shown to correlate with
these main dimensions. Risks rated as more dreadful and more unknown are
perceived as riskier and less acceptable (Kortenkamp and Moore 2011).
Other investigations have identified more dimensions that are relevant for
environmental challenges, such as whether people have moral concerns re-
lated to the risk and whether people feel that issues of equity are related to
the risk (e.g., Bostrom et al. 2020). Another important factor discussed in
the context of risk acceptance is whether the source of the risk is natural
versus human/technological, as people tend to rank natural hazards lowest
in risk magnitude ratings. These hazards seem to be perceived and evaluated
as more tolerable than those stemming from human activities or technolo-
gles, even though objective risk assessments might not differ much (Renn
and Rohrmann 2000).

The ubiquity of microplastics in aquatic ecosystems has provoked a
broad public debate on the unsustainable use and environmental impact of
plastics (Kramm and Vélker 2018). However, as stated above, there are cases
where the public perception of a particular hazard does not match experts’
understanding of its impacts. While the environmental impacts of micro-
plastics are not at all clear from a scientific perspective at present (see Hel3
et al. in this volume), public awareness of overall plastic pollution is
extensive (Volker et al. 2020; Kramm et al. 2022). In fact, most EU citizens
worry about the consequences of plastics for the environment (87 percent)
and for their own health (74 percent) (European Commission 2017). Mean-

2 For empirical evidence, see Slovic (1987) and Teigen et al. (1988).
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while, there has been ongoing debate about the relevance of this issue com-
pared to other environmental challenges (Backhaus and Wagner 2020), with
some scholars arguing that the levels of environmental toxicity detected so
far are too low to be of significant concern (Triebskorn et al. 2019). Such
disparity between experts and public opinion can potentially be problematic
when it results in policies and decisions that are disproportionate or not
supported by science (Rist et al. 2018).

The public indeed has reported to be highly concerned that microplastics
could have an impact on the sustainable development of ecosystems and
also threaten food safety and public health (European Commission 2020;
German Federal institute for Risk Assessment 2020; SAPEA 2019). Such
levels of petceived risk might be explained in patt by known/dread factors
from the psychometric paradigm. With respect to the dread risk dimension,
plastic and microplastics pollution are likely to be considered dreadful haz-
ards given that plastic pollution is a form of involuntary exposure for animals
and plants in the environment and a problem at a global scale. With respect
to the unknown risk dimension, microplastics are a quite new hazard (Pahl
and Wyles 2017) that is not well understood by science, since research on
them is still in its infancy (Rist et al. 2018). This may lead people to perceive
this hazard as less well understood by science. Nonetheless, 53 percent of
respondents in Kramm et al. (2022) perceived the state of scientific
knowledge on microplastics as rather high or very high, suggesting the con-
trary. Moreover, microplastics are not easily observable (Pahl and Wyles
2017), which should also make people lean more towards the unknown end
of the spectrum. Additionally, regarding the sources of microplastics, since
hazards stemming from human activities are perceived as riskier and less
tolerable (Renn and Rohrmann 2000), the fact that microplastics are a
human-caused hazard might contribute to the high levels of perceived risk
that have been reported.

Perceiver Characteristics

Perceivers of risk differ on a wide range of variables that might influence
risk perceptions (Siegrist and Arvai 2020). Many such variables have been
studied extensively in order to explain and predict individual differences in
risk perceptions. In the case of microplastics, only a few studies have been
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conducted to investigate public risk perceptions (Yoon et al. 2021). Per-
ceived consequences as well as knowledge and awareness determined pro-
environmental attitudes in a study by Soares et al. (2021) in Portugal. Risk
perception was also a pivotal determinant of pro-environmental behavioral
intention related to microplastics in Korea (Yoon et al. 2021). The relation
between expectations and perception (Tsiotsou 2006) has also been found
to be key in consumer decisions about green microplastics-free products
(Nam et al. 2017; for a discussion on interventions to reduce plastics con-
sumption see Grunzner and Pahl in this volume). On that note, the most
relevant individual characteristics and their implications for risk perceptions
of microplastics are highlighted in the sections below.

Socio-Demographics

Gender appears frequently to be weakly associated with risk perceptions
(Cullen et al. 2018; Rivers et al. 2010); in addition, small or non-significant
effects have been found for age (Bearth et al. 2019) as well as income (Nardi
et al. 2020) and education (Bearth et al. 2019; Nardi et al. 2020). However,
some studies have yielded more information about the relationship between
risk perceptions and demographic characteristics. For example, in studies by
Finucane and colleagues (2000), white women perceived significantly higher
levels of risk across different hazards compared to white males, while the
same was not found for nonwhite women and men. This indicates that gen-
der and/or racial identity per se might not drive risk perceptions to the same
extent as other psychological or cultural features (Rivers et al. 2010). There
is also a notion that white males tend to have lower risk perceptions than
white females, nonwhite males, and nonwhite females across different haz-
ards (cf. white male effect; Kortenkamp and Moore 2011).

Unsurprisingly, gender effects have been found for environmental risks
such as climate change (Finucane et al. 2000). Regarding microplastics, Deng
et al. (2020) conducted face-to-face interviews and a structured question-
naire among residents of Shanghai (China) to investigate perceptions of mi-
croplastics, exploring willingness to reduce microplastics and its influencing
factors. In this study, males had a lower average score than females on
willingness to reduce microplastics emissions (Deng et al. 2020). Although
differences in knowledge have been argued to be a reason for gender differ-
ences in environmental risk perceptions, females exhibited higher nuclear
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risk perceptions even in a sample of scientists (Barke et al. 1997). Therefore,
it has been argued that there is more support for race and gender as expla-
nations for differences in environmental risk perceptions than for
differences in knowledge (Davidson et al. 1996).

Furthermore, environmental risk perception differs based on respond-
ents’ socio-economic status (Bickerstaff 2004). People with a lower social
status and fewer privileges tend to be in a position of less power and control.
They are argued to be more vulnerable to economic stressors and therefore
perceive the world as a more dangerous place (Finucane et al. 2000). A sim-
ilar trend was reported by Deng et al. (2020), who noted that people with
lower education had higher levels of worty about microplastics, while people
with higher education were not as concerned. The authors argued that this
was due to a more comprehensive understanding of microplastics in the
latter group, which in turn might have reduced unnecessary concerns. None-
theless, another study by Henderson and Green (2020) concluded that
people with high environmental awareness are also more concerned and
know more about microplastics.

Knowledge and Reasoning

It is a common finding in the literature that laypeople and experts tend to
differ in their level of perceived risk (Savadori et al. 2004; Siegrist et al. 2018).
Sjoberg (1998) classified comparisons of experts’ and laypeople’s risk
petceptions into three types: similar assessments for well-known risks; lower
risk perceptions by laypeople for hazards which they have some control
over, such as smoking or drinking; and lower risk perceptions by experts for
complex topics such as nuclear power. These differences can be accounted
for in part by aspects of the psychometric model (Slovic 1987), including
familiarity, controllability, and knowledge. The knowledge deficit model
argues that if laypeople increased their knowledge, they would reach similar
conclusions to those of experts; therefore, general knowledge and risk per-
ception should correlate (Bubela et al. 2009). In its simplest form, however,
the knowledge deficit model has not garnered much empirical evidence, and
there is research that casts doubt on it (Kellstedt et al. 2008).

Regarding the issue of microplastics, in the study by Deng et al. (2020),
the majority of people became worried or even overly worried when in-
formed about possible impacts of microplastics, and increased knowledge
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about the issue was also associated with a greater willingness to take action
to tackle the problem (Deng et al. 2020). Moreover, Henderson and Green
(2020) investigated people’s knowledge and understanding of microplastics
in the United Kingdom. Particular focus was placed on the role of the media
in framing perceptions, involving participants with no knowledge of micro-
plastics as well as participants with particular interest in microplastics. The
findings shed light on the importance of environmental awareness and how
lack of awatreness of the plastics problem represents a barrier to change
(Henderson and Green 2020). These findings highlight the importance and
benefits of citizen science activities, which can raise awareness and
knowledge about plastic litter (for more see Severin et al. in this volume).
For instance, participation in beach clean-ups and other coastal activities has
been shown to be associated with pro-environmental intentions and higher
marine awareness (Wyles et al. 2017).

Recent findings by Kramm et al. (2022) showed that 80 percent of the
German public had heard of microplastics, hence indicating that the public
is becoming mote awate of microplastics. The same investigation also found
that level of education was important for microplastics awareness, since 90
petcent of people considered to have a high level of education reported hav-
ing heard of microplastics, whereas only 65 percent of those with low edu-
cation reported having heard of them. Their results also indicated that higher
environmental awareness tends to be associated with higher risk perceptions
and that the more frequently one hears about microplastics, the higher the
petceived risk of microplastics (Kramm et al. 2022).

Accotding to a study by Griinzner, Pahl, White and Thompson (2021),
experts (researchers working primatily on plastics) are more highly con-
cerned about the risks of microplastics for the natural environment than they
are about their risks for human health. Accordingly, microplastics have often
been depicted in the media as something to be concerned about, as a risk
for the environment (Vélker et al. 2020). Nonetheless, some recent reports
show that laypeople are highly worried about microplastics risks to the nat-
ural environment (European Commission 2020), but also quite concerned
about possible health risks (German Federal Institute for Risk Assessment
2020).

People with higher levels of scientific reasoning have been found to be
more likely to perceive risks consistently with the scientific evidence regard-
ing those risks (Siegrist and Arvai 2020). Nevertheless, risk perceptions
among people with high scientific reasoning ability may not correspond to
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the actual scientific evidence if people have already made up their minds that
the hazard is of high or low risk (Drummond and Fischhoff 2019).

Fairness, Value Orientations, and Wotldviews

Regarding perceptions of environmental risks, people tend to care less about
statistics, such as the number of casualties due to a hazard, and more about
issues such as justice, fairness, and duties to future generations (Moore
2009). Within the psychometric model, the dread component of risk con-
tains aspects related to ethical issues resulting from the unequal distribution
of and lack of informed consent regarding risk exposure (Slovic 1987). Ad-
ditionally, moral evaluations of risks have proven to be a strong predictor of
acceptability and perceived risk (e.g., Sjoberg and Drottz-Sjéberg 2001);
likewise, environmental injustice has been found to predict risk perceptions
(Satterfield et al. 2004).

Cultural worldviews are defined as the pattern of beliefs and value
orientations shared by people in a collective, or orienting inclinations which
guide thoughts and behaviors (Mead and Métraux 1954). Such worldviews
are argued to have a strong influence on risk perceptions. Individuals and
collectives ascribe to one or a set of prominent value orientations, namely
hierarchism, individualism or egalitarianism (cf. cultural theory of risk;
Douglas and Wildawsky 1982). Later research expanded value orientations
to include egoism, altruism, and most interestingly for environmental risks,
biospherism (e.g., De Groot and Steg 2007). These studies have pointed to
a weak relationship between worldviews and risk perceptions overall, albeit
with two particular environmental hazards as noteworthy exceptions:
nuclear power and climate change (Siegrist and Arvai 2020). On another
note, some people hold beliefs that lack scientific basis, such as so-called
“New Age beliefs” (Sjoberg and Wahlberg 2002). Sjéberg and Wahlberg
(2002) investigated risk perception in relation to these beliefs, including tra-
ditional folk superstition, belief in paranormal phenomena and use of
alternative healing practices. Such beliefs explained 15 percent of the
variance in perceived risk (Sjéberg and Wahlberg 2002). People with such
beliefs tend to hold higher risk perceptions regarding environmental hazards
such as climate change and nuclear waste (Siegrist and Arvai 2020).
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There are no studies on perceptions of microplastics that have explored
value otientations or worldviews. Nevertheless, in studies of the risk of nu-
clear power, altruistic and biospheric values tended to be negatively
associated with perceived risks (Siegrist and Arvai 2020). For climate change,
on the contratry, biospherism, and to a lesser extent egoism, have been
positively associated with perceived risk (Van der Linden 2015). Other
evidence suggests that biospheric values may partially undergird climate
change worry, whilst being directly and positively related to personal climate
mitigation behaviors (Bouman et al. 2020).

Heuristics

Prospect theory (Kahnemann and Tversky 1979) postulates that people tend
to overweight small probabilities and underweight larger probabilities,
depending on the type of decision they are making. Specifically, people over-
weight small probabilities when simply presented with descriptions of these
probabilities, yet tend to underweight small probabilities when they are
learned through experience (Kahnemann and Tversky 1979). It is important
to mention that people often lack the in-depth knowledge needed to evaluate
hazards comprehensively, as indicated by studies addressing technologies
(Connor and Siegrist 2011) and climate change (Shi et al. 2016).

The elaboration likelihood model (Petty and Cacioppo 1986; for an
application in the environmental context, see Meijnders et al. 2001) argues
that lack of motivation or knowledge leads to the usage of a peripheral cog-
nitive route, where heuristics are prominent. Heuristics are argued to work
through attribute substitution (Kahneman and Frederick 2005). When
evaluating a hazard, an attribute that is not cognitively accessible, such as the
probability of being exposed to the hazard, it is substituted with an attribute
that is more easily accessed, such as recollection of concrete examples of
that hazard (Siegrist and Arvai 2020). For example, someone is more likely
to evaluate the hazard of plastic pollution based on number of the times they
spotted plastic floating in the sea rather than the actual statistical probability
of exposure to plastic pollution.
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Availability Heuristic

The availability heuristic is used when people utilize the “ease” with which
examples or occurrences can be brought to mind to assess the probability of
an event (Tversky and Kahneman 1974). For instance, someone might assess
the risk of microplastics negatively affecting the environment by thinking
about how often they hear in the news that microplastics have been found
in their local area. The availability heuristic has been examined with respect
to environmental hazards such as flooding (e.g., Tanner and Arvai 2018),
with people who could remember floods perceiving higher risk compared to
those who could not remember such events. One might speculate that the
use of this heuristic might similarly affect laypeople’s perceived risk when it
comes to microplastics. Support is provided by literature indicating that this
heuristic may influence risk perception regarding climate change (Demski et
al. 2017).

Affect Heuristic

The affect heuristic maintains that the affective component elicited by a
hazard influences risk perception (Finucane et al. 2000). People are argued
to base their judgements about risks and benefits on their affective reactions
(Slovic 1999). It is further argued that there is an affect “pool” that contains
positive and negative markers associated with all mental images (Slovic et al.
2004). Studies investigating this principle suggest that the valence of spon-
taneous associations is associated with risk perceptions and acceptance of
risk (Siegrist and Arvai 2020). The problem is that the affect heuristic might
result in biased judgements (Nakayachi 2013) by leading people to ignore
information that would have been useful to formulate more accurate risk
judgements (Sunstein 2003). Accordingly, one possible explanation for the
fact that people have been reported to perceive microplastics as more harm-
ful than what the scientific evidence appears to indicate at this stage
(Catarino et al. 2021) could be that people might associate microplastics with
a negative affective component. Thus, people might be biased to think
negatively about microplastics impacts and ignore certain information, in
this case current uncertainty about the impacts, particularly on human
health. Furthermore, questions about the causal direction of these associa-
tions can be posed. It is hard to exclude the possibility that risk perception
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might drive affective responses and not the other way around (Siegrist and
Arvai 2020).

Natural-Is-Better Heuristic

In Western countries, nature is generally perceived as benevolent (Scott and
Rozin 2020). The natural-is-better heuristic is defined as neglecting the pos-
itive effects of human intervention and negative impacts of natural processes
(Siegrist and Hartmann 2020). Research in this vein shows that synthetic
chemicals are much more negatively perceived than natural chemicals (Saleh
et al. 2019), especially among individuals with high biospheric values
(Campbell-Arvai 2019). It follows that people might evaluate the issue of
microplastics more negatively because they result from a human process,
reducing naturalness. Supporting evidence stems from studies showing that
microplastics are indeed perceived quite negatively (e.g., Deng et al. 2020)
and that microbeads are perceived as an “unnatural”, unacceptable risk

(Anderson et al. 2016).

Emotions

Risk perception used to be seen as exclusively cognitive, and emotions were
not considered in this field for a long time (B6hm and Brun 2008). An early
study by Johnson and Tversky (1983) showed that people’s current mood
affected their risk judgements, highlighting that people hardly ever react to
threats in an emotionally neutral state, and emotions affect how they per-
ceive risks. Emotions have since then come to be considered important fac-
tors that affect risk perceptions and evaluations (B6hm and Tanner 2019).
The previous section discussed how affect might root judgements about
risks and benefits; however, there is an important distinction between
general affect and specific emotions or appraisals (e.g., Lerner and Keltner
2001).

Emotions can be connected to complex reasoning; each emotion carries
a certain meaning and reflects a cognitive structure or viewpoint (B6hm
2003; Béhm and Pfister 2000; 2017). For example, worry anticipates that
something bad might happen in the future; outrage involves assigning blame
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to other people; disappointment means that an outcome has fallen short of
expectations; regret arises from a sense of responsibility; pity is a social emo-
tion; guilt is more focused on ourselves and our own actions, when we feel
we have acted in a way that violates a moral norm; fear is similar to worty
because it has to do with anticipating future harm, but is more short-term
and intense; hope reflects the belief that there is still a chance to achieve
positive outcomes; and lastly, pride is felt when something has been accom-
plished (B6hm 2003; B6hm and Pfister 2000; 2017). Specific emotions are
often explained through the appraisal theoretical framework (Frijda 2007).

Bohm and Pfister (2000; 2017) conceptualized a dual-process model of
risk evaluation involving two fundamental appraisal dimensions linked to
specific emotions, namely consequences and morality. Fear is an emotion
related to consequences, whereas outrage and guilt have more to do with the
petception that moral norms have been violated (B6hm 2003; B6hm and
Pfister 2000; 2017). Each dimension is associated with chatacteristic behav-
ioral tendencies. Typical consequentialist behavioral tendencies are mitiga-
tion and adaptation, while actions more tied to morality are punishment and
redemption, targeting the actor or aggressor (B6hm and Pfister 2017). A
consequentialist focus could lead to judgements about the perceived risk of
microplastics towards animals, which could trigger an emotion of fear and
ultimately a behavioral tendency to help clean up a beach full of plastic litter.

Research indeed shows that some of the intuitive associations with
microplastics tend to concern harmful impacts on wildlife (Deng et al. 2020;
Henderson and Green 2020). Since the release of microplastics in the envi-
ronment is evidently due to human activity, deontological evaluations might
also be more intense than for natural hazards such as flooding. This
interpretation follows literature showing that deontological judgments tend
to be mote intense in cases of human rather than natural causation, whereas
consequentialist evaluations tend to be more intense when the consequences
affect humans as opposed to nature (Béhm and Pfister 2000; 2017). Despite
the scientific evidence being not yet clear with respect to harmful conse-
quences of microplastics for human health (Catarino et al. 2021), the public
has been repeatedly found to be worried about human health effects (Deng
et al. 2020; Henderson and Green 2020). It is because of this that
microplastics might actually trigger both deontological (outrage, guilt, etc.)
and consequentialist emotions (sadness, fear, etc.).
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Mental Models

An important basis for people’s risk perceptions is how they mentally
represent the risk event in question (Bostrom 2017; B6hm and Pfister 2000;
2017). Such a mental representation, commonly referred to as mental model,
is constructed from available information, of which the most important
components are the causes and consequences ascribed to the risk event. A
person’s mental model of microplastics may convey the belief that micro-
plastics are released into aquatic environments by washing fleece and
synthetic clothing and that they will result in harm to some fish species.
Laypeople’s mental models tend to be less structured than those of experts
(Bostrom 2017). Inaccuracies in their mental models can lead people to
make errors, which in the case of plastic can be seen in the development and
promotion of certain actions and policies not fully supported by scientific
evidence (Catarino et al. 2021). Common approaches to capture mental
models about a given risk event are surveys (Bostrom 2017) as well as
thought listing and image association tasks (e.g., Smith and Joffe 2013).
Themes are inductively derived from open-ended responses to questions.
For example, one might tap into the first things that come to people’s minds
when thinking of the environmental hazard; additional content analysis
might refer to psychological theories (e.g., B6hm et al. 2018).

One manner to assess the utility of mental models is to employ them
within a problem-solving or decision-making approach, a strategy exempli-
fied by the mental model approach to risk communication (Morgan et al.
2002). The phases of this approach include, first, developing a conceptual
model of the target system, such as microplastics, into a decision model
representing how science may best inform policy and risk mitigation
decisions. Hence, the conceptual model consists of decisions about risks and
what could be done about them (Bostrom 2017). Second, semi-structured
interviews assessing mental models and related perceptions of the risks of
the issue in question and how to mitigate those risks are content analyzed
and compared to the decision model (Bostrom 2017). The interview
protocols often include a think-aloud task, inspired by think-aloud studies
used in other mental model approaches (Ericsson and Fox 2011), but
primarily consist of prompts asking participants to talk about the hazard.
The analysis of the interviews is conceptually linked to the decision model,
but open-ended (Bostrom 2017). Third, the interviews might inform the
design of survey instruments to survey larger samples, ideally representative
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of the groups for whom risk communication strategies are being developed
(Bostrom 2017). Another way to assess mental models regarding environ-
mental issues is based on systems modelling and entails experiments in
which individuals solve tasks such as dynamic greenhouse gas problems (e.g.,
Moxnes and Assuad 2012).

Regarding what people’s mental representations of microplastics might
look like, Dilkes-Hoffman et al. (2019) asked members of the Australian
public to state the first two words that came to mind when they heard the
word “plastic”. The most frequent words or concepts were general environ-
mental statements, waste, pollution, ocean impacts, and animal impacts.
Participants placed the main responsibility for reducing plastic waste on
industry, followed by government, and 80 percent expressed a desire to
reduce their personal plastic use (Dilkes-Hoffman et al. 2019). Moreover,
the study by Deng et al. (2020) in China found that microplastics seem to be
viewed as accumulating mostly in the ocean. The respondents also referred
to factory production of plastic particles as the main source of microplastics,
although, overall, they did not seem to be fully aware of the origin of micro-
plastics (Deng et al. 2020). In addition, a UK study by Henderson and Green
(2020) reported that most respondents were unaware of microplastics,
although environmentally conscious individuals had heard about micro-
beads through media reporting on new regulations. While some people made
a connection between their personal use of plastics and ocean pollution, they
appeared unable to define the link between macro- and microplastics
(Henderson and Green 2020).

The few existing studies on perceptions of microplastics indicate
considerable misconceptions, such as the recurrent association of micro-
plastics with plastic islands (Henderson and Green 2020), and that an
important share of the public seems to still be unaware of microplastics
(Deng et al. 2020; Henderson and Green 2020)—even though microplastics
awareness is on the rise (Catarino et al. 2020). It is because of this that one
might speculate that laypeople’s mental models of microplastics are inaccu-
rate. Notably, laypeople most commonly associate plastic and microplastics
with pollution in the environment in general and the ocean in particular
(Dilkes-Hoffman et al. 2019). Laypeople seem to often fail to recognize that
microplastics also migrate among the atmosphere, freshwater, soil and
different creatures (Bin et al. 2020). Further research could investigate
whether people are able to understand that microplastics can also be released
into these environments and the impacts this could have, such as harmful
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effects on wildlife. Regarding human health effects, the public appears to be
very concerned about these impacts, despite the fact that scientific evidence
for such effects is still unclear (Catarino et al. 2020).

Plastic particles from factories are the main source of global plastic waste
(Boucher and Friot 2017), and the public has reportedly made associations
between these particles and microplastics (Deng et al. 2020). It could be that
the majority of the public understand that these particles are the main source
of microplastics, as Deng et al. (2020) argued. Nonetheless, thete ate various
other sources of microplastics that the public generally seems not to be
aware of. For instance, the decomposition of synthetic textiles is another
important source of microplastics in the ocean (Boucher and Friot 2017),
although the public does not make this association often (Deng et al. 2020).
Additionally, the public often does not associate individual plastic consump-
tion with the release of microplastics and thus ocean pollution (Henderson
and Green 2020); instead, they often attribute responsibility to industry and
government (e.g., Dilkes-Hoffman et al. 2019).

Public awareness of microplastics is increasing (Catarino et al. 2021).
People are becoming more frequently exposed to the topic through the
media, which is why people’s awareness of the issue may continue to rise in
the future. Media storytelling might indeed have a central role to play in
shaping public understanding and bringing the topic to public attention in
powerful ways (Henderson and Green 2020). Employing a mental model
approach to risk communication may provide valuable insights into how to
address the gap between experts’ and laypeople’s knowledge (Pahl and Wyles
2017). The mental models elicited from this research can be used to adapt
messages to communicate the different risks posed by microplastics, and
such communications can be evaluated via surveys or focus groups (Pahl

and Wyles 2017).

Conclusions

Microplastics are a global environmental challenge that appears to increas-
ingly concern both the public and academia. As an environmental risk, there
are characteristics of microplastics as a hazard that influence people’s risk
petceptions. They are likely to be considered dreadful hazards given their
global scale and potential impacts on animals and plants. Moreover, they are
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likely to be perceived as an unknown hazard, given that they are quite new,
not well understood by science and not easily observable. This, together with
the fact that they are caused by humans, might contribute to the high levels
of perceived risk that have been reported.

Nonetheless, there are numerous relevant individual-level variables that
can also shape microplastics risk perceptions. Socio-demographic character-
istics, such as gender and level of education, have been shown to predict
different levels of perceived risk of microplastics. Higher levels of
knowledge about the issue tend to be associated with higher risk perceptions,
even sometimes leading laypeople to be ovetly concerned. Perceivers’
wortldviews and values have also been reported to affect risk perceptions,
among which biospherism is particularly relevant for environmental risks
such as microplastics. Other potential soutrces of influence include the use
of heuristics as opposed to more complex information processing, particu-
larly the availability, affect, and natural-is-better heuristics.

Emotions are another important factor that affects risk perceptions, and
microplastics might trigger both consequentialist and moral emotions, which
in turn trigger different behavioral tendencies. Lastly, how people mentally
represent microplastics in terms of, amongst other things, its causes, conse-
quences, and possible solutions, that is, people’s mental models, might also
affect risk perceptions of microplastics.

Given the few studies on microplastics risk perception due to the infancy
of the field, it is difficult to make solid claims about how microplastics risk
petception is formed. Nonetheless, research on microplastics is increasing
exponentially, including interdisciplinary projects that combine findings
from the natural sciences with insights from the social and behavioral
sciences. This will deepen our understanding of what determines people’s
perceived risk of microplastics and allow us to effectively tackle this global
challenge
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Everyday Life With Plastics: How to Put
Environmental Concern into Practice(s)

Immannel Stiefs, Luca Raschewski, Georg Sunderer

Plastics in Everyday Life Practices

The public perception of plastics is marked by considerable ambivalence.
On the one hand, plastics are seen as a supetrior, flexible, malleable, and
highly adaptable material that can be used for an almost infinite number of
applications and goods. Being used as packaging material, plastics enable
hygienic transport and storage of goods. With the rise of consumer culture,
products made of plastics permeated almost all realms of everyday life such
as cooking, clothing, personal hygiene, leisure or sports. On the other hand,
mass consumption and the flourishing of plastic objects provoked unease
and concerns. Plastics are perceived as artificial and synthetic, as opposed to
objects crafted by materials taken from nature such as wood, paper, metal
or glass. In comparison to these items, plastic objects are often considered
to be cheap or of inferior quality. They are perceived as short-lived
disposable things (Shove et al. 2007). As environmental awareness grows,
plastics are increasingly associated with (unresolved) disposal problems of
mass consumption and become emblematic of waste and pollution of the
natural environment (Hawkins 2012; Hawkins et al. 2013; 2015).

Given the ever-increasing use of plastics in everyday life, practitioners
have to tackle this ambivalence in their own practices. They are called upon
to balance their own wants, needs, and expectations with the concerns raised
by environmental activists, scientists, and mass media about plastics as a
major threat to the global environment. To adjust one’s own practices in line
with these claims is far from being an easy task. The use of plastics is closely
interlinked with the fabric of everyday life. Getting rid of plastics not only
requires a replacement of things, but in many cases also entails a change of
habits in terms of acquiring, using, maintaining, mending, and disposed of
these items.



112 STIESS, RASCHEWSKI, SUNDERER

So far, studies into the perception of environmental risks of plastics have
mainly focused on plastic packaging (Heidbreder et al. 2019) or microplastics
(Kramm et al. 2022) They show that awareness of the environmental risks
associated with plastics is rather high, but only few succeed in changing their
own practices correspondingly (Heidbreder et al. 2019; Griinzner and Pahl
in this volume). The fact that a change of practices does not even occur
when there is a high level of problem awareness can be attributed to a
number of reasons: Important barriers are perceived to be practicality and
convenience of plastics in the context of everyday life, a lack of knowledge
about alternatives to plastic products or a lack of opportunities to implement
them, firmly anchored habits of use and disposal, and a shifting of respon-
sibility to other actors (Heidbreder et al. 2019).

Aims and Scope of the Empirical Study

Risk Awareness and Everyday Life Practices

Against this background, we present and discuss the results from an
empirical study on how the awareness of environmental risks of microplas-
tics is linked to everyday life practices. In this contribution, we go beyond
issues of packaging, investigating the everyday practices of using plastic
products that can intentionally or unintentionally lead to a release of micro-
plastics in aquatic ecosystems such as ditches, rivers, ponds or lakes. In this
context, we furthermore explore consumers’ knowledge and problem aware-
ness about the environmental hazards of microplastics in aquatic environ-
ments and their evaluation of these effects. Taking as example selected prac-
tices, we investigate the willingness to adopt less environmentally harmful
usage and disposal patterns and identified promoting and inhibiting factors
that would support or hinder these shifts. Besides taking personal action,
consumers might delegate responsibility for the environmental risks of
microplastics to other actors. Therefore, we explore how consumers assess
their own role in tackling the environmental impacts of microplastics and
which other actors they consider to be responsible in this regard. Finally, we
discuss information needs and channels of consumers related to micro-
plastics in order to better understand how knowledge on environmental
impacts can be provided to foster a shift towards less harmful usage and
disposal practices.
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The concept of social practices was based on the study of consumption
and environmental change (Ropke 2009; Brand 2011; Shove et al. 2012;
Sattlegger et al. 2020). Given the plurality of approaches, the concept of
social practices is used in different ways. Nevertheless, one common under-
standing is that a practice is “a routinized behavior in which bodies are
moved, objects are handled, subjects are treated, things are described and
the wotld is understood” (Reckwitz 2002, 250). According to Shove et al.
(2012), social practices can be defined as routinized and collectively shared
patterns of doings that are reproduced and changed by everyday actions of
people or “practitioners”. In contrast to many other social theories, in
practice theory, materiality in the sense of a connection with the physical
wortld plays an important role. Social practices link socio-cultural-symbolic
elements (orientations, knowledge, meanings) with material elements
(bodies, objects, infrastructures, and natural resources).

Product Groups

The practices under study are linked to four selected product groups. All
practices are directly or indirectly related to the entry pathway of micro-
plastics into urban waters.

Peelings

Cosmetic products are frequently cited as the cause of microplastics inputs.
Microplastics can be contained in the products as particles or in dissolved
form (Bertling et al. 2018b). Cosmetics manufacturers have responded to
the ongoing criticism with a voluntary commitment to reduce microplastics
in cosmetics. According to this, no more microbeads should be used in
cosmetics by 2020. However, microplastics that do not have an exfoliating
function, leave-on cosmetic products, and dissolved, gel-like or waxy
polymers have so far been exempt from the commitment.

Moist Toilet Paper

Personal hygiene and care wipes are largely made of water- and tear-resistant
nonwovens, sometimes incorporating synthetic fibers (made of fossil-based
substances such as polymers, polypropylene, polyethylene, polyester). After
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their use, they are often disposed of in the toilet and not in the household
waste as intended (Bundestags-Drucksache 2016). Being part of wastewater,
they become a problem especially in wastewater drainage as they can clog
and block pumps. Polyester and viscose fibers, for example, have been
detected in a blockage of a pump station, which can be traced back to baby
wipes (Hiibner and Wérner 2016). As a result of using processed synthetic
fibers, degradation to microplastics can occur. Since there is little scientific
evidence on the extent to which microplastics from wet wipes pose a risk to
water bodies and oceans after passing through the sewage treatment plant,
it is not possible to conduct a comprehensive risk assessment of wet hygiene
and care wipes (Bundestags-Drucksache 2016).

Fleece Textiles

70 percent of all fibers produced worldwide are of biotic or synthetic origin
(UBA 2016). A large proportion of clothing contains synthetic fibers.
Microfibers are dissolved out with every wash cycle. According to a study
by Hartline (2016), the quantity of microfibers released with each wash cycle
corresponds to an average of 0.3 percent of the weight of the dry garment.
The type of fiber used and the way of washing influence the quantities of
microfibers released (Napper and Thompson 2016) The addition of fabric
softeners seems to tend to increase the release (Dris et al. 2016). Micro-
plastics from microfibers which can be attributed to the washing of clothes
were detected in wastewater treatment plants as well as in marine habitats
(Hartline et al. 2016; Dris et al. 2016). Estimates suggest that about two
petcent of the microplastics released in Germany are due to the abrasion of
fibers during washing. The largest share comes from washing clothes in
private households (Bertling et al. 2018a).

Dog Pogp Bags
The use of dog poop bags is widespread. About 285 million dog poop bags

are issued by German cities and municipalities per yeat, corresponding to
about 14 percent of all plastic bags in Germany (Krimer 2020). Dog poop
bags are either made of paper, bioplastics (degradable, primarily from starch
blends, or biobased, but not degradable) or polyethylene (PE) with a recycled
content of 0—100 percent. Although alternatives are available, products
made of PE continue to account for over 95 percent of the market volume
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today. Because of the low matetial thickness, dog poop bags can be shredded
relatively quickly by (mechanical) environmental influences such as wind and
waves. If the bags are made of PE, the resulting small parts cannot be
biodegraded and contribute to a release of microplastics into the environ-
ment. The fate of filled bags in the environment cannot be regarded as
negligible, as a study in Hamburg demonstrates (Krimer 2020). Since a large
number of poop bags were found in green spaces often located at water
bodies, an entry into the limnic system via surface runoff may occur.

To sum up, this contribution investigates i) every day practices related to the
above introduced products, ii) explotres consumer’s knowledge and problem
awareness regarding microplastics, and iif) how they assess their own options
for action to avoid products releasing microplastics.

Methodology

Sample and Data Collection

The empirical study was conducted as an online survey in February 2020.
The sample consisted of the user groups of the four products. Users of a
product were defined by the frequency of usage: For peelings, moist toilet
paper and fleece jackets must be used frequently or at least occasionally. In
the case of poop dog bags, interviewees should walk the dog at least once a
week and use poop dog bags. Interviewees were selected by means of a
screening questionnaire from a quota sample of the German resident
population aged 18 and over. The sample was obtained from an online
access panel of Bilendi GmbH. The characteristics of gender, age, school
education, size of town and federal state were used for quota sampling.
Deviations from the quota sample were corrected by weighting. The field
work was conducted by aproxima—~Gesellschaft fiir Markt- und Sozial-
forschung, Weimar.

The questionnaire comprised different parts: First, all users were asked
about their knowledge and attitudes towards microplastics and requirements
for an eco-label. A second section which had to be answered by the cortre-
sponding users contained specific questions on each of the four product
types. Interviewees were asked about only one product, even if they used
multiple products.
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In total, the sample included of n = 2,000 product users (weighted 2,027).
The case numbers for the individual groups are:

— Fleece jackets: 1,456 (1,475)

— Moist toilet paper: 1,095 (1,110)
— Peelings: 909 (949)

— Poop dog bags: 747 (747)

Sample Structure

A striking feature of the sociodemographic structure of the sample is that
there is a preponderance of female users. This predominance is particularly
pronounced in the case of peelings. The proportion of women here is 72
percent. The age characteristic shows that the users of scrubs and dog ex-
crement bags are younger compated to the other two product groups and
the age distribution in the overall population. The age groups 18 to 29 years
and 30 to 44 years are both overrepresented, while the group over 60 years
is underrepresented. In the other two product categories, however, the
average age is higher. Here, the proportion values for the individual age
groups are in general relatively close to the values for the overall population.
In the case of school education, the proportion of people with a secondary
school leaving certificate is somewhat higher in the case of the product
categories scrub and dog poop bags, both in comparison with the other two
product categories and with the average population. This is understandable
in view of the younger age structure for these products, since the proportion
of people with a secondary school leaving certificate is generally lower
among younger people. Furthermore, it can be seen that for the dog poop
bag category, the proportion of houscholds with children is slightly higher
compared to the other three product groups.

Consumer Awareness on Microplastics in Water Bodies

Awareness for the Environmental Impacts of Microplastics

At a first glance, there is a broad public awateness about the environmental
impact of microplastics. The topic of microplastics in water bodies is also
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very present. In the survey, almost 90 percent of respondents stated they
had already heard something about this topic. A broad majority is convinced
that microplastics can cause considerable damage to the environment:
Around 90 percent of respondents say that microplastics have a great (45
percent) or very great (47 percent) effect on the environment. Only eight
petcent rate the effect as minor or non-existent.

Widespread awareness is not necessarily accompanied by comprehensive
knowledge of the issues. This becomes apparent when assessing the individ-
ual level of information on the subject of microplastics. Only eight percent
of respondents said they feel very well informed about microplastics in water
bodies. 51 percent feel well informed. 41 percent feel not so well or not at
all informed. Interviewees most frequently learned about microplastics in
aquatic environments on television, at 90 percent. The second most frequent
source of information was the Internet, wherefrom 78 percent said they had
learned about this issue. Conversations with friends and acquaintances (63
percent) and conversations with one’s own family (58 percent) are other
important sources of information. The role played by media varies between
the types of media and the age of the respondents. On average, only 40 pet-
cent of respondents use social media as their previous sources of
information. Among those under 29, however, the figure is 74 percent.

Attitudes Towards Microplastics

Concerns about environmental problems usually encompass different levels
or components of engagement. According to the three-component model
from classical attitude theory (Rosenberg and Hovland 1960), attitudes can
be measured on the basis of cognitive, affective, and conative reactions. On
a cognitive level, the main question is whether a problem or threat situation
is seen at all. In addition, an affective concern associated with the problem
and, in the sense of a conative assessment, the evaluation of the need for
action have also to be considered. This is in line with concepts and studies
on general and domain-specific environmental awareness, which have a long
tradition in environmental behavior research (see Best 2011; Scholl et al.
2016). General environmental awareness refers to attitudes toward overall
environmental issues, while domain-specific considerations refer to attitudes
toward environmental issues in specific behavioural domains (e.g., mobility
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or consumption) (Go6tz et al 2011). Probably the most prominent environ-
mental awatreness concept in the German-speaking world is that of
Diekmann and Preisendérfer (1998) which is still widely used today.

In accordance with these considerations, attitudes towards microplastics
in waters were to be analyzed as a specific environmental concern, including
three components: insight into the problem situation, emotional concern
and perceived need for action (Tab. 1).

Tab. 1: Cognitive, affective, and conative attitudes on microplastics. (Source: own draf?)

Cognitive

I am sure that microplastics in water can become dangerous for human beings at some
point.

1 am convinced that microplastics in water pose a great danger to our ecosystems.

Affective

I find it worrying that microplastics can end up in our waters.

The issue of microplastics in water scares me a lot.

Conative

Out of responsibility for future generations, we have to do something about micro-
plastics in water today.

Even if the risks posed by microplastics in water are not yet entirely clear, we must
take precautionary action.

I am sure that, using advanced technologies, we will also solve the problem of micro-

plastics in water.

Water quality in Germany is very well controlled—I have confidence in that.

Furthermore, the questionnaire also included statements representing barri-
ers to action, such as lack of self-efficacy, overburdening, dilemma of action,
or ignorance. The items are largely reformulated statements from an earlier
project on micropollutants, in which a similar operationalization was carried
out in relation to the problem of pharmaceutical residues in water (see G6tz
et al. 2013).

Factor analysis was used to examine the dimensional structure of the
attitude items. The results indicate that the items can be assigned to three
factors (see Tab. 2).
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Tab. 2: Factors related to the concern for microplastics in water.

Factor name Items

Disquiet and fear I find it worrying that microplastics enter our waters.

in the face of the The issue of microplastics in water scares me a lot.

problem I am sure that microplastics in water can become dangerous for

humans at some point.

I am convinced that microplastics in water pose a great danger
to our ecosystems.

Out of responsibility for future generations, we have to do
something about microplastics in water today.

Even if the risks posed by microplastics in water are not yet

entirely clear, we must take precautionary action.

Confidence in I am sure by using advanced technology, we will also solve the
institutions and problem of microplastics in water.
technology Water quality in Germany is very well controlled—I have con-

fidence in that.

Problem denial It is too much for me to worry about microplastics in water.
due to We consumers can’t do anything about the problem of micro-
overstraining plastics in water.

If others don’t join in, I don’t see the point of doing anything
about microplastics in water.

If I don’t use products with microplastics and others do, I'm
the fool.

1 would prefer to know nothing at all about such issues.

The first factor “disquiet and fear in the face of the problem” is composed
of three content aspects, representing the belief that microplastics in water
pose a danger to humans and the environment, an emotional concern of
alarm to fear and a precautionary orientation that something must be done
about microplastics in water, even if the dangers are not entirely clear now.

The second factor includes items that express relativization based on
“confidence in institutions and technology”. The implicit message is that
there is no urgent need for consumers to contribute to solving the problem.
Instead, there is a belief that existing institutions have the problem under
control or will solve it in combination with new technologies.

The third factor “problem denial due to overstraining” includes the sur-
veyed bartiers to action.
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The survey results show that the factor “disquiet and fear in the face of
the problem” is relatively strong. For almost all items belonging to this fac-
tor, around 50 percent of respondents “fully agree” and another 40 percent
“tend to agree”. Only the statement “the issue of microplastics in water
scares me a lot” deviates from this pattern. Overall, however, two-thirds of
respondents agree here as well, which is a remarkable result, since this item
addresses a relatively strong emotion.

With regard to the factor “confidence in institutions and technology,” it
is apparent that there is a relatively strong tendency in this direction. In each
case, just under 20 percent fully agree and around 50 percent tend to agtee.

The barriers to action belonging to the factor “problem denial due to
overstraining” are seen by 20 to 25 percent of respondents in each case (fully
agree and tend to agree). Only for the item “I would prefer to know nothing
at all about such issues” there is somewhat less agreement (15 percent).

The expression of the factors differs between sociodemographic groups:
On average, women have a slightly higher concern for the environmental
threats of microplastics in water (factor 1) than men. They are less likely to
put the problem into perspective by trusting institutions and technology, and
show to a lesser extent a denial of the problem. Among the age groups, the
30- to 45-year-olds have the lowest concern of the problem and most fre-
quently show a problem denial (factor three). One possible reason for this
could be that the double load of work and family cate that often exists in
this life span poses a burden, making other problems fade into the back-
ground. Among the age groups, the older cohorts have the highest concern
and the lowest level of denial, while the youngest cohorts (18—29 years) are
in the middle.

Overall, the survey shows a faitly pronounced concern for the risks of
microplastics in the general public. As we learned from many studies, a high
environmental concern is important, but only one prerequisite for behavior
change. Changing practices is a much more complex process (see also
Griinzner and Pahl in this volume). In the following section, we will explore
closer whether and how the concern for microplastics could lead to changes
in consumption practices.
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Microplastics in Consumption Practices

Given the markedly high level of awareness of the problem of microplastics
in waters, the question arises as to how products that are made of plastics
are dealt with in everyday life. Consumption practices can contribute to the
release of microplastics into the environment in different ways. The input
can occur directly through products that contain microplastics. Or micro-
plastics are created in connection with the use of products or through the
degradation of plastics after their disposal. Depending on how the release
and entry occurs, different options for action arise. In the following part of
our contribution we will examine practices of acquiring, using, mending, and
disposing of products that are made of plastics or contain microplastics. The
main objective is to explore to what extent consumers are prepared to make
changes in their consumption practices in order to prevent environmental
damage by microplastics.

Peelings

Peelings are used by a considerable part of consumers. 35 percent of persons
in the screening sample use peelings at least occasionally. The frequency of
application varies. Half of the users surveyed use peelings once or several
times a week, another third once to three times a month, and the rest less
frequently. Peeling is usually applied in the shower or at the sink, removed
mostly with the help of water, sometimes also with cosmetic tissues.

The majority of users knows the fact that peelings can contain micro-
plastics. Almost 60 percent have already heard of it. To a certain extent, this
concern is also reflected in the relevant criteria for product selection.
Decisive criteria when buying peelings are health aspects: 70 percent rate the
skin compatibility of the peeling as “very important”. In second place are
the criteria ingredients and “free of microplastics” (both 46 percent “very
important”). But consumers show also a striking degree of uncertainty as to
whether their own peeling meets these requirements. 37 percent of respond-
ents are certain that their peelings does not contain microplastics, while 56
percent say that they do not know this for sure.

To prevent microplastics enter into water through peelings, an obviously
simple and apparent solution is not to use products that contain micro-
plastics. A majority of 62 percent of users says that this option would be
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certainly suitable for them. In this regard making a peeling themselves is
considered rather attractive. 32 percent mentioned that this is definitely a
suitable option for them. Reducing the usage of peelings, appears to be less
attractive: Using peelings less frequently is only a definite option for 17 per-
cent and only seven percent would dispense with peelings altogether.

In addition to individual action, respondents were asked to rate selected
measures of other actors that would prevent the release of microplastics in
waters from peelings. 35 percent assessed a governmental ban of adding
microplastics to products as the most important measure. For 24 percent a
voluntary waiver by manufacturers is key. A claim on the product’s packag-
ing whether the peeling contains microplastics or not is the most preferred
measure for 18 percent. Technical solutions, such as the installation of an
additional filter stage in wastewater treatment plants, have the highest
preference for 14 percent.

Furthermore, respondents assessed to what extent they see different
societal actors responsible for reducing the release of microplastics into the
water cycle through peelings. 74 percent consider manufacturers of peelings
as having a very strong responsibility. 48 percent attribute a strong respon-
sibility to policy makers and 46 percent to themselves, i.e. each individual
consumer. Only 19 percent see a strong responsibility on the part of water
and wastewater treatment plant operators.

Moist Toilet Paper

The use of moist toilet paper has increased considerably in recent years. 41
percent of persons in the screening sample say they use this product at least
occasionally. When disposing of moist toilet paper, pumps and agitators can
become clogged. Only few users are aware that moist toilet paper is made of
plastic fibers, which can be crushed into microplastics in the sewage system.
66 percent of users of moist toilet paper have not heard of this problem. 73
petcent of respondents assume or tend to assume that moist toilet paper
dissolves in the sewage system. 48 percent consider the problem to be
(rather) negligible. Interest in finding out more about the problem is corre-
spondingly low. Only a quarter say they want to find out more about micro-
plastics from moist toilet paper.

The main requirement for moist toilet paper is to be skin-friendly, which
is very important to 62 percent of respondents. Other important criteria are
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tear resistance (39 percent) and a favorable price (37 percent). Environmen-
tal friendliness is seen as less significant (30 percent). 31 percent find it very
important that the product should be biodegradable.

Moist toilet paper is mainly disposed of like conventional toilet paper. 58
percent of users say that they always throw it into the toilet. Only a smaller
proportion of users (38 percent) states that they put the wipes at least occa-
sionally in the residual waste. Many respondents would stick to their disposal
habits: 25 percent surveyed would be prepared to consistently dispose of
moist toilet paper in the residual waste. 44 percent of users cannot imagine
to change their habits. To those who are accustomed to moist toilet paper,
the use of dry toilet paper appears hardly as a viable alternative. Only 19
percent surveyed definitely agree with this solution, 43 percent rather agree.

Biodegradable moist toilet paper could be an option to prevent the
release of microplastics. The survey looked more closely at what consumers
know about this option and how they evaluate it. As it turned out, only few
users have a clear idea of what biodegradability is about. Only 38 percent of
respondents say they know what the term biodegradable means. 42 percent
had already heard about it, but had only a rough idea and 19 had no idea or
had not yet heard about the term at all.

Considering what action other stakeholders should take to prevent
microplastics from entering water, respondents prefer strategies that
eliminate plastic fibers from moist toilet paper. 31 percent of users rate a
governmental ban on the use of plastics in moist toilet papers as most
important. 29 percent opt for a voluntary waiver by industry 21 percent
advocate better labelling on the packaging, with information about the
ingredients and instructions for an appropriate disposal through residual
waste.

When asked whom consumers consider to be most tesponsible for
preventing microplastics from entering waterways, manufacturers are named
most frequently. 69 percent see manufactures as most responsible, followed
by policymakers and consumers with 47 percent. Sewage treatment plants
bring up the rear. 17 percent rate them as most responsible to reduce the
entry of microplastics in water through moist toilet paper.
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Fleece Jackets

Fleece clothing is widely used in Germany. According to the screening sam-
ple, 56 percent of the population own one or more garments made of fleece.
Fleece clothing is used in many ways. 79 percent use a fleece jacket as a cozy
leisure jacket, 61 percent for hikes and walks, just over half wear a fleece
jacket when doing housework or gardening, and 21 percent at work.

Decisive for the choice of fleece jackets are aspects such as fit, quality,
material, functionality, and design. But price, or a good price-performance
ratio, is also central. These are followed by the aspects of eco-friendliness
(for 70 percent “very important/important”) and fair production conditions
(67percent). The country of manufacture also has a certain importance for
46 percent.

Fleece jackets are laundered rather frequently, with 36 percent washing
them at least every two weeks and another third every two to four weeks. 43
percent say they air or brush it out when it is only lightly soiled. Laundry is
mostly done at low temperatures 51 percent of respondents use tempera-
tures up to 30 degrees, another third wash at temperatures between 30 and
40 degrees. 81 percent dry fleece garments in the air and only six percent
consistently use a tumbler.

Fleece jackets and sweaters are considered as cozy and robust clothing,.
That they release microplastics when washed is only little known: 58 percent
of those who use fleece textiles had not heard about this issue before. 22
percent firmly believe that their fleece jacket is an eco-friendly product
(recycled plastic). For many, the issue of microplastics loss is considered to
be of little concern: 46 percent view the problem to be rather negligible and
only 22 percent are sure they want to find out more about it.

The users of fleece clothing were asked to rate possible actions they
could take to prevent microplastics from entering the water. The most
popular options with the highest approval were: Air dry fleece jackets rather
than try them in the tumbler (64 percent), do not empty the lint filter of the
washer and tumbler down the drain (57 percent), and wash fleece jackets
only when really necessary (55 percent). More consistent solutions that
would significantly minimize the input of microplastics are only viable for a
small group of users. 26 percent of the respondents can definitely imagine
using a wash bag, 33 percent would buy fleece jackets made of natural fibers,
and only 22 percent would buy fleece jackets from manufacturers who offer
products that release less microplastic.
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26 percent consider the most important action to be an obligation on the
part of manufacturers to provide product labelling informing that fleece
jackets can release microplastics. A legal ban on plastic fibers in fleece
jackets, which release microplastics, triggers strongly polarizing reactions: 25
percent rate a ban to be most important, while 37 percent considers this to
be the least important action. 20 percent consider the installation of an
additional filter stage that can remove microplastics from wastewater to be
particularly important.

Considering the responsibility of societal actors, the respondents see it
above all to be the duty of manufacturers to work on the problem. 62
percent say that manufacturers have a strong obligation to reduce the release
of microplastics from fleece textiles. 45 percent consider it to be their
responsibility, for example, to adapt their washing habits or to pay attention
to this when buying. 41 percent of respondents attribute a strong obligation
to policymakers, and 24 percent to the operators of sewage plants.

Dog Poop Bags

The use of dog poop bags is widespread. According to the screening sample,
they are used by 27 percent of the population in Germany. 75 percent of the
dog owners surveyed said they carry a dog poop bag with them when they
walk their dogs. But only half of them is employing the bag every time. For
the users of dog poop bags, material durability is the most important
property: 89 percent consider it important or very important that dog poop
bags are reliably tear-resistant and not too thin. 80 percent of users state that
it is very important or important to them that the bags are made of
biodegradable material.

A large majority of dog owners feel responsible to remove the dog’s
excrement in order to keep the landscape clean. They comply with this as a
matter of course. However, 78 percent complain that there are too few trash
cans for easy and uncomplicated disposal. In many cases, they find it very
inconvenient to have to carry the full bag around for a long time. A small
minority of 10 percent admit to sometimes illegally dropping dog poop bags
in the landscape. 26 percent say they use a bag mainly when they might be
caught leaving the droppings lying around.

The majority of users is aware that dog poop bags can become a source
of microplastics: 62 percent have already heard of microplastics and the dog
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poop bag problem, and 92 percent consider this issue to be very important
or important. Easily accessible dispenser facilities are named as the most
important measutes against uncontrolled disposal. A large majority of 95
percent is in favor of placing more trash cans in places where they use to
walk their dog. What is also frequently mentioned is the use of dog poop
bags made of biodegradable material. 65 percent of users believe this to be
a reasonable solution. 15 percent already use biodegradable bags and another
65 percent state they would certainly do so. 59 percent of users consider it
very important that only dog waste bags made of biodegradable plastics are
offered. However, not all of them would accept additional costs for such a
bag. Only 28 percent of respondents state they would certainly be willing to
pay more for biodegradable products than for those made from
conventional plastics, 43 percent say they rather would do.

Considering who should act to prevent microplastics entering the
environment through dog poop bags, 57 percent of respondents see them-
selves, ie. the individual consumers, as being strongly responsible.
Manufacturers of dog poop bags ate also seen as having a strong responsi-
bility with 56 percent. 47 percent attribute a strong obligation to legislators
and policymakers, and 40 percent to municipalities as providers of the infra-
structure for dispensing and disposing of dog poop bags. The lowest degree
of responsibility is assigned to water and sewage treatment plants. Only 24
percent of respondents consider them to have a very strong responsibility.

Lessons Learnt from the Analysis of Practices

The four examples show a significant discrepancy between consumers’ over-
all concern with microplastics and their own handling of products that can
release microplastics. Despite the high level of problem awateness, consum-

ers assess their own options for action very differently—depending on the
product group. One obvious explanation is that in many cases consumers
are not familiar with the links between their own practices and the release of
microplastics in the environment. While a majority of users of peelings and
dog poop bags are aware of this connection, many users of fleece jackets
and moist toilet papers have not heard about it. Many respondents were not

aware that moist toilet paper contain plastic fibers at all. A lack of knowledge
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about a product’s properties and its impacts on the environment appears to
be an important batrier to change.

But the investigation also shows that many consumers are prepatred to
change their routines when dealing with plastics in products. Examples in-
clude avoiding cosmetics that contain microplastics, shifting practices for
cleaning synthetic fiber textiles (airing instead of washing), or reducing
littering by properly disposing of dog waste bags. A change in usage and
disposal practices seems most likely to be acceptable if, as in the case of
peelings, a direct contribution of one’s own behavior to the input of micro-
plastics is recognizable and viable alternatives are at hand. In the case of dog
poop bags, a reduction of littering or the usage of biodegradable bags play a
similar role. Apparently, a shift towards more sustainable practices is
dependent on how available services support or constrain them: Many users
said that more and better available dispensers and disposal facilities would
help reduce littering of dog poop bags. In other cases, consumers have only
restricted options for action because—as in the case of moist toilet paper—
the ingredients of products are not known or existing alternatives, such as
the use of wash bags, are difficult to reconcile with daily routines. In
addition, supposedly environmentally friendly options, such as the use of
products made of biodegradable plastic, might themselves have problematic
environmental impacts.

For this reason, it seems important to take a broader perspective. Public
discourse on microplastics mainly evolved around the narrative of consum-
ers as polluters. The responsibility for solving the microplastics problem is
essentially attributed to consumers, and is to be achieved through behavioral
changes (Beyetl et al. 2022). Less attention is paid to other actors such as
manufacturers, disposal companies or regulators. These actors are important
stakeholders, because they have the power to design how plastics is built in
products and how it is to be disposed of. They have a significant influence
on how entries into the environment can be prevented. The survey cleatly
shows whom consumers consider to be responsible for solving the micro-
plastics problem: For most of the products studied, manufacturers were
attributed the greatest responsibility for preventing microplastics discharges
into waters. Policymakers and consumers themselves are named as respon-
sible somewhat less frequently and at an almost equal level. Operators of
wastewater treatment plants are far less often seen as responsible. The only
exception is the example of dog waste bags, where a majority sees consumers
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themselves to have a strong obligation to act compared to all other stake-
holders.

From the consumer’s point of view, there is a need for cooperation
among different stakeholder groups to reduce the release of microplastics
into water. Consumers are willing to contribute their part to solving the
microplastics problem, but they expect transparency and environmentally
friendly products from industry. Regulations by the legislator, especially
towards the manufacturers, are also considered to be important. “End-of-
pipe” solutions, such as water treatment technologies, are only seen by a
minority to be a way out of this the problem.

Eco-labelling as a Tool for Consumer Information on
Microplastics?

Given the apparent uncertainties among many consumers as to whether
products contain or release microplastics, a label could be an option to pro-
vide product-related information on microplastics. Eco-labels and quality
seals are important instruments for conveying knowledge about environ-
mentally relevant properties and impacts of products and services in a simple
and comprehensible form. They can make complex information on environ-
mental impacts easier to grasp in everyday life situations. However, given
the large number of already existing eco-labels and seals issued from a
multiplicity of bodies and organizations, it is not easy to find a path through
the “seal jungle”.

Against this background, it is an open question whether an eco-label on
microplastics might be helpful to support consumers who want to choose
products and adopt practices that reduce the release of microplastics in
water. To this end, all respondents of the survey were asked how important
they thought an eco-label guaranteeing that a product does not release
microplastics was. Overall, the idea of such a label was viewed quite posi-
tively. 53 percent of respondents consider such an eco-label to be very
important and a 36 percent rate it as important.

The second question was how such a label could be designed. Two
options were presented for this purpose: Firstly, a new, stand-alone label,
and secondly, an extension of an existing eco-label, e.g., the Blue Angel in
Germany, with an additional claim on microplastics. All respondents who
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consider an eco-label to be less important, important or very important were
asked what type of label they would prefer. Overall, there is tendency
towards a stand-alone level but the pictute is not so clear: 43 percent favored
a stand-alone eco-label claiming that the product does not release micro-
plastics. 22 percent of respondents preferred the extension of an existing
eco-label. 32 percent find both options equally appealing.

When asked who could issue such an eco-label, a clear majority is in favor
of the federal government. 66 percent see the German Federal Environment
Ministry and the Federal Environment Agency as a trustful and reliable
agency of such a label. 44 percent see environmental associations (e.g., WWF
or Greenpeace) as suitable. Manufacturers and industry or consumer
organizations are named by around 40 percent of respondents.

These findings show a strong desire for better and easier orientation and
a decision-making aid. Consumers would mostly appreciate a specific label
on microplastics, but the extension of an already existing label would also
find acceptance.

Given the plethora of available products that are made of plastics or of
plastics components, it appears not easy to define suitable criteria that would
match all relevant product properties. Available labels on microplastics are
rather doubtful or even misleading. For example, the claim “free of micro-
plastics” only considers primary microplastics and does not provide any in-
formation about of how the product degrades in an aquatic environment. A
simple claim of “free from microplastics” seem appealing, but would not
include the release of microplastics during the use of a product or when it is
disposed of.

In sum, a label indicating that a product is free from microplastics would
hardly meet the complex information needs. Considering the rather vague
understanding of biodegradability among consumers, a better indication is
needed of how products made from biodegradable plastics behave under
specific environmental conditions, in particular in aquatic environments.
Furthermore, additional information is required on specific product proper-
ties such as the durability of fibers in textiles or on the absence of environ-
mentally harmful additives in plastic products. This information would be
useful for consumers, but also for other stakeholder, like retailers or manu-
facturers who process plastic materials in their products (Plastrat 2021).

An eco-label on microplastics should be only one element of a more
comprehensive communication. In order to encourage consumers to be
more aware of the use of plastic products and materials, target-group-
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specific communication on the problem of microplastics in water is needed.
Communication should highlight the ateas in which consumers have the
opportunity to reduce the input of microplastics into water significantly.
Recommendations should focus on alternatives products that do not contain
or release microplastics or that are made of comparatively safe materials. In
addition to information about product properties alternative practices for
caring, mending, and disposal of products would help change everyday life
practices.
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Using Citizen Science to Understand Plastic
Pollution: Implications for Science and
Participants

Marine Isabel Severin, Alexander Hooyberg, Gert Everaert, Ana Isabel
Catarino

Using Citizen Science to Understand Plastic Pollution

Plastic pollution is ubiquitous in aquatic environments around the wotld,
such as in lakes, rivers, and oceans, and the presence and accumulation of
plastic litter in coastal environments has become a topic of high priority for
policymakers. The proliferation of plastic litter is mostly driven by an
increasing production of synthetic-based polymers combined with poor
waste management strategies (Moore 2008). An estimate of 8 million metric
tonnes of macroplastic (plastic debris > 5 mm) and 1.5 metric tonnes of
microplastic (plastic debris < 5 mm) enter the oceans annually (Jambeck et
al. 2015; Boucher and Friot 2017), and these values have been projected to
double by 2050 under a business-as-usual scenario (Lau et al. 2020). Plastic
pollution can be detrimental to marine ecosystems due to the potential haz-
ardous effects on biota and ecosystem functions, potentially affecting life
history of (commercial) fish species and degrading habitats. The estimate of
environmental damage to marine ecosystems is 13 billion US dollars per
year, including financial losses incurred by fisheries and tourism as well as
time spent cleaning up beaches (UNEP 2014). Beaumont et al. (2019)
estimated that each metric tonne of plastic discarded in the marine environ-
ment has an economic cost of 3,300—33,000 US dollars per year. To assess
the current extent of plastic litter in the environment, surveys and monitor-
ing programs have been implemented, but remain challenging due to the
geographical extent and persistent nature of plastic pollution, which leads to
accumulation of litter items, combined with often limited financial and time
resources (GESAMP 2019). Citizen science has, however, the potential to
address data gap related-issues, by using participants as “sensors” and
simultaneously increasing the public awareness towards plastic pollution.
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Citizen science projects related to marine sciences are popular (e.g.,
current estimate of 500 marine coastal projects actively running in Europe,
Garcia-Soto et al. (2021)), including projects in the field of plastic pollution,
which have recently increased in number (Rambonnet et al. 2019). For
example, of 127 citizen science projects active in the North Sea in 2020, 17
percent focused on marine pollution, including plastic debris observations
(van Hee et al. 2020). According to current guidelines and best practice
suggested by the European Citizen Science Association (ECSA), in citizen
science projects participants are included in one or more stages of the
research process, and projects should have scientific outcomes, which are
genuinely open access (ECSA 2015; Heigl et al. 2019; Haklay et al. 2021).
Citizen science initiatives, related to the observation and mitigation of plastic
pollution, actively involve the public in scientific research and in the policy-
making process (Lippiatt et al. 2013; GESAMP 2019; Gatcia-Soto et al.
2021). The benefits of citizen science are multifold. Firstly, data acquired by
citizen scientists can fill in gaps in existing data and information about plastic
pollution levels due to resource constraints (time, staff, etc.), and enables
sampling over larger geographical areas (Rambonnet et al. 2019). Secondly,
the data acquired by citizen science participants, obtained either by school-
children and/or adults, is often of equivalent quality to that collected by ex-
perts (Falk-Andersson et al. 2019; van der Velde et al. 2017). Consequently,
such initiatives contribute significantly to obtaining information on plastic
debris distribution (GESAMP 2019). For example, data acquired by citizen
science can be instrumental in rapid assessment surveys, i.e., in obtaining an
initial “snap-shot” of the distribution and abundance of marine litter
(GESAMP 2019). Finally, plastic pollution data obtained by volunteers can
also be further useful to evaluate the effectiveness of mitigation actions and
local environmental policies, such as recycling initiatives (Harris et al. 2021;
Lippiatt et al. 2013). However, while the benefits for scientific outputs have
been well described, the impact for the participants in citizen science
projects are less known.

Citizen science projects have per definition a strong component of public
engagement in the scientific process, and some studies suggest that partici-
pation can lead to increased awareness of environmental issues, such as
plastic pollution. For instance, participation in citizen science projects has a
positive impact on the public’s scientific literacy in several ways. Volunteers
report a positive shift in their attitude towards science and gain an increased
understanding of the nature of science. Participants also obtain topic-
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specific knowledge of the project and the steps of the scientific method
(Bonney et al. 2009; Cronje et al. 2011; Aristeidou and Herodotou 2020;
Peter et al. 2021). Further reasons and motivation to participate include en-
hancement of career competencies, environmental concerns, and interest in
science (West et al. 2021). Recent reports further indicate that volunteers
working outdoors experience a sense of enjoyment and of satisfaction when
participating in citizen science projects as well as an increased connection to
people and nature (Peter et al. 2021). Regarding activities specifically related
to plastic pollution, Locritani et al. (2019) demonstrated that school students
change their perception on beach debris causes, sources, transport, and con-
sequences after participating in citizen science projects. For young adults
(e.g., university students), participation in beach clean-up activities have been
associated with positive mood, pro-environmental intentions, and higher
marine awareness (Wyles et al. 2017).

The impact of public participation in citizen science related to plastic
pollution on health and well-being is largely unknown. We define the term
health as the overall absence of illness, injury, or pain and well-being as “a
state of happiness and contentment, with low levels of distress, overall good
physical and mental health and outlook, or good quality of life” (American
Psychological Association 2021, n.p.). To date, there is little knowledge on
how public beach clean-ups and plastic surveying activities promote human
health and well-being as well as the patticipants’ ocean literacy compared to
other recreational visits to the coast. From an Ocean and Human Health
petspective, a meta-discipline that explores the link between the health of
the ocean and that of humans, citizen science projects have an important
role in promoting ocean literacy. Besides, they offer an excellent opportunity
to explore the benefits and risks for the participants’ health and well-being
after their interaction with the ocean and other water features (blue spaces)
(H2020 SOPHIE Consortium 2020).

The goal of this chapter is to review the current knowledge on the impact
of citizen science activities related to plastic pollution (e.g., beach clean-ups,
plastic surveying, etc.) on participants, specifically science literacy, awareness
of plastic pollution, public health, and well-being. We further discuss the
benefits of the citizens’ participation in plastic pollution related projects
from an Ocean and Human Health perspective.
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Methodology

Systematic Literature Review

We performed a systematic literature search on 19th May 2021, following
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 statement (Page et al. 2021, prisma-statement.org), using
the abstract and citation database Scopus (www.scopus.com; Elsevier) (Tab.
1, Appendix A). The goal of the literature search was to retrieve peer-
reviewed publications on citizen science activities, related to plastic pollution
(Search 1), with an additional discussion on scientific literacy and attitudes
and behaviors towards marine litter (Search 2) (Tab. 1). The queries used
Boolean operators, and the selected terms were searched in the field “title,
abstract, and keywords” (TTTLE-ABS-KEY). Both searches were merged,
and we obtained a result of 56 publications (Search 1, n = 37; Search 2, n =
19) (Fig. 1). After the exclusion of duplicates (n = 9), the remaining 47 pub-
lications were then manually screened. Publications that were further
excluded (n = 13) from the results included those not focusing on citizen
science activities (e.g., were about other educational interventions), reviews,
and other non-research peer-reviewed articles (e.g., methods development).
We obtained a final list containing 34 peer-reviewed research publications

(Fig. 1).

Non-Systematic Literature Search

To assess whether citizen science studies further measured the impact of the
activities on the participants, we performed an additional non-systematic
literature free-text search using Google Scholar (freely accessible metadata
of scholatly literature, scholar.google.com, Google) and Scopus. The non-
systematic literature search retrieved four peer-reviewed articles (Tab. 1).

Data Visualization

All data was visualized using the package ggplot2 (Wickham 2016) from R
(R Core Team 2020).
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Tab. 1: Number of peer-reviewed articles retrieved in the systematic literature search
(Search 1 and 2) and non-systematic search. Queries of Searches 1 and 2 used Boolean
operators and terms were searched in the “title, abstract, and keywords” (ITTTE-ABS-
KEY) in Scopus (Elsevier, 19/05/2021), whereas the non-systematic search was done
using free-text terms in Google Scholar and Scopus. See Appendix A for the flow of the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISM.A).

search

Search No. Plastic Pollution Citizen Science Ocean
of related terms terms Literacy/
Resu Education
Its related terms
Search 1 37 (TITLE-ABS-KEY TITLE-ABS-
(“plastic pollution”) KEY  (“citizen
OR TITLE-ABS- science”)
KEY (“plastic litter”)
OR TITLE-ABS-
KEY (“plastic
debris”) OR TITLE-
ABS-KEY (“plastic
cleanup”) OR
TITLE-ABS-KEY
(“beach cleanup”))
Search 2 19 TITLE-ABS-KEY TITLE-ABS- TITLE-ABS-
(“plastic pollution”) KEY (“citizen KEY
OR TITLE-ABS- science” (“awareness”)
KEY (“litter”) OR OR TITLE-
TITLE-ABS-KEY ABS-KEY
(“beach cleanup”) (“education”)
Non- 4 Free-text search(es)
systematic
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Results

Systematic Literature Review

The literature search retrieved a total of 34 studies (Appendix) published
between 2013 and 2021 (Fig. 1) which targeted citizen science activities
mostly in Europe (n = 16), e.g,, in Norway (n = 5) and Denmark (n = 4),
and North America (n = 9), e.g., USA (n = 5) (Fig. 2). Nine out of the 34
publications reported activities that took place in two or more countries. All
studies used citizens as sensors or for surveying/monitoring purposes. In 31
of the 34 retrieved articles, citizens quantified coastal, marine or tiverine
litter items in a systematic way, following standard operating procedures
(SOPs), specified or developed in each study (Tab. 2). These included beach
cleanups (n = 8), boat sampling (n = 1), river shore sampling (n = 1), coastal
shore sampling (n = 19), using social media records (n = 1), or thanks to an
opportunistic and haphazard activity (n = 1) (Tab. 2). In 29 out of the 34
articles, quality control of the sampling procedure and/or established scien-
tific standards for plastic sampling were discussed. Of the 34 articles, only
nine specifically stated that the intervention targeted school children and
adolescents (minors), whereas most of the retrieved articles did not specify
the age of the citizen scientists (and we assumed that they were either adults
or a mixed population of all ages) (Tab. 2).

In our results, only two of the retrieved studies assessed the impact of
citizen science activities (in short term) on the participants using systematic
methodologies. Of these two, one study acquired data via feedback from
volunteers and case studies, in the form of online communication and inter-
views (Yeo et al. 2015). The work of Yeo et al. (2015) took place in Australia
and New Zealand, and consisted of surveying persistent organic pollutants
(POPs) using plastic resin pellets. The assessment of the citizen scientists’
participation in the activity was done by collecting information via email and
(online) feedback from the volunteers. The main conclusion of the study by
Yeo et al. (2015) was that the participants reported feeling “empow-
ered/encouraged”, “grateful”, and “more aware about the issue”. The
authors further concluded that “active partticipation in citizen science in-
creases the participants’ awareness of marine debris issues” (Yeo et al. 2015,
142, 144). The second impact assessment, a study that took place in the
Italian coast, used questionnaires to acquire data from students as citizen
scientists (Locritani et al. 2019). In their study, Locritani et al. (2019) per-
formed a quantitative assessment of students’ attitudes and behaviors
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towards marine litter before and after their participation in an educational
and citizen science project for surveying macro- and micro-litter. The results
of the study by Locritani et al. (2019, 320) demonstrated that the students (n
= 87) “changed quantitatively their perception of beach-litter causes and
derived problems”, and that the students “improved their knowledge about
the main marine litter sources and the role of the sea in the waste transport
and deposition along the coast”.

2013 2014 2015 2016 2017 2018 2019 2020 2021

(2]

Number of publications
w

Year

Fig. 1: Number of peer-reviewed articles per publication year on studies of citizen science
activities related to plastic pollution retrieved using a systematic literature search (total n
= 34 publications; search performed on 19/05/ 2021 using Scopus, Elsevier).

Non-Systematic Literature Search

In the non-systematic literature review, we retrieved four additional peer-
reviewed articles published between 2017 and 2020 (Tab. 2), which assessed
citizens’ perception, attitudes towatds, and awareness of coastal litter in both
children and adults. Of these four studies, two gave out questionnaires to
beachgoers (coastal visitors) (Lucrezi and Digun-Aweto 2020; Rayon-Vifia
et al. 2018) to quantify the perception, awareness, and behaviors regarding
coastal litter of participants undertaking citizen science activities (Rayon-
Vifia et al. 2019; Lucrezi and Digun-Aweto 2020). Wyles et al. (2017)
assessed in university students (n = 90) from the UK, via pre- and post-
intervention questionnaires, their marine awareness, behavioral intentions,
mood, well-being, and perceived restorativeness of the coast. In their study,
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Wyles et al. (2017) observed that participants in beach cleaning activities
reported a higher positive mood and pro-environmental intentions after the
activity, with no significant differences to individuals who did activities such
as rock pooling or coastal walks. Beach cleaning activities were further
associated with higher marine awareness and were rated as most meaningful,
but linked to lower restorativeness ratings of the environment (Wyles et al.
2017). Rayon-Vifia et al. (2019) interviewed Asturian (Spain) adults and
children before their participation in a coastal debris sampling campaign as
well as non-participating beachgoers. In this study, Rayon-Vifia et al. (2019)
observed that, compared to non-participating beachgoers and adults,
volunteers and children were more likely to erroneously attribute the main
litter origin to beachgoers, and that volunteers perceived significantly more
beached litter than non-volunteers, independent of the age group.
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Fig. 2: Number of citizen science activities (absolute frequency) which took place a) aronnd
the world (“Global” included two or more geographic areas), and b) per country (only
[frequencies equal or above two were plotted), from studies retrieved using a systematic review
approach [for details on systematic literature search see Tab. 1 and main text].
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Discussion

Scientific Relevance of Citizen Science Activities Related to Plastic
Pollution

Citizen science activities related to plastic pollution have recently become
popular and represent a global effort of engaging the public in collaborative
scientific projects. In our review, we demonstrate that citizen science
projects related to plastic pollution have led to scientific outputs, i.c., peer-
reviewed scientific publications (ECSA 2015). Our data shows that a quarter
(nine out of 38) of the assessed studies represented a collaboration between
two or mote countries, indicating an effort of covering larger geographical
areas of sampling. The data on plastic litter acquired by the public are con-
sidered of high quality and of scientific value, and comparable to that
obtained by trained professionals (e.g., Falk-Andersson et al. 2019). The
promotion of data quality and interoperability standards in citizen science
depends largely on the development of clear sampling methodologies, with
transparency of data management and sharing principles, and methodologies
that include quality control and assurance measures (European Commission
2020). Plastic data acquired via citizen science projects can be made available
(open data) in non-commercial portals such as The European Marine
Observation and Data Network (EMODnet) Chemistry [www.emodnet-
chemistry.eu], LitterBase [litterbase.awide, (Tekman et al. 2021)] or via
mobile apps, such as the Matine Debris Tracker [debristracker.org/data,
National Oceanic and Atmospheric Administration, NOAA, USA]. Most of
the reported projects in this chapter (76 percent) included a discussion on
the quality control and assurance of the obtained data, and followed a
systematic sampling protocol for plastic litter quantification (Tab. 2). The
quality of surveyed data is key to produce datasets that have comparability
and should be considered in the evaluation of such projects in terms of cost-
benefits (GESAMP 2019). Even though training citizen scientists can be
time-consuming and costly (Hidalgo-Ruz and Thiel 2015; GESAMP 2019),
the public participation can cover large geographic areas (e.g., Colmenero et
al. 2017; Lots et al. 2017; Turrell 2019; Roman et al. 2020) that would be
difficult or expensive for technical staff to visit (Hidalgo-Ruz and Thiel
2015), leading to clear benefits for valuable scientific outputs.

Most of the reviewed studies in this chapter focused on activities that
assessed larger marine plastic debris, macroplastics (> 5 mm), and only three
studies have quantified microplastics (< 5 mm), a more technically
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challenging work. The surveying and collection of macroplastics requires
easy-to-understand sampling methodologies that do not demand complex
equipment nor extensive training (GESAMP 2019). As per our results,
citizen scientists successfully engage in projects that use systematic plastic
data collection and employ standardized protocols. The collection of micro-
plastic data by citizen scientists requites however, that two important
analytical challenges are overcome (Zettler et al. 2017), i.e., inclusion of
additional quality control measures (e.g., incorporation of procedural blank
samples to quantify background contamination) and avoidance of uninten-
tional microplastics contamination (e.g., airtborne fibers) (Forrest et al. 2019).
In their work, Lots et al. (2017) combined the collection of beach sediment
samples done by citizen scientists with the laboratory extraction of micro-
plastics done by technically trained staff and in a controlled environment.
Forrest et al. (2019) used a similar approach to sample microplastics from
Ottawa River (Canada). In their work, volunteers filtered a volume of 100
liter of river water using a previously provided sampling kit and then had the
samples processed in the laboratory (Forrest et al. 2019). In the case of
Gewert et al. (2017), two Swedish “adventurers” provided extra sampling
opportunities by collecting microplastics during a paddleboard expedition
over the Baltic Sea using lightweight trawls and processing the samples in a
laboratory setting. In these studies, the participation of the public enabled
reseatrchers to cover a broader geographical area for microplastics sampling:
data was collected in 23 locations of 13 countties in Lots et al. (2017), in
locations covering a 550 km river stretch in Forrest et al. (2019), and along
a transect of 210 km in the Baltic Sea in Gewert et al. (2017). After perform-
ing the quality check, four drawbacks of citizen science microplastics
sampling compared to researchers taking the samples were mentioned in the
discussion sections. These drawbacks mostly related to volunteers not
following the step-by-step instructions such as not recording metadata, not
processing blank samples, not sampling the required number of replicates or
by overestimating the volume of sampled water (Forrest et al. 2019). Even
so, for both macro- and microplastics sampling, authors noted that their
outputs were reliable and data replicable (e.g., Kiessling et al. 2019;
Bernardini et al. 2020), and the collected data provided important indications
of litter density and composition (e.g., Bernardini et al. 2020; Harris et al.
2021) to inform recommendations for local and international plastic waste
and litter management (Hidalgo-Ruz and Thiel 2015; Bernardini et al.2020;
Harris et al. 2021). A multistep data verification flowchart with multiple
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criteria to be reached as presented in Kiessling et al. (2019) is an excellent
example on how to ensure the quality of the citizen science data, and which
can assist future projects to report on their data acquisition.

A frequent claim of citizen science litter surveying projects and beach
clean-ups is that the public engagement also leads to an increased awareness
of plastic pollution, with potential impact on the volunteers’ ocean literacy
and pro-environmental behaviors (Zettler et al. 2017, GESAMP 2019). In-
creasing ocean literacy, ie., the understanding of human impact on the
oceans and of the ocean’s impact on humans, has been considered to
contribute to tackling waste management issues and to improve the under-
standing of local communities on the potential consequences of plastic
(Westfall and Simantel 2019). Even though considerable work is being done
on engaging volunteers in scientific projects, there is still a considerable
knowledge gap on how plastic related projects impact citizen scientists. For
example, in our work, of the 38 publications evaluated (systematic and non-
systematic searches), only four studies have assessed the impact of the
activity on the participants. The retrieved studies reported, for instance, that
participants felt “more aware about the (plastic pollution) issue” (Yeo et al.
2015, 142), and “changed quantitatively their perception of beach-litter
causes and derived problems” (Locritani et al. 2019, 320). However, the
assessed aspects were not only restricted to the educational benefits and pro-
environmental intentions of the activity. For instance, Yeo et al. (2015) and
Wyles et al. (2017) further assessed aspects related to mood and well-being
of the participants. As with other citizen science projects, plastic related
activities are intrinsically transdisciplinary, and an active inclusion of social
sciences and humanities questions and methodologies would benefit the
understanding of the benefits and challenges of the interventions in the
public (Tauginiené et al. 2020). In the following sections, we will discuss the
educational and behavioral impact of citizen science as well as the potential
psychological implications of the public participation in plastic pollution
related projects from an Ocean and Human Health perspective.

The Educational and Behavioral Impact of Citizen Science
Citizen science has important benefits in the development of scientific

literacy, beyond the facilitation of data collection or data analysis to reach a
specific research outcome. The term scientific literacy can refer to either



USING CITIZEN SCIENCE TO UNDERSTAND PLASTIC PoLLUTION 151

knowledge of scientific processes, concepts, or situations (OECD 2000) or
to awatreness of one’s role in the local environment (Conrad and Hilchey
2011). In the case of knowledge and awareness of ocean and human inter-
actions, the more common term of “ocean literacy” is used; howevet, ocean
literacy and scientific literacy are seen as interdependent as “one cannot be

2>

considered ‘science literate’ without being ‘ocean literate™ (Strang et al.
2007, 7). Enhancing ocean literacy encompasses several processes, such as
educating on marine environmental issues, increasing awareness and
sensitivity, and developing a connection as well as pro-environmental
attitudes and behaviors towards the ocean (Kelly et al. 2022). A study by
Ashley et al. (2019) demonstrated that ocean literacy initiatives led to an
increased awareness, knowledge, and attitudes, supporting sustainable
actions to marine environmental issues that were considered key predictors
of behavior change, which is the goal of ocean literacy.

Considering today’s context of matine plastic pollution, it would be
beneficial to evaluate the capabilities of citizen science interventions to
improve knowledge, awareness, and attitudes essential to addressing the
problem. Citizen science is already regarded as being of educational value to
the participants, however increasing knowledge or awareness is insufficient
to predicting actual behavior change (Hines et al. 1987). Changes in attitudes
and behavioral intentions are necessary additional predictors of behavior
change (Ashley et al. 2019, see also Griinzner and Pahl in this volume), but
are often ovetlooked during evaluation of citizen science interventions
(Toomey and Domroese 2013). As per our results, only four studies from
the (systematic and non-systematic) literature search assessed the impact of
citizen science activity on the participants, although there is an increased
effort of the scientific community in recent years to assess the public per-
ception of plastic pollution related issues (Catarino et al. 2021). More
investigation on the educational and behavioral effects of citizen science is
therefore necessary, to establish the impact of the citizen’s participation in
sampling campaigns in tackling the plastic pollution problem.

To assess the educational and behavioral impact of citizen science,
researchers follow social science methodologies (e.g., questionnaires, intet-
views, etc.), that can be applied in studies related to plastic pollution. One
method that has been implemented by mostly social scientists in numerous
studies is a quantitative pre- and post-assessment via a questionnaire
(Hartley et al. 2015; 2018; Locritani et al. 2019; Wyles et al. 2017). This type
of within-subject design allows to concisely assess the short-term impact of
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the activity on the participants and thereby evaluating its effectiveness. For
example, specific questions regarding knowledge, awareness, attitudes, and
behaviors towards marine litter are developed and typically piloted before
being used on the participants. Participants then complete the questionnaire
before and after the citizen science activity (Breakwell et al. 2006). Another
methodology, applied by Rayon-Vifia et al. (2019), compared participants
taking part in beach clean-ups with non-participants and evaluated potential
differences in perception and awareness of marine litter by means of a
survey. This between-subject design resembles that of a typical interven-
tional design employed in social sciences with one group undergoing the
“intervention” and the other remaining as “control group”, enabling to tease
out the unique effect of the activity (Breakwell et al. 2006). Notably, the
intervention group (i.e., citizen science participants) may differ from the
control group in many ways (e.g., demographic, psychological), which may
confound the envisioned effects, despite efforts to ensure equal variability
in both groups via randomization Another example is the methodology
employed by Yeo et al. (2015), i.e., the use of qualitative methods to
investigate the impact of the science communication of their program on
the volunteers. The researchers analyzed feedback from the volunteers that
was sent via email, conducted on-site interviews, and implemented case
studies including participant observation (Yeo et al. 2015). This type of
methodology provides an open access to the participants’ thoughts and
feelings concerning the citizen science activity. Although applying qualitative
methods does not enable to test a specific effect, it does enable to indicate
potentially undiscovered effects that could be interesting to pursue and
turther test with quantitative methods (Taylor 2005).

According to the results of the presented literature research, there are
indications that participation in citizen science activities can affect
volunteers. In the study conducted by Wyles et al. (2017), matine awareness
and pro-environmental behavioral intention increased significantly after the
citizen science activity and remained higher than baseline after one week,
suggesting a short-term effect. Additionally, the study’s results imply a
positive spillover effect, as participants not only expressed a stronger
intention to engage in beach clean-ups, but also reported a higher intention
to adopt more general pro-environmental behaviors (Wyles et al. 2017). This
supports the notion that engaging in one consetvation act can induce
individuals to undertake other pro-environmental behaviors (Gronhej and
Thoegersen 2012). The effectiveness of citizen science also seems to vary by
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age group. Essentially using the same questionnaire as Hartley et al. (2015)
for ages between eight to 13 years, Locritani et al. (2019) state differences in
the effects of their citizen science activity on the adolescent participants,
aged 16 to 17 years. The results from Locritani et al. (2019) indicate that
adolescents had a higher baseline knowledge and awareness of marine litter
pollution, thereby leading to less significant changes between pre- and post-
activity. Alongside these results, children aged ten to 16 years had a higher
awareness of the problem of marine litter compared to adults in another
study, even though this was not linked with a higher litter perception
(Rayon-Vifia et al. 2019). This suggests that although increasing children’s
awareness is a priority, there remains a lack of knowledge about marine litter.
Although participation in citizen science related activities might affect
specific age groups differently, the educational value of engaging in such
activities should not be discarded. For example, by directly empowering
educators to teach about marine litter, as suggested by Hartley et al. (2018),
and by including adults in citizen science projects, knowledge transfer to
children can be indirectly promoted.

Health Impacts of Coastal Citizen Science Activities

By participating in citizen science projects, the public can experience
benefits to their health and well-being. Two studies in our systematic review
reported changes in the health or well-being of the participants (Wyles et al.
2017; Yeo et al. 2015), a key aspect in establishing the link between ocean
health and human health. The impact of plastic surveying and beach clean-
ups has only been marginally investigated compared to other and more
common activities in coastal areas, such as walking or other leisure coastal
activities (Maguire et al. 2011; White et al. 2013; Wyles et al. 2014). More
specifically, health and well-being aspects that were investigated in these two
studies retrieved from the current literature review can be categorized as
having an emotional or cognitive origin. The studies reported emotional
changes in the participants, including feeling more “empoweted/ encout-
aged” and “grateful” (Yeo et al. 2015, 142), as well as a better mood and
higher meaningfulness (Wyles et al. 2017). However, negative aspects were
also reported, such as a lower cognitive restoration in response to beach
cleaning compared to walking or rock pooling (Wyles et al. 2017), indicating
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that beach cleaning may affect the participants self-perception of their
relaxation status.

The citizen science partticipants can experience key benefits or
shortcomings that can affect their emotions and cognitive restoration from
actively participating in plastic surveying and beach clean-up activities. For
example, the blue gym concept explains the mechanisms behind the health
benefits potentially experienced by citizen science participants’ exposure to
blue spaces (water features, including coastal areas). The blue gym refers to
the use of coastal environments that promotes health and well-being, thanks
to physical activity, stress reduction, and by building a community spirit (Sea
Change 2018). Participants in plastic pollution surveying and beach clean-up
activities are exposed to an outdoors setting (e.g., natural coastal landscape,
clean air), participate in a physical activity (e.g., via plastic collection, walking
for surveying purposes), and can experience positive social interactions (with
friends, family, and other community members). Research from the fields of
environmental health and psychology suggests that spending time in a
natural setting, such as a beach or coastal environment, can result in better
mood (Peng and Yamashita 20106), less stress (Triguero-Mas et al. 2017), and
decreased depressive symptoms (Dempsey et al. 2018). However, the
relative absence of cognitive restoration from citizen science activities
compated to other beach activities found by Wyles et al. (2017) can be
attributed to the exposure and focus on the plastic litter. For example, litter
seems to negatively impact the perceived restorative potential of a landscape
when shown via pictures (Wyles et al. 2016; Hooyberg et al. in prep). Wyles
et al. (20106) additionally showed that the litter decreased the preference for
the shown environment. Recent research indicates that this effect is
especially relevant in natural landscapes compared to urban landscapes and
is higher than the impact of other anthropogenic disturbances such as cats
(Hooyberg et al. in prep). The fact that citizen science activities related to
plastic pollution imply exposing the public to litter may limit the restorative
characteristics of the activity. Future research should verify and elucidate
these effects in detail.

In contrast with the anticipated positive effects, the participants of
citizen science projects have at some occasions reported pessimism, anxiety,
and other negative emotions. For example, in an online survey given to
participants across 63 biodiversity citizen science projects, the majority of
which focused on insects and birds, a small portion of these participants
reported a pessimistic outlook regarding the future of the environment after
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participation (Peter et al. 2021). This is in line with research displaying the
negative consequences of environmental education such as pessimism and
eco-anxiety, referring to the “chronic fear of environmental doom”
(Sheppard 2004; Clayton et al. 2017; Pihkala 2020). As such, there is a small
but existing risk for participants in citizen science to develop negative
emotions. To make it even more complex, pessimistic emotions and views
towards the future can be constructive, in the sense that the more negatively
one perceives a future situation, the more likely one will be encouraged to
act preventively in the present, as demonstrated by Kaida and Kaida (2016).
Further research on the potential negative outcomes of participating in
citizen science should be conducted, as addressing these issues could
improve the positive outcomes of citizen science projects (Peter et al. 2021).

The repeated exposure to plastic litter during beach clean-ups and other
plastic pollution related activities, whether being it in the context of citizen
science or not, may induce further psychosocial impacts. Such impacts may
arise from coastal users or citizen science participants perceiving that other
coastal visitors are responsible for littering, which may in turn impact their
social relationships (Wyles et al. 2014). For instance, coastal users have
identified activities such as walking to be detrimental to the environment, as
they perceived that other coastal visitors are responsible for littering (Wyles
et al. 2014). As the perceived restoration of the landscape moderates the
effect on pro-environmental behaviors (Berto and Barbiero 2017), a similar
outcome can be expected for people participating in citizen science activities
related to plastic. The same impact on citizen scientists’ perception can occur
in the interactions between health-related effects (e.g., restoration) and
literacy-related effects. Currently, the health and well-being benefits of
citizen science plastic-related activities are pootly quantified, but recent
reports indicate that complex psychological, social, and physical factors can
jointly and interactively play a role in determining the health benefits of the
citizen science plastic activity.

Socio-Economic and Socio-Demographic Representation

There is an inherent bias in the socio-economic and socio-demographic
representation of the participants of citizen science activities (Haklay 2013),
questioning whether societal and environmental benefits are evenly
distributed (Cooper et al. 2021; Pateman et al. 2021). Most participants ate
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from middle to high income backgrounds, with access to education,
technical skills, resources, and infrastructure that facilitate engagement in
citizen science projects (Haklay 2013; Cooper et al. 2021; Pateman et al.
2021). There are further concerns on how diverse citizen science participants
are (Cooper et al. 2021; Pateman et al. 2021). For example, in the UK,
participation in environmental citizen science projects is particulatly low
among women from minority groups and people who are unemployed or
from lower socio-economic groups (Pateman et al. 2021). At the same time,
the participating population in citizen science activities in the US does not
reflect the demographics of this country, mostly excluding individuals from
groups that have been historically underrepresented in science (e.g., African
Americans, Latinx, American Indigenous Communities) (Pandya 2012;
Trumbull et al. 2000). It has been demonstrated, however, that more social
deprived communities in the UK have the highest health benefits when
living in close proximity to the sea (i.e., blue spaces), potentially thanks to
increased opportunities for stress reduction and physical activity (Wheeler et
al. 2012). It is critical to further understand whether the participation of
lower socio-economic groups in citizen science activities related to plastic
pollution would provide additional health and educational benefits to such
communities, to promote projects that account for diversity, equity, and
inclusion dimensions.

The current literature review highlights that most of the retrieved publi-
cations have reported on activities that took place in Europe and North
America (Fig. 2), where countries are mostly classified as middle to high-
income economies (The World Bank 2021), with Africa as being the conti-
nent with the lowest number of reported projects (Fig. 2). We were unable
to assess the socio-economic background of the participants in the literature
reviewed, as such data are rarely recorded in citizen science outputs (Pandya
and Dibner 2018; Pateman et al. 2021). The lack of participation of people
from specific geographic areas or from specific communities may imply that
certain areas ate not considered in environmental datasets and are excluded
from prioritization in policies (Pandya and Dibner 2018; Pateman et al.
2021), for example, to prevent and mitigate plastic pollution. Furthermore,
members from these communities will not have access to the benefits in
terms of skills and literacy gained by participating in citizen science projects,
such as having direct contact with scientists or exposure to scientific literacy
(Pandya and Dibner 2018; Pateman et al. 2021). Projects such as the Citizen



USING CITIZEN SCIENCE TO UNDERSTAND PLASTIC POLLUTION 157

Observation of Local Litter in Coastal ECosysTems (COLLECT) (Partner-
ship for Observation of the Global Ocean 2021) and the WIOMSA (West-
ern Indian Ocean Marine Science Association) Marine Litter Monitoring
Project (Western Indian Ocean Marine Science Association 2021), among
others, are important contributors in working towards data acquisition on
plastic debris distribution and abundance on the coasts of African counttries,
by training citizen scientists and promoting knowledge transfer between
local communities and researchers. Additionally, COLLECT further aims to
evaluate shifts in the pro-environmental attitude of participants towards
coastal plastic litter, as well as on their well-being, filling an important
knowledge gap on the health and educational impacts of citizen science
initiatives in Africa. Overcoming underrepresentation of entire geographic
areas and/or of underprivileged and minority groups in plastic pollution re-
lated citizen science should be considered in projects, as it is a missed
opportunity to empower local communities in taking part in the develop-
ment of a successful plastic circular economy, via perception and behavior
shifts, and via active participation in decision-making.

Conclusions and Outlook

Citizen science projects related to plastic pollution, such as beach clean-ups
and litter surveying, have increased in popularity and have produced valuable
scientific outputs. The participants in citizen science projects can follow
standardized methodologies for data acquisition, and allow to cover a wider
geographical range for sampling than conventional observational and
monitoring efforts. Even though the scientific advantages of citizen science
plastic related projects are well documented, only a limited number of
studies have reported on the educational and behavioral effects on partici-
pants. There are however indications of the positive educational value for
the public in participating in beach clean-ups and plastic sutveying activities
as well as positive impacts in terms of ocean literacy, pro-environmental
behaviors, higher meaningfulness, and general well-being. Some negative
impacts have also been suggested, such as induced changes in the partici-
pants’ emotions, which limit restoration of their cognitive abilities. An
important finding of our systematic literature review is that both positive
and negative impacts on participants of citizen science plastic projects have
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barely been explored, and that there is a gap in the knowledge of whether
the public experiences pessimism and eco-anxiety feelings. We further
identified a limited socio-economic and socio-demographic representation
of the participants of citizen science activities in plastic pollution projects.
Plastic related projects involving citizen scientists should broaden their col-
laborative scopes to include geographic areas overlooked in current projects,
consider the inclusion and empowerment of diverse groups of participants
(and beneficiaries), to deepen the projects’ impact, and to avoid important
data gaps due to the exclusion of participants due their socio-economic and
-demographic status. Future surveying programs of plastic pollution involv-
ing citizen scientists should consider a collaboration between natural and
social science professionals, to evaluate in depth the educational and
psychological benefits to the participants, and that best practices should
include mechanisms to engage across diverse publics, including access to
activities by underrepresented socio-economic and socio-demographic

groups.
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APPENDIX A
19 results 37 results

N S

Merged List 1: 56 results

Exclusion of duplicates 1 9 results excluded

Merged List 2: 47 results

Exclusion criteria (- 13 results excluded

Final List: 34 results

Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flow diagram [for search terms please refer to Tab. 1, for
exclusion criteria please see main text]. Results were retrieved via Scopus
(Elsevier) on 19/05/2021 and merged lists were managed using Mendeley

(Elsevier). The final list of results consisted of 34 scientific peer-reviewed
articles is available in Tab. 2.




Behavior Change as Part of the Solution for
Plastic Pollution

Maja Griinzgner, Sabine Pahl

Introduction

Problem awareness of the public and risk perception are important elements
to understand people’s mental representation of a hazard, in understanding
the “status quo”, of current beliefs and opinions (for more on risk
petception see Felipe-Rodriguez et al. in this volume). Nevertheless, further
actions need to follow if we want to change the “status quo” and encourage
environmentally friendly behaviors. Therefore, the following chapter aims
to provide an overview of how social and environmental psychology
approaches focusing on behavior change can be applied to plastic pollution
and in this way contribute to solutions. To clarify, environmental psychology
is defined “as the discipline that studies the interplay between individuals
and the built and natural environment” (Steg et al. 2018, 2). This chapter will
introduce different theoretical models and approaches of behavior change,
followed by techniques used in the context of consumer-focused inter-
ventions. Moreover, we summatize potential barriers towards environ-
mentally friendly behaviors known as “Dragons of Inaction”. Lastly, we
emphasize the importance of intervention development, evaluation, and
communication techniques firmly based on scientific evidence from social
and environmental psychology. This chapter does not present a complete
literature review on what has been done (for reviews see Heidbreder et al.
2019 and Nuojua et al. 2021). Instead, it aims to explain how interventions
reducing plastic consumption can be developed using theoties from
psychology.

Exploring the Role of Environmental Psychology in the Plastic Discourse
Human activities are the sole cause of plastic pollution in our natural

environment (Pahl and Wyles 2017); hence, behavior change can be one
solution to tackle plastic pollution. Behavioral approaches are on the rise but
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still underrepresented in the plastics discourse (Nuojua et al. 2021; SAPEA
2019). Investigating behavior and its antecedents from an environmental
psychology perspective is also gaining importance in other environmental
contexts such as nature conservation and climate change. However, the
positive impact of environmental psychology knowledge about climate
change action (Steg 2018; van Valkengoed and Steg 2019) and conservation
efforts (Nielsen et al. 2021; Schultz 2011) has not reached its full potential
(Nielsen et al. 2021; Whitmarsh et al. 2021).

One way forward is to focus on environmentally impactful behaviors
understood as individual behaviors which have a significant influence on
changing the structure or dynamics in our environment (Stern 2000) and to
do so systematically (Nielsen et al. 2021), using qualitative and quantitative
research.

This is a useful starting point for this chapter and more broadly for
scientists working on tackling plastic pollution. Plastic production, con-
sumption and disposal are all influenced by human behavior from different
stakeholders at different levels (Pahl et al. 2020). Therefore, we hope that
the relevance of environmental psychology continues to become more
apparent in the wider scientific discourse and across disciplines. We suggest
a focus on the potentially riskiest plastics and behaviors as well as underlying
human factors, which are relevant for that specific plastic being produced,
used, and disposed (see also SAPEA 2019). Interdisciplinary collaborations
are therefore necessary to understand the plastic system fully. The technical
life-cycle assessment of a problematic plastic product, for example,
developed by environmental engineers will be useful for environmental
psychologists wanting to explore predictors of behavior to develop com-
munication and behavior change interventions. Whereas, the research
informed interventions will be beneficial for governments and municipalities
on a local, national or international level to have a positive real-life impact
for its communities such as a decrease in plastic pollution. The EU-funded
H2020 LimnoPlast project, for instance, investigates microplastics pollution
and solutions in Europe’s freshwater ecosystems from an environmental,
technical, and societal perspective (https://www limnoplast-itn.eu/). The
psychologists in the project investigate the perceptions of experts and
laypeople to work towards suitable risk communication and behavioral
change measures; all under consideration of current research insights about
psychological and contextual constraints. This is crucial for the progress
towards the reduction of plastic pollution, thus we interweave these in the
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remainder of the chapter, starting with a discussion of the awareness-
behavior gap.

The Awareness-Behavior Gap

Awareness-raising among citizens—an often-proposed action against plastic
pollution—is an important part to tackle plastic pollution. However, it is not
the complete answer to this problem. Europeans, for instance, are aware of
the plastic problem and express concern regarding a range of impacts
(Davison et al. 2021; European Commission 2020); however, research has
shown that problem awareness is only one of many variables influencing
sustainable behavior (Heidbreder et al. 2019; van Valkengoed and Steg
2019).

A Small Thought Experiment:

Imagine you are being invited to a barbecue with a few friends at a public
barbecue place. The sun is shining and your work for today is done. There
is only one more thing to do—buying a bottle of wine or non-alcoholic
beverage from the supermarket and bringing cutlery for everyone. Now
you have the choice to bring the stainless steel cutlery you have at home or
to buy the single-use plastic cutlery at the supermarket. Both options have
their advantages and disadvantages.

What do you bring and why?

Many different factors appear to influence people’s choice of reusable
cutlery or single-use cutlery. We are going to explore one of the factors
influencing this decision below because being aware of the negative impact
of, in this case, single-use plastic will probably not be the main factor
determining the choice.

Heidbreder et al. (2019) identified a gap between the awareness of plastic
pollution and related behaviors, that is, even if people know about the
negative impacts of plastic pollution, they do not always act accordingly (see
also Stiel3 et al. in this volume). Instead, their behaviors are mainly predicted
by habits, social, and situational factors. A potential explanation of why
awareness alone will not change environmental behavior can be found in the
norm-activation model (Schwartz 1977; Schwartz and Howard 1981). The
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norm-activation model, originally developed for explaining altruistic
behavior assumes that a feeling of moral obligations (personal norm) influ-
ences people’s actions in moral situations (Schwartz 1977; Schwartz and
Howard 1981). To do so, the personal norm—understood as the represen-
tation of personal values in the present moral situation—needs to be
activated to trigger the action (Schwartz 1977; Schwartz and Howard 1981).

Personal norms will be activated in people when 1) they become aware
of the need that someone or something needs help (awareness of need), 2)
they become aware that certain actions have consequences—that these can
increase or decrease the problem (awareness of consequences), 3) they
ascribe personal responsibility to the problem (ascription of responsibility),
4) they feel capable of helping or doing something against the problem (self-
efficacy; Schwartz and Howard 1981).

Even though people are typically aware of the consequences when they
are buying single-use cutlery, it is not given that they will choose the latter.
It could be that the person does not feel responsible for global plastic
pollution, rather ascribing the responsibility mainly to the producers,
retailers or broadly to industry instead of themselves. It also could be that
the person does not feel capable of acting environmentally friendly in the
situation, which will hinder the activation of the moral obligation and make
the purchase of single-use plastic cutlery more likely.

To summarize, personal norms—as the moral influence on acting in an
environmentally friendly manner—need to be activated in people by
different factors, one of them being aware of needs and consequences.!
Awareness does play a role but is only one factor of many and often has no
direct influence on behavior. That means if behavior change is the aim,
raising awareness of need and consequences should be accompanied by
information about individual responsibility and information about how to
act (morally) “right” or socially appropriate in the given situation.

Behavior Change: From Theory to Practice

Personal norms are not the only behavioral motivator. In case a practitioner
(e.g., a municipality managing a public barbecue area or local waste

1 Due to the similarity of awareness of need and awareness of consequences multiple researchers
have adapted the model and been only using one of the constructs (Klockner 2013a).
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collection) would like to create an intervention to decrease people bringing
single-use plastics to the atea, it helps to understand why people use single-
use plastics in the first place. Therefore, in this section, we would like to dive
deeper into the mechanisms of behavior and behavior change. We introduce
two currently used and fairly extensive models as examples—the compreben-
sive action determination model and the stage model of self-regulated bebavioral change.
In this chapter, they are guiding the exploration of behavioral determinants
and we are using them as adaptable frameworks.

Prediction Model: The Comprehensive Action Determination Model

Various theories and models have been used to predict environmental
behavior outcomes and to investigate possibilities for transforming
environmental behavior and its motivators. However, many theories
reduced the prediction of behavior to a few of these motivators. Some
focused on normative, some on non-normative motivators. Environmental
psychologists  (Kléckner 2013a; 2015; Klockner and Blébaum 2010),
therefore, concluded that a model with normative and non-normative
motivators was needed and joined three commonly used models: The theory
of planned behavior (Ajzen 1991), the norm activation model (Schwartz
1977; Schwartz and Howard 1981) and the value-belief-norm theory (Stern
2000). Based on these theories the comprehensive action determination
model was developed (Kléckner 2013b; see Fig. 1). The theories comple-
ment each other, as the often-criticized missing morality construct in the
theory of planned behavior can be implemented when considering variables
from the norm activation model and value-belief-norm theory (Kléckner
2013a). Additionally, none of the original theories explains repetitive
behavior well and therefore, habit strength was included in the com-
prehensive action determination model. It is empirically supported and has
been tested with different environmental behaviors (Kléckner 2013a). The
comprehensive action determination model focuses on intrapersonal
constructs, but also includes social and situational influences. As mentioned
above, the intrapersonal constructs are divided into normative and non-
normative parts (also defined as moral and nonmoral) which influence each
other and can directly or indirectly motivate behavior. Values, ecological
worldview, awareness of consequences and ascription to responsibility
indirectly motivate behavior, therefore, their influence can be interrupted or
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weakened by vatious factors such as competing attitudes, low perceived
behavioral control etc. (see Fig. 1). Nevertheless, they play an important role
as they, together with social norms, create moral obligations (Klockner
2013a). Moreover, personal norms, social norms, attitudes, and perceived
behavioral control influence behavioral intention, whereas intention,
perceived behavioral control, and habits influence behavior. They are the
direct behavioral motivators (Kléckner 2013a).

Fig. 1: The comprebensive action determination model. (Source: Adapted from “How
powerful are moral motivations in environmental protection?: An integrated model
Sframework.” by CA. Kiseckner 2013. In Handbook of moral motivation, p. 462.
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The values specifically studied in the context of environmental behavior and
therefore, relevant for the comprehensive action determination model, are
biospheric, altruistic, and egoistic values. Biospheric and altruistic values are
defined in terms of concern towards nature (biospheric) and human
wellbeing (altruistic), respectively, whereas egoistic values are defined in
terms of concern about or interest in oneself (Stern 2000; Stern and Dietz
1994). Values are linked with ecological worldview (a measure created by
Dunlap et al. 2000). The ecological wotldview contains the beliefs that
human behaviors threaten nature, that natural resources are finite and that
humans should not rule over nature (Dunlap et al. 2000). People with strong
biospheric and altruistic values are likely to have a more ecological
wortldview while people with strong egoistic values are likely to have a less
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ecological wotldview (Kléckner 2013a). Based on the value-belief-norm
theory, the ecological worldview takes its place as a link between values and
personal norms instead of its classical interpretation as an environmental
attitude (Stern 2000).

Norms are the shared beliefs of a person on how they should act. They
can be categorized by how externalized or internalized they are. Internalized
norms such as personal norms are understood as “the self-expectations for
specific action in particular situations that are constructed by the individual.”
(Schwartz 1977, 227). As described in the previous sections, personal norms
need to be activated and are expressed as “feelings of moral obligation”
(Schwattz 1977). On the other hand, social norms are external and broadly
described as the perceived social pressure to perform a behavior relevant to
other people (and reinforced by rewards or punishments) in a certain
situation (Schwartz 1977). However, a study about recycling and organic
food purchase with Portuguese and Brazilian participants showed that
personal norms predicted the environmentally friendly behaviors better than
social norms (Bertoldo and Castro 2010).

All the constructs described above are normative motivations to act
environmentally friendly. The great strength in the comprehensive action
determination models lays in its wide scope—combining normative
motivations with non-normative motivations to predict environmentally
friendly behavior. The latter include attitudes and perceived behavioral
control. Based on Ajzen’s theory of Planned Behavior (1991), attitudes are
understood as the degree of the person’s evaluation (favorable or
unfavorable) towards a specific behavior and its outcomes, whereas, per-
ceived behavioral control is understood as the perceived ease or difficulty of
an action. It is manifested by past experiences and perceived anticipated
barriers (Ajzen 1991). According to the comprehensive action determination
model, all of these factors influence behavior in diverse ways and therefore,
need to be targeted differently (Kléckner 2015).

Moreover, the comprehensive action determination model includes habit
strength (more details found in Box 1) as a predictor for repeating behaviors,
as habit strength moderates the relationship between the intention and the
actual behavior. The stronger the habit, the weaker the influence of intention
on behavior (Kléckner 2013a).
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Box 1: Habitual Behavior and Plastic Consumption

Habits are a key predictor of plastic consumption and they are closely
intetlinked with context (Heidbreder et al. 2019). One example in regards to
plastics is a study by Romero et al. (2018) with Brazilian immigrants in
Canada. In this study, participants compared their old environmental
attitudes and behaviors in Brazil to their present attitudes and behaviors
using self-assessment. The participants reported that they already felt pro-
environmental before moving and that the use of plastic bags was “just a
habit” (Romero et al. 2018, 8) of them in their home country. After they
migrated to Canada, the participants reduced plastic bag usage while no
environmental attitude change was reported. Moreover, this fits with the
assumption that individuals only reconsider their habits when the context
changes drastically (Steg and Vlek 2009).

Furthermore, habits are woven with situational factors such as convenience.
A study with participants from South Africa showed “convenience” (51
percent) was chosen as the main reason for plastic bag usage. In comparison,
forgetting to bring their reusable bag was selected by 13 percent of the
participants (O’Brien and Thondhlana 2019). This is in line with past
research finding similar results regarding respondents using plastic bags out
of convenience (Braun and Traore 2015), next to using plastic bags because
of easy access or their low price (Adane and Muleta 2011; O’Brien and
Thondhlana 2019).

Heidbreder et al. (2019) point out that social interventions (political and
psychological) seem to also be potentially effective for habits. For example,
a voice prompt from cashiers (asking if customers want a free plastic bag in
Japanese supermarkets) led to a decrease of plastic bag usage of 5 percent,
in comparison to cashiers handing out plastic bags to the customers without
asking (Ohtomo and Ohnuma 2014). One study in Portugal reported that
avoiding payments of a plastic carrier bag tax was one of the main reasons
for not using plastic bags in the short and medium term (Martinho et al.
2017). Moreover, after the implementation of the charge, Portuguese
participants from another study reported developing reuse habits and a
reduction of single-use plastic usage (Luis et al. 2020). Nevertheless, long-
term changes need to be investigated further (Heidbreder et al. 2019).

Generally, habits fulfil a function to achieve specific goals, they are
automatic behavioral patterns and bound to a certain stable situation
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(Verplanken and Aarts 1999). They develop through positive reinforcement
(e.g., achieving the situational specific goal) of the repeated behavior.

Example: Reducing Personal Clothing Consumption

Synthetic microfibers are one of the major microplastics sources in
European rivers (Siegfried et al. 2017), plus experts working on plastics
petceive the impact of textile microfibers as one of the riskiest on the natural
environment and human health in comparison to other sources, such as
bigger plastic items breaking down (Grinzner et al. 2021). Moreover, fast
fashion—which is mainly using synthetic fibers and harmful chemicals—has
taken over the clothing market (Niinimdki et al. 2020); hence, people’s
reduction in their clothing purchases can contribute to decreasing micro-
plastics pollution.

Joanes et al. (2020) applied the comprehensive action determination
model to determine the most influential intrapersonal factors for reducing
clothing consumption. This is highly valuable as pathways for behavioral
interventions can be identified. The results from their two studies show that
across five countries (Germany, Poland, Sweden, United States and United
Kingdom; n = 5,185), personal norms and social norms were the strongest
predictors for intention to reduce clothing consumption, followed by
attitudes. Norms having the strongest effect led the authors to the
assumption that clothing purchase behavior has moral components.
Perceived behavioral control had a negative relationship with purchase
behavior (measured daily, duting a two-week period). That means that the
more participants felt capable to reduce clothing purchases, the least they
bought. Perceived behavioral control was rated high across all countries and
the authors suspect that this could be due to the easy nature of the
consumption behavior. Consumers are theoretically able to reduce clothing
purchases right away. Nonetheless, intention to reduce clothing consump-
tion was not related to perceived behavioral control. Moreover, the authors
included a measure of impulsive purchase behavior and past behavior.
Impulsive purchase behavior was related to past as well as actual purchase
behavior, which made the authors conclude that the behavior in question
can be non-intentional or potentially even automatic sometimes.

Several potential intervention approaches are proposed by Joanes and
their colleagues (2020): 1) Increasing (and activating) personal norms
through wide-spread information campaigns about the environmental
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impact of clothes, such as where and how much pollution it causes;
providing specific groups with information about how resources can be
saved when reducing one’s clothing purchase; increasing awareness about
the impact of individual clothing consumption. 2) Instructing consumers to
reflect on past purchases to make them think about unnecessary purchases
and potentially influence future behavior. 3) Exploring strategies based on
self-regulation theory including goal setting, implementation intentions or
if-then plans to tackle the intention-behavior gap to increase the success rate
of the action or in this case non-action e.g., no purchase (Bamberg 2013;
Nielsen 2017; Sheeran and Webb 2016).

Stage Model: The Stage Model of Self-Regulated Behavioral Change

Following up on our last example of clothing purchases, we want to
introduce the intention-behavior gap and explain why applying the stage
model of self-regulated behavioral change can help to increase the success
of translating the behavioral intention into doing the behavior. The study
from Joanes et al. (2020) found that the higher a participant scored on the
importance of the goal to reduce clothing consumption, the fewer clothing
items were purchased. Nonetheless, the effect was small which the authors
suspect could be related to the frequently observed intention-behavior gap.
A reason for this could be that prediction models such as the comprehensive
action determination model frame behavior change as a static process at one
point of time even though behavior change often occurs over a longer time
period (Gollwitzer 1990).

In response to this issue, Bamberg (2013) suggested applying a stage
approach—studying people’s voluntary change—which has been shown to
be successful in targeting behaviors related to health (see e.g., Schwarzer
2008). The stage model of self-regulated behavioral change (Bamberg 2013,
Fig. 2) integrates the model of action phases (Gollwitzer 1990) and
determinants from the norm-activation model (Schwartz 1977; Schwartz
and Howard 1981), theory of planned behavior (Ajzen 1991) and health
action process approach (Schwarzer 2008).
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The four action phases (predecisional, preaction, actional and postactional)
—understood as stages of decision-making—build the frame whereas the
different intentions (goal-, behavioral- and implementation intention) alter
the stage transition, influenced by various psychological factors.

Behavior change is driven by a change in intentions, progressing from
one stage to the next one and, therefore, changing the old (potentially
environmentally harmful) to a new behavior (potentially environmentally
friendly). In the predecisional stage—such as described in the norm-
activation model—a person becomes aware of a problem and their moral
obligation (activated personal norm) to form a goal intention to change the
behavior leading to the problem in question. In the preactional stage, the
person weighs between different behavioral alternatives and decides on the
most fitting options, which is influenced by the attitude and perceived
behavioral control towards the alternative, and leads to forming the
behavioral intention to do the behavior. In the actional stage, the chosen
behavioral alternative is put into action in the situation where the old
behavior normally occurs. To do so, planning abilities and maintenance of
self-efficacy forms the implementation intention. In the postactional stage,
it is the person’s task to reflect on their decisions and, if interpreted as
successful, the new behavior will be maintained and relapse into the old
behavior avoided.

In a recent review by Keller, Eisen and Hanss (2019), the authors
concluded that the stage model of self-regulated behavioral change has
received empirical support for its general framework applied to various
behavioral domains; nonetheless, the models’ determinants differ in their
prediction power across behaviors. Moreover, the self-assigned stage
membership may be biased and further validation of measures opera-
tionalizing the stages is needed. However, practically speaking, interventions
with stage-tailored information have been shown to be more effective in
fostering stage progression and behavior change than have non-tailored
interventions (Keller et al. 2019).

Example: From Single-Use to Reusable Drink Cups

A recent study showed that single-use cups and lids were among the top ten
items littering our aquatic environments worldwide (Morales-Caselles et al.
2021). Paper cups tend to come with an internal plastic film that can
discharge microplastics when used with hot water (Ranjan et al. 2021).
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Consumer reduction of single-use cups thus is beneficial for the natural
environment and potentially for health. Economic incentives alone do not
seem to trigger the needed reduction in single-use cups and a mix of
measures, including internal motivators, are needed (Poortinga and Whitaker
2018; Sandhu et al. 2021). Therefore, undetlying psychological influences of
alternative sustainable behaviors such as using a refundable cup from a city-
wide deposit scheme, bringing one’s own cup and reducing one’s
consumption to tackle the problem have been investigated (Keller et al.
2021).

The study by Keller et al. (2021) used the stage model of self-regulated

behavioral change as the underlying framework and found that it partly
explained single-use cup consumption and its sustainable alternative
behaviors. For example, stronger implementation intentions predicted (self-
reported) reduced consumption and own cup usage. That means, people
reduced their consumption when they were outdoors or used their own cup
to buy a take-away drink when they actively planned their action in the
specific situation beforehand.
Keller et al. (2021) suggest that interactive campaigns such as websites or
apps can be used to check people’s stage and follow up with stage-
appropriate information (such as in Kléckner and Ofstad 2017) or help them
find the needed information (such as in Sunio et al. 2018). For example,
Kloéckner and Ofstad (2017) designed a website with stage-appropriate
information in three different categories: 1) Why should I do something?; 2)
What can I do?; How do I master the challenge? Each section told the story
of three people and their individual goals to reduce their consumption (in
this case beef). For example, the first subpage had information about why
they reduced their consumption (targeting the preaction stage). The second
subpage had information about how they reduced their consumption
(targeting the preaction stage) and the third subpage had information about
their challenges and how they overcame them (targeting the action and
preaction stage).

Moreover, Keller et al. (2021) approve of further regulatory measures
and propose that labelling products as non-recyclable could be beneficial to
enhance the problem awateness of consumers. Moreover, labelling products
clearly as non-recyclable, linked with a picture of the harm they can cause
(e.g., a picture of a local animal eating microplastics), could increase the
feeling of moral obligation even stronger.
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Box 2: Behavioral Barriers—The Dragons of Inaction

Plastic reduction behavior such as shopping plastic-free can be demanding
and impractical for consumers. People may encounter structural or
situational barriers regarding their purchase behaviors e.g. encountering long
ways to the zero-waste supermarket or farmers market, financial constraints
when buying more expensive unpacked alternatives, no availability of
unpacked alternatives in the local supermarket etc., which hinder the
reduction of plastic waste even when consumers are motivated. However,
researchers investigating environmentally friendly behaviors—including
behaviors such as buying green and recycling—have also emphasized the
importance of psychological barriers even where there are no structural or
situational barriers (Gifford 2011; Gifford et al. 2018; Gifford and Chen
2017; Lacroix et al. 2019). Knowing these barriers and investigating which
ones are hindering the implementation of the sustainable action can help
practitioners to understand their target population and therefore, design
tailored measures to foster sustainable change (Lacroix et al. 2019).

One popular concept focusing on the psychological barriers of people is
the so-called “Dragons of Inaction” (Gifford 2011). Lacroix, Gifford and
Chen (2019) developed the Dragons of Inaction Psychological Barviers Scale
measuring five barrier domains (change unnecessary, conflicting goals and
aspiration, interpersonal relations, lacking knowledge, and tokenism). Change
unnecessary desctibes the person’s general belief that their individual action is
not needed along with a denial of the importance to act and problems
concerning the natural environment. Conflicting goals and aspirations represent
perceived barriers such as strong habits, time constraints and fear of failure.
Interpersonal relations cover feelings such as embarrassment and worry because
of social disapproval. Lacking knowledge is based on a person’s confusion
about environmental topics and their uncertainty of where to get
information from—also desctribed by the authors as “a person’s claim of
ignorance, that one simply does not know how to change” (Lacroix et al.
2019, 11). Tokenism consists of the person’s beliefs that responsibility lies in
external entities such as industry, as they cause bigger environmental damage
than oneself and the belief that one’s personal actions ate “enough”. Lacroix
et al. (2019) propose to use the scale to investigate if interventions are
successful in reducing the perceived barriers and with that enhancing
sustainable behavior.




BEHAVIOR CHANGE AS PART OF THE SOLUTION 183

A similar approach was suggested by Pahl et al. (2017) to connect people’s
passion for the ocean to daily behaviors and foster a likely reduction of
individual plastic product consumption and their proper disposal. Following
up on that, Luo et al. (2021) showed that visualizing marine consequences
of plastics at recycling bins in an office building in Canada decreased plastic
waste by 17 percent.

Interventions: What Needs to be Considered for Successful
Behavioral Interventions?

A recent scoping review on behavior interventions focusing on plastic
pollution concluded that research and assessment methods need to be
improved as approaches differ greatly. Moreover, the review stated that
measurement of actual behaviors (instead of predictors) and their impacts
on the plastic systems are currently lacking (Nuojua et al. 2021). Therefore,
having covered the recent theoretical background quite extensively, we will
now provide some practical guidelines on how to implement behavior-
targeted interventions. The four key issues for encouraging pro-environmental
bebavior and the community-based social marketing approach will be presented,
followed by a brief introduction of useful intervention tools such as
cognitive dissonance, goal setting, social modelling, and prompts. We do not
want to treinvent the wheel, and we cannot present all approaches
comprehensively. Instead, we selected established concepts that are
hopefully useful to a wider interdisciplinary audience, encouraging
collaboration to tackle plastic pollution beyond one single discipline and
enhance the understanding of the importance of behavioral approaches.

Implementation of Interventions

Successful and effective behavior-targeted interventions need to be
developed and evaluated systematically (McKenzie-Mohr and Schultz 2014;
Steg and Vlek 2009). Therefore, social psychologists have developed a set of
guidelines to ensure high-quality interventions. Both approaches are
focusing on the individual as the change agent within the community.
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The four key issues for enconraging pro-environmental bebavior (Steg and Vlek
2009) are divided in the identification of the behavior in need of change (1)
and behavior relevant determinants (2) mentioned eatlier, followed by
designing the interventions with the appropriate strategies, its application (3)
and evaluation (4). Below we display the leading questions for the systematic
process of interventions proposed by Steg and Vlek (2009, 310):

1. Which behaviors should be changed to improve environmental quality?
1. Select behaviors having significant negative environmental impacts

2. Assess the feasibility of behavior changes

3. Assess baseline levels of target behaviors

4. Identify groups to be targeted

II. Which factors determine the relevant behavior?
Perceived costs and benefits

Moral and normative concerns

Affect

Contextual factors

Habits

AN

III. Which interventions could best be applied to encourage pro-
environmental behavior?

1. Informational strategies (information, persuasion, social support and
role models, public participation)

2. Structural strategies (availability of products and setrvices, legal
regulation, financial strategies)

IV. What are the effects of interventions?
1. Changes in behavioral determinants
2. Changes in behaviors

3. Changes in environmental quality

4. Changes in individuals’ quality of life

A similar approach, proposed as guidance for practitioners, emerged a few
years later named Community-based social marketing (McKenzie-Mohr 2011;
McKenzie-Mohr and Schultz 2014). This framework consists of several
steps. The first three steps are similar to the approach proposed by Steg and
Viek (2009). Step four and five of the community-based social marketing
framework consider the context of the intervention’s implementation more



BEHAVIOR CHANGE AS PART OF THE SOLUTION 185

carefully than the approach above. The approach is broadly centered around
1) the thorough choice of which behavior(s) to target; 2) the detection of the
associated batriers and benefits; 3) the development of strategies based on
effective tools suitable for addressing the barriers and benefits; 4) the trialing
of the intervention with a small sample and once shown as effective its (5)
broad implementation and ideally (mid-and long-term) evaluation
(McKenzie-Mohr 2011; McKenzie-Mohr and Schultz 2014).

Following these guidelines should result in better, hence, effective
interventions as they are based on “carefully studied” tools (McKenzie-
Mohr and Schultz 2014). Nevertheless, the intervention tools in the next
section are context and behavior dependent and therefore, are unlikely to
work in all contexts and for all target groups. It is important to systematically
analyze why interventions did and why they did not result in behavior change
as well as sharing these results as this will help to improve the development
of interventions. Moreover, it is crucial to acknowledge that the community-
based social marketing approach is used by researchers as well as by
practitioners. This is a strength as it is versatile, but can also be a weakness
as it can lead to misuse if it is not applied correctly. Therefore, intervention
effectiveness can vary greatly. For instance, interventions in an intercultural
setting which proofed to be effective in one community might not work for
another due to the differences in personal, cultural or situational factors
(Bosse 2010; Leenen 2005), especially when the intervention disrupts
peoples every-day life (Richter, Grinzner and Kléckner, under review) such
as using a playful tool like a board game as intervention to foster discussions
about difficult and even conflict evoking topics (e.g., http://www.
savannalife.no/).

For example, a study with Norwegian students and university employees
found that proper waste disposal at work was mainly motivated by
intentions, perceived behavioral control, personal and social norms as well
as habits (Ofstad et al. 2017). Whereas, a study with an island community in
Indonesia found that individual factors such as awareness were not
considered when they thought about plastic pollution. For them, social-
factors such as collective beach cleans or waste disposal organized by the
community were things which came to mind first (Phelan et al. 2020).

In the first and second step of the community-based social marketing
approach, it is important to listen to what the community members—
respectively members of the target group—have to say about their personal,
cultural and situational setting. Moreover, listening to their experiences
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during and after the intervention is essential to not undermine their voices,
to choose the fitting intervention and to evaluate it appropriately.

Intervention Tools

Various tools, grouped in informational (motivational-focused) and
structural (context-focused) strategies can be used to foster environmental
behavior change (Steg and Vlek 2009). Both strategies are important and
their effectiveness is dependent on the target behavior. Structural
strategies—also known as hard measures—aim to make sustainable action
easier and harmful action harder in a specific context. This can take the form
of physical changes (increasing proximity to recycling bins), but also the
implementation of legal measures (banning primary microplastics in
personal care products) fall into this category (Steg and Vlek 2009). They are
especially useful when external barriers make sustainable behavior difficult
and can potentially influence behavioral determinants indirectly. Informa-
tional strategies—also so-called soft measures —on the other hand, can help
to increase public support for structural changes (Steg and Vlek 2009). They
are especially beneficial when external batriers are low and the sustainable
behavior in question is easy to implement for the individual (e.g., no
perceived barriers present) (Steg and Viek 2009).

The intervention tools which are going to be presented are based on the
findings of a meta-analysis investigating the effectiveness of intervention-
based research targeting different sustainable actions such as various kinds
of recycling (public, curbside, central) and conservation behaviors (energy,
water, gasoline etc.) in an experimental setting (Osbaldiston and Schott
2012).

We ate going to present a short description of the treatments, which were
explored in the meta-analysis—sorted from low to high engagement for the
participants. Making it easy describes the reduction of barriers to make the
more sustainable behavior the easier option such as reducing the distance of
recycling bins (McKenzie-Mohr and Schultz 2014; Osbaldiston and Schott
2012). Prompts are simple cues closely presented to the behavior in question
such as “put plastic in the yellow bin” (McKenzie-Mohr and Schultz 2014;
Osbaldiston and Schott 2012). They need to be self-evident, obvious and
should focus on behaviors that encourage a sustainable action instead of
avoiding a non-sustainable one (McKenzie-Mohr and Schultz 2014).
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Justifications (declarative information) are pieces of information that explain
why a certain behaviour should be done e.g., by illustrating the pathway of
waste and explaining how misplacement of recyclable items lead to landfills
or contamination of the natural environment etc. (Osbaldiston and Schott
2012). Instructions (procedural information) are pieces of information, which
explain how to do a certain behavior e.g., by explaining the proper disposal
of different kinds of plastics (Osbaldiston and Schott 2012). Rewards are one
kind of incentive and generally consist of a positive outcome initiated by a
specific behavior (McKenzie-Mohr and Schultz 2014). However, in the
meta-analysis, they were described as a “monetary gain that people received
as a result of participating in the experiment” (Osbaldiston and Schott 2012,
272).2 Social modeling desctibes a variety of tools—such as social diffusion or
norms—in which information is passed on by someone who encourages a
specific sustainable action (Osbaldiston and Schott 2012). Social diffusion
describes the adoption of sustainable behaviors by people because of the
influence of significant others who already act sustainably. Norwative messages
can take form in information about how other people act and keeping the
referent group more generic or self-determined is advised (McKenzie-Mohr
and Schultz 2014). Cognitive dissonance—e.g., the conflict between the
underlying pro-environmental attitude and environmental harmful
behavior—was achieved by techniques such as foot-in-the-door. Meaning
that participants were invited to do a smaller task—one to which participants
casily agree—followed by an invitation to a more extensive one which is the
actual targeted behavior (Osbaldiston and Schott 2012). Feedback is described
as information that was given about past behavior over a certain amount of
time (Osbaldiston and Schott 2012). Commitment to carry out a certain
behavior was implemented in the interventions in verbal or written form
e.g., signing a pledge card (Osbaldiston and Schott 2012). Goal setting in the
interventions was advocated by providing the participants with a fixed goal,
provided by the researchers, such as reducing their consumption by a
specific amount in a certain time period (McKenzie-Mohr and Schultz 2014).

The researchers found that interventions in which cognitive dissonance,
goal setting, social modeling or prompts were present were the most
effective. However, intervention success across various behaviors differed
and the authors concluded that “low-engagement treatments are appropriate

2 The context in which the reward is placed is crucial when interpreting the results. It needs
to be distinguished if participants are rewarded for taking part in the experiment itself or
if they are rewarded when showing the sustainable behavior during the experiment.
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for low-effort behaviors and high-engagement treatments are effective for
high-effort behaviors” (Osbaldiston and Schott 2012, 280). Moreover, most
interventions had multiple treatments in place. The most successful
combinations were: Instructions and goals, prompts and making it easy,
cognitive dissonance and justification, prompts and justification, rewards
and goals, commitment and goals. Feedback and instructions seemed to
have a smaller effect in comparison to the other treatments listed below.
Moreover, feedback did not appear to be as effective in combination with
other treatments in comparison to the presented alternatives.

Overall, each of the treatments displayed has been implemented in the
interventions in various ways as main treatment or support. The meta-
analysis summarized vatious treatments, but there are far more techniques
at hand which have not been studied thoroughly. Nevertheless, the
researchers were able to quantify the effectiveness of treatments across
different environmental behavior domains. Recycling is one of the most
extensively studied behaviors and even though it plays an important role in
the reduction of plastic pollution, it is also important to look into
consumption behaviors across different plastic sources to reduce the use of
plastic overall. Therefore, more experiments looking into behaviors causing
plastic and microplastics pollution is needed. Moreover, a systematic review
focusing on the effectiveness of various intervention techniques or—if
enough studies are found—a meta-analysis to quantify the various effects
can help to create extensive research informed advice for practitioners.

Conclusion

In this chapter, we gave insights into environmental psychology approaches
and their potential to increase the effectiveness of environmental behavior
change interventions targeting plastic pollution.

To summarize, there is no one fits all solution when wanting to tackle
environmental behavior. Some behaviors have stronger moral components,
some are more influenced by the individual’s perception of control (how
easy or difficult it is doing a behavior) and others are strongly habitualized.
It is key to understand these characteristics of the target behavior and also
the system in which it takes place: Will a change of the behavior lead to an
effective outcome in comparison to alternative measures? Will it be feasible
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to change considering internal and external constraints? If so, further
development of the intervention can follow, using the series of steps
introduced above, under consideration of the target-specific behavioral
drivers and barriers.

Finally, behavior change is one part of the solution to reduce plastics in
our natural environment, as “the consumer” plays one role in a complex
system. A reduction in consumption behavior and an increase in recycling
behavior is a start and can empower individuals. Nevertheless, it will not
solve the problem on its own. Harmonized and immediate actions from
different stakeholders such as governments, businesses, and communities
wortldwide combining pre- and postconsumption solutions are needed to
achieve the necessary reduction of plastic polluting on our planet (Lau et al.
2020). For that reason, governments expressed their willingness to sign an
international agreement tackling plastic pollution during the last meeting of
the United Nations Environment Assembly and researchers are currently
pushing for an “international legally binding agreement” targeting plastics
on its complete life cycle (Simon et al. 2021).
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Chemicals in Plastic Packaging: Challenges
for Regulation and the Circular Economy

Jane Muncke, Lisa Zimmermann

Plastics are complex chemical mixtures. They contain many different
chemicals; some serving a specific function in the plastic product (such as
additives that make plastic flexible or hard) and some having no
functionality, such as impurities or degradation products. When addressing
the issue of chemicals in plastics, it is reasonable to focus mostly on plastics
used for food contact purposes, as here most data and information are
available and these chemicals may directly transfer into foodstuffs where
they are ingested by humans—although there is an increasing evidence base
also for chemicals present in other, non-food contact plastics. We assume
that plastic food contact materials (FCMs) are the most direct and relevant
human exposute source to chemicals in plastics for the general population.
Therefore, in this chapter, we zoom in on plastic and bioplastic FCMs. It is
however important to note that plastic chemicals used for other applications
than FCMs ate also important. First, we discuss the chemical composition
of food contact plastics, their risk assessment, regulation, and potential
health consequences. Then, we evaluate the fate of plastics in a circular
economy, including the impact of recycling, and the role of alternative
materials such as bioplastics.

Food Contact Materials

The largest current use of plastics is for packaging (approx. 40 percent), with
food and beverage packaging contributing the most to this industry sector:
approximately 10—20 percent of the overall global plastics production is for
food packaging. Plastic packaging that is intentionally brought into direct
contact with food is also known as “food contact” plastic. Besides
packaging, also other items contact food and are collectively called food
contact articles (FCAs). FCAs cannot only consist of plastics but also of
other materials like adhesives, printing inks, and paper referred to as food
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contact materials (FCMs) (see Fig. 1). Both FCAs and FCMs consist of and
contain so-called food contact chemicals (FCCs) which is not a legal term
but is still useful when discussing any and all the chemicals that are present
in food packaging, regardless of whether they are intentionally added
because they have a function, or not (Muncke et al. 2017). Importantly,
plastics are not inert materials, meaning that they transfer some of their
chemical constituents into surrounding media—for example into food and
beverages. This transfer of chemicals from FCMs into foodstuffs is known
as migration.

food contact
chemicals
food contact (FCCs):
food contact materials .
article (FCA): (FCMs): A m:; n;?;rs
* yoghurt cup * plastic(s) . gng\;mers
. alumunum * additives
. coatmg * pigments
* adhesives * metals
* printing inks * impurities
= * reaction
by-products
* degradation
products

Fig. 1: Food contact articles (FCASs, e.g., yoghurt cup) are combinations of different food
contact materials (FCMs, e.g., pobpropylene and printing inks). FCAs and FCMs
consist of and contain many food contact chemicals (FCCs) such as additives, un-reacted
monomers and impurities. (Sonrce: Muncke et al. 2017)

In today’s societies, many of the foodstuffs that reach the consumer ate
packaged! (Costa et al. 2020). This packaging consists of different FCAs,
made up of various FCMs (see Fig. 1), but the majority of food packaging
and direct FCMs are plastic or synthetic, plastic-like materials such as the

11n a 2020 Portuguese study, 57 percent of foodstuffs were packaged.
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coatings on the inside of most food and beverage cans? (Pogas et al. 2009;
Costa et al. 2020). But food containers made of paperboard are also
chemically treated, or even coated, with a thin plastic layer. In conclusion, it
is important to understand that today’s food packaging is highly engineered
and consists of many different FCMs, and plastics are very common on
today’s market.

Tab. 1: Common tpes of food packaging and their food contact material constituents.
Excamples of migrating chemical types are given. (Source: Own draft)

Packaging type Food contact materials Chemical migration
Monomers (styrene, caprolactam,
o - Rhp bisphenol A); oligomers; plasticizers
o Plastics i adhesnzzsa,t:}r:lr;tmg L (RIS, {ortho-phthalates, acetyl tributyl citrate,
& DEHA); catalysts {antimony); antioxidants
(2,4-di-tert-butylphenol, Irgafos 168)
Printing inks (benzophenanes, mineral
N Paper and cardboard, printing inks, oils, ortho-phthalates); grease-proofing
N @ Paper & board adhesives, plastics, metal (PFAS); antioxidants (butylated
hydrexytoluene)
Eﬁ Metal Metal, coatings and laquers, printing inks, Oligomers; monomers (BADGE, melamine,
paper and adhesives hisphenal A}; slip agents {erucamide}
=]
2 . i Monomers (BADGE, hisphenol A); metal
Glass, metal, plastic, coatings, printing . . y i
Glass 2 : i ions {lead, zinc, sodium, potallsium,
g inks, paper, adhesives, silicones, cork g
barium)
= Multilayer Plastic, metal, cardboard, printing inks, e
V . . dhesi Printing inks, monomers
é multi-material adhesives

Chemical Composition of Plastics

Plastics as a food packaging material consist of many different FCCs (see
Tab. 1), and this makes plastic FCMs highly complex. This chemical
complexity is partially due to the way plastics ate commonly manufactured:
plastics’ main, structure-giving constituents are polymers. Polymers are
large, synthetic (or man-made) molecules made up of up to 10,000 repeating
molecular building blocks. These building blocks are small molecules known
as monomers. Polymers are made by an aggressive chemical reaction process

2 In the same 2020 Portuguese study, the food packaging types were 69 percent plastics, 14
percent multi-layer multimaterial (with plastic as direct food contact material), plus an
unknown level of coated metal (synthetic, plastic-like material) and plastic-coated paper.
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called polymerization. During polymerization, many reaction by-products
are formed, especially if the starting materials (i.e., monomers) are not of
high purity. In this case, chemical impurities can also react during poly-
merization and form new chemicals which are then also present in the
finished plastics (but which have no intended function).

Besides polymers and reaction by-products from polymerization, plastics
contain unreacted monomers and impurities as well as intentionally added
additives. Additives can make up 50 percent of the plastics by weight. They
impart material properties to plastics, such as flexibility or stiffness, color,
durability (protection of the polymers from degradation), and so forth. In
conclusion, a finished plastic FCM is a complex material consisting of
hundreds to thousands of different chemicals—some very large, like poly-
mers, which give plastics their formability and moldability, and some very
small, like some of the additives and non-intentionally added substances
(NIAS). NIAS include impurities, reaction by-products, and break-down
products of additives.

All these chemicals that are present in plastics can transfer (or migrate)
into foodstuffs. Migration is a well-studied phenomenon that is backed by
an abundance of scientific studies from the last 50 years. Several principles
determine the extent of chemical migration into foodstuffs:

(1) Levels of migrating chemicals in packaging—higher levels of
chemicals in FCM lead to higher levels migrating into foodstuffs
(2) Temperature—migration occurs faster and at higher levels when
temperatures increase, meaning migration is higher into hot
foodstuffs, or during storage at room temperature compared to
cooling conditions (freezer)
(3) Storage time—migration occurs over time, and longer storage times
imply higher migration
(4) Food chemistry—migration of fat-soluble, lipophilic chemicals is
faster into fatty foods, while migration of water-soluble, polar/
hydrophilic chemicals occurs faster into aqueous foodstuffs
(5) Packaging size—smaller size packaging has a proportionally larger
surface area in contact with food, per volume of foodstuff,
compared to larger size packaging; therefore, migration in smaller
packaged portion sizes is proportionally higher than in larger
portion sizes
It is important to note that migration can occur even if an FCA is not directly
touching a foodstuff, but if the foodstuff is in its proximity. This is the case
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when volatile chemicals migrate, for example from printed food packaging
into (fatty) solid foods.

There are many examples for migration (Tab. 1) and in some special
cases, chemicals migrating from (plastic) food packaging can also interact
with the food in chemical reactions which form hazardous chemicals. For
example, when benzoic acid migrates from plastic packaging into foodstuffs
containing ascorbic acid, the carcinogen benzene can be formed as a reaction
product (van Poucke et al. 2008).

Understanding migration is critical for assessing the safety of FCMs and
FCAs. In the European Union, the current regulatory definition of safety
for FCMs is based on migration. Article 3 of the so-called FCM Framework
Regulation (EU 1935/2004) specifies that

“Materials and articles, including active and intelligent materials and articles, shall be
manufactured in compliance with good manufacturing practice so that, under
normal or foreseeable conditions of use, they do not transfer their constituents to
food in quantities which could:

(a) endanger human health; [...]” (EU 2004, 7)

In the US, food contact materials are considered “safe” if there is

“reasonable certainty in the minds of competent scientists that the substance is not
harmful under the intended conditions of use” (Food Additive Amendment 1958,
3).

Both regulatory definitions of safety require that any migrating chemicals
shall be assessed for their risk to human health. But this is not always feasible
for various reasons, including that some NIAS cannot be identified, or that
the pure chemical substance is not commercially available and therefore
cannot be quantified with certainty nor empirically assessed for its hazard
properties. Therefore, one has to assume that there are many FCAs available
on the market from which untested chemicals migrate into food. Whether
these untested chemicals present a harm to human health is unknown, and
essentially unknowable, using current approaches to chemical risk
assessment.
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Toxicity of Plastic Chemicals

Chemicals that migrate from FCAs into packaged foodstuffs are taken up
by humans when they ingest the food or beverage. In the past decades,
plastic chemicals have been detected in virtually every human tested. For
instance, metabolites of the plastic monomer bisphenol A (BPA) and
phthalate ester plasticizers widely used as plastic additives have been
measured in more than 90 percent of the US population (Silva et al. 2004,
Calafat et al. 2008; Zota et al. 2014). A study of synthetic chemicals in human
umbilical cord blood found around 3,500 different chemicals, including
several known to be used in plastics (Wang et al. 2021).

Health Consequences of Plastic Chemicals

Humans are exposed to plastic chemicals that they ingest on a daily basis,
and for which this chronic exposure can cause negative health outcomes.
Human biomonitoring studies are carried out to determine the types of
chemicals humans are exposed to and their levels found in people, where
urine and blood samples (or any other type of human samples) are analyzed
for certain known FCCs. To estimate the human health consequences of a
chemical, it is conventionally administered to a large group of rodents (e.g.,
rats) over a certain time period. Afterward, the animals are examined for
overt signs of toxicity such as a reduced number of offspring compared to a
control group that was not exposed to the chemical. By testing different
concentrations, the highest concentration without any effect, as well as the
lowest concentration leading to an effect, can be determined. To derive a
safe exposure level for humans, assessment factors are applied that account
for the differences between the tested animal and humans as well as for
uncertainties of the testing procedure. Instead of performing toxicity studies
in living organisms (in vivo), an alternative approach is to conduct them
outside their normal biological context such as in isolated cells or
microorganisms (7 vifro).

Morte than a hundred studies have demonstrated health consequences of
BPA including effects on reproduction, the mammary gland, the immune
system, brain structure, neurobehavior, and metabolic endpoints. These
effects can already occur at low doses (Vandenberg et al. 2019). Like BPA,
evidence that phthalates influence the endocrine system, the nervous and
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the immune systems, and the functioning of multiple organs is widespread
(Maftini et al. 2021; Wang and Qian 2021).

However, in addition to the few well-studied plastic monomers and
additives, plastics contain and leach many other chemicals: More than 12,000
intentionally-added substances may be used in the manufacturing of FCMs
in general and more than 4,000 chemicals have been associated with plastic
packaging in particular. Among these are substances of concern. For these,
scientific studies have demonstrated that they can have an negative impact
on human health and/or the environment (Groh et al. 2019; Groh et al.
2021). For the majority of plastic chemicals, hazards have not even been
analyzed, meaning hazard data are lacking. As discussed in the previous
section on the chemical composition of plastics, as a result, many plastic
products on the market, including food packaging, are not tested for their
chemical hazards. Moreover, most of the chemicals contained in and
migrating from plastics are unknown, making it impossible to quantify them
and to assess their health consequences (Zimmermann et al. 2021).

One approach to identify hazard properties of chemicals with unknown
identity is to test the whole mixture of chemicals that migrate or are
extractable from plastics for their mixture toxicity. At the same time, this
approach also takes into account effects related to the interaction of the
different substances and reflects the actual composition of chemicals and
overall toxicity the consumer is likely exposed to. Iz vivo and in vitro test
methods using cell-based or whole-organism bioassays indicate that
chemical mixtures originating from plastic FCMs can be toxic to humans
and wildlife alike. They can result in cell death (cytotoxicity), damage of the
genetic material (genotoxicity), and can interfere with the hormone system
(endocrine disruption) (Wagner and Ochlmann 2009; Groh and Muncke
2017; Severin et al. 2017; Zimmermann et al. 2019; Pinter et al. 2020).

The Toxicity of Plastics Is Product-Specific

Especially critical is that the chemical composition, as well as the toxicity,
are highly specific to the plastic product. Iz vive and in vitro studies suggest
that products made of certain polymer types, such as PVC and polyurethane
(PUR), more frequently contain and leach toxic chemicals than other
polymer types (Lithner et al. 2009; Zimmermann et al. 2019; Zimmermann
et al. 2021). Potential reasons for this are that PVC and PUR require high
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quantities of additives and have been ranked most hazardous based on the
monomers they are made of (Lithner et al. 2011). At the other end of the
spectrum, some studies have reported PET to be free of toxic chemicals
(Bach et al. 2013; Mertl et al. 2014). However, other studies found toxic
chemicals contained in and migrating from PET products (Yang et al. 2011).
Therefore, chemical composition and toxicity of a product cannot be
predicted based on the polymer type alone. Instead, whether a plastic item
contains toxic chemicals and whether they transfer into foodstuffs or not is
largely dependent on the individual product, its chemical composition and
manufacturing.

These differences between plastic products are not discernable upon
optical inspection. For instance, two products made of the same polymer
(e.g., polyethylene, PE) may contain a very different set of intentionally and
non-intentionally added substances, also leading to different toxicity profiles
(Zimmermann et al. 2019). The same applies to two products serving the
same purpose and of identical appearance (e.g., two yoghurt cups). Thus,
neither the polymer type nor application and appearance can serve as an
indicator of a product’s safety or toxicity. This prevents giving robust
recommendations to industry, retail, and consumers on how to reduce the
use and exposure to hazardous chemicals that migrate from plastic food
packaging, other than an avoidance of chemically complex FCAs in general.

On a positive note, based on currently known hazard properties of
concern, safer products are already on the market. These products do not
contain chemicals with well-known hazard properties, such as chemicals
influencing the hormone system, or, they may contain these chemicals but
they will not transfer into the food. Thus, they are not available for human
consumption (Zimmermann et al. 2019; Zimmermann et al. 2021). These
products could be used as best-practice examples in the design of safer
plastics. As a prerequisite, manufacturers would need to disclose the
chemical composition and processing steps of their plastic products, which
is, at present, not a requirement for food packaging.
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Risk Assessment of FCCs—Current Practice and Options for
Improvement

In chemical risk assessment, the central paradigm is that higher exposute
levels equal higher risks. This is derived from the 16™-century scholar
Paracelsus’ Third Defense, where he wrote in 1564: “What is there that is
not poison? All things are poison and nothing (is) without poison. Solely the
dose determines that a thing is not a poison” (Deichmann et al. 1986, 212).
Paracelsus’ observation is very much reproducible, but in chemical risk
assessment, it is interpreted to mean that low doses are of lower risk, while
higher doses are of higher risk. This is indeed a logical fallacy, especially since
there is empirical evidence demonstrating that in some cases, lower doses of
chemicals are indeed of higher risk than higher doses. We discuss this issue
in more detail in the section on non-monotonic dose-response below.

The risk assessment of chemicals, as it is practiced today by regulatory
authorities and industry worldwide, assumes that health risks are higher if
exposure levels are higher, and if the hazard properties of a given chemical
are considered very severe. Therefore, for some chemicals with hazard
properties of high concern no safe levels exist. For example, genotoxicants,
which can directly damage DNA in various ways that may lead to cancer in
humans, are considered highly hazardous chemicals, for which the risk is
high even if the levels of the chemical (in food, etc.) are low. As
consequence, genotoxicants are not allowed for use in the manufacture of
food packaging, but there are some notable exemptions such as vinyl
chloride (ATSDR 2016) or formaldehyde: For these genotoxic substances,
it is assumed that they are chemically changed during manufacture so that
no residues of the genotoxic substances remain present which could migrate
into foodstuffs. However, this is not always the case and data are showing
that migration from FCMs does indeed seem to occur (Castle et al. 1996;
Ebner et al. 2020).

For other, non-genotoxic chemicals, thresholds for human exposure are
set at levels below which exposures are assumed to have an acceptably low
risk. In other words, health risks are expected to be larger if the level of a
chemical is higher. Based on this, migration of chemicals from food
packaging and other types of FCAs is considered acceptable, as long as
certain levels are not exceeded. In recent years, this approach to chemical
risk assessment has been criticized as not being founded in current scientific
understanding. As consequence, it is not considered to be sufficiently
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protective of human health—an opinion, that also has been reflected in a
2016 report by the European Parliament (2016). The outlined examples
indicate that chemical risk assessment as currently practiced for FCMs has
several severe shortcomings, which are explained in more detail in the
following.

Risk Assessment of Unknowns and “Non-Standard” Chemicals Is
Impossible Using Currently Conventional Approaches

Many of the chemicals contained in FCMs are unknown, e.g., in the complex
chemical synthesis many unpredictable reaction by-products are generated
(Bradley and Coulier 2007). And as studies show, some of these unknown
chemicals also migrate into foodstuffs during the normal, intended use of an
FCA (Qian et al. 2018; Kato and Conte-Junior 2021; Zimmermann et al.
2021). But if a chemical is unknown, it cannot be measured for its level of
migration into foods as chemical analysis requires availability of the pure
chemical to calibrate the analytical equipment, and its toxicity cannot be
assessed as this also implies that the pure chemical substance is available.
Therefore, unknown chemicals essentially cannot be tested and,
subsequently, cannot be assessed for their risk to harm human health using
today’s conventional chemical risk assessment approaches. This reality is
cutrently being accepted, and some “work around” tools like the use of
prioritization approaches have been developed and applied? (Koster et al.
2011; Koster et al. 2014; Pieke et al. 2018; Zimmermann et al. 2021).
However, these approaches for the prioritization of chemicals in plastics do
not result in fully risk-assessed chemicals with the same level of certainty
that conventional chemical risk assessment requires. As consequence, the
risk to human health from unknown chemicals migrating from food
packaging essentially remains unknown.

For example, every plastic contains oligomers—these are short-chain
polymers, small molecules that are a normal by-product of polymerization.
Oligomers are usually small molecules and therefore relevant for human
health risk assessment, as they can migrate and be taken up in the gastro-

3 For example, the Threshold of Toxicological Concern (TTC) concept is used in
combination with non-targeted chemical analysis or bioassays of overall migrate.
However, TTC is not a scientific method, it allows for approximation and prioritization
with inherently high levels of uncertainty (Bschir 2017).
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intestinal tract. But oligomers are difficult to identify and usually not
available as pure chemicals for further testing. Therefore, the knowledge
about their toxicity is usually limited and a risk assessment of oligomers is,
therefore, most often not possible.

The Dose Does Not Always Make the Poison

Current chemical risk assessment assumes that “the dose makes the poison”
and that risk increases (and decreases) in a dose-dependent way. But
scientific studies on chemicals which interact with the hormone system, that
is also known as the endocrine system, have shown that dose-effect
relationships of such chemicals are not always linear (Vandenberg et al. 2012;
Gore et al. 2015). In practice, both natural hormones, as well as certain
synthetic man-made chemicals, can have effects at low levels which are not
seen at higher levels. Here, the dose-response relationship follows a U-shape
or an inverted U-shape curve, which means that intermediate concentrations
have a lower or higher effect than low and high concentrations of the same
compound. This phenomenon has been repeatedly found for some
chemicals, and these substances are known as endocrine-disrupting
chemicals as their effects will interfere with the functioning the endocrine
system. Current standard chemical risk assessment does not consider such
non-monotonic dose responses but instead assumes that effects of high
levels can be extrapolated in a linear way to assess effects at low levels.
Therefore, human health is currently not adequately protected from
exposures to hormone-hacking chemicals that migrate from food packaging
into food at lower levels.

For example, the chemicals BPA and di-ethyl hexyl phthalate (DEHP)
have both been shown to have non-monotonic dose responses for certain
biological effects (Takano et al. 2006; Montévil et al. 2020).

Certain Types of FCCs Should Not Be Used

There is a consensus in chemical risk assessment that exposure to (man-
made) genotoxicants (i.e., chemicals that alter and damage genetic material
and/or nucleic acids such as RNA or DNA) must be as low as possible. As
consequence, such substances shall not be used intentionally in FCMs unless
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explicitly authorized and that their migration into foodstuffs must be below
acceptable thresholds. But this approach of setting thresholds for
genotoxicants and also for non-genotoxic carcinogens (i.e., chemicals that
can lead to cancer by non-genotoxic mechanisms) is applied to single
substances in food packaging and other FCAs. It does not factor in that
humans are simultancously exposed to a multitude of genotoxic and non-
genotoxic substances at low levels from other, often natural, sources.
Consequently, the risks of the individual substances accumulate. Some risks
could be avoided by not authorizing known genotoxicants for use in
products such as food packaging. By contrast, the naturally present
genotoxicants are far less manageable, such as acetaldehyde in ripening fruit.
Therefore, to reduce human risk from exposure to all types of genotoxicants,
known and avoidable sources, even if they ate at individually low levels,
should be eliminated. Such an approach, aimed at eliminating low-level
exposures to genotoxicants in the majority of the population reduces the
overall risk for cancer caused by these chemicals in the entire population
(Rose 1981).

For example, styrene is a probable human carcinogen (IARC 2018) and
a monomer used in the manufacture of polystyrene food packaging such as
the packaging of dairy products or plastic cold cups. It is inevitable that small
amounts of unreacted styrene will migrate from polystyrene into food,
thereby exposing a large part of the human population to a probably
carcinogenic chemical. Therefore, the use of polystyrene food packaging
should be eliminated to reduce human genotoxicant exposure from this
known avoidable soutrce.

Mixture Toxicity—the Reality, Not the Exemption

According to current regulations, chemicals migrating from food packaging
into food must be assessed individually. However, migration does not
happen for one chemical at a time only. Plastic FCMs are highly complex
mixtures of many different chemicals. Some of these chemicals can transfer,
again as a chemical mixture, into foodstuffs being ingested with the food.
This chemical mixture can exert health effects, even if the individual
chemicals in the mixture are below their effect thresholds. But today’s
chemical risk assessment approach does not consider that mixtures of
chemicals migrate and that these mixtures can have other effects than the
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sum of the individual chemicals. Instead, chemicals are assessed one by one
(if at all) and safe exposure thresholds are set for individual, intentionally
added chemicals only.

Mixtures are a reality for all plastics in direct food contact, with hundreds
to thousands of chemicals found to migrate at the same time, many of which
are unknown (Zimmermann et al. 2021).

The Timing of Chemical Exposure Influences the Risk

Along with the level of exposure to a chemical, and the mixture with other
chemicals, the timing of the chemical exposure also influences the risk.
Timing here means the point in a human’s life when exposure to a man-
made chemical takes place. For example, the same level of chemical may not
affect a 27-year-old adult, but be detrimental to a developing fetus or
newborn. Indeed, during development exposure to certain chemicals can
induce long-term adverse health impacts, which only manifest later in (adult)
life. The Developmental Origins of Health and Disease (DOHAD)
hypothesis implies just this. Several studies have linked low-level prenatal
exposures to man-made chemicals with diverse health effects such as
allergies, neurological disorders, obesity and diabetes, and cancers.
Currently, the timing of chemical exposure and its effects on different life-
stages are not rigorously assessed when chemicals for use in FCMs are
authorized.

For example, the synthetic chemicals BPA, 4,4-bisphenol F (BPF), and
petfluorooctanoic acid (PFAS) were measured (together with other man-
made chemicals) in pregnant women during their first trimester. Increased
levels of these chemicals were correlated with a reduced intelligence quotient
in the boys seven years later (Tanner et al. 2020).

Today’s Chemical Exposure Can Affect Future Generations

In addition to directly affecting the developing fetus, chemical exposures
during development or later in life may “imprint” themselves on the genetic
material. Imprinting means that the genetic code sequence is left unchanged,
but changes are inferred as to how genes atre activated. These changes are

found on the DNA or “on the gene,” and hence are named epigenetic.
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Indeed, many chronic diseases seem to have epigenetic mechanisms instead
of coming from changes to the genetic code’s sequence (Feil and Fraga
2012). But what is more, certain epigenetic changes are heritable and
transferred across several generations, even long after a chemical exposure
occurred (Breton et al. 2021). As consequence, future generations may be at
risk for detrimental health effects due to exposures which happened long
before their existence, in their great-grandparents (or even before).
Knowledge of such mechanisms implies that there is a moral obligation for
today’s decision-makers to factor in the protection of future generations.
This is another issue presently barely discussed in the chemical risk
assessment of FCMs currently. Food contact chemicals that are known to
affect the epigenome are BPA (Dolinoy et al. 2007) and DEHP (Robles-
Matos et al. 2021).

Conclusion: Challenges for Chemical Risk Assessment of FCMs and the
Way Forward

Science is constantly advancing what is known about chemicals and their
impacts on human health. Yet chemical risk assessment for FCAs is
currently stuck with a toxicological paradigm that is outdated and has been
disproved by modern science. As a result, current chemical risk assessments
practiced by regulators and industry are not sufficiently protective of public
health (Muncke et al. 2020). A new approach is needed which systematically
addresses all known shortcomings and which leads to a better protection of
the general public from chemicals that migrate from food packaging and
other FCAs (Muncke 2021). The opportunity for health prevention is large:
although exposures to individual chemicals from food packaging may be
small, almost the entire population is exposed. In addition, even yet unborn
generations are affected because the effects can be transgenerationally
inherited. If these detrimental low-level exposures were removed, many
would benefit as more cases of avoidable disease would be prevented in the
general public. And, in addition, so far unknown consequences of mixture
toxicity and cumulative risks would also be mitigated.
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Regulatory Requirements and Enforcement Realities—Food
Contact Plastics in Europe

In Europe, the Food Contact Materials and Articles Framework Regulation
(EU 1935/2004) established the requirement to assess that the levels of
chemicals migrating into food do not harm human health. This requirement
is further for food contact plastics (EU 10/2011 with its amendments)
where the need for risk assessment of NIAS is stipulated (Art. 19).

But regulatory requirements need to be controlled, and regulation must
be enforced to establish that plastics on the market meet the safety demands
set out in the regulation. This is challenging for several reasons. In Europe,
around 1,000 chemicals are explicitly authorized for use in food contact
plastics. Experts estimate that an additional four to six chemicals are present
in finished food contact plastics for each authorized substance, meaning that
over 4,000 chemicals would be expected to be present in finished plastics
articles. Empirical studies show that this number can range between a few
hundred to over 10,000 different chemicals in a given plastic product
(Wagner et al. 2013; Zimmermann et al. 2021). So, assessing the risk of each
of these chemicals separately would be challenging and practically not
feasible. Risk assessment and enforcement are not always possible even for
the chemicals that are explicitly authorized for use in food contact plastics,
for example, because methods for their chemical analysis are not publicly
available (Simoneau 2015).

It is unknown whether industry is performing risk assessments for each
and every of these substances. What is clear is that regulatory enforcement
agencies are neither assessing all chemicals that are authotized for use in
food contact plastics nor controlling whether industry is meeting its
regulatory requirements—in part, because the required information is not
shared with authorities (McCombie et al. 2016). Indeed, enforcement
experts estimate that regular controls are carried out for less than 100 food
contact chemicals (McCombie 2018).

Currently, the EU Commission is revising its food contact materials
regulation and it is unclear if the plastics regulation will be affected.
However, it is clear that with increasing demands for using recycled plastics
in food packaging, the issue of chemical risk assessment will only become
more complex. For this reason, revised regulations must factor in current
scientific understanding and address challenges related to the circular
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economy (Muncke et al. 2020). Consequently, new approaches for assessing
the risks of chemicals in plastics should be developed.

Moving Forward—Testing the Safety of Chemicals in Plastics

A new approach for assessing the safety of chemicals in plastics starts with
redefining “safety.” Instead of assuming that for any man-made, synthetic
chemical there is an exposure level that is of low risk, the default assumption
should be that only chemicals that have no relevant hazard properties have
safe exposure levels. As consequence, all chemicals that are present in plastic
food packaging need to be empirically tested for their hazard properties. The
relevant hazard properties are tied to a chemical’s propensity to cause
adverse effects and disease (such as cancer, diabetes, allergy, infertility, etc.)
in humans, or to negatively affect the environment (for example by being
persistent and accumulating in the food chain). For this purpose, novel
testing approaches need to be developed and embedded in a new regulatory
framework for assessing the health risks of synthetic chemicals present in
plastics (Muncke 2021).

“Bioplastics”—Shifting Problems

With the increased public awareness of the downsides of plastics, that they
are being made of non-renewable resources and accompanied by inadequate
waste management, demands for more environmentally friendly alternatives
to plastic food packaging have been rising. Bioplastics are traded as a
promising replacement. Only accounting for one percent (2.1 million
tonnes) of the plastics produced today, the bioplastics market is expected to
grow by 36 percent until 2025 (2.8 million tonnes) (PlasticsEurope 2019;
European Bioplastics 2020). Bioplastics can be bio-based materials made
from renewable resources (e.g., bio-based polyethylene (PE) and poly-
cthylene terephthalate (PET)), biodegradable materials meant to degrade by
biological activity (e.g., polybutylene succinate, PBS), or materials that are
both bio-based and biodegradable (e.g., polylactic acid, PLA; Fig. 2)
(Lambert and Wagner 2017). A universally agreed-upon definition of the
term “bioplastics” is still absent. Thus, it is currently unclear whether plant-
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based materials (e.g., statch-, cellulose-, and bamboo-blends), made from
natural polymers but often blended with synthetic materials, would also fall
under that category.

Biodegradable

PLA PBS
PHA PBAT

Oxo-biodegradable
polyolefins

Bio-based

paseq [an}-|ISSO4

Non-
degradable

Fig. 2: Examples of biodegradable, bio- and fossil-fuel-based plastics. Note: “produced
[from bio-based or fossil-fuel-based resources. "usnally made from fossil raw materials, but
up to 30 percent bio-based starting materials can be included during production.
Abbreviations: PLA, polylactic acid; PHA, polyhydroxyalkanoates; PBS, polybutylene
succinate; PBAT,  polybutylene  adipate  terephthalate; PE,  polyethylene; PP,
polypropylene; PV'C, polyvinyl chloride; PS, polystyrene; PET, polyethylene terephthalate.
(Source: adapted from Geueke 2014)
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In comparison with petrochemical plastics, newly developed bio-based and
biodegradable materials are commonly evaluated for performance and
sustainability criteria in production (e.g., carbon dioxide footprint) and end-
of-life (e.g., waste avoidance). However, chemicals currently receive
insufficient attention in these assessments despite being a critical issue
(Ernstoff et al. 2019; Muncke et al. 2020). Therefore, the question arises
whether bioplastics currently available on the market are safe concerning the
chemicals they contain.

Aspects of Chemical Safety

Chemical safety of bio-based and biodegradable materials is of particular
importance due to their high availability for human and environmental
exposure: (1) With around 47 percent, packaging represents the main
application area of bioplastics (European Bioplastics 2020), (2) bio-
degradables are designed to be reintroduced into natural environments (e.g.,
during home composting, after industrial composting), and (3) the “green”
and “sustainable” branding gives consumers and other stakeholders a sense
of safety and better environmental performance.

Few studies have assessed the toxicity of bioplastics (Zimmermann et al.
2020). These publications have demonstrated that bio-based and biodegrad-
able products can contain and release hazardous chemicals. In terrestrial
ecosystems, leachates of PLLA or starch-blends induced phytotoxic effects in
individual plants or affected whole coastal dune vegetations (Souza et al.
2013; Balestri et al. 2019; Menicagli et al. 2019), and PLA adversely affected
soil bacteria and earthworm mortality (Adhikari et al. 2016; Huerta-Lwanga
et al. 2021). In freshwaters, chemicals migrating from bio-based poly-
hydroxybutyrate (PHB) and biodegradable polybutylene adipate tereph-
thalate (PBAT) reduced the survival of water fleas (Gottermann et al. 2015).
Studies related to human health aspects have shown that FCMs made of
different bio-based and biodegradable materials often contain a high amount
and wide variety of chemicals that can induce unspecific and endoctine
effects 7z vitro (Maisanaba et al. 2014; Aznar et al. 2019; Asensio et al. 2020
Zimmermann et al. 2020). The direct comparison to traditional petro-
chemical plastics further elucidated that bioplastics do not perform better in
aspects of chemical complexity and safety (Zimmermann et al. 2020). This
is not surprising since, just like conventional plastics, bioplastics rely on the
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addition of (man-made) chemicals to achieve desired functionalities. In the
case of PE and PET, a change in the carbon soutce of the monomer from
petroleum- to plant-based feedstock—so, from a fossil, non-renewable
catbon source to a renewable carbon source—does not imply that the
plastic’s chemistry and processing change. Moreover, bioplastics often fall
short in physical and chemical properties compared to their well-established
petroleum-based counterparts, due to both material-inherent limitations and
still being in the early phase of their development. Consequently, they are
blended with other (synthetic) polymers and modified with fillers and (man-
made) additives to offset these limitations (KKhan et al. 2017). For instance,
plasticizers are added to deal with PLA’s brittleness and poor thermal
properties, and chain extension agents improve the material’s impact
resistance (Ljungberg and Wesslén 2005; Liu et al. 2013). In addition,
pesticides and fertilizers may still be present in bio-based products as a
leftover from the production of natural resources (Gironi and Piemonte
2011a).

These findings highlight that chemical safety aspects need stronger
consideration in the development of plastic alternatives. To get a better
understanding of bioplastics’ toxicity, future systematic assessments need to
cover all types of bioplastics and all relevant potential human and
environmental health implications, since the focus so far has mostly been on
PLA and its effects upon environmental release.

Other Sustainability Aspects

Apart from health impacts, other sustainability aspects need to be
considered when evaluating the performance of bio-based and bio-
degradable materials. These include environmental (e.g., greenhouse gas
emission), societal (e.g., competition with food production), and economic
(e.g., production costs) aspects of bioplastics’ production, use, and manage-
ment (Gerassimidou et al. 2021).

Life cycle assessments (LCAs) analyze the environmental impacts of a
product along its whole life cycle and suggest that bio-based plastics can save
fossil resources and reduce greenhouse gas emissions. However, due to the
land, water, fertilizers, and pesticide use associated with raw material
generation for their production, bio-based plastics can ultimately have a
higher societal and environmental impact than conventional plastics (Gironi
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and Piemonte 2011b). Generally, the outcome of LCAs is highly dependent
on the individual products that are being compared, their production, and
distribution, as well as on the type and weight of applied assessment criteria,
limiting the comparability of different LCAs and making them prone to
subjective expert bias (Giovannini et al. 2015). In addition, LCAs completely
neglect the toxicity of chemical mixtures associated with the use of
conventional plastics or bioplastics

Biodegradable plastics ate neither a silver-bullet solution—also not for
plastic pollution. The rate of polymeric breakdown largely depends on
prevailing ambient conditions, such as temperature, moisture, and the
presence of microorganisms that can degrade the plastics. The specific
conditions lead to limited biodegradation in most natural environments
including home composts and even more so, to a distuption of industrial
composting facilities when consumers confuse biodegradable with non-
biodegradable plastics (Haider et al. 2019).

And what about oxo-(bio-)degradable plastics? Oxo-(bio-)degradable
plastics atre a sub-group of biodegradable plastics to which special chemicals,
so-called prodegradants or oxo-additives, are added. These additives
accelerate natural polymer oxidation and thus, promote degradation. But
even oxo-degradable plastics may not fully degrade under conditions
prevailing in natural environments, nor under the specified industrial
composting conditions (Geucke 2014). Indeed, an eatly fragmentation of
these plastics merely accelerates the formation of microplastics but does not
solve the plastic pollution problem. The controversy around their environ-
mental impacts has led to the introduction of bans on oxo-degradable
plastics in some countries, e.g., under the European Single-Use Plastics
Directive (EU 2019), but in other countries they are still being used.

In general, insufficient or unclear labeling and “green” marketing of
biodegradable plastics leave consumers confused about waste management,
favoring improper disposal or littering (European Environment Agency
2020). Additionally, biodegradable plastics are mostly designed for single-
use and when they become waste, they are recovered energetically (i.e., they
are incinerated), conflicting with ambitions towards a circular economy,
whete resource loss is minimized (more on the circular economy in the
dedicated section below). New polymers in general, biodegradable and also
bio-based, “contaminate” established recycling schemes since they are not
yet adapted to them (Federal Environment Agency 2012).
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Consequently, for the time being, biodegradable plastics’ suitability is
limited to niche applications where (1) biodegradation is part of the function
(e.g., in medical applications), (2) environmental entry cannot be avoided
and collection is unlikely (e.g., firework cartridges), or where (3) recycling is
not practical (e.g., agricultural mulch films). However, more attention has to
be paid to chemical safety aspects, especially due to their reintroduction into
natural environments. For instance, material design should guarantee that
byproducts of degradation are nontoxic and that none of the chemicals
which leach during use or after disposal are hazardous or untested. Besides,
further ecotoxicity and human health measures need integration in LCAs or
composting standards certificates, such as the European standard EN 14432
currently only considering plant germination and growth (DIN 2000).

In contrast to biodegradables, bio-based plastics offer a more promising
alternative to conventional plastics with broader applicability. Their
ecological footprint can be reduced by using agro-industrial, forest, and food
wastes as raw materials originally gained from sustainable agriculture
(Alvarez-Chavez et al. 2012). Approaches to enhance the physico-chemical
and mechanical properties have been proposed such as the use of algae-
based biomass and the inclusion of nanocomposites in polymerization.
Besides an improvement of their material properties, technologies for the
production and management of bio-based plastics need improvement, for
instance, to increase process yields and the energy sufficiency of biocon-
version, and to adapt existing recycling infrastructure to these new materials
(Ferreira-Filipe et al. 2021).

In conclusion, neither adequate chemical safety* nor sustainability will be
achieved by just replacing petroleum-based plastics with bio-based and
biodegradable materials. Instead, adopting a holistic view, considering
environmental, political, social, technical, economic, and also health-related
aspects, as well as their dynamic interactions, are essential to avoid
regrettable substitutions and develop comprehensive and robust solutions
for the future (Gerassimidou et al. 2021).

4 Safety in the sense that plastics do not contain hazardous and/or untested chemicals.
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Safe and Circular—Circular Economy

As outlined, just replacing one material with another is not the solution to
the plastic pollution problem in general nor the chemical safety issue in
particular. A more comprehensive approach is to reduce material and
resource use (incl. energy from fossil carbon combustion). The circular
economy pursues this target. In an ideal circular economy, materials circulate
endlessly to minimize raw material use and, also to reduce waste, energy use
and loss, and greenhouse gas emissions along the whole product life-cycle
(EPEA 2019). By these means, economic growth is ultimately decoupled
from resource consumption which is considered a prerequisite for the
survival of humanity on this planet and natural resources can regenerate.

Pillars of a Circular Economy

Several measures support a circular economy. The most favorable one is to
avoid the use of industrial products in general or hazardous chemicals in
particular wherever possible. One approach here is to ask whether the
specific function that a chemical, such as a plastic polymer, provides is
essential for the health, safety, and/or functioning of our society. For
example, fluoropolymers are used in non-stick cookwatre but have been
considered as a substance of concern due to the release of per- and
polyfluoroalkyl substances (PFAS). Thus, one could ask: Is the prevention
of food sticking to cookware during food preparation essential for the
functioning of society? (Cousins et al. 2021). A second example is the use of
microplastics in personal care and cosmetic products as emulsifying or
abrasive agents. First, cosmetics as such are not essential for the health or
the functioning of our society in general. In addition, microbeads can
technically be replaced by safer alternatives as illustrated by the fact that
some cosmetic companies have voluntarily renounced the use of microbeads
and that many countries have completely banned the use of microbeads in
cosmetics. Another approach to reducing the number of man-made
products in use is collaborative consumption. Here one accesses a service
(e.g., mobility) instead of possessing the object itself (e.g., owning a car).
Other pillars of the circular economy include reuse and repair, and re-
manufacturing which help to increase the service life of a product. However,
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service life is not endless, so even reused and repaired products are discarded
and replaced at some point.

Recycling

In contrast to reuse, recycled materials re-enter a new life-cycle after one
“service-life-cycle.” Recycling is often understood as the conversion of one
product into a new product serving the same purpose and having the same
properties again and again, e.g., one used yoghurt cup is turned into a new
yoghurt cup of the same quality. However, for most FCAs or FCMs this so-
called “closed-loop” recycling is not possible. Instead, their recycling is
“open loop”. This means that a material may be re-used to produce another
product, which is usually of lower grade and purity. An example is the
conversion of a food packaging into a flower pot. In addition, only a small
portion of the original resource re-enters the loop while the majority
becomes waste. In that way, “open loop” disposal is only postponed but not
avoided, and even recycled plastics eventually end up either in landfills or
being incinerated (Fedkin n.d.). Plastic recycling is not necessarily “closed-
loop” as is reflected by the legal definition for recycling in the EU (EU 2008).
Here recycling is defined as “any recovery operation by which waste
materials are reprocessed into products, materials, or substances whether for
the original or other purposes. It includes the reprocessing of organic
material but does not include energy recovery and the reprocessing into
materials that are to be used as fuels or for backfilling operations”.

Not only is the recycling of plastics such as PET limited to a few (three
to five) cycles, but to maintain the material’s properties, especially its
strength, new materials (also referred to as “virgin materials”) have to be
blended with the PET tecyclate (Schyns and Shaver 2021). While recycled
PET due to its relatively high inertness is presently not considered a major
safety concern (EFSA 2018), other recycled plastics like the polyolefins (e.g.,
polyethylene and polypropylene), are. This is because processing does not
necessarily destroy or remove contaminants. For example, polyolefins are of
lower heat-resistance than PET and less inert meaning that (1) chemicals will
migrate at higher levels, that (2) they can absorb more chemicals, including
environmental contaminants, and (3) they cannot be heat treated at the same
elevated temperatures as PET, to remove volatile contaminants. Thus,
oligomers, additives, and their degradation products, as well as flavor
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compounds and other types of contaminants may remain in the recycled
material while further chemicals may be added to compensate for
functionality losses (Schyns and Shaver 2021). In addition, during the
recycling process, further contaminants from non-food-grade plastics may
be introduced into the material (cross-contamination from non-food grade
packaging waste disposal) (Dreolin et al. 2019). For instance, waste electric
and electronic equipment (WEEE) may illegally be used to cover the
demand for black plastics FCAs. Inefficient sorting of WEEE black plastic
waste can lead to the contamination of black consumer goods with
hazardous substances including brominated flame retardants and heavy
metals (Turner 2018). Accordingly, recycled plastics, especially black ones,
contain higher levels and numbers of chemicals that can migrate into food.
In Europe, a specific regulation (EC No 282/2008) applies to tecycled
plastic FCMs and FCAs, implying that each recycling process for food-grade
plastics must undergo authorization (European Union 2008). The European
Food Safety Authority (EFSA) has reviewed plastic recycling processes for
FCMs and has considered some as acceptable for food contact. None of
these recycling processes for plastic food contact uses has yet been
authorized by the European Commission.

For some FCMs, like those made of PET, recycling processes are well
established and meet EFSA’s safety requirements. For other plastics,
recycling processes do not meet safety requirements for use in food contact.
Besides the availability of established processes, the recyclability of
packaging also strongly depends on the material type and its properties. For
example, plastic multilayers consist of several plastic layers and polymers.
The combination of the different polymers provides excellent technical
properties allowing the packaging and preservation even of quickly
perishable products such as fresh meat. However, plastic multilayers cannot
be recycled into new food packaging but only non-food grade products. This
is because the different layers may not be separable and compatibilizers may
be used in their blending (Geueke et al. 2018). Currently, the majority of
plastic food packaging is mostly only used once (Geyer et al. 2017).

In contrast to impermanent materials like plastics, permanent materials
like glass and metal can be reused and recycled repeatedly without a change
of their inherent properties and the addition of primary materials or further
chemicals in recycling (Metal Packaging Europe 2018). Thus, the chemical
safety of permanent materials remains largely unaffected by recycling. Due
to the very high heat used in the remelting of these materials, organic
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compounds and microorganisms are destroyed. However, also permanent
materials are not by definition free of hazardous substances (Geucke et al.
2018). As an example, sands used for manufacturing glass can contain lead
still present in the final glass product (Shotyk and Krachler 2007). Therefore,
specific methods applied in glass recycling such as UV fluorescence analysis
or treatment with acids help to sort out contaminated cullets or to remove
heavy metals from the material, respectively. Generally, based on their high
inertness, permanent materials have a low propensity for absorption of
chemicals (Geueke et al. 2018). This also means that inert materials do not
take on smells and dyes (e.g., from their content) which makes reuse
possible.

As outlined, especially for non-inert materials such as plastics, one
important hindrance of recycling is the presence of chemicals. Both benign
substances with a strong smell, as well as hazardous chemicals, may be
preventing re-use and recycling.

Challenges Towards Non-Toxic Plastics Recycling

To achieve non-toxic plastics recycling, several challenges have to be
overcome. One challenge is the currently limited information on the
chemicals (of concern) added in previous life cycles and available to waste
handling and recycling institutions. Another challenge is that once legal
substances, now forbidden due to demonstrated risk, may still be contained
in recycled plastics (“legacy contaminants”, see also Eckert in this volume).
Furthermore, when a product becomes waste, the waste legislation applies
in the EU and “end-of-waste criteria” have to be met. However, waste
streams and recovery processes are complex and waste management rules
do not apply equally across the EU’s Member States, meaning regulations
are not harmonized. Thus, legal circumstances are unclear on how waste
becomes a new material or product in the EU. In addition, the lacking
alignment of EU-wide rules on waste and regulations on products can
impact the safety of the secondary raw material. As an example, flexible PVC
waste is classified as non-hazardous while the product recovered from it is
classified as a hazardous chemical mixture (EC 2018).

Consequently, there is a need to harmonize and adapt existing EU
regulations on chemicals (e.g., waste directive, REACH, regulation on
FCMs) to support non-toxic cycles of plastics and other materials. New
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regulatory frameworks should further account for the overall migration and
potential toxicity of the chemical mixtures present in the final (recycled)
product. A reduction in complexity, using fewer polymers and additives, may
favor the chemical safety of the primary and the recycled product while
simultaneously increasing recycling rates as a whole.

Not only chemical safety aspects limit reuse and recycling but also
technical aspects. Efficient collection, separation, and cleaning processes
build the prerequisite for recycling and reuse, as does the demand on the
market. However, respective infrastructure is missing in many countries and
the demand favors virgin over reused and recycled plastics, as these are
currently both cheaper and easier for establishing regulatory compliance.

Is a Circular Economy THE Solution?

Even when reuse and recycling schemes improve and transition to a circular
economy progresses, it will not solve all issues connected with plastic
packaging use. The current way plastics are consumed will always be
associated with externalities affecting human and/or environmental health.
One way in which plastics have been described is as a planetary boundary
threat. Planetary boundaries define the safe space for humanity to operate
in without causing unacceptable environmental changes that in turn lead to
a destabilization of the Earth’s ecosystems and threaten humanity’s liveli-
hood on the planet (Rockstrom et al. 2009). Plastics transgress these
thresholds because they are persistent pollutants that cause irreversible
exposure on the global scale and have a currently not fully known disruptive
effect on a vital process of the Earth system. Based on this fact and the
pertinent knowledge gaps, it has been proposed that plastics should be
candidates for a precautionary phaseout (Jahnke et al. 2017). This illustrates
the far-reaching implications associated with plastic use and leads to the
question of whether the elimination of plastics would be THE solution. In
some cases, a plastic product is not needed, for instance, in the packaging of
sliced fruits when whole fruit could be sold without any packaging instead.
In other cases, an alternative material to plastics having no or a lower impact
may be identified. However, some uses of plastics ate of very high societal
importance and can be considered essential uses. Therefore, a complete
phaseout of all plastics seems unfeasible from a current perspective,
although this should still be the overall goal when stakeholders are thinking
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about and developing solutions. Due to the complexity of all problems
associated with plastic use, there is no one-size-fits-all solution but instead,
multiple strategies, adapted to specific circumstances, a certain product, and
its application, need developing and implementing. Importantly, reducing
society’s overall consumption of plastics implies a change of current
behavior and business models, e.g., towards producing and buying locally.
These are important aspects to consider as regulators move to taxing plastics
and subsidizing recycling schemes—especially the latter may lead to the
unintended consequence of a technology lock-in, where the actual goal of
reducing plastics production and consumption is missed.

Conclusion

Plastics, especially used for food packaging, are highly useful and
economically advantageous materials. They can contribute to extending the
shelf-life of food products and thereby enable highly profitable, globalized
business models in food manufacture and retail. Plastics for food packaging
also enable a lifestyle of amazing convenience.

But plastics are chemically highly complex, and some of the chemical
constituents in plastics transfer into foods. This means that almost the entire
human population is exposed to plastic chemicals on a daily basis. Many of
these chemicals have never been assessed for their risk of harming human
health or the environment. Nor are the mixtures of chemicals that migrate
from plastics into foods well characterized for their chemical composition
and toxicological consequences. Indeed, all plastics contain NIAS, which
most often remain unknown.

The way that chemical safety is assessed for plastics assumes that for all
synthetic, man-made chemicals there is an exposure level below which no
harm to human health is caused (“the dose makes the poison”). But this
assumption, while certainly valid for some chemicals, has been disproved by
modern science for many cases such as carcinogens and endocrine-
disrupting chemicals. Also, it is not valid when humans ingest mixtures of
synthetic chemicals that leach from plastics into foodstuffs. Consequently,
chemical safety assessments are not based on today’s knowledge of how
chemicals interact with biological targets and contribute to chronic diseases
in the entire human population. Therefore, updates in regulatory approaches
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for assessing the chemical safety of plastics are urgently needed. Reducing
exposure of the general population even to low levels of known hazardous
chemicals from plastics will lead to large benefits to society as a whole.

Another key issue is the need to address plastic chemicals and toxicity
when discussing plastic packaging waste management options. Chemicals
can accumulate in plastics during recycling, and some types of plastics are
more suitable for recycling in food contact applications than others.
However, because plastics are a planetary boundary threat due to their
environmental persistence, there is a need for reducing the overall
production and consumption of plastics. Therefore, investments into
plastics recycling infrastructure must be made with caution to avoid long-
term technological lock-in situations.

With the increased awareness of the problems associated with plastic
consumption, work on solutions has also increased. However, developing
and implementing solutions to complex problems, such as plastic pollution
and plastic-associated health impacts, is not an easy task, and it has to be
avoided that “today’s solutions become tomorrow’s problems.” For exam-
ple, looking back, the replacement of glass with plastics has facilitated
distribution (since unbreakable) and reduced cost (cheap production) but
also made high production and consumption of packaging possible and has
eventually provided us with today’s plastic-associated problems. Therefore,
it is key to take a holistic approach to problem-solving. This means to not
simply focus on one symptom of the problem, such as plastic waste/
pollution, but consider all impacts associated with a plastic product’s life
cycle. For instance, bio-based plastics may be beneficial in terms of saving
fossil resources but may have negative consequences on societies (e.g., land
consumption) ot biodiversity (e.g., pesticides), when not considered holisti-
cally. Only when involving all stakeholders in problem-solving and when all
acknowledge their responsibility, can regrettable, small-scale and end-of-
pipe solutions be avoided. There will be no simple one-size-fits-all solution;
instead, multiple strategies will be required, that are customized to a product
and the local circumstances.
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Circularity in the Plastic Age: Policymaking
and Industry Action in the European
Union

Sandra Eckert

Introduction

Environmental policy in the member states of the European Union (EU) is
to a large extent determined by supranational rather than national policy
choices, with up to around 80 percent of national environmental legislation
originating in EU law (Téller 2010). The environmental issues posed by
plastics throughout their lifecycle do not form an exception to this pattern.
Regulatory activity of European policymakers with regards to the environ-
mental impact of plastics has proven particularly intense over the past
decade. Several policy measures have been taken in the context of the
circular economy (CE) agenda which has the objective of decoupling growth
from resource use and was launched in 2014. Sustainability issues around
plastics are indeed pressing both at the resource extraction stage as well as
at the end of life cycle, while health issues pose concern in the usage phase.
At the stage of resource extraction, it is the transition to a low-carbon
economy that poses a tremendous challenge to the fossil-based industry. The
global production of conventional plastics continues to tise, which also
means that the input of fossil fuels sees an upward trend. Production went
up from 15 million tons produced in 1964 to 360 million tons produced in
2017 (PlasticsEurope 2019a; World Economic Forum et al. 2016, 25). The
forecast for the share of global oil production going into plastics production
amounts to 20 percent by 2050 in comparison to around eight percent in
2016 (PlasticsEurope 2019a; Wotld Economic Forum et al. 2016). At the
end of life cycle, only a small proportion of plastics goes into recycling. In
Europe plastics production amounted to 61.8 million tons in 2018, of which
29.1 million tons were collected, and 9.4 million tons were sent to recycling,
that is around 15 percent of total production (PlasticsEurope 2019a). In the
use stage controversies center around consumers’ exposure to toxic
substances, an issue at the heart of the mobilization of environmental groups
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(Eckert 2019, 93—100). Public communication by industry, by contrast,
focuses on the benefits of plastic products, such as lightweight or thermic
qualities, which are frequently attributed to desirable goals such as saving
energy or avoiding food waste (Eckert 2021).

In this context, the CE approach both holds potential and presents risks:
it has potential as it could allow to effectively tackle the issues with regard
to the material’s sustainability throughout its lifecycle; while it is risky
because it opens up possibilities for industry co-optation and a shift of policy
focus to the less problematic life cycle stages. This is even more strongly the
case given that the EU’s plastics strategy not only forms a key component
of the circular economy agenda (European Commission 2018b), but is also
supposed to setve as a role model for the regulation of other resource
intense sectors (European Commission 2020a). In view of these challenges,
this chapter addresses the following questions: To what extent does the CE
policy agenda facilitate the transformation towards more sustainability of
plastics? How does the CE approach affect the policy-industry nexus?

To address these questions the chapter is structured as follows: First, it
presents the CE concept as one possible policy angle on plastics. It then
revisits the trajectory of EU policies on plastics in a second part, engaging
with the earlier debate on PVC as an illustrative case for the current
controversies on plastics in the CE. Finally, it provides a critical appraisal of
the merits of circularity to address plastics, as well as the role of industry in
the policy process. The discussion will show that a comprehensive material-
specific approach has emerged over the past decade while before that time
measures such as those on PVC were adopted as a targeted response to
policy controversies and public pressure. It will also highlight that the policy-
industry nexus has been consolidated with the CE approach.

Revisiting the Policy-Industry Nexus in the Circular Economy

The CE has become a key concept in rethinking industrial practice and
systems. It guides the environmental policy agenda in many constituencies
across the globe (McDowall et al. 2017). The CE concept seeks to tackle
environmental issues of materials and products throughout their lifecycle.
As mentioned already, such an approach also bears the risk of industry co-
optation where it allows actors to shift attention away from more
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problematic lifecycle stages. The following sections will revisit the rich and
growing CE literature, and then move on to discuss the role of regulation
and industry action in the pursuit of the CE.

The “Re-Words” in the Growing CE Literature

The literature on the CE has grown rapidly and has generated divergent
definitions (Blomsma and Brennan 2017; Geissdoetfer et al. 2017; Mutray
et al. 2017; Reike et al. 2018). Focusing on various “re-words” such as “re-
cycling”, “re-duce” or “re-use” can be a good way to structure the debate
and consider its insights for plastics. Reike and colleagues (2018, 253—254)
identify as many as 38 “re-words” in the literature, and find that authors tend
to conceptualize the CE making reference to three to up to ten “re-words”.
Moreover, they conclude from their stocktaking that many contributions
lack conceptual clarity, or fail to establish a hierarchy for the measures these
“re-words” refer to (Reike et al. 2018, 253—254). In view of these
considerations, I will rely on the work of Potting and colleagues (2017, 5)
who have approached the concept as a continuum of ten “re-words”. They
rank them with respect to the level of ambition of the measures involved in
a space between a linear economy and a truly circular economy (see Fig. 1).
This conceptualization will be a helpful point of reference in understanding
the changing focus and level of ambition of the European policy agenda.
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Level of ambition CE Continuum 10 “re-words”
CIRCULAR Smarter production, use, | refuse
and manufacture
rethink
reduce
Extend  lifespan  of | reuse
products and its parts
repair
refurbish
remanufacture
repurpose
Useful application of | recycle
materials
LINEAR recover

Fig. 1: The ten “re-words” continnum of the circular economy. (Source: author’s
illustration based on Potting et al. 2017)

Fitting the model of a traditional linear economy, we find measures that aim
for the useful application of materials, namely recovery and recycling. In this
framework, recycling is situated towards the linear end of the continuum
(Reike et al. 2018, 257) because existing recycling techniques mostly process
materials at a high cost due to the required energy input or expensive
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technological equipment. Moreover, the resulting secondary materials are
predominantly of lower quality, which is why some authors use the term
down-cycling (Reike et al. 2018, 256). Given that recycled materials rarely
compete directly with primary materials for quality reasons they are likely to
be produced in addition, rather than instead of these. Zink and Geyer (2017)
have therefore attributed a CE rebound effect to insufficient substitutability.
In a truly circular economy, by contrast, recycling would retain the original
quality of a product (Potting et al. 2017, 5). Available technologies for plastic
recycling are highly controversial with regard to their economic rationale,
their sustainability and their health impact. With regard to economics, the
cost of recycled plastic is unattractive compared to production from virgin
material. The recyclability of plastics varies significantly across product
applications: it is relatively high for durable products such as window
profiles or pipes (at around 80 percent for window profiles, Rewindo 2020,
3), whereas the recycling of plastic packaging, by contrast, remains
comparatively low (at around 40 percent at EU-average, Eurostat 2021).
Mechanical recycling, which is the technology most applied and developed,
cannot easily be used in the treatment of mixed waste. Chemical recycling
has the potential of decomposing mixed waste and complex materials into
their virgin substances, yet these technologies are not yet fully developed
(Jeswani et al. 2021; World Economic Forum et al. 2016, 47—48). Moreover,
since chemical recycling is highly energy intense and thus poses sustainability
issues environmental organizations in particular have put into doubt its
sustainability (Hann and Connock 2020; Manzuch et al. 2021). Finally,
recycled materials may pose health issues in their use stage if these materials
contain legacy contaminants. Such legacy contaminants (see also Muncke
and Zimmermann in this volume) are chemicals that in the past were added
to plastics, but in the meantime have been phased out and banned due to
demonstrated health risks. These are, however, still part of secondary
material processed for recycling. Policymakers face a tension between the
option to discard recycling in cases where legacy substances are involved,
and the option that seeks to strike a balance between the environmental
benefits of recycling and the management of potential exposure to
chemicals. The difficulty of retracing all substances contained in secondary
material and the complex assessment of actual exposure to chemicals in the
use stage complicate matters further (Friege et al. 2019; European
Commission 2020b, 06).
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The conceptualization of the intermediary stages that aim at increasing
the lifespan of products and their parts includes five categories, namely:
repurpose, remanufacture, refurbish, repair, and reuse, in order of increasing
ambition. These categories matter to a very different extent depending on
the varying lifespan of the products plastics are used in, ranging from
packaging and single-use items to long-lasting products such as window
profiles or pipes. The largest share of plastic waste, that is packaging waste,
will not be suitable for these intermediary “re”’-measures, with the exception
of reusing packaging items such as plastic bags as waste bags, for example.

Finally, according to the continuum of Potting et al., measures that strive
for smarter product use and manufacture are closer to a circular model.
Potting et al. define reduce as increased efficiency in product manufacture
and in the use of natural resources and materials (Potting et al. 2017, 5).
Rethink is about making product use more intensive, with two options of
cither putting multi-functional products on the market or of sharing
products. The most circular measure is to refuse a product, understood as
making “products redundant by abandoning its function or by offering the
same function with a radically different product” (Potting et al. 2017, 5).
Refuse thus may simply mean the restriction of a certain type of product or
material, or to replace it with a more sustainable alternative. Policy measures
to ban certain plastic materials or applications would fall into this category,
as would the replacement of fossil-based plastics by bio-based plastics.
Bioplastics have an insignificant market penetration of less than one percent
of global plastic production thus far, but this percentage is predicted to grow
over the next few years (European Bioplastics 2021). Bioplastics, however,
only qualify as a sustainable replacement when they are produced from bio-
based feedstock and are biodegradable, as also discussed by Muncke and
Zimmermann in this volume.

Analyzing the Policy-Industry Nexus

In recent years we have seen the growth of CE regulatory activities as many
governments have gradually intensified their efforts to improve the
efficiency of primary resource use, reduce waste production and increase
material recovery and reuse (Hartley et al. 2020; Zhu et al. 2019). We also
see increasing corporate activity on CE issues with the adoption of industry
standards, voluntary agreements, and development of CE business models
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(Veleva and Bodkin 2018). Policy measures, including those on plastics, may
include a diverse array of initiatives including bans, taxes or voluntary
agreements and may target various aspects of the plastics lifecycle such as
the reduction of single-use items, increased recycling or more responsible
disposal. Moreover, a varying degree of regulatory stringency and leeway for
industry is involved.

Typically, the controversy regarding the type of approach and measures
to be adopted starts at the agenda-setting and policy formulation stage.
There is a rich and growing literature on stakeholder involvement in CE
policy frames and discourses (Eckert 2021; Leipold 2021; Leipold and Petit-
Boix 2018). This focus is in line with the literature on business power which
perceives of corporate discourse as one facet of power (Fuchs 2007, 52—67;
Mikler 2018, 35—49). Discursive power plays a central role in shaping
petceptions and norms in the agenda-setting phase. In particular, industry
will seek to intervene in the policy debate when faced with tangible
regulatory threats (Halfteck 2008; Héritier and Eckert 2008) so as to frame
the debate, persuade policymakers, and (re)establish its moral legitimacy. An
important resource industry draws upon in this discursive battle is its sector-
specific expertise (Ambrus et al. 2014; Boswell 2009; Fischer 1990; Fleck et
al. 2016; Radaelli 1995; Schrefler 2013), which does not go uncontested
(Sending 2015). The power game materializes as a process of generating
“counter policy expertise” (Fischer 1990, 28), notably between industry and
environmental groups.

It is not only communication and discourse, however, which is
strategically mobilized by industry actors. Producing tangible policy output
in the form of voluntary standards or self-regulation is another, often highly
effective form of alleviating policy pressure, or even of pre-empting looming
regulation (Glachant and Finon 2003; Halfteck 2006; 2008; Héritier and
Eckert 2008). This rule-setting capacity is another, more structural element
of business power (Fuchs 2007, 66). Moreover, industry plays a proactive
role in the transition to the CE when it invests in new technologies and
drives innovation. Teaming up with industry actors in order to mobilize their
input therefore often constitutes a core feature of CE policy measures. It,
however, also opens the way for industry to contain the circular policy

agenda (Mah 2021).
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The Trajectory of EU Environmental Policy on Plastics

Before moving to a more comprehensive CE approach, EU policy measures
on plastics were adopted with a differentiated focus on life cycle stages,
materials and product applications as a targeted response to policy contro-
versies and public pressure. When addressing environmental issues, the
focus typically regarded the waste phase, while health related regulation
concerned mostly the use phase. In their contribution to this volume,
Muncke and Zimmermann analyze food contact materials, a product group
where human health consequences are of particular relevance and subject to
comprehensive risk assessment. In what follows, I will examine an industry
sector that has attracted attention with regard to both environmental and
health-related concerns, and is an illustrative case in preparing the ground
for the discussion around the CE and plastics: poly-vinyl-chloride (PVC).

The Debate around PVC

Health-related and environmental issues of PVC have risen to the attention
of European policymakers in numerous instances. PVC is a synthetic plastic
polymer that, as a rigid material, is widely used in the construction and
building sector, while flexible applications, which require the use of
plasticizers, are used in a variety of products such as the healthcare sector or
toys. Greenpeace campaigned for a total ban of PVC products in
Scandinavia, Germany and Austria throughout the 1980s, and from the
1990s onwards also at European level (Interview environmental organi-
zation 2006; Interview European Parliament 2005). The environmental
organization raised both environmental concerns as to whether sustainably
recycling the material was possible, as well as to health problems caused by
hazardous and toxic substances in PVC products. Regarding health threats
environmentalist groups argued that phthalates, plasticizers frequently used
in PVC products, exhibited endocrine disrupting qualities. They targeted a
particulatly sensitive product group, namely plastic toys intended to be used
by babies and small infants (Vogel 2012, 203—204). The ultimate demand of
the NGO campaign was to ban PVC products altogether and replace them
with more sustainable materials. Relating back to the “re-words” discussed
in the previous section, environmental groups thus made a strong case for
refuse and challenged the industry’s sustainability discourse on recycle.
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These campaigns were conducive to policy measutres being envisaged
and adopted at the European level. A first set of measures focused on health
issues and the exposure of babies and small infants in particular. As of 1999
EU policymakers iterated a provisional ban on phthalates in toys in response
to campaigning by environmental organizations. As a consequence, the use
of six phthalates has been restricted for this product group multiple times:
di-iso nonyl phthalate (DINP), di (2-ethylhexyl) phthalate (DEHP), dibutyl
phthalate (DBP or DNBP), di-iso-decyl phthalate (DIDP), di-n-octyl
phthalate (DNOP) and butylbenzyl phthalate (BBP). These time-limited
bans were eventually made permanent when a directive came into force in
2005 (2005/84/EC). Moreovet, from the mid-1990s onwatds the European
Commission sought to generate evidence on the environmental impact of
PVC, commissioning several studies (ARGUS 2000; PROGNOS 2000).
These studies raised concern as to the use of certain chemicals used in the
production of PVC, and to increasing amounts of post-consumer waste.
Pressure on the Commission gained momentum in the context of the
negotiations of the directive on end-of-life vehicles proposed in 1997. In
response to demands by the European Parliament the directive, adopted in
2000, explicitly stated that the Commission would address the environ-
mental impact of PVC in a policy proposal (consideration 12 of directive
53/2000). The Commission published a Green Paper targeting PVC in July
2000 (European Commission 2000). It found that a significant increase in
PVC waste was to be expected and that alternatives to landfilling should be
developed. More specifically, the proposal envisaged material-specific
measures targeting the waste stage of PVC applications.

These proposals were, however, taken off the table because of voluntary
industry activity and because of the shift of the policy focus towatds the
adoption of the EU’s regulatory scheme for chemicals, which was finalized
in 2008. At this point in time the targeted public campaign came to a halt.
Instead, environmental organizations shifted their activities away from PVC
in order to focus their attention on new chemicals regulations (Interview
European Parliament 2005; Long and Lérinczi 2009). The EU chemical
regulation framework for Registration, Evaluation, Authotization and
Restriction of Chemicals (REACH) was adopted in 2006 and entered into
force in 2007.
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Plastics in the Circular Economy

Plastics did, however, return to the spotlight later. In 2016, European
environmental organizations joined forces in the alliance “Rethink Plastic”
(Rethink Plastic 2018) as part of a global anti-plastic movement
(#breakfreefromplastic 2018). The “re-” for reduce and restrict figures
prominently in this campaign. Public and NGO pressure has led the EU to
adopt a comprehensive policy agenda that covers chemical, product and
waste legislation (European Commission 2018a). EU policymakers em-
barked on adopting a more comprehensive approach in the context of the
CE agenda from 2014 onwards. Targeted measures aiming at boosting the
circularity of plastics soon became a substantial part of CE actions. Figure 2
gives an overview of policy proposals and legislation relating to plastics in
the CE over time (see also Florides and Kramm in this volume).

The policy debate on plastics took off to some degree before the CE
agenda did, with the publication of a Green Paper issued in 2013 (European
Commission 2013). The proposal describes plastic waste as a “growing
problem” (European Commission 2013, 4) for the environment and human
health. Moreover, it discusses possible policy options including regulatory
and voluntary action on recycling, and the promotion of biodegradable
plastics and bio-based plastics. The first tangible measure targeting plastics
was proposed in November 2013 and adopted in April 2015, namely a
directive (2015/720) aimed at reducing the consumption of lightweight
plastic carrier bags.

From December 2014 onwards, the plastics discussion became a
cornerstone of the CE agenda, which was launched with the publication of
a “zero waste programme for Europe” (European Commission 2014) in
September 2014. The 2014 proposal of the outgoing Barroso Commission
was however never put into action as the incoming Juncker Commission
replaced it with a new action plan “Closing the loop” (European Com-
mission 2015) in December 2015. This case of what in the political science
literature has been described as “policy dismantling” by the European
Commission caused quite some controversy (Bauer et al. 2012), as it was
conceivably a response to industry influence (Confino 2015). The degree of
ambition was watered down in the new plan: the 2014 initial CE proposal
aimed for a recycling target of 80 percent for packaging by 2030, and a ban
on sending recyclable materials, including plastics, to landfill by 2025, with
the ambition to “virtually eliminate landfill by 2030” (European
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Commission 2014, 9). The 2015 CE Action plan instead lowered the target
for recycling packaging waste to 75 percent and envisioned a ban for
landfilling waste that had been collected separately. Based on a comparative
analysis Sina Leipold concludes that while the 2014 program sought to
transform environmental policy “from within”, the 2015 action plan ended
up “perpetuating” the EU’s discourse of ecological modernization (Leipold
2021).

In the action plan, the EU defines the CE as one “where the value of
products, materials and resources is maintained in the economy for as long
as possible, and the generation of waste minimised” (European Commission
2015, 2). In light of this, plastics are particularly problematic. The European
Commission issued the European plastics strategy as part of the EU’s
circular economy agenda in January 2018 (European Commission 2018b; for
the agenda-setting process of the strategy see Florides and Kramm in this
volume). The strategy highlighted various environmental problems such as
extremely low levels of plastic recycling and reuse, the emissions of carbon
dioxide caused by plastic production and incineration, and marine littering.
Moreover, it formulated key objectives to be achieved by 2030: all plastic
packaging on the EU market should be either reusable or recyclable; more
than half of plastic waste should go to recycling; separate collection of
plastics should reach high levels; the consumption of single-use plastic items
should be reduced. In June 2019, EU policymakers adopted a directive
(directive (EU) 2019/904) to tackle single-use plastics. The directive banned
eight product categories, stipulated requirements in terms of binding
recycled content, introduced collection targets, and established a scheme of
extended producer responsibility (EPR) for a number of single-use products.

The von der Leyen Commission which took office in the second half of
2019 put environmental policy goals center stage with its European Green
Deal agenda (European Commission 2019). The Green Deal, amongst other
goals, advocated a “resource-efficient and competitive economy where there
are no net emissions of greenhouse gases in 2050 and where economic
growth is decoupled from resource use” (European Commission 2019, 2).
It becomes clear from the wording of the agenda that the European
Commission envisaged teaming up with corporate actors with the objective
of “mobilising industry for a clean and circular economy” (European Com-
mission 2019, 7). In March 2020, the Commission issued an updated
Circular Economy Action Plan which stressed the need to take further
action, namely to restrict and reduce microplastics, to facilitate the use of
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bioplastics, and to increase the uptake of recycled materials (European Com-
mission 2020). More specifically, the Commission announced mandatory
requirements for recycled content and waste reduction measures for key
products such as packaging, construction materials and vehicles (European
Commission 2020, 12). A concrete step was taken in December 2020 when
member states agreed on introducing a tax on non-recycled plastic packaging
as a new tresource category (Article 2 of Council decision (EU, Euratom)
2020/2053).

The CE agenda also feeds into the EU’s efforts to foster sustainable
finance, given that the transition to a circular economy is one of the environ-
mental goals defined in the green taxonomy (tegulation no. 2020/852, atticle
9). Following adoption of this regulatory framework further detail is
specified through several delegated acts. Of relevance for waste treatment
and recycling is the delegated regulation adopted in June 2021, which
categorizes economic activities according to whether these contribute sub-
stantially to climate change mitigation, climate change adaptation, or do not
cause significant harm in terms of the environmental objectives defined in
the green taxonomy (European Commission 2021a).

The recent European plastics debate, which started off with the issue of
marine littering, has come full circle with measures adopted as part of other
policy dossiers, including the EU Action Plan on pollution (European
Commission 2021c) and the Blue Economy (European Commission 2021b),
which target the reduction of plastic litter at sea and microplastics in the
environment. Overall, therefore, regulatory pressure on the plastics sector
has been heightened during the last decade in the EU. This has resulted in
more stringent regulation and more ambitious measures in the transition
towards a CE on plastics. There are, however, also signs for a persistent
focus on more linear measures such as recycling, which remain problematic
for the plastic industry. Finally, the CE framework tends to reinforce the
policy-industry nexus, to be discussed in further detail below.

The Evolving Policy-Industry Nexus

Mobilizing the type of industry action needed to move away from the linear
model to circularity is a policy challenge, which merits further attention.
Revisiting the eatlier debate on PVC can help to understand current
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challenges in the CE in two respects. First, increasing recycling rates was
considered the main way to push the sustainability agenda forward back
then. This meant that other, more circular options were considered less
relevant, a situation we see mirrored in the policy debates around the CE
today. Many of the regulatory battles and discursive struggles around PVC
recycling seem to be re-emerging, especially where the interface between
chemical regulation through REACH and recycling is concerned. The main
difference is that environmental issues around recycling are being high-
lighted now in the context of the current debate on the CE and climate
change. Second, voluntary industry action has turned out to be a key
component to achieve recycling and other sustainability goals. Used as a
preemptive strike in the context of PVC, voluntary agreements have become
an implementing tool of the CE policy agenda in the context of the Circular
Plastics Alliance.

The Many Challenges of Recycling: Legacy Contaminants and Energy
Intensity

How the recycling rate of PVC applications could be increased while also
managing the risks around legacy contaminants constitutes a precedent case
for the current CE discussion. Indeed the Commission’s 2018 non-
legislative communication on the interface between chemical, product, and
waste legislation repeatedly refers to examples from PVC recycling, namely
when it comes to regulating legacy substances, the end-of-waste definition,
and the classification of hazardous substances (European Commission
2018a, 4-6). These debates around PVC have proven controversial in many
instances. As a rule, the EU chemicals’ regulation (REACH) requires the
authorization of Substances of Very High Concern (SVHCs). These include
lead-based stabilizers and phthalates-based plasticizers (DBP, BBP, DEHP)
that in the past have been widely used in PVC products, and thus might
reappear once secondary material containing these substances is processed
for recycling. As explained eatlier, there is a tension between the goal to
increase recycling while also managing exposure to chemicals of concern.
Whereas REACH requires that recyclers declare the presence of SVHCs
once these are present above a certain threshold, exemptions are being
granted to facilitate recycling. Such an exemption has been granted to
recyclers of DEHP in PVC, very much to the disapproval of members of
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the European Parliament and environmental groups (European Environ-
mental Bureau 2018; European Patliament 2015; McGrath 2016). Similar
controversies reoccur in the context of the CE. Referring back to the “re-
words” in the CE continuum, there are significant trade-offs between recycle
and restrict: how is it possible to increase recycling, while also taking toxics
out? Here the industry seeks to shift the attention away from a discussion
about possible restriction of potentially hazardous substances to the overall
benefit of achieving higher levels of recycling while making sure there is no
exposure to legacy materials for end consumers. From an environmentalist
perspective circularity would requite to tefuse a material such as PVC
altogether rather than facilitating its recycling (Interview environmental
organization 2017; Interview European Parliament 2017). From an industry
petspective, by contrast, regulation, which could be classified as circular,
would “give certainty to the industry and investors to boost recycling”
(General manager of Vinyl Plus, interviewed by Simon 2016).

Many factors need to be calculated in when assessing the sustainability
of existing recycling technologies such as mechanical and chemical recycling
from a life cycle perspective (Jeswani et al. 2021). Whether or not chemical
recycling ought to be considered sustainable under the newly introduced
green taxonomy regulation, for instance, gives rise to controversy. An
implementing act that defines economic activities that contribute to climate
change mitigation or adaptation (European Commission 2021a) considers
the chemical recycling of plastics to be a substantial contribution to climate
change mitigation in cases where mechanical recycling is “not technically
feasible or economically viable” and the “life-cycle GHG emissions of the
manufactured plastic, excluding any calculated credits from the production
of fuels, are lower than the life-cycle GHG emissions of the equivalent
plastic in primatry form manufactured from fossil fuel feedstock” (section
3.17.(b) Annex I). Environmental groups such as Zero Waste objected that
the requirements had been watered down throughout the process of
adopting relevant policies. According to media coverage (Taylor 2021), the
initial proposal had considered chemical recycling only “where mechanical
recycling is not possible”. Moreover, the requirement that chemical recycled
plastic must produce at least 27 percent less life-cycle greenhouse gas
emissions than plastic manufactured from virgin feedstock in order to be
considered sustainable was removed in the final text. Environmentalists
challenge the sustainability of chemical recycling due to its energy intensity,
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whereas the Commission considers it a promising technology to deal with
mixed waste.

The Role of Voluntary Industry Pledges

Voluntary industry action has played an important preventative role in the
policy debate around PVC. Back in 2000, at the time when the European
Commission proposed measures to target PVC, the European industry chain
had already launched a voluntary agreement (Héritier and Eckert 2008).
Voluntary action was taken to reduce certain heavy metal stabilizers and to
develop mechanical recycling. The PVC industry pursued this path beyond
the duration of the first ten-year commitment, and used this format over
time to address new policy issues and potential regulatory threats. The most
visible quantitative targets of subsequent voluntary agreements concerned
recycling. During the first ten-year period the goal was to recycle an
additional 200,000 tonnes of available post-consumer PVC waste per year
by 2010, followed by a target of 800,000 tonnes per year by 2020 (Vinyl
2010; 2001). For 2000 a study for the European Commission reported 3.6
million tonnes of post-consumer PVC waste, and a recycling rate of three
percent (108,000 tonnes), with 82 percent going to landfill and 15 percent to
incineration (Brown et al. 2000). Over the course of 2000 to 2015, the PVC
industry invested 100 million Euros to develop their recycling capabilities
(Simon 2016). In 2021, industry reported to have recycled 6.5 million tonnes
of PVC since 2000, with an annual volume of above 700,000 tonnes recycled
in 2018, 2019, and 2020. According to industry reporting this amounts to
27.5 percent of the available PVC waste recycled in Europe in 2020
(VinyIPlus 2021). Overall, the PVC industry managed to effectively mobilize
its regulatory potential in order to avoid their worst-case scenatio: the
introduction of material-specific regulation, if not a complete ban of PVC.
In the ongoing CE discussion, the PVC branch presents itself as a pioneer
and role model for the plastics industry as a whole (Interview plastics
industry 2019).

The value chain can learn from the PVC example, and it seems that this
time around industry responses are very similar. With heightening pressure
on plastics, industry has engaged in voluntary action at international and
European level over the past decade. In 2011, the plastics value chain signed
the Declaration of the Global Plastics Associations for Solutions on Marine
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Litter, which included measures to enhance recovery and prevent pellet
losses (Marine Litter Solutions 2018). In January 2019, thirty plastic corpo-
rations signed the international Alliance to End Plastic Waste, in short
AEPW. At the European level industry sought to offset regulatory pressure
through concrete policy outputs. PlasticsEurope, the leading European trade
association for companies in plastic manufacturing published its initiative
“Plastics 2030 the very same day that the Commission came forward with
its plastics strategy. The agreement commits to circularity and resource effi-
ciency (PlasticsEurope 2018a). The three priorities of the initiative—to in-
crease reuse and recycling, prevent plastics leakages into the environment,
and improve resource efficiency

very much mirror the ongoing EU policy
debate discussed in previous sections of this chapter. More specifically,
industry voluntarily committed to reuse and recycle 60 percent of plastic
packaging by 2030, to increase that share to 70 percent by 2040 (40.8 percent
recycled share were reported for 2016, see PlasticsEurope 2018b), and to
recycle 50 percent of total plastic waste. These goals are in line with the
overall objectives formulated in the plastics strategy, which states that more
than half of plastics should go to recycling and that packaging waste should
either be reusable or recyclable (European Commission 2018b).

Policymakers have endorsed voluntary industry pledges as part of the
implementation process of the CE. The EU’s 2018 CE Strategy (annex IITI)
called on stakeholders to make voluntary pledges to use or produce more
recycled plastics. To facilitate partnership the Commission initiated the Cir-
cular Plastics Alliance (CPA), which brings together organizations along the
plastics value chain. Another set of measures to which the European Com-
mission lends support are industry standards governing the quality of sorted
plastic waste, as well as of recyclable and recycled plastics. EU policymakers
have, however, also introduced more stringent measures despite massive
industry lobbying against them. This holds for the single-use plastics
directive adopted in 2019. Prior to its adoption PlasticsEurope fought the
idea of imposing material-specific restrictions as an unnecessary “shortcut”
(PlasticsEurope 2018a). The bioplastics value chain would have wanted to
see an exemption for biobased products as a sustainable alternative to con-
ventional single-use items instead (Furopean Bioplastics 2018).

Morteover, a comparative analysis of industry and policymaker discourse
points to coevolution and policy congruence (Eckert 2021). The value chain
has engaged in concerted action to convince the general public of the bene-
fits of the material. PlasticsEurope is a good example as it promotes the
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societal and environmental benefits it attributes to its products. The associ-
ation advocates a “life-cycle driven circular economy” (PlasticsEurope
2019b) meaning that policy measures should not focus solely on “recyclabil-
ity and reusability at the end-of-life, but also on the benefits for the environ-
ment provided during the entire life-cycle.” The Covid-19 crisis offered
another opportunity for industry to capitalize on related issues: with the
unfolding sanitary and health crisis we saw a significant rise in demand for
single-use plastic products in vatious applications such as facemasks and
food packaging, as well as for a wide range of medical devices made of or
wrapped in plastics, causing a steep increase in plastic waste (Benson et al.
2021; Patricio Silva et al. 2021; Prata et al. 2020). The pandemic also height-
ened political pressure to act and strive for a “green” exit from the crisis.

Conclusions

This chapter, written from a political science perspective, contributes to the
interdisciplinary debate presented in this edited volume with a conceptual
discussion of the CE and a focus on the evolving policy approach at the
European level and the role of industry therein. Conceptualizing the CE as
a continuum of more as well as less ambitious policy measures ranging from
those compatible with a linear economic model, as well as those aimed at a
truly circular model, illustrates that the CE agenda opens up the space for
multiple policy options. The conceptual discussion shows that the CE
agenda can still be mostly aligned with positions biased towards safeguarding
the status quo. This holds true empirically when we consider the recent
debate on plastics in the CE at European level: although pressure to act has
grown following a pronounced degree of public and political mobilization,
industry was in a position to contain the debate to some degree and claim
ownership of the CE through self-regulatory action. In short, with the CE
agenda, we see more of the same and not the transformative change, which
is potentially needed to embark on a new economic model.

The lack of transformation becomes obvious when considering eatlier
policy controversies and deliberation on PVC in the late 1990s and eatly
2000s. Attempts to ban the use of PVC failed despite pronounced public
and political mobilization. Instead, industry engaged in a pre-emptive strike
through voluntary action, and in the course of the process sought to re-
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frame its role as one of being a sustainability pioneer. Moreover, many
regulatory and policy issues are cutrently re-emerging on issues such as
legacy materials in the recycling process. A closer look at the unfolding CE
agenda of the EU shows that the bulk of policy measures adopted are more
in line with a linear economy, rather than with true circularity. Voluntary
commitments by industry have put recycling activities front and center, and
have also provided corporate voices with a platform to communicate their
preferred policy choices, very similar to what we have seen previously in the
course of the PVC debate.

Rather than the CE agenda, it may well be the global climate ambitions
that will ultimately challenge the status quo of plastic production and
consumption (Mah 2021) in the plasticene (Ross 2018). Although we have
seen a degree of product innovation through bio-based and biodegradable
plastics, the bulk of industry activity around the globe remains fossil-based.
Plastic production will, for the foreseeable future, remain a key branch of
the petrochemical industry, and even gain in relative importance: with the
growing ambition to decarbonize the transport sector it is forecasted to
become the largest source of growth in oil use in the coming decade.
According to data provided by the International Energy Agency this would
be the case even in a scenario where global recycling rates for plastics were
to double, due to continued demand growth originating in Asia in particular
(International Energy Agency 2021; Simon 2019). If global society would,
by contrast, depart from the path of ever-increasing production and
consumption, such de-growth would mean the demise of the oil sector
(Carbon Tracker 2020). In short: decarbonizing the economy would mean
putting an end to the “plastic age” in which we cutrrently live.
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Plastivores and the Persistence of Synthetic
Futures

Kim De Wolff

Introduction

A white-clothed table is set with a fork, a knife, and anticipation. The meal
arrives and you squint to confirm that the plump red cherry tomatoes and
lush sprigs of green parsley adorn a bed of, yes, crumpled grey plastic bag.
A woman in a simple black dress enters the frame, seats herself at the table,
and as she arranges a cloth napkin in her lap, your eyes widen at her seeming
indifference to the meal’s synthetic contents. Without hesitation, she raises
a large forkful of plastic salad to her mouth, and your throat tightens,
stomach clenches, you close your eyes in disgust. The audio is as sparse as
the place setting: the clinking of cutlery against ceramic and the grating
crinkle of plastic being methodically chewed, bite after bite, until the last
morsel is washed down with a casual gulp of wine. Only then does the
woman meet your gaze, and a message appears in bold white capital letters:
“You wouldn’t eat plastic bags. So why should marine life?”” Images of turtles
doing just that dominate the screen. The final message from this 2016 Green
Peace Australia video is clear: take plastic bags off the menu.

The affective power of the “Take Plastics Off the Menu” campaign rests
on a deeply embodied understanding that plastic is not food. It works from
the assumption that the not-food-ness of plastic is common knowledge to
the point that no further explanation is needed, the visceral reaction of
indignation is both expected and sufficient. Even as viewers attempt to
explain away what they are seeing—the plastic is in her cheek/she spits it
out/it’s not really plastic—the bodily response defies logical excuses. With
cringes and gags, the viewer becomes a participant in a powerful narrative
where plastic is an unequivocally “bad” actor that needs to be kept out of
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food chains for humans and non-humans alike. It needs to be cleaned up, if
not banned. As in many campaigns that preceded it, the plastic bag is “an
object of moral condemnation,” that “disrupts the binaries between pure
and contaminated” (Hawkins 2006, 22). This is a story played out again and
again: in how-to guides for plastic-free living; in children’s science books
warning of the health impacts of plastic in food; in ocean clean-up
campaigns focused on marine life ingesting plastic, and the humans that eat
them in turn.! The dominant practices of plastic pollution activism,
journalistic and scientific writing, all materialize a foundational assumption
that synthetic plastics and living bodies should not mix (De Wolff 2017).

However, a parallel narrative is emerging, one where eating plastic is
desirable, even celebrated. Since 2016, a spate of headlines has announced
the discovery of a growing menagerie of organisms capable of not only
ingesting, but digesting some types of synthetic plastics. For these
“plastivores,” some kinds of plastics are food—a source of energy and
nutrients that can be metabolized to fuel the basic processes of life. Media
coverage was quick to speculate about bacteria and insect larvae’s potential
for “taking a bite out of the recycling problem” (Cornwall 2021), offering a
“viable solution to the plastic problem” (Mulhern 2021), or even “saving the
planet” (Ap 20106). These plastic-eaters clearly have not only plastic, but
aspirations for a synthetic circular economy caught up with the capacity of
their guts. Plastic on the menu turns from a problem to a panacea: eating
plastic just might be the remedy for planetary plastic woes.

This paper explores how plastivores are gnawing away the foundations
of plastic-life relations and reconfiguring the possibilities for living respon-
sibly in the Plastic Age. Growing knowledge that synthetic plastics might be
digestible challenges cultural assumptions about what makes plastic a “bad”
substance as seen in the common tropes of so many anti-plastics campaigns.
Plastic may not belong on human dinner plates, but if other species can
incorporate it into bodily processes, then maybe it isn’t so unnatural or even
harmful after all. Moreover, being metabolized potentially undermines
plastic’s prodigal endurance, as its uncanny capacity to last seemingly forever
is enfolded back into more familiar lifecycles of decay and regeneration. If

1 See for example, Michael San Clements (2014) Plastic Purge: How to Use Less Plastic, Eat
Better, Keep Toxins Out of Your Body, and Help Save the Sea Turtles!; Maria Simon
(2020) You Are Eating Plastic!; Danielle Smith-Llera (2020) You Are Eating Plastic Every
Day; the plastic-bag sushi in the Surfrider “What Goes in the Ocean Goes in You”
campaign; and a plethora of stock photos where models awkwardly “eat” bottles and bags.
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the material can now be propetly biodegraded, then why worty about pro-
ducing and consuming less of it? Is there even a plastic problem at all? Or
so goes increasingly popular reasoning.

For many science and technology studies scholars, however, plastic was
never inherently “bad” in the first place. Instead, these scholars have focused
on how a multiplicity of plastics are part of diverse practices where the
ethical and political emerge in ongoing relationships, rather than being fixed
in advance. Here “plastics set in motion relations between things that
become sites of responsibility and effect” (Gabrys et al. 2013, 5). This is not
to say plastic is good, but to make space for ambiguity beyond good/bad
material binaties, and insist on understanding what plastics—plural—do in
specific situations. Furthermore, taking relationships as the basis of analysis
moves conversations about what to do away from an ethic of individual
consumer choice, and toward conversations about collective responsibilities
and socio-economic structures of extraction, production, and waste
(Liboiron 2021; Shotwell 2016). From this relational perspective, where
plastivores are neither inherently good or bad, different questions arise. I ask
instead, what kinds of relationships are emerging between plastic-eaters,
technoscience, and petro-capitalism?

This chapter begins with a discussion of the plastivore concept, and the
intricacies of what exactly counts as eating plastic. The term first emerges to
describe ingestion, plastic entering bodies through the same pathways as
food. As plastivory comes to be associated with organisms that can bio-
degrade plastics, however, it simultaneously becomes entangled with specific
visions for plastics recycling. Biodegradability, which conjures images of
plastic decaying back into earth, might seem be to be the opposite of re-
cycling which ideally implies seamless continued economic circulation of
materials (for a critique on plastics recycling see Eckert in this volume).
However, with the extraction and bioengineering of specific enzymes from
plastic-eating organisms, the goal becomes breaking plastics into constituent
building blocks that can then be reprocessed into “new” plastics rather than
compost.

I further explore this tension between degradation and circularity by
reading plastivore science against feminist and queer theoretical engage-
ments with plastics and toxicity. Where speculation about plastic-eating
lifeforms has provided a generative substrate for creatively imaging new
kinds of plastic-life relations in fiction, art, and theoty, recent scientific
confirmation that organisms are eating plastic seem to point to something
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at once very different, and at the same time, disconcertingly familiar: plasti-
vores are emerging as a biotechnological fix that wrangles stubborn
synthetics back into circuits of capitalist production. Plastic-eating is actively
produced as “good” as it is coopted into extractive capitalism and the service
of a synthetic circular economy. I show how plastivores are a “solution” only
when the problem is narrowly framed as a stubborn physical quality of
synthetic materials in isolation; they do not address broader relations of
domination and control that assume materials exist to be manipulated for
the benefit of (some) humans (Davis 2022).

Plastivores can help instigate a radical shift in understandings of how to
live with plastic, but this involves actively resisting the allure of material cir-
cularity in order to challenge the endurance of interconnected social and po-
litical relations. I add to this project by focusing on the relations of plastic
petsistence across scales, from the chemical-microbial to the technoscien-
tific-economic.

Persistent organic pollutants that refuse to conform to neat scientific
narratives about efficient recycling help illuminate the persistence of a petro-
capitalist status quo where biotechnological fixes are mobilized to ensure
continued extraction, production, and circulation with their associated
harms. A focus on persistence brings attention to the connections between
plastic’s material endurance and the future of petro-cultures. Persistence
shows how the emergence of plastivores alone does not undermine the im-
bricated if always unequal accretions of wealth and harm associated with
plastic’s accumulation (Gabrys et al. 2013). Persistence counters assump-
tions of limitless plasticity by stubbornly tracing the enduring relations and
facing them head on, potential provoking systemic change.

The Evolution of Plastic-Eaters

Plastivore is a neologism describing new kinds of biological relationships
with plastics. Like other “vores,” the term is rooted in the Latin vorare—
devouring—which denotes feeding on a specific kind of food, in this case
plastic. The word plastivore itself is a declaration that plastic is food and at
the same time, that plastic is categorically distinct from other substances that
are eaten. As with many new terms, not everyone uses it in the same way.
Whether or not a plastic-life relationship qualifies as plastivorous, differs
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depending on what exactly eating entails, which substances qualify as plastic,
and whether intention matters. Most importantly, plastivores emerge with
visions of desirable plastic-life relations already attached. From science-
oriented accounts, ideal relations appear to variously involve encouraging
new associations or maintaining material separations, depending on whether
plastic is understood to fuel processes of life or seen as a hindrance to them.

In the first known use of the term “plastivore” in print, eating is equated
with ingestion. As identified by Haram et al. (2020), this occurs in Donovan
Hohn’s (2011) Moby Duck, a nonfiction account of the author’s pursuit of
plastic bath toys mysteriously washing up on beaches around the world.
With evocative prose, Hohn makes a single use of the term to describe
Laysan albatross, the large seabirds infamous for having bellies full of plastic,
as “probably the most voracious plastivore on the planet” (Hohn 2011, 72).
For Hohn, plastic is a catch-all category of synthetic substances which enter
animal bodies when mistaken for food. As with the Greenpeace Australia
campaign, eating in this case, is a decidedly bad relationship to have with
plastic; at best, it is unproductive because plastic cannot be digested, and
worse, it may be deadly, although establishing causality between plastic
ingestion and albatross chick deaths to scientific standards remains elusive
(Liboiron 2021, 104-105).

As plastic pollution, especially ocean plastic pollution, has increasingly
become a focus of scientific study, a similar sense of plastic eating as
ingestion has since been applied retroactively. In “Zooplankton Plastivory,”
Xabier Irigoien (2018) compiles decades of existing research on plastic
ingestion, tracing origins to 1970s laboratory studies where copepods were
intentionally offered plastic pellets in order to understand whether or not
the tiny crustaceans had agency in food selection. Here, and in studies of
plankton feeding behavior that followed, microplastic pellets were described
as “inert particles” (Bundy and Henry 2002), chemically and morally
decoupled from pollution as either litter or toxin. The agential capacity of
plankton rather than of plastic is what was in question, with the assumption
that these organisms would not ingest plastic if they indeed had the ability
to choose since plastic was decidedly not food as it could not fuel the
processes of life.2

2 If eating is understood to include unintentional ingestion, then we humans may all be
plastivores. Despite the cultural convictions that humans should not eat plastic, study after
study has identified the myriad paths tiny plastic particles take into and through human
bodies. This includes eating other beings that have themselves ingested plastic, like
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For others, plastic-eating involves relationships beyond mere
swallowing, whether passively or by mistake. In their “Plasticene Lexicon,”
Haram et al. (2020) define plastivores as “any organism that ingests, pro-
cesses, and regurgitates or defecates plastic materials.” Here, eating is part
of a longer trajectory of relationships where consuming plastic may also
involve its transformation. Though there was speculation that bacteria
inhabiting tiny pits on floating ocean plastics had themselves made the
divots by eating the plastic (Zettler et al. 2013), it is only very recently that
scientific studies have confirmed that life forms degrade plastics (rather than
sun exposure or mechanical forces like wave action). Researchers have
identified, for example, marine polychaete worms as themselves microplastic
“producers” that actively fragment larger plastic objects by biting off chunks
and pushing them through their digestive tracks (Jang et al. 2018). Under
laboratory conditions, “a single polychaete can produce hundreds of
thousands of microplastics a year” (Jang et al. 2018, 365). Again, plastic
eating is problematic, in this case as non-humans become active agents in a
process of creating rather than mitigating ocean plastic pollution.

While some species gnaw plastic into smaller pieces, only for select
organisms does plastic-eating involve relationships of metabolism—
breaking down synthetic chemical bonds at the molecular level and
transferring energy and nutrients necessary for the processes of life. These
species are mostly bacteria, though their ranks have grown to include fungi
and insect larvae. The first confirmed report published in the western
scientific literature comes from a study of polyethylene terephthalate (PET)
plastic-contaminated soil and sludge from a Japanese recycling facility.
Yoshida et al. (2010) identified a previously unknown species of bacteria that
was not just eating, but living with and from plastic. Laboratory isolation
confirmed that the bacteria use PET as “a major carbon source for growth”

seafood, but also less expected source such as bottled water and beer (Campanale et al.
2020). And yes, there is plastic in our poop. Microplastic particles are so adept at
permeating body borders, that plastic has even been found in the first meconium
excretions of newborn humans who, having not yet eaten through their own mouths, have
absorbed it through the placenta (Simon 2021). Becoming plastivores because of the
inability to avoid eating plastic complicates the dominant narratives surrounding the ethics
of eating which tend to be dominated both by discussions of meat consumption and by
assumptions of atomistic individual subjects making conscious decisions about what
enters their bodies or not. In decoupling eating from intention, plastivory requires an
approach beyond individual choice frameworks—as seen with feminist approaches to
food (Shotwell 2018). If eating entails metabolism, however, then humans ate arguably
plastivores only metaphorically.
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(Yoshida et al. 2016, 1196). While the authors are describing relationships of
flourishing microbial bodies, as a humanities scholar I cannot help but read
this statement as a metaphor for capitalism where even contamination has
become the substrate for yet more production. As the article swiftly moves
from the study of “consortiums” of materials and organisms, to isolating
specific enzymes (a type of protein that speeds up bodily processes including
digestion in all living things) bacteria produce, so too does it explicitly
identify a “platform for biological recycling of PET waste products”
(Yoshida et al. 2016, 1196). The first scientifically certain evidence of micro-
organisms making their living with plastics is from the very start entwined
with visions not only of recycling, but also of shifting plastics recycling
toward metabolic life processes.

In the subsequent scientific articles and popular news coverage of them
that follow, coupling plastivores with recycling is the norm not the
exception. With an understanding that plastic pollution is a waste manage-
ment problem for which recycling is the unquestioned solution, plastic-
degrading microbes emerge as and are articulated again and again as a
biotechnical fix caught up with dreams for a circular plastic economy
(Carpenter 2021; Cornwall 2021). A recent large-scale study identifying a
potential 30,000 existing plastic-degrading enzymes lauds microorganisms’
“great potential to revolutionize the management of global plastic waste”
(Zrimec et al. 2021, 9). The correlation of plastivorous abundance with the
spatial distribution of pollution becomes evidence that earth is adapting to
plastic pollution and—at the same time—that this “natural” process must
be efficiently harnessed for sustainable management. Though evolution
appears to be so very conveniently aligning with petro-capitalist human
plans, microbial “carbon workers” (Gabrys 2013), are deemed to work too
slowly without technoscientific intervention. It is only by extracting the
enzymes and bioengineering them to degrade synthetics more rapidly, that
plastivores are shown to be capable of “closing the loop of the circular
economy” (Tournier et al. 2020; 2019).

It is with these biotech visions of synthetic waste efficiently excreted
back into circuits of production that “good” plastivores emerge. While
alone, they may seem like a promising antidote to the persistence of plastic
as matter thought to be immune to biodegradation, plastic problems are not
simply a stubborn solid material quality in isolation, and neither are they
limited to the realm of waste management alone. Challenging such narrow
framing of what plastivores “solve”, I ask instead, what relations persist?
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What do biotech visions of plastivore-recyclers challenge and what do they
perpetuate? What is the coupling of evolution with petro-capitalism being
leveraged to “naturalize”? The following section takes up these questions by
turning to approaches to science and technology studies informed by
feminist and queer theory, where following rather than abandoning the
persistent harms of toxic chemicals and extractive capitalism becomes a
means of imagining other modes of living together with plastic.

Persistent Toxicity and Microbial Kin

Even slick promises of circularity are tainted with unruly chemical
complications (for an overview of the toxicity of plastics see Muncke and
Zimmermann in this volume). There is speculation that the “toxic effects”
of some plastic building blocks themselves limit the speed of biological
degradation by inhibiting the growth of plastivorous bacteria (Espinoza et
al. 2020). There are worries that microplastic producers could increase the
transfer of chemical additives (Jang et al. 2018, 368), and most concerningly,
evidence that their toxic effects impede the growth and oxygen-producing
capacities of microbes far more broadly (Lear et al. 2021). As scientific
articles become the techno-celebratory narratives of mainstream media
coverage, however, chemical harm that exceeds plastivorous capacities is
positioned as obligatory counterpoint, never as the crucial concern.
Lingering toxicity appears as just another technical challenge to be over-
come; already studies are emerging that show how yet more novel enzymes
have the potential to degrade chemical additives too (Zrimec et al. 2021).
For many proponents of a plastic circular economy, the goal is not dissolving
synthetics back into earthy elements, but converting plastic into yet more
plastic, a process which almost always requires the input of fresh plastic and
chemicals along with recycled components. Even if plastics and their
additives can technically be biodegraded eventually, what of the harms
caused by associated extraction, production, and circulation in the
meantime?

Here, approaches from feminist and queer theory are especially helpful
because they counter the stubborn persistence of the status quo and attend
in particular to attempts to justify relations of domination via appeals to what
is natural (Chen 2012; Seymour 2018). In this case, the status quo entails the
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continuation of petro-capitalist production and circulation of toxins; it
frames plastic problems as a matter of waste management for which tech
advances taking advantage of the “natural” evolution of recycling is the fix.
Bioengineering enzymes from plastivores is not a break from these relations,
but arguably a means to further naturalize them in the face of a growing anti-
plastics movement. Plastivores make petro-capitalism more palatable.

Plastivores, however, cannot currently biodegrade all the lingering toxic
chemical additives associated with many plastics, and might never be able to
do so. I take the lead from the persistent harms of chemical additives, pulling
at this seemingly small fault line in biotech visions until it fractures into
possibilities for something else. In doing so, I follow feminist and queer
theory commitments to “embracing toxicity,” a refusal to ignore violence
that is at the same time a refusal to reproduce the existing social, political,
and especially economic order (Chen 2012; Davis 2022). This does not mean
condoning pollution or utopian tech fixes. It means following the relations
of toxicity all the way through whole systems of exploitation in order to live
otherwise, to “find ways of embracing the inevitable emergence of multiple
strange and beautiful life forms while holding chemical companies to
account for the vast harms they are enacting on numerous bodies, human
and nonhuman” (Davis 2022, 83). Such an approach shifts attention to
considering collective responsibilities of more-than-human relations with
creativity and empathy. Regimes of domination, control, and extraction
become the problem not the solution. There is no biotech fix for the
violence of petro-capitalism because it is a social and political problem at the
same time as a material-economic one.

Staying with the toxicity counters the default strategies of control and
separation associated with cutrent iterations of both bad and good plastic-
eating. Taking plastic “off the menu” by appealing to tropes of purity that
render mixing abhorrent implies an imperative to maintain synthetic-body
separations by further controlling plastic materials. Similatly, the potential
success of plastivore-recyclers requires the separation of enzymes from
microbial communities in order to redirect plastic into a seamless loop from
which materials supposedly cannot escape. In both forms, separations
resonate with the violent cuts of extraction. In place of purity/containment,
embracing toxicity is to dwell in the realm of contamination, where we are
already intimately implicated (Shotwell 2016, 7). Bodies and environments
cannot be separated; plastic is already in our blood (Alaimo 2012; Carrington
2022). As Heather Davis elaborates, “The framework of embracing



270 DE WOLFF

toxicity—not as a good unto itself but as a refusal of the fantasy of
containment, management, ot barricade—allows for the potential to face
futures that consist of suffering, joy, slow death, decline, survival, flourishing
and hope, rather than clean breaks and ends” (Davis 2022, 98). Under-
standing our inextricable complicity becomes a starting point for collectively
grappling with the potential of synthetic futures in all their complexities.

From this fundamental assumption of a world of interconnections,
feminist and queer theory insists on broadening relationships of respon-
sibility and care beyond the immediate and familiar. Challenging what count
as “normal” relations by celebrating “improper affiliations” (Chen 2012),
and expanding definitions of community beyond even species boundaries
provides creative forms of resistance to the status quo by insisting on living
otherwise. For Heather Davis, (2022), this resistance involves recognizing
plastivorous bacteria as our “queer kin”, which she argues holds the
potential to upend the existing social and political order. Understood as
relations of intensified responsibility that are irreducible to genetic lineage,
kinship expands to new kinds of human descendants including plastic-eating
microbial “offspring” (Davis 2022, 83). Davis calls on humans to assume
responsibility for the co-evolution of bacteria and plastics production.
Plastivores are neither simply a natural development releasing humans from
obligations, nor another natural resource to exploit. Endocrine-disrupting
additives that alter biological reproductive systems assume the role of
interrupting the reproduction of broader social and political norms to which
they are bound. In this way, “microorganisms provoke alternative con-
ceptions of what material transformations involve [...] as an articulation of
new collectives brought into the space of material politics” (Gabrys 2013,
217). This 1s the task of caring for emergent relations without exacerbating
associated harms.

Until very recently, however, plastivores were speculative species
relegated to the realms of art, science-fiction, and theory. The current
materialization of plastivorous relations challenges both the temporalities of
plastic degradation and the lively relationships with associated synthetic
futures. For example, Yolanda Pinar’s 2014 eco-art project “An Ecosystem
of Excess” which includes illuminated test-tubes of life forms imagined to
be emerging from plastic-saturated seas, has been read as envisioning
synthetics sustaining life in a distant future without humans (Arado 2019).
Conversely, Kit Pedler and Gerry Davis’s 1971 sci-fi novel Mutant 59: the
Plastic Eaters imagined a rapid proliferation of plastic-eating bacteria
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threatening a world collapsing in the absence of plastic. Instead, we face the
challenges of existing together with plastics and plastic-eating, and the
concrete challenges that must be addressed in realizing other ways of living.
At the same time that the material endurance of plastic is questioned, we are
faced with the urgency of contending with futures that emerge seemingly
already appropriated. How can we hold on to the optimism exemplified by
Jennifer Gabrys approaching plastivorous bacteria as metabolic “carbon
workers” whose “material residues provide fodder for rethinking the
trajectories of our material economies and ecologies, outside the closed-loop
of renewed capital,” (Gabrys 2013, 224), when their labor is already enlisted
in the service of capitalist production rather than subverting it? Similatly,
how can we consider our responsibilities to microbial kin when they are
presented as already reduced to isolated enzymes? The emergence of
plastivores now points to the specific challenges—but also necessity of—
insisting on relationships as a form of resistance to the violent separations
that constitute extractive logic.

Conclusions

Plastic’s persistence is not the result of a material quality alone. It cannot be
reduced to the toughness of synthetic chemical bonds that some enzymes
may be coerced into breaking. The problems and promises of plastic-eating
cannot be evaluated in narrow petro-capitalist terms of economic (non)pro-
ductivity. Rather, plastic’s persistence is a reminder of whole sets of relations
that endure, from chemical residues to economically convenient material
myths of seamless plastics recycling (see also Eckert in this volume), from
appeals to nature to technoscience in the service of petro-capitalism. That
microbes developing the capacity to metabolize plastic is given as evidence
of ecological resilience and adaptation is particularly cause for alarm because
it is loaded with the potential to displace responsibility onto natural
processes. As Rob Nixon cautions in his account of slow violence, “the
deep-time thinking that celebrates natural healing is strategically disastrous
if it provides political cover for reckless corporate short-termism” (Nixon
2011, 22). With the unexpected speed of plastivores” evolution understood
as opening plastic up to and even compressing the temporalities of “natural”
healing, plastivores are enlisted to smooth over the increasingly problematic
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toxic accumulations of synthetic plastic production. Plastic-eating solves a
problem for petro-capitalism, not the problem of it.

Tracing lineages of persistence through the emergence of plastivore
science can teach us about how to live—and live better together—in the
plastics age if they are considered beyond a narrow technoscience frame-
work. Plastivore relations can help counter the continued over-emphasis on
waste as the privileged point of intervention into plastic problems. From
Keep America Beautiful’s “litterbug” campaign, to industry-sponsored
clean- ups and recycling competitions, focusing on individual responsibility
for consumer waste has long-served corporate interests (Lerner 2019). What
is helpful about visions of a plastic circular economy, is the potential to
position waste-production relationships as a crucial site of intervention.
Doing so requires that we think beyond technical critiques of biotechnical
processes, to consider how the funneling of waste back into production is
just the latest play in the contest for the ability to keep polluting. That
unprecedented recent commitments to ratifying a legally binding global
treaty for reducing plastic pollution takes aim at the entire plastic lifecycle
suggests meaningful shift from waste management at the level of policy.
That “reference to concern over chemicals in plastic was taken out of the
agreement after objections from delegations including the United States”
(Tabuchi 2022), suggests chemical harm does indeed hold the potential to
unravel dreams of circularity.

Resisting the current trajectories of synthetic futures cannot happen only
in theory. Imagining and realizing alternative relations for life in the Plastics
Age cannot be the work of humanities scholars alone. Researchers in the
natural sciences can also grapple with their relationships to petro-capitalism,
just as queer and feminist theorists are attending to chemical harm.
Following the lead of Max Liboiron’s (2021) anti-colonial science laboratory,
how might we normalize reconfiguring science and humanities research
processes: tracing where funding comes from and the systems it perpetuates;
considering the pollution research may produce and when to abstain; and
questioning whether knowledge is inherently “good” in itself or only in its
relations. How might collective science-humanities atticulations of “broader
impacts” help attend to systemic persistences? Let’s rise to the challenge of
forming radical collaborations capable of subverting them, together.
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