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ARTICLE INFO ABSTRACT

Handling Editor: Olga-lIoanna Kalantzi Given the increasing attention on the occurrence of microplastics in the environment, and the potential envi-
ronmental threats they pose, there is a need for researchers to move quickly from basic understanding to applied

Keywords: science that supports decision makers in finding feasible mitigation measures and solutions. At the same time,

Microplastic

they must provide sufficient, accurate and clear information to the media, public and other relevant groups (e.g.,

Nano_p lastic NGOs). Key requirements include systematic and coordinated research efforts to enable evidence-based decision
Plastic . . . . . . . .

Monitoring making and to develop efficient policy measures on all scales (national, regional and global). To achieve this,
Sources collaboration between key actors is essential and should include researchers from multiple disciplines, policy-

Risk assessment makers, authorities, civil and industry organizations, and the public. This further requires clear and informative
communication processes, and open and continuous dialogues between all actors. Cross-discipline dialogues
between researchers should focus on scientific quality and harmonization, defining and accurately communi-
cating the state of knowledge, and prioritization of topics that are critical for both research and policy, with the
common goal to establish and update action plans for holistic benefit. In Norway, cross-sectoral collaboration has
been fundamental in supporting the national strategy to address plastic pollution. Researchers, stakeholders and
the environmental authorities have come together to exchange knowledge, identify knowledge gaps, and set
targeted and feasible measures to tackle one of the most challenging aspects of plastic pollution: microplastic. In
this article, we present a Norwegian perspective on the state of knowledge on microplastic research efforts.
Norway’s involvement in international efforts to combat plastic pollution aims at serving as an example of how
key actors can collaborate synergistically to share knowledge, address shortcomings, and outline ways forward to
address environmental challenges.
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1. Introduction

Finding effective and viable solutions to emerging and complex
environmental challenges requires open dialogue supported by efficient
sharing of high-quality scientific data. In recent years, there has been a
significant increase in global attention on the emerging environmental
problems related to plastic pollution (Qin et al., 2020; SAPEA, 2019).
This attention has been the result of the public and media response to
perceived impacts. We are now facing an unprecedented global political
will to find solutions to reduce plastic pollution and to develop regula-
tory initiatives at national and international levels. Driven by public
opinion and political demand for evidence, and scientific interest and
competition, research on plastic pollution has been fast-paced (Zhang
etal., 2020). Despite over a decade of attention and a substantial volume
of work, our understanding of the impacts and risk associated with
plastic pollution remains in its infancy. This is partly underpinned by a
lack of standardized, harmonized, or fully validated methods for
capturing the full scale of plastic pollution and assessing its environ-
mental and societal impacts, particularly regarding the smallest plastic
particles.

To enable robust risk assessment, more knowledge on the environ-
mental occurrence, fate, and impacts of plastic is required across the full
continuum of particle sizes and types. Similarly, there is a need for
greater understanding of their sources and transport mechanisms to
facilitate effective mitigation measures (SAPEA, 2019; VKM, 2019).
Scientific outputs must be integrated into the development of policies
and measures, but the current needs for rapid and reliable progress
challenges the limits of traditional scientific processes and established
procedures for publication and communicating knowledge. Multiple
new platforms and tools (e.g., social media, webinars) are available for
communicating and sharing information to a wide range of stakeholder
groups including the public, meaning new knowledge is now distributed
faster and more openly than ever before, and to an audience extending
beyond that of the scientific community. However, many of these new
communication channels lack any form of independent peer-review or
quality assurance processes. This results in information of varying
quality being made freely available, often to end users without the skills
to evaluate its value (e.g., media/public). At the same time, it is
important that policy and decision makers have accelerated access to
robust and simplified information. This leads to an increased need for
actively navigating and digesting the densely populated outputs to find
appropriate and high-quality information for development into policies
and regulations. Specifically, better communication of science is essen-
tial within this research field.

Norway has a long history of implementing legislation related to
environmental protection and waste management (Fig. 1). With
Europe’s longest coastline and an economy driven by its marine envi-
ronment and ocean-based resources, sustainable coastal management is
fundamental to Norway’s future. Historically, Norway has taken an
active stance to ensure clean and healthy seas, both locally and inter-
nationally, by implementing and enforcing domestic and international
legislation, helping to focus global attention on maritime issues, and
participating actively in joint international efforts. More recently, this
has included a strong focus on national and international initiatives to
address plastic pollution (Fig. 1). For example, in 2014, Norway pre-
sented a proposal to the UN Environment Assembly (UNEA) to enshrine
marine litter and microplastic into a resolution of the UN Environment
Program (UNEP; UNEP/EA.1/Res.6). This was extended by another
proposal from Norway in 2017 for a long-term vision to eliminate all
plastic discharges to the oceans by the third UNEA (UNEP/EA.3/RES.7).
At the 2019 UNEA meeting, the Norwegian Minister of Environment
proposed a new global agreement combatting marine litter, to which
several nations have already given their support. Nationally, two action
plans targeting marine litter and microplastic were developed in 2016,
setting out road maps for future national focus. In 2018, the Prime
Minister of Norway instigated a major Intergovernmental Panel on the
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New Ocean Economy and committed 1.6 billion Norwegian kroner, NOK
(~160 million Euro) to a new development aid program on marine litter
and microplastic (Regjeringen, 2020). Running from 2019 to 2024, the
aid program will help to achieve UN Sustainability Goal 14.1, where the
world’s governments aim to prevent and significantly reduce all forms of
marine pollution by 2025. A proportion of these aid funded projects -
which specifically focus on building capacity in the Global South -
include natural and social science methods to monitor and mitigate the
effects of plastic waste on the local, regional, and global environment.
Norway has also been active in identifying knowledge gaps and drafting
strategies to tackle plastic pollution in the Arctic, as the host of the Arctic
Monitoring and Assessment Plan (AMAP) office and participating in the
Protection of the Arctic Marine Environment Working Group (PAME) of
the Arctic Council.

Early recognition of the potential issues associated with (micro)
plastic pollution by governing bodies in Norway, and a prompt alloca-
tion of resources, was critical in opening up opportunities for research,
which has contributed to positioning Norway amongst the nations at the
forefront of global plastics research. Together with the Research Council
of Norway (RCN), Norwegian authorities have stimulated research into
plastic and microplastic pollution by providing financial support for
national and international research since 2013. Norwegian researchers
have now established a strong track record of research. Norwegian in-
stitutes have been partners in over 80 national or international research
projects related to plastic or microplastic (Table S1). This does not
include additional assessment projects funded by the Norwegian Envi-
ronment Agency (NEA) or the Nordic Council of Ministers. The total
budgets of the research projects equate to ~ 751 million NOK (~61
million Euro) from national funding sources and close to 62.6 million
Euros from European funding initiatives such as the European Com-
mission H2020 and JPI Oceans programs (Table S1). These projects
address a diverse range of topics, including environmental monitoring,
analytical method development, environmental fate, ecotoxicology and
risk assessment, environmental modelling, and solutions to reduce
pollution. They also reveal a greater research focus on microplastic than
macroplastic, which mirrors the global research trend.

Norwegian environment authorities have taken an active role in
seeking information and knowledge on the potential risks of plastics by
establishing an open dialogue with researchers working in the field. To
further the identification of knowledge gaps and prioritization of the
most effective and feasible measures for reducing plastic emissions and
pollution in Norway, the NEA has hosted four expert group workshops
since 2017. The first two workshops summarized recent results from
short projects financed directly by the NEA, and served to establish a
national knowledge base, build scientific capacity, and facilitate cross
stakeholder group communication. The workshop in October 2019
specifically addressed the use of microplastic research in Norway as the
basis for revising existing Norwegian action plans. In this paper, we
review the state-of-the-art of Norwegian microplastic research as it was
initiated and gathered by a broad range of Norwegian experts in the NEA
workshop in October 2019, covering (1) monitoring, (2) source tracking,
(3) processes and fate of microplastic pollution, and (4) hazard char-
acterization and implications. This is presented with a special focus on
the Norwegian environment. Through this review, we aim to highlight
priority research topics and optimum approaches to facilitate ways
forward for microplastic research in Norway and beyond.

2. Monitoring as the basis of knowledge

Environmental monitoring describes the processes and activities that
are required to characterize the status of the environment. Monitoring
can be divided into two distinct types — compliance and investigative.
Compliance is in response to addressing specific requests, often in the
form of limits, from governments etc., while investigative monitoring
includes research driven sampling campaigns and baselines studies.
Monitoring as a tool is a vital component in solving environmental
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-O- 1972

4 The Norwegian Ministry of the Environment (Miljoverndepartementet) is established.
1974

Norwegian Pollution Control Authority (Statens forurensingstilsyn) is established.

1976

Environmental tax on beverage packaging enters into force. The government releases a white paper about pollution,
establishing the 'polluter pays' principle as a pillar in environmental management. The government aims to tax polluting
emissions and products.

1T 1981

—+ The Pollution Act (forurensingsloven) enters into force.

+ 1988

Introduction of new environmental tax on beverage packaging, regulation for beverage packaging and establishment of
national deposit rates for beverage containers.

1990

-+ The Ministry of Environment presents a national review on waste minimisation and recycling. The waste hierarchy is
established as the governing principle in Norwegian waste policy.

1992

Norway signs the EEA agreement. The first white paper on waste and recycling, which laid the foundations for following
-+ waste regulations in Norway, is released. The industry establishes a voluntary extended producer responsibility (EPR)
system for plastic packaging.

1993

The Pollution Act is updated to better account for the strategies laid down in the white paper, including establishing the
—+ polluter pays principle as a basic principle in Norwegian waste regulation.

2004

The waste regulation (avfallsforskriften) is approved. The regulation contains chapters on different waste fractions,
specifying obligations for the waste management industry.

AOA

I 2007
O The Water Regulation (vannforskriften) enters into force as the implementation of the European Water Directive in Norwegian
law, setting targets for the management of water bodies

2008

The European Waste framework directive is approved, providing waste management principles such as the polluter pays
T principle and EPR.

+ 2009
The ban on landfilling of biological waste is adopted in Norway.
2013

The National Waste Strategy is published. Plastic is considered as a key waste stream.

2014

T Following a proposal by Norway, the first UNEA passed a resolution that recognised marine litter and microplastics as a
global concern.

1 2015
The Norwegian Grant Scheme for Measures combatting Marine litter is established.
2016
1 The Norwegian Environment Agency produces the first report on possible national measures for reducing marine litter and
41 microplastics.
. 2017
| Following a proposal by Norway, UNEA-3 agreed to the long term vision of eliminating all discharge of plastic litter into the
(|) ocean. The Norwegian government presents a white paper on waste policies in a circular economy with an emphasis on
O increasing reuse and recycling. The white paper also presents a Plastic Strategy to reduce marine litter. New packaging
waste regulations are introduced that implement the Packaging and Packaging Waste (PPW) Directive, including
T requirements for EPR for plastic packaging. The largest actors in the Norwegian retail/trade sectors agree to meet the
1 national obligations in EU Directive 94/62/EC through the establishment of the Norwegian Retailers' Environment Fund
(Handelens Miljgfond). The fund finances initiatives aimed at reducing and preventing plastic pollution.
1 2018
(I) The Norwegian Aid Programme for Marine Litter is established as a 4 year program.
% 2019
é During the Basel Conference of the Parties, governments amended the Basel Convention to include plastic waste in a
legally-binding framework which will make global trade in plastic waste more transparent and better regulated.
legally-binding f k which will make global trade in plasti t t t and bett lated
.O.
| 2020
hd e Norwegian Environment Agency updates its recommendation on measures towards reducing marine litter an
? The N E t A dates it dat towards red litter and
O microplastics. A report is released by the Nordic Council of Ministers calling for a new global agreement to prevent plastic
? Iluti
pollution.
.O.
I 2021
O National regulations against the use of plastic rubber granulate material on sports fields and banning oxo-degradable plastics
(I) from the Norwegian market. Ban on single use plastics brought into force. The Directorate of Fisheries releases an action plan
J_ on marine litter from fisheries. The Norwegian Aid Programme for Marine Litter is extended until 2024.

Fig. 1. Timeline of political activities led by Norway for reducing environmental contamination with marine litter and plastics.
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challenges. It enables investigation of past conditions, an understanding
of the present, and facilitates foreseeing the future. For decades, Nor-
wegian environment authorities have carried out monitoring of nutrient
and contaminant levels inland, along the coast and in the open ocean, as
well as their effects on biota (e.g., Boitsov et al., 2019; Dietz et al., 2019;
Green et al., 2019; Gundersen et al., 2019; Jartun et al., 2019; Letcher
et al., 2010; Schartau et al., 2020). Long-term monitoring also makes it
possible to evaluate trends and effects in the environment, as well as the
impact of mitigation and remediation actions (Fig. 2). Generally, it is
essential to have a clearly defined purpose for monitoring, which is then
conducted using standardized or quality-assured methods. The same
should apply when monitoring microplastic pollution.

Routine, long-term and multi-matrix monitoring programs for
microplastic have not yet been implemented in Norway. Early micro-
plastic research, which focused on the occurrence of microplastic and
source characterization, served to underline the general lack of data in
Norway (Nerland et al., 2014; Sundt et al., 2014; Trevail et al., 2015).
Much of this research was exploratory, relied on opportunistic sampling
with limited capacity for replication, and employed bespoke methods.
For example, researchers identified microplastic in pelagic waters
(Lusher et al., 2015), sediments (Woodall et al., 2014) and biota (Brate
et al., 2016; Trevail et al., 2015) along the Norwegian coastline and in
the European Arctic. Later research activities focused on establishing
baseline datasets (e.g., Bergmann et al., 2017; Cézar et al., 2017; Garmo
et al., 2018; Haave et al., 2019; Jensen and Cramer, 2017; Kiihn et al.,
2018), while simultaneously defining and improving methodologies for
sampling, sample processing and analysis (e.g., Haave, 2017; Lusher
et al., 2017, 2018; von Friesen et al., 2019), assessing indicators for
monitoring (e.g., Brate et al., 2018a, 2020; Herzke et al., 2016), and
quantifying contributions from various sources (e.g., Albretsen et al.,
2018; Bauer et al., 2017; Bergmann et al., 2019; Knutsen et al., 2020;
Mpgllhausen et al.,, 2017; Rgdland et al., 2020; Herzke et al., 2021;
Yakushev et al., 2021). Several pilot studies have investigated how to
include microplastic into ongoing monitoring programs (Brate et al.,
2020; Green et al., 2018; Lusher et al., 2017). The purpose of future
national monitoring activities, which have been initiated in 2021, will
assess the spatial and temporal changes in microplastic levels in both
freshwater and marine environments, with a long-term perspective of
assessing the effectiveness of mitigation measures (E. Farmen, NEA,
personal communication).

There are various international conventions and organizations which
require member states to identify the most appropriate monitoring
strategies to report on specific environmental indicators. Early moni-
toring efforts focused largely on plastic pollution in the ‘macro’ range
(>25 mm), under the remit of surveying marine litter. These first efforts
to record the problem stemmed from reports in the 1960 s and 70 s of
plastic debris in the global ocean that entangled or was ingested by
marine biota (Ryan, 2015). These studies were intended to survey the
amounts of different plastic items in the marine environment and to
unpick potential sources or transport mechanisms (e.g., Cundell, 1973;
Dixon and Cooke, 1977; Scott, 1972). Since then, macroplastic

Sources

Discharges Monitoring
Micro «i=amm Macro
Fate and transport = Uptake -
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monitoring has been conducted or planned for by several international
organizations or within a total of 19 marine debris action plans across
the globe (Table S2; GPML, 2020). To date, much of this work has
centered on the development of technical guidelines for undertaking
plastic monitoring (Barnardo et al., 2020; Cheshire et al., 2009;
GESAMP, 2019; Gonzalez et al., 2016); however, several international
programs for monitoring macroplastic are already implemented and
ongoing, including the assessment of common indicators under OSPAR.
Table S2 indicates the role of microplastic as an important component in
the ‘marine litter’ or ‘plastic’ definition for several international orga-
nizations and working groups. Many guidelines for microplastic (or
‘microlitter’) monitoring have been developed by these groups (e.g.,
Galgani et al., 2013; GESAMP, 2019; Michida et al., 2019) and moni-
toring surveys have been already undertaken by NOAA, HELCOM, and
CPPS. OSPAR has established beach litter items (>2.5 ¢m) and seafloor
litter items as indicators, which has been important for the identification
of sources. Similarly, the OSPAR Ecological Quality Objective indicator
for plastics (>1 mm) found in the stomach of beached Fulmars (Fulmarus
glacialis) has now been implemented in the management plans (OSPAR
Agreement 2014-01). Yet, no indicators have thus far been implemented
for microplastic (Busch, 2016; Trevail et al., 2015). There are currently
several expert groups working towards building a consensus on micro-
plastic monitoring, including the use of sediment samples under OSPAR.
Within Europe, the EU Marine Strategy Framework Directive (EU MSFD)
includes marine litter as a descriptor (#10) for the definition of Good
Environmental Status. In contrast, the EU Water Framework Directive
(EU WFD) currently contains no quality element for the classification of
status related to litter. The Arctic Monitoring and Assessment Program
(AMAP) has initiated an expert group which has been working on the
development of guidelines and identification of indicators for the Arctic
region (AMAP, 2021). The monitoring of multiple environmental
matrices is a time-consuming process that must continue to take into
consideration novel methodological approaches that emerge within
microplastic research in order to improve cost effectiveness and prac-
tical relevance in the longer term.

2.1. Selection of matrices for monitoring

There are four primary environmental compartments — water, sedi-
ment/soil, air, and biota — within which one can define specific matrices
to be targeted for monitoring. For example, surface waters and the water
column are the main matrices identified for studying microplastic within
seawater or freshwater bodies. Sediments can be differentiated by their
environment, such as beaches, coasts, benthic marine sediments, rivers,
and lakes. Biota can be categorized by taxonomic group or their ecology
(e.g., life history stage, feeding strategy, habitat). The principle reason
for defining specific matrices is that they can have vastly different
characteristics. Simply referring to a 'water’ or ’sediment’ sample is
insufficient to allow for comparisons between investigations. The se-
lection of sample matrices should be based on the aims of the monitoring
exercise, with certain matrices likely to be more relevant than others.

<
i
=
o
o
L
)
=
o

|

Effects m)> Risk assessment

Fig. 2. Conceptual framework showing the role of monitoring in research and regulation related to plastic contamination of the environment.
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Factors such as sampling approach and the number of suitable replicates
to achieve sufficient statistical power require further investigation
(Lusher et al., 2017; Underwood et al., 2017), across all matrices.

Consideration needs to be given to the purpose of monitoring a
specific matrix. For example, microplastic in surface waters could be
monitored to assess distribution or sources, though there are some
challenges to both sampling and interpretation of the results. Large
volumes of water are typically needed (>1000 L, Koelmans et al., 2019),
more so for offshore waters and the water column, where concentrations
are typically lower (Lusher et al., 2014, 2015). The targeted plastic
particle size range will influence those needs. Microplastic may be
distributed over long distances and are in transition when in the water
column. Particles may either have been recently introduced, are
buoyant, and therefore transported widely, or have sunk due to higher
inherent densities or density changes resulting from biofouling or
degradation processes (Booth et al., 2018). Hence, for a simply mapped
plastic particle distribution, there may not be a clear link to sources or to
impact. Furthermore, biogenic material abundant in productive coastal
waters (e.g., phyto- and zooplankton) may complicate sample process-
ing and interpretation of the results.

Sediments have been identified as a sink for microplastic and
potentially offer a good basis for monitoring spatial and temporal
changes (Booth et al., 2018; Collard et al., 2021; Gomiero et al., 2019a;
Haave et al., 2019; Mgskeland et al., 2018; Scherer et al., 2020). How-
ever, the representativeness of samples will depend on factors such as
sedimentation rates, bioturbation, dynamics of thermo-haline and sur-
face currents, as well as other biotic and abiotic variables. Assessing
certain sample locations in isolation will not provide a comprehensive
overview of microplastic levels. For example, deep-water stations or
areas of low bioproduction have lower sedimentation rates which
cannot directly be compared to coastal zones. These factors should be
collected, reported and acknowledged when interpreting microplastic
data.

Biota are regularly used as a matrix in metal and chemical moni-
toring programs (e.g., Beyer et al.,, 2017; Oehlmann and Schulte-
Oehlmann, 2003; Zhou et al., 2008). Several criteria should be consid-
ered when selecting the most appropriate sentinel species. They should
be abundant in the environment, easy to sample, commercially or
ecologically important, well understood regarding their biology, pro-
vide a measurable response reflecting the whole population, community
or ecosystem, and be comparable at regional, national, and international
scales (Gerhardt, 2002; OSPAR, 2018). Identifying suitable species for
biomonitoring programs can be challenging and no single species is
relevant across marine, freshwater, and terrestrial ecosystems, or lat-
itudinal gradients. Furthermore, organisms that are internationally
accepted for use in monitoring of conventional metal and chemical
pollutants may not be optimal for particulate pollutants such as micro-
plastic. Exposure to microplastic for individuals of any species is
dependent on several factors, including mobility, feeding mechanism,
life stage, organism to particle size ratio, ecological niche, and envi-
ronmental conditions (Booth and Sgrensen, 2020; Halsband and Booth,
2020; Scherer et al., 2018). Furthermore, biota demonstrate a range of
particle selectivity and gut retention times which can also be particle
specific (Kinjo et al., 2019; Ward et al., 2019). The exposure will also be
influenced by heterogenous environmental distributions of microplastic,
depending on emission sources, environmental conditions, as well as
particle size and polymer type (Haave et al., 2019). Many different
species have similar life histories, habitats, and modes of feeding. Hence,
monitoring combinations of similar species representing the same
habitat and life histories appear to be the best options, if the investigated
area cannot be covered by monitoring a single species (Brite et al.,
2020). The use of a range of species will support the comparability be-
tween monitoring programs across the globe, especially for ecologically
important areas like the high Arctic, which do not harbor species already
identified as indicators, such as the blue mussel (Mytilus spp.).

An example of a widely available and commonly used bioindicator
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species in national and international monitoring programs for conven-
tional contaminants is bivalve molluscs (e.g., Beyer et al., 2017; Brate
et al., 2018a, 2020; Gomiero et al., 2019b; Green et al., 2018). As bi-
valves exhibit particle-specific selectivity (Ward et al., 2019), their use
as bioindicators can be advantageous if it is understood which particle
types are selected. A recent study assessing benthic bivalves from 100
sites within Nordic countries concluded that blue mussel (Mytilus spp.),
Baltic macoma (Limecola balthica) and Abra nitida could be suitable for
monitoring microplastic in Nordic waters (Brate et al., 2020). Other
promising candidate bioindicators are fish and benthic polychaetes;
however, further studies are needed to assess their potential use in
biomonitoring programs targeted for microplastic pollution (Mgskeland
et al., 2019). One issue with the biomonitoring of microplastic is that
targeting particles in digestive tracts represents only a snapshot that can
easily over- or underrepresent exposure.

Additional matrices that may be monitored for (micro)plastic include
diverse sample types from human systems, such as wastewater treat-
ment (e.g., influent, effluent, sewage sludge), industrial discharges,
transportation (e.g., road runoff), urban or indoor dust, drinking water,
food products, and human samples (e.g. blood, feces). There has been
notable public and media interest in the occurrence of microplastic in
food and drink, related to human exposure and perceived risks of
negative health effects. Yet, the extent to which this exposure will cause
harm is far from being well-understood (Vethaak & Legler, 2021; VKM,
2019). Samples from wastewater treatment plants (WWTPs) and road
environments warrant particular attention, due to their potential to
represent substantial sources of microplastic to the environment (Kole
et al., 2017; Schmidt et al., 2020). Untreated wastewater has been
identified as an important pathway through which high microplastic
loads enter recipient water bodies (Woodward et al., 2021; Herzke et al.,
2021), which is significant given that approximately one fifth of the
Norwegian population is not connected to a WWTP, with instead only
coarse mechanical removal of debris (SSB, 2017). Monitoring environ-
mental releases from these sources is an important priority, as relatively
well-established solutions (e.g., treating wastewater, collecting road
runoff) are available to curb these emissions.

2.2. Incorporation of microplastic into monitoring programs

As monitoring strategies for microplastic are developed and vali-
dated, their incorporation into ongoing monitoring programs with
already established sampling sites should be considered. Such ongoing
sites represent a variety of potential sources, impacts, and supporting
metadata (parameters and time-trends). For example, analyzing micro-
plastic in mussels simultaneously with other contaminants has shown
promise in Norway (Brite et al., 2018a), as has the assessment of sedi-
ments collected in parallel to surveys of oil and gas fields on the Nor-
wegian Continental Shelf and through the MAREANO program (Arp
et al., 2019; Jensen and Bellec, 2019; Knutsen et al., 2019; Mgskeland
et al., 2018). Efficient monitoring programs are reliant on harmonized
methodologies and data reporting, as well as the availability of dedi-
cated databases with long-term support. However, opportunistic sam-
pling during ongoing activities with no specific microplastic focus
should be discouraged, to avoid the contamination of samples due to the
use of unsuited equipment and/or untrained personal. Furthermore,
experts trained specifically in microplastic sampling should conduct
sampling on monitoring campaigns targeting multiple contaminants for
most matrices.

For comparison between national and international monitoring
programs, protocols for microplastic sampling, sample processing, and
analysis must be harmonized and/or standardized and shared openly.
No single one-size-fits-all solution or approach exists for all microplastic
monitoring endeavors, and thus coordination to facilitate comparisons is
important. Guidelines are being developed on an international level and
steps to consolidate recommendations have been made through the
recent publication of the joint Group of Experts on the Scientific Aspects
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of Marine Environmental Protection (GESAMP) Guidelines for the
Monitoring and Assessment of Plastic Litter in the Ocean (GESAMP,
2019) and associated reports under the UN. Norwegian researchers
participate in GESAMP, as well as the Working Group on Marine Litter
(WGML), Working Group on Marine Sediments (WGMS) and Marine
Chemistry Working Group (MCWG) under the International Council for
the Exploration of the Sea (ICES), and in working groups under the
Arctic Council (AMAP, PAME and CAFF - Conservation of Arctic Flora
and Fauna), and OSPAR. These working groups form a network with
other national and international advisory bodies, ensuring that results
and national experiences are taken into consideration when developing
the guidelines. To date, methods for marine matrices including
seawater, sediments, seabirds, and bivalves are well developed for
plastic particle sizes > 300 um, while other matrices including air,
wastewater effluents, sludge etc. are not. Approaches to analyze the size
fraction 50 — 300 pym are currently being optimized. Methods covering
particle sizes below 50 pym, however, are still in the research and
development stage globally, limiting the availability of reliable data for
this size range. Due to the current lack of harmonized and cost-effective
methods for identifying and quantifying smaller particles, monitoring
programs are most likely to standardize on a lower particle size limit of
300 um in the shorter term. Further knowledge on the impacts of
different microplastic sizes to organisms is expected to influence
whether the 300 um cut-off will need to be revised to include smaller
particles in the longer term.

As technology continues to advance, researchers are opting to utilize
more (semi-)automated observations within microplastic research,
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including camera-based solutions, artificial intelligence and image
recognition, as well as more advanced instrumentation such as flow
cytometry or hyperspectral imaging, etc. (e.g., Cowger et al., 2020; da
Silva et al., 2020; Faltynkova et al.; Hufnagl et al., 2019; Primpke et al.,
2020; Zhu et al., 2021). These approaches will allow high throughput
measurements in the future, decreasing the cost of monitoring efforts.
Due to the early stage of method development — especially regarding
smaller particle sizes (<300 pm) and complex sample matrices (e.g., soil
or wastewater) — the resulting guidelines cannot be static but need to be
flexible for future improvements and technological developments.

2.3. Status of knowledge for microplastics in Norway

Fig. 3 presents the spatial distribution of sites that have been studied
for microplastic occurrence in the Norwegian environment to date.
Following the international trend in microplastic research, marine
studies far outweigh both freshwater and terrestrial investigations. The
maps show the distribution of sites for different environmental matrices.

Biota have been the most strategically studied environmental matrix
in the Norwegian environment thus far, representing a range of different
species and the greatest spatial coverage. Several coordinated in-
vestigations into the occurrence of microplastic in mussels and other
bivalves have been undertaken using reproducible methods (Green
et al., 2018; Brate et al., 2018a, 2020). Investigations into polychaetes
have focused on testing methodologies and have been limited to offshore
and fjord samples (e.g., Bour et al., 2018; Knutsen et al., 2020; Granberg
et al., 2020). Benthic amphipods were also investigated in Svalbard
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Fig. 3. Sampling locations where microplastic presence has been reported for different sample matrices in Norway and the Norwegian marine environment. “Other”
in the Biota map refers to polychaetes and isopods. A full list of the references corresponding to each map is presented in Table S3 of the Supplementary Materials.
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(Iannilli et al., 2019). Fish have been investigated for their potential as
indicators of plastic pollution, although these investigations have typi-
cally focused on larger plastic particles (Brite et al., 2016) or specifically
fibers in the high Arctic (Kiihn et al., 2018). Preliminary investigations
into smaller particles down to 10 um in the edible tissues of fish have
begun, but the methods require further development and optimization
(Gomiero et al., 2020; Haave and Gomiero, 2020). There have only been
three studies thus far that have monitored plastics in birds, and these
have focused on particles > 1 mm; in alignment with OSPAR guidelines
(Trevail et al., 2015) or alongside the monitoring of chemical contam-
inants (Herzke et al., 2019; Neumann et al., 2021). It is notable, how-
ever, that almost all biota monitoring in Norway has been on coastal
species. Only a single study has investigated microplastic in a freshwater
species (Lusher et al., 2019a).

Fig. 3 clearly highlights an uneven pattern in the distribution of sites
so far used for water monitoring. Even though the Norwegian coastline
is characterized by a complex system of fjords and coastal waters that
are relevant for several commercial activities, very little investigation
has taken place in these environments. Instead, most of the sampling of
Norwegian waters is contained to the Svalbard coastal environment (e.
g., Carlsson et al., 2021; Kanhai et al., 2018; Lusher et al., 2015; von
Friesen et al., 2020) and the Oslo fjord (e.g., Albretsen et al., 2018),
reflecting a focus on the capital city and the Arctic environment. Outside
of this, sampling has taken place in Northern Norway (Lusher et al.,
2015) and in the Bergen Fjord (Nerheim and Lusher, 2020). In addition,
almost 200 sites have been sampled in the waters around Svalbard and
the Barents Sea between mainland Norway and Svalbard, but do not fit
within the limits of the map (e.g., Cozar et al., 2017; Kanhai et al., 2018;
Tekman et al., 2020). Freshwater investigations are even more limited,
with a single study reporting the presence of microplastic in three
Norwegian rivers (Lorenz et al., 2020). Recently, snow and ice samples
from the Norwegian environment have been investigated for micro-
plastic pollution, but these have been limited to the Svalbard region
(Bergmann et al., 2019; Peeken et al., 2018; von Friesen et al., 2020).
The majority of these studies aim to report the distribution of micro-
plastic in different aquatic matrices, although some have also assessed
the role of point sources, such as WWTPs (Granberg et al., 2019; von
Friesen et al., 2020).

Sediment sampling sites, although few in number, are distributed
more evenly across the Norwegian environment, including offshore
sediments (Mgskeland et al., 2018; Knutsen et al., 2020), coastal sedi-
ments (Collard et al., 2021; Granberg et al., 2019; Haave et al., 2019;
Jensen and Cramer, 2017; Jensen and Bellec, 2019; Olsen et al., 2020),
freshwater sediments (Lorenz et al., 2020; Lusher et al., 2019a; Clayer
et al., 2021), and soils (Ranneklev et al., 2019). Unfortunately, the di-
versity of methods applied limit the extent to which the gathered
datasets can be compared. The MAREANO program and efforts to
monitor contamination around offshore oil and gas platforms account
for much of the marine sediment sampling (Mgskeland et al., 2019;
Knutsen et al., 2019, 2020). These sites are likely to be repeated in future
campaigns as they are already utilized for other environmental samples.
It is recommended that further sampling of freshwater, terrestrial, and
coastal sediments as well as soils is prioritized to assess the spatial and
temporal distributions of microplastic pollution in Norway.

In addition to biota, water, and sediment matrices, Norwegian
microplastic sampling activities have included drinking water (Gomiero
et al., 2021; Uhl et al., 2018), samples from WWTPs (Granberg et al.,
2019; Lusher et al., 2018; Skogerbg, 2020), and a small number of
landfill leachate samples (van Praagh et al., 2018). Many of these studies
have been funded - at least in part — by the Norwegian authorities and
specific industries. For example, drinking water was assessed across
Norway as part of a nationwide assessment for the Norwegian Water
Association (Norsk Vann), including samples of groundwater, processed
water, and tap water. This work highlighted that further sampling
should address issues associated with sample volumes and background
contamination (Gomiero et al., 2021; Uhl et al., 2018). Microplastic has

Environment International 157 (2021) 106794

been sampled in sewage sludge from around the country, targeting
different population centers (Lusher et al., 2018), as part of a study
funded by the NEA. Industry and governance represent important
stakeholders in the Norwegian microplastic monitoring landscape,
informing study design with their site-specific expertise and funding
projects to assess microplastic occurrence. Further monitoring of
WWTPs should also consider less densely populated areas that may not
employ the same treatment technology as larger population centers.

An important aspect is that a great deal of work has already been
conducted related to microplastic sampling in the Norwegian environ-
ment (Fig. 3). This includes several studies that address microplastic
distribution on a national scale. Yet, there are still data gaps as well as
incompatibilities of produced data that persist. Studies on additional
important media, such as air and wet and dry deposition, are still
ongoing as pilot studies but far from covering a similar geographical
area as for the other compartments. Another important component re-
lates to the temporal aspect of monitoring studies. Many markers shown
in Fig. 3 relate to isolated studies that sample only a single point in time
for each site or station. Only a small number of studies have undertaken
repeated sampling to identify changes in microplastic occurrence over
time (e.g., Green et al., 2018; Brate et al., 2018a, 2020). Thus, the role of
seasonality in microplastic distributions should also be investigated, in
addition to other potential controls, such as meteorological (e.g.,
storms) and biological phenomena (e.g., algal blooms) on microplastic
occurrence across a range of spatial and temporal scales. However, that
cannot be undertaken as long as methods are not providing sufficient
measured repeatability. A coordinated effort is required to harmonize
data that addresses persistent knowledge gaps about microplastic
pollution in the Norwegian environment. This should form part of a
quality assessment procedure for existing and future monitoring pro-
grams to ensure the production of high-quality outputs with wide
applicability to a range of end-users.

3. Microplastic sources: Identification, monitoring, and
management

Identifying the sources of plastic pollution allows policy makers to
design legislative measures to reduce or prevent plastic release. Both the
initial source and the environmental release pathway are relevant when
discussing sources of microplastic. Many microplastics originate from
the direct use or handling of plastic products and are discharged through
non-environmental systems (e.g., in wastewater). For example, fibrous
microplastic can be generated during the washing of synthetic textiles
(Napper and Thompson, 2016). These fibers typically enter the waste-
water system before they may ultimately be discharged to the environ-
ment (Ben-David et al.,, 2021; Freeman et al., 2020). The release
pathway (e.g., wastewater effluent or sludge application to land) is not
the source of the plastic, but it connects the initial source (i.e., synthetic
textiles) to the environment. Both components are important when
identifying measures to reduce microplastic pollution, that is, reducing
the use or generation of microplastic and preventing them from being
released to the environment. The involvement of industrial stakeholders
in this process is critical. Their contribution to provide information on
specific local sources of pollution, the availability and feasibility of al-
ternatives, or the economic consequences of different potential regula-
tory measures should form part of a balanced assessment of the most
suitable actions to control the release of microplastic.

While the initial sources of some larger plastic litter items can be
inferred from their morphology (e.g., unique product shapes) or label-
ling, the measurable properties of microplastic (e.g., shape, color,
polymer type) rarely permit the identification of specific source prod-
ucts, producers or polluters. Even where the origin of an item can be
established, the mechanisms of environmental release or responsible
actors may not be easily deduced. Conversely, knowing the mode of
release may not shed light on the initial source of a microplastic particle.
Many release mechanisms and pathways (e.g., WWTPs) also involve
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mixing of particles from different sources before they are discharged
into the environment. Thus, tracking the sources and release pathways
of microplastic is complex unless very specific particles are identified, or
monitoring is done close to potential sources (e.g., Karlsson et al., 2018;
Granberg et al.,, 2019; Mani et al., 2019). Source tracking may not
represent the most feasible approach for managing microplastic pollu-
tion. Information about the physical and chemical properties may, in
rare circumstances, give an indication of the source and means of
transport (e.g., Mani et al., 2019), though estimates of microplastic
contributions to the environment from various sources need to be based
on other approaches, such as material flow analyses (e.g., Kawecki et al.,
2018; Frehland et al., 2020).

Sundt et al. (2014) conducted the first characterization of land- and
sea-based sources of microplastic in Norway using estimates of emis-
sions and a lifecycle modelling approach. When considering primary
microplastic (i.e., particles specifically manufactured within the
microplastic size range), the report estimated that about 8,000 metric
tons were released annually, which equates to 1.6 kg per capita. The
approach adopted for calculating estimates and the data sources used
meant that it was not possible to make a similar estimate for secondary
microplastics (i.e., those generated through fragmentation during or
after use of plastic products). The lack of macroplastic release and
subsequent breakdown information was highlighted as a key knowledge
gap. The report concluded that it was important to obtain more infor-
mation across the industrial sector, and it called for industry to take an
active part in providing data for future estimations. In 2020, the NEA
initiated a comprehensive update of microplastic sources to the Nor-
wegian environment (Lusher and Pettersen, 2021; Sundt et al., 2021),
building upon recent attempts to quantify the amount of microplastic
released from terrestrial sources, such as from sewage sludge (Lusher
et al., 2018), farmland (Ranneklev et al., 2019), and roads (Vogelsang
et al. 2019). Microplastic from land-based sources were estimated at
19,000 tons annually (uncertainty range 9,000-30,000; Sundt et al.,
2021), whereas values for sea-based sources could not be estimated due
to the paucity in available and reliable data (Lusher and Pettersen,
2021).

Based on these estimates, terrestrial sources and release pathways
account for a significant proportion of microplastic emissions (Schmidt
et al.,, 2017; Sundt et al., 2014, 2021). Determining the origin of
microplastic may be less complicated in some environments, where the
impact of local pressures can be more easily delimited and quantified.
Moreover, all plastics are produced on land, are predominately used on
land, and most landfills and other waste disposal areas are located on
land (Hurley et al., 2020). Land-based systems should, therefore, be
prioritized when embarking on source tracking work or in legislative
measures. Initiation of monitoring programs in freshwater and terres-
trial systems will help to establish the magnitude of microplastic
pollution and remove the bias in public opinion that currently might
exist, tending to place microplastic pollution into marine environments,
predominantly. Furthermore, many sources of land-based microplastic
emissions are under national control, including industrial sources that
may fall under the control of national pollution authorities, for example.
This strengthens the case for the management of microplastic for
example by mandatory monitoring of microplastic releases (i.e., through
industrial discharge or wastewater). Monitoring of such releases — or
recipient environments — could help to identify optimal strategies to
significantly reduce microplastic emissions and environmental pollu-
tion. Effective enactment of this approach will include industry repre-
sentatives as stakeholders, allowing for open communication and data
sharing to identify sources or releases of plastics and appropriate mea-
sures for mitigation.

This is further reinforced by the recent proposal by the European
Chemicals Agency (ECHA) to restrict intentionally added microplastic in
consumer products. The proposal document highlighted soils, particu-
larly those amended with sewage sludge, as an important recipient for
microplastics (ECHA, 2019). WWTPs receive microplastics from a
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diverse array of sources and whilst they are effective in removing par-
ticles, these captured microplastics are primarily transferred to the
sewage sludge (Ben-David et al., 2021; Freeman et al., 2020; Lusher
et al., 2019b; Skogerbg, 2020). Land application of sewage sludge is a
common practice for amending the nutrient or chemical quality of soils,
but it also leads to the release of microplastic to the environment (Hurley
and Nizzetto, 2018; Nizzetto et al., 2016). Once added to soils, micro-
plastic may be transported to connected terrestrial or aquatic environ-
ments (Crossman et al., 2020), propagating pollution across wider
spatial scales. The recent EU directive on the landfilling of waste
(EU2018/850) and the corresponding Norwegian ban on landfilling of
organic waste (Fig. 1), may drive an increase in the use of sewage sludge
as a soil conditioner. Monitoring of sludge and recipient soils offers the
possibility of assessing microplastic emissions and their subsequent
transport pathways, forming the basis for establishing approaches to
reduce microplastic pollution of the wider environment.

In contrast, identifying, monitoring, and managing microplastic
sources in coastal or open waters is more challenging. It is unlikely that
all plastic particles recorded in the Norwegian marine environment are
derived from Norwegian sources (Booth et al., 2018; MEPEX, 2020). The
influence of long-range ocean currents and winds have the potential to
transport microplastic from other Scandinavian regions, Europe, or even
further afield. To tackle this, it is necessary to develop international
policy instruments and rely on the actions of all nations to collectively
reduce microplastic releases (Gago et al., 2020; Meland and Staupe-
Delgado, 2020; Tessnow-von Wysocki and Le Billon, 2019). Even after
sources are brought under control, the legacy of past plastic pollution is
likely to persist in the environment for a long time, especially given that
the release of microplastic from terrestrial stores may operate across
relatively long timescales (e.g. release from fluvial/lacustrine sedi-
mentary environments such as floodplains or lake sediments) (Hurley
et al., 2020).

Within the near future, some improvement in microplastic pollution
can be made by focusing on specific sources within the environment. In
2020, the NEA initiated an attempt to quantify the flux of microplastic
from ocean-based sources relevant to Norway. Fisheries and aquaculture
operations were identified as potential sources, with discharges identi-
fied from production, operations, waste treatment, and household. Un-
fortunately, there is not enough information to provide accurate
estimates of release from these sources (Lusher and Pettersen, 2021). For
example, fish farms have been identified as a potentially important
source of microplastic, although initial investigations highlight the need
for further work to fully understand the mechanisms and magnitudes of
microplastic release (Gomiero et al., 2020; Johnsen et al., 2019).

While it is difficult to have an impact on external sources of micro-
plastic transported to Norwegian environments, in the shorter-term
Norway can focus on tackling and reducing domestic emissions. The
generation of high-quality data on microplastic sources and release
pathways for policy makers requires research efforts to be focused on
effective monitoring; where the local sources can readily be defined,
rather than attempting to trace the pathways over long ranges from
undetermined sources. A more rigorous assessment of different industry
sectors as well as the use and waste handling of plastics in Norway is
required. This calls for a more open dialogue with representatives from
key stakeholder groups that can provide data on production and usage
volumes, along with information on losses and discharges. The recent
updates on Norwegian microplastic emission estimates highlight prior-
ity industries where data is currently lacking (Lusher and Pettersen,
2021; Sundt et al., 2021). For example, there is no data available on
microplastic generated from dredging, decommissioning, abandoned
lost and discarded fishing gear (ALDFG), and offshore windfarms.
Similarly, there is very limited information related to petroleum and
other offshore discharges from maritime traffic. In addition, car tire
abrasion has been recognized as the largest contributor within land-
based sources (Sundt et al., 2021) and data is urgently required to
validate these estimations. Working together with these industries to
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generate emission values and quantify releases is paramount. Here, the
aim can be to reduce emissions as much as possible following the pre-
cautionary principle, even before effects thresholds are established.
Source inventories for spatially resolved environment units are one
measure to improve transparency in the plastics sector. This approach
may represent an efficient means of making a significant reduction in
microplastic pollution in the environment, as it can utilize frameworks
and policy instruments that already exist for other types of
contamination.

Internationally, several ongoing projects funded by the Norwegian
Ministry of Foreign Affairs and the Norwegian Development Program to
Combat Marine Litter and Microplastics are tackling releases of (micro)
plastic to the environment — and in particular the ocean — with a focus on
Asia and Africa (Table S1). Likewise, the Food and Agriculture Organi-
zation of the United Nations (FAO) has been collaborating with the
Norwegian Agency for Development Cooperation and the Institute of
Marine Research (IMR) through the Dr. Fridtjof Nansen survey program
to enable African, Asian and Latin American collaborator nations to
build their own fisheries monitoring program which includes micro-
plastic. These aim to build capacity in the Global South, and to establish
low-cost methodologies for local actors to undertake monitoring of
plastic pollution. This is intended to result in a reduction of plastic
emissions from countries highlighted as being amongst the top polluting
nations for plastic release to the oceans (e.g. Jambeck et al., 2015;
Lebreton et al., 2017). Such efforts, including initiatives from other
countries, account for the globality of the plastic pollution problem and
will eventually help reducing plastic pollution being “imported” to the
Norwegian environment. In the long run, they may also contribute to
global governance and producer responsibility, as plastic may be pro-
duced in nations which are different from where it is littered, and other
groups of people might suffer most from impacts than those that benefit
from the use of plastic.

4. Fate: Understanding microplastic transport and degradation
processes

Occurrence data provides useful geographic information about the
occurrence of microplastics but is less useful for understanding factors
governing their distribution and fate. Scientific knowledge about the
ageing and degradation processes affecting microplastic exists within
the polymer science field, but still needs to be applied to a range of
specific and relevant environmental contexts (e.g., Booth and Sgrensen,
2020; Halsband and Herzke, 2019; Jahnke et al., 2017). Without a good
understanding of the processes of microplastic release, transport,
deposition, degradation, and biological interaction, it is not possible to
adequately explain contamination hotspots or spatial and temporal
patterns. Understanding these processes becomes particularly relevant
when working towards mitigation strategies or environmental risk as-
sessments. For example, it is important to understand whether the
occurrence of a microplastic hotspot is governed by its proximity to
sources (e.g., harbors where hull treatment occurs), a convergence of
particles as a result of environmental processes (e.g., oceanic currents or
depositional environments), or a combination of these factors.

Some theoretical assumptions regarding microplastic dynamics can
be made, and first data corroborating these assumptions are published.
For example, the influence of density will impact the buoyancy of par-
ticles in aquatic systems, as well as partitioning between water and
sediment. Plastic particles with different sizes and morphologies behave
differently with respect to entrainment and transport, deposition and
sinking rates (Haave et al., 2019; Herzke et al., 2021; Sun et al., 2021),
and uptake by organisms. Some environmental processes will impact
microplastic distributions, such as tides and currents in the marine
environment, and temperature, pH, and redox processes in aquatic
systems (Everaert et al., 2018). Research on these processes should
center upon two key themes: fundamental processes and environmental
modelling (e.g., Alimi et al., 2018; Nizzetto et al., 2016).
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Within Norway, advancements have been made regarding the
fundamental processes governing microplastic weathering and subse-
quent aggregation and sedimentation in the coastal environment. Na-
tional funded projects such as MICROFIBRE and ArcticFibre have
demonstrated that UV degradation is a critical process in driving
changes in the physicochemical properties of synthetic fibers, including
fragmentation, increased surface area, and release of additive chemicals
(Sait et al., 2021; Sgrensen et al., 2021). These physicochemical changes
alter the fate, transport, and potential for interaction with biota.
Through the JPI-Oceans funded WEATHER-MIC project, the Norwegian
Geotechnical Institute (NGI) conducted lab-scale experiments in condi-
tions relevant to the Oslo fjord (Jahnke, 2019). This also supported an
assessment of microplastic in sediments of the Norwegian Continental
shelf, whereby the controls on particle sinking rates were addressed
(Mgskeland et al., 2018). Research on these fundamental processes
should continue within Norway and internationally to further elucidate
the intrinsic and extrinsic properties of microplastic that govern their
distribution in the environment. This must be facilitated not only
through basic research to establish the underlying science, but also as a
means for generating the new data needed for improving monitoring
and modelling work.

Modelling of spatially defined environmental regions, such as river
catchments or oceanic current systems, can help to account for some of
the environmental complexity, simulate processes that determine the
dynamics of microplastic pollution, and predict spatial and temporal
patterns. Some modelling work exists internationally (e.g., Everaert
et al., 2018, 2020; Mountford and Morales Maqueda, 2019; Sherman
and van Sebille, 2016), but thorough calibration and validation of
models using robust (specific, quality assured, reproducible) environ-
mental data is still hindered by the lack of appropriate datasets and
research into fundamental processes. In the Norwegian context, model
development is ongoing. A preliminary study applying Lagrangian
modelling to coastal environments indicated seasonal variations in
transport barriers influencing the movement of microplastic along the
continental shelf, as well as the transport from external waters into the
Norwegian coastal environment (Booth et al., 2018). Furthermore, the
transport and fate of microplastic fibers was modelled in the Norwegian
marine environment which indicated areas around the Norwegian coast
where microplastic may accumulate (Booth et al., 2018). Regarding the
terrestrial environment, NIVA host an integrated hydrological and
sediment catchment model INCA-Microplastic (Nizzetto et al., 2016)
and has developed an openly available framework designed to run the
model with biogeochemical system data (https://github.com/NIVANor
ge/Mobius). In addition, Norwegian institutions have good expertise
in modelling the coastal and open sea environment for a range of other
contaminants (e.g., Eregno et al., 2018; Simonsen et al., 2019). As part
of the new JPI-Oceans project FACTS, there are plans to exploit existing
models e.g., FLEXPART, to track the transfer of microplastic from land to
the sea via atmospheric transport. Results have already revealed high
transport efficiencies of road-associated microplastic to remote regions
(Evangeliou et al., 2020). It is critical that modelers are involved in the
planning of studies to generate empirical data to ensure its usability in
the development and optimization of models. Future monitoring pro-
grams, in both Norwegian and international contexts, should therefore
consider the data requirements for effective modelling of observed re-
sults. This includes ensuring meaningful spatial and temporal resolution
of collected datasets, as well as the measurement of additional param-
eters, such as sediment particle size or other relevant environmental
processes pertaining to hydrology, geomorphology, and oceanography,
for example. Proper development of models is a dynamic process which
demands trans-disciplinary exchange of needs and constructive criticism
amongst stakeholders and end users. This in turn will help construct
effective monitoring strategies that produce the most valuable datasets.
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5. Importance of understanding the impacts of microplastic

Monitoring programs and effects studies need to be coordinated in
order to be mutually beneficial. The impact of microplastic on biota has
been high on the international plastics research agenda, and alongside
robust exposure data, is necessary for assessing risk. Many studies have
now addressed effects of microplastic on organisms, although synthesis
of this data to formulate risk assessments is hindered by lack of com-
parable study parameters (e.g., VKM, 2019). Yet, several studies have
compiled such data to assess risk of specific types of microplastics or
environments (e.g., Besseling et al., 2019; Burns and Boxall, 2018;
Everaert et al., 2018; Wik and Dave, 2009). Microplastics represent a
complex, heterogeneous mix of particles with diverse physio-chemical
properties (polymers, morphologies, chemical formulation). These pre-
sent a broad potential for interactions with biota across the physio-bio-
chemical spectrum, representing potential risks and/or benefits from the
cellular to the ecosystem level (Galloway et al., 2017; Lambert et al.
2017; Rochman et al. 2019). Microplastic toxicity may depend on a
combination of: (1) intrinsic particle properties, including particle size
distribution, extent of weathering, morphology and polymer type; (2)
exposure conditions such as concentration and exposure time; (3) bio-
logical parameters such as species, life stage and feeding mechanism;
and (4) toxic chemicals transported by microplastic (mainly additives
and their degradation products) (Kogel et al., 2020a,b; Gallo et al., 2018;
Wang et al., 2018; Zimmermann et al., 2020). As a result, elucidating the
drivers and mechanisms underlying microplastic toxicity remains a
significant challenge.

Research into both exposure to and the hazards of microplastics
needs to be balanced to enable a high-quality assessment of the envi-
ronmental risks, yet the current situation does not reflect this need.
Microplastics are a complex group of anthropogenic pollutants consist-
ing of particles with different sizes, shapes, polymers, additives and
chemical composition (Lambert et al., 2017; Rochman et al., 2019).
There is an increasing amount of data on the environmental levels of
larger microplastic (>100 pm) that can be used for estimating exposure
but might not reflect the distribution of smaller plastic (Haave et al.,
2019, Gomiero et al., 2020). Toxicity data crucial to assess the hazard of
microplastic is severely underrepresented, even more so in the size range
for which most exposure data exist (>100 um). This situation has led to a
marked disconnect between exposure data based on quantifying large
microplastic in the environment and toxicity data that usually focuses on
smaller microplastics (<100 pum) or nanoplastics (<1 pm). While
determining robust environmental concentration data for small micro-
plastics and nanoplastics remains an analytical challenge, comparable
size classes and particle types should be used in both exposure and
toxicity studies, and not used to extrapolate for other size classes
without evidence that that is valid. The potential toxicological effects of
nano- and microplastics on biota have been investigated in a growing
number of studies from Norway (e.g., Booth et al., 2016; Bour et al.,
2018; Brate et al., 2018b; Capolupo et al., 2020; Cole et al., 2019; Gomes
et al., 2020; Halsband et al., 2020; Sgrensen et al., 2020) and interna-
tionally (e.g., Scherer et al., 2018; Schiir et al., 2021; Weber et al., 2021;
Zimmermann et al., 2020). Frequently reported and stipulated effects
include those from cellular to population levels, such as changes in en-
ergy metabolism (e.g., Bour et al., 2018), feeding, growth, movement,
stress, immune system effects, hormone regulation, and altered lipid
metabolism (reviewed in Kogel et al., 2020a,b), although many gaps
remain in the current available research (VKM, 2019). Since studies
based on standard ecotoxicological endpoints for assessing chemical
exposure (survival, growth, development, reproduction, cell-level ef-
fects) have inherent limitations and lack sensitivity, no final conclusions
on the toxicity of nano- and microplastics can be made (Barboza et al.,
2018; Gomes et al., 2021; Halsband and Booth, 2020; VKM, 2019).

Most toxicity data have been produced using high microplastic
concentrations and virgin reference materials (e.g., spherical and lack-
ing the additives and other chemicals associated with microplastic
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present in the environment), while fragments and fibers seem to domi-
nate in environmental occurrence. Consequently, there is a mismatch
between the effects assessed for virgin microplastic under laboratory
conditions and the effects of degraded, irregular fragments with a suite
of associated chemicals that are found in the environment. For example,
small particles appear to induce the biggest effect in the laboratory, but
there is insufficient information on the concentrations, aggregation, and
bioavailability of such particles in the environment. Furthermore, there
is limited knowledge concerning the toxicity of partially degraded or
aged plastic materials (e.g., Vroom et al., 2017) and recent research
shows that some aged microplastics are less toxic than pristine ones
(Schiir et al., 2021). The test materials used in many toxicity studies are
therefore not particularly indicative of the microplastics that organisms
encounter in the environment (Gomes et al., 2021; Halsband and Booth,
2020). This has resulted in a situation where it is difficult to reach
precise conclusions over exposure, hazard, and risk.

Recently, the Norwegian Scientific Committee for Food and Envi-
ronment (VKM) published an opinion on the state of the science of
microplastic (VKM, 2019). This contribution was a major step forward in
the scientific field, as it critically evaluated research quality with an aim
to assess the risk of microplastic to the environment and human health.
This assessment highlighted that there is currently insufficient data to
draw any conclusions about the impacts of microplastic on human
health. More data is available on the environmental toxicity. Of the 122
available effects studies, most focused on the impacts of microplastic on
the growth and survival of biota, as well as on the induction of oxidative
stress. Ecologically relevant effects on populations and communities
have rarely been investigated, whilst understanding microplastic and
nanoplastic impacts on species from lower trophic levels that can
potentially put a whole ecosystem at risk, also needs more attention
(Gomes et al., 2020). Based on the available exposure data, previous risk
assessments have concluded that microplastic pose a relatively low risk
given our current knowledge on environmental levels (e.g., Adam et al.,
2019; Burns and Boxall, 2018; Everaert et al., 2018). VKM used a sys-
tematic literature review approach to assess the hazard associated with
microplastic based on the latest findings (VKM, 2019). The resulting
hazardous concentrations that affect 5% of all species was found to be
rather low (HCs of 70 particles per liter) and will be easily exceeded in
the future or at hotspots. This risk may be further exacerbated as
emissions and environmental concentrations increase. In an updated
risk assessment of floating microplastic, Everaert et al., (2020) suggested
that to date, 0.17% of the global ocean is at risk to microplastic, and
under a business-as-usual scenario this increased to 0.52% in 2050 and
1.62% by 2100.

As stated above, the toxicity depends not only on the exposure
concentration and duration but also on the physico-chemical properties
of microplastics, including size, extent of weathering, morphology and
polymer type. It is therefore critical that the research community moves
away from viewing microplastics as a single pollutant and starts to
consider it as the complex continuum of pollutants that it is (Lambert
etal. 2017; Rochman et al. 2019). To comprehensively assess the risk of
microplastic, researchers need to establish toxicologically relevant
classes of microplastics based on the properties identified as the main
drivers of toxicity. The impacts of these classes need to be studied in
different species at different developmental stages and trophic levels,
and for a range of toxicological endpoints (including chronic exposure).
Such assessment should also include representatives of all relevant
polymer types in both pristine and partially degraded forms, as well as
with particles containing representative contents of additive chemicals.

A more comprehensive overview of cellular and sub-cellular mech-
anisms is also necessary to complement information provided by end-
points with high ecological relevance (e.g., survival and reproduction),
as well as the influence of particle uptake and accumulation on the
observed effects. In addition, naturally occurring particles must also be
incorporated into effects studies for benchmarking plastic particle
toxicity. Furthermore, toxicity data must be interpreted within a broader
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ecological context as biota are subjected to multiple stressors, including
other chemicals, nutritional deficit, and/or climate change. Compiling
comprehensive knowledge of the impacts of microplastic in as many
species as possible with multiple endpoints is desirable but time
consuming.

Importantly, research needs to move from describing toxic effects of
particles towards understanding the underlying mechanisms of action
and toxicity pathways affected. Here, modelling approaches have a
significant role to play with regard to testing mechanistical hypotheses
as well as prioritizing endpoints and species to investigate further. Such
approaches are well established for chemicals and are currently being
developed for particulate pollutants such as nanomaterials (Cao et al.,
2020). In addition, model-based approaches can facilitate translation of
individual-level effects to populations. A recent study combined dy-
namic energy budget modelling of loggerhead turtles ingesting plastic at
the individual level with population dynamics modelling (Marn et al.,
2020). The authors identified ecological breakpoints including negative
population growth, for different proportions of plastic in the turtle’s
digestive systems. Such approaches are not only valuable to predict
ecological effects of plastic pollution that are difficult to study experi-
mentally, but also enable projecting the future impacts of plastic debris.

The current lack of comprehensive knowledge and validated models
related to plastic impacts should not be used as an argument for post-
poning political action regarding the need for regulation or cessation of
release. A pragmatic approach would be to prioritize the most toxic
materials and the most sensitive species based on the available knowl-
edge, support toxicological research to fill the relevant knowledge gaps,
and develop predictive modelling tools (Gomes et al., 2021; VKM,
2019).

The capacity of microplastic to act as a vector for chemicals, either
compounds included as part of the polymer (e.g., additives) or chemicals
that sorb to plastics during or after use (e.g. heavy metals or persistent
organic pollutants), is also an important additional aspect of micro-
plastic pollution. Plastic chemicals may influence the toxicity of
microplastic (Capolupo et al., 2020; Halsband et al., 2020; Kiihn et al.,
2020; Sait et al., 2021; Sgrensen et al., 2021; Zimmermann et al., 2020),
but this is rarely considered within microplastic hazard assessment,
especially when reference materials are used. Adsorption of environ-
mental pollutants to microplastic and their subsequent bioavailability to
organisms following particle ingestion has also been the focus of an
increasing number of studies, for example in seabirds (Herzke et al.,
2016, 2019; Neumann et al., 2021). So far, no direct link between
chemical concentrations in liver of seabirds and intestinal plastic con-
tent could be established. Studies in Norway have attempted to inves-
tigate this process under more environmentally relevant scenarios and
results have shown negligible impacts (e.g., Herzke et al., 2016, 2019;
Sgrensen et al., 2020). Of most concern are toxic plastic additives, such
as phthalates (Hermabessiere et al., 2017). These should be a focus of
future hazard assessments and have started to be implemented in a study
investigating microplastic content in salmonids (Gomiero et al., 2020).
In general, exposure scenarios for microplastic toxicity studies should
differentiate cases where microplastic is the main exposure material vs
surrounding water or sediment, and the resulting impact this has on the
bioavailability of the additive.

6. Moving forward with priority research

To holistically understand microplastic pollution, multidisciplinary
efforts at both national and international levels are essential. Much of
the necessary research infrastructure and expertise in Norway is
distributed across the country and many collaborative projects have
been established in recent years (Table S1). Despite this, current
research at the national and international level is to some extent unco-
ordinated and fragmented, often being governed by the strategic interest
of single actors, with limited overarching coordination that would
ensure a broad coverage of topics across both natural and social sciences
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(Crippa et al., 2019; Group of Chief Scientific Advisors, 2019; SAPEA,
2019; Wang et al., 2021). This is partially caused by research funding
policies that are highly competitive and favor small, standalone pilot
projects, as well as limited national collaboration. While this is impor-
tant for providing quick answers to policy makers, it cannot provide the
fundamental insights needed to address the issue of plastic pollution
systemically. As such, large-scale collaborative projects are required to
connect national and international expertise and provide a more holistic
assessment of microplastic occurrence, fate, and impacts within single
studies. Greater interdisciplinarity, particularly regarding connectivity
with social and juridical sciences, should be incorporated into future
research agendas.

The main approach to prioritizing research is driven by sampling,
monitoring activities, or guidelines that are set by governance or policy
making organizations. The reason behind this is often to support obli-
gations under national and international regulations and frameworks.
Examples of this include the setting of calls for research projects or for
standardized methods for monitoring programs. Alternatively, re-
searchers can curate the strategies for generating new knowledge and
prioritizing topics for their research. This is done, for example, by sub-
mitting proposals for open funding calls. Yet the funding opportunities
that allow for this flexibility are less common and typically very
competitive.

The confluence of these approaches includes strategies such as the
establishment of a global scientific platform on plastic pollution (Group
of Chief Scientific Advisors, 2019; Wang et al., 2021), the UNEP Global
Partnership on Marine Litter (GPML) Digital Platform, as well as a global
observation system (Bank et al. 2021). Norway can support such a
platform just like it supports the Intergovernmental Panel on Climate
Change (IPCC) and the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES). Indeed, the Asian Scien-
tific Alliance for Plastic Pollution (ASAP) project is developing an In-
ternational Knowledge-Hub (IKHAPP) gathering international and local
expertise and interests on circular economy, plastic waste management,
and pollution controls (Table S1). This could be followed by a corre-
sponding Norwegian initiative to better coordinate and synthesize
research at the national level. Irrespective of the approach taken, Nor-
wegian stakeholders, researchers, industry representatives, civil society,
and governmental organizations should continue to meet, share and
collaborate in order to prioritize research questions and move the field
of microplastic pollution forward towards policy development. These
key actors have a central role in addressing policy matters related to
environmental problems and facilitating research to fill knowledge gaps.
Future research should be carefully coordinated and appropriately tar-
geted to answer specific research questions and to generate the knowl-
edge needed by policy makers, requested by society, allowing
management of the environment in a sustainable way. Workshops,
seminars, and conferences can act as platforms for multiple actors to
prioritize future research directions, particularly supporting a two-way
bottom-up/top-down communication model. Such an approach was
adopted at the NEA workshop on microplastics in October 2019 in Oslo.
The output of the discussion on priority research topic has been sum-
marized in Table 1.

In addition to defining future research priorities, these platforms
should also be utilized to better engage with the public and provide an
opportunity for effective communication of science-based knowledge.
There is a disconnect in the way in which results are presented in sci-
entific literature and in the media, and perhaps this has led to a greater
perception of the risks potentially posed by microplastic pollution in the
public sphere (Volker et al., 2019; Catarino et al., 2021; Soares et al.,
2021). The emergence of public opinion opposing microplastic pollution
has initiated policy in the absence of significant scientific evidence
regarding the important priorities for regulation (Mitrano and Wohlle-
ben, 2020). An example of this is the Microbead Free Waters Act 2015 in
the US (Nelson et al., 2019). In some cases, this has diverted the focus
from the root of the problem and potential solutions, instead placing



A.L. Lusher et al.

Table 1
Research topics identified as priority during the NEA workshop in October 2019.
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Research topic

Reason for prioritization

Degradation and fragmentation of plastics from
macro to micro and nano

Quantification methods for low levels and small
plastic particles
Identification of tools and indicators for monitoring

Identification of most relevant organisms for
monitoring

Quantify environmental distribution and levels

Microplastic levels in air and atmospheric
transportation

Mobilization of microplastic from land (soil) to water

Dose-response ecotoxicological studies
Impacts of microplastic on biota

Bridge the topic of plastic pollution impacts on the environment and organisms.

Partially degraded microplastics are challenging to characterize and analyze but may be the most environmentally relevant
materials for fate and effects studies.

Important for describing the fate and effects of plastics, and to establish regulatory measures.

Essential to understand environmental distribution and concentrations across all matrices.

Baseline (present day) environmental levels must be established at sites selected for long-term monitoring.

Despite the analytical challenges, monitoring efforts should aim at the smaller size fractions, which are currently considered
to pose the highest risk.

Enhanced focus on methodological advancements and validation.

Suitability of many species for microplastic monitoring should be tested.

Improved assessment criteria are required.

Candidate organisms should be considered based on their position in the food web, ecological niche, habitats,
ecophysiology, geographical distribution, etc.

Using indicator organisms to initiate long term monitoring will allow establishment of baselines and trends.

Baseline (present day) environmental levels must be established in relevant matrices and at sites selected for long-term
monitoring.

It is necessary to establish the importance of atmospheric transport of microplastic relative to other emission pathways.
Methodology requires validation and optimization with considerations for providing data for atmospheric transport
modelling.

There is a demand for knowledge regarding the sources of plastic in soils and how the plastic is transported from soils to the
aquatic environment.

Need to understand the risks and implications of relevant and/or high exposures now and in the future.

Currently insufficient data regarding the impacts of microplastic on organisms which is preventing meaningful risk

assessments.

Information on which species are most sensitive to microplastics is still required.
Assessment of existing ecotoxicity tests and endpoints for use in microplastic studies.
Toxicological investigations should reflect realistic scenarios, including types and levels of microplastic in the environment,

as well as exposure times, environmental conditions, exposure to other contaminants, species, developmental stage, and

Sex.

Complex scenarios, including multiple stressors, as well as naturally occurring particle controls should be addressed.
Implications for biota should be quantified to understand such questions as “what are the safe levels?”” and “where does the

tolerance lie?” These can be used to define environmental quality standards.

Impacts on human health -

Knowledge of toxicity in relevant animal species and life stages can be used to calculate safety margins and thresholds for

safe exposure of humans (tolerable daily intake) through inhalation or ingestion.

Microplastic as a vector for disease

Impact of plastic related chemicals

understood.
Ecosystem approach to risk assessment -

Role of microplastics in the spreading of bacteria and antibiotic resistance

Attributes related to microplastics that mediate transport

A complete database of relevant chemicals is not currently available.

Many additives used in plastic products are known and many have established toxic effects.

The leaching processes into abiotic compartments and their uptake, accumulation and impacts in biota are poorly

Distributions, weathering, uptake, enrichment, toxicity, transformation, egestion, bioaccumulation and biomagnification

patterns should be combined in ecosystem-wide risk assessments and ecological models.
- Baselines of environmental levels are required to establish exposure and risk.

Establish relevant regulatory tools

Regulatory approaches should be harmonized across sectors/authorities.
Regulations must be based on scientific evidence.

potentially undue attention on specific components of the microplastic
issue (Kramm et al., 2018; Rist et al., 2018; Backhaus and Wagner,
2020). It may also lead some consumers to change their dietary habits
based on false or biased risk assumptions, thereby potentially leading to
a lower nutrition quality. Science communications should contextualize
scientific findings (Catarino et al., 2021). By communicating science
more effectively, there is an opportunity to convert public concern into
well-defined and appropriately targeted action. Perceptions on pollution
impacts are relevant pro-environmental behaviour predictors (Soares
et al., 2021), and public awareness offers the opportunity for a more
sustainable plastics economy (Catarino et al., 2021). The public - as
heterogeneous as it is — represents an important actor within micro-
plastic research, and future activities should ensure to incorporate their
perspectives and tailor outputs and communication accordingly.

7. Conclusions

Emerging global environmental challenges like microplastic pollu-
tion require open communication and knowledge sharing to rapidly
move towards evidence-based solutions. Fast generation, communica-
tion, and dissemination of scientific knowledge is critical but must be
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balanced with the need for robust study designs, and appropriate quality
control and assurance. Frequent and direct dialogue between re-
searchers and policy makers can help authorities navigate towards the
robust and simplified scientific knowledge needed as a basis for policy
and regulation development. Clear communication of deficiencies in the
comparability, quality and reliability of the existing data, which limits
its usability, is needed between researchers, policy makers, and other
users. While the rapid rise of new digital communication platforms has
had a strong and positive effect on media and public engagement in the
topic of microplastics, there are significant challenges in safeguarding
the quality of knowledge being shared and how it is used further.
Substantial documentation of occurrence and research on micro-
plastic has been undertaken in Norway. This work has begun to establish
the spatial and temporal patterns of microplastic pollution in the Nor-
wegian environment, highlight relevant sources, identify important fate
and transport processes, and provide an understanding of potential risks.
Yet, knowledge gaps remain. In Norway, authorities have taken an
active role in seeking robust information that can be used to facilitate
identification and prioritization of the most effective and feasible miti-
gation measures to combat plastic pollution. As a part of this, Norwegian
experts in the field of microplastics, industry representatives, and the
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Norwegian authorities have shared and discussed latest knowledge to
outline the way forward from a Norwegian perspective. The multi-actor
concept utilized by Norway — connecting governing bodies, researchers,
and stakeholders in open dialogue — represents an ideal approach for
efficiently sharing knowledge, identifying priorities for future research,
and contributing to the development of policy, regulation, and strategy.

The Norwegian research community is well-positioned as part of the
forefront of microplastic research (Table S1 of the Supplementary Ma-
terial). Through these activities, Norwegian researchers have been
involved in many knowledge sharing initiatives and through dissemi-
nation and communication actions to stakeholders. The lack of a central
strategic platform for research, collaboration, communication, and
dissemination is, however, hampering the efficient planning and selec-
tion of focus areas for future research. Crucially, appropriate methods
for sampling and analysis still need to be developed for several matrices
and particle configurations (e.g., different size ranges and degrees of
degradation). This development must be accompanied by a process of
method validation and harmonization. In parallel, (eco) toxicological
approaches must address environmentally relevant scenarios including
exposure concentrations, particle morphologies, natural particle
composition, and chemical makeup. For a better understanding of toxic
effects over time, mechanistic models incorporating consideration of
how particles are taken up, distributed and eliminated by different or-
ganisms, as well as how adverse effects arise, are required. Importantly,
the key question of whether microplastics are more toxic than natural
particles must also be addressed. Finally, the ecological consequences of
microplastic pollution need to be investigated using whole ecosystem
approaches (e.g., mesocosm studies). Closely interlinked communica-
tion between all actors is required to facilitate harmonization of stra-
tegic research, aiming at avoiding both competitive overlap and gaps,
fostering synergistic national collaboration instead of inefficient
competition.
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