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Preface

Concerns about microplastics and littethe environment have been raiseth@th global and

regional (Arctic Council, EU, OSPAR, Nordic Council) lev&lse Working Group on Marine litter
plastics and microplastics and its POPs and E@R@mponentschallenges and measures to tackle

the issugGallo et al., 201)discussed the potential impacts of marine plastics on marine biodiversity
and human health (November 2016).

The Nordic Council of Ministefeclaration (2017) on reducing the environmental impacts of
plastics states that the Nordic ottes aspire to be driving forces in efforts to promote a sustainable
approach to the production, use, waste management, and recycling of plastics, and the council has
decided to launch a program to follow up on this issue.

TheFairbanksDeclarationf r om t he Arctic Counci l (2017) notes
the increasing levels of microplastics in the Arctic and potential effects on ecosystems and human
heal t h. o

The Arctic Monitoring and Assessment Programi@AP) is mandated to:

1 monitor and assess the status of the Arctic region with respect to pollution and climate change
issues.

1 document levels and trends, pathways and processes, and effects on ecosystems and humans, and
propose actions to reduce associatedats for consideration by governments.

9 produce sound sciendtmsed, policyrelevant assessments and public outreach products to inform
policy and decisiomaking processés

AMAP (2017)reported on environmental concentrations and trends of marineplasti
microplastics and about the biological and toxicological effects of microplé@stiRsin the Arctic.

The Arctic Council Working Group, Protection of the Arctic Marine Environment (PAME),
conducted a desktop study on marine litter in the Arcgioore(PAME, 2019). The report
recommended developingRegional Action Plan on Marine Litter in the Arc{idL-RAP), and this
plan wasapprovedoy the Arctic Council in 2021.

Despite the significant increase in available dat&@rpollution and litter dbris globally, including

in the Arctic, status reports lack standardization in methodology and reporting consistency. For
macroplastics, methodology exists in some regions (e.g., OSPAR)IF;dhere are at present no
harmonized measurements, monitoringthods, or environmental indicators. How the extreme
environmental conditions of the Arctic might affect plastic transport and degradation processes is not
yet known. Emerging knowledge from lower latitudes may not be transferable to the Arctic
environmentso studies specific to Arctic conditions are needed.

The AMAP Litter and Microplastics Expert Group (LMEG) was established in the spring of 2019
with the mandate to:

L endocrine disrupting chemicals
2 https://iwww.amap.no/about
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1. Develop a monitoring plan and program for the monitoringlBfand litter in the Arct
environment. The progradgesignshould secure the necessary information that can quantify and
document levels, trends, and impact/effectsiBfand litter in the Arctic environment.

2. Develop necessary technical guidelines supporting the monitoringdgoregram. The
guidelines should include:

Harmonized sampling of the biotic and abiotic matrices in the Arctic environment;

Guidance on matrix and site selection;

Standardized sample processing and analytical methods;

Quiality assurance/quality control (QA/QC) procedures;

Guidance on data management and data reporting;

To the extent possible, a proposed set of standardized methods that would lead to an

assessment process.

3. Formulate recommendations on these topics and identify areas in which new research and
developmenarenecessary from an Arctic perspective.

= =4 =4 4 4 =4

These technical guidelin@ghe AMAP Litter and Microplastics Monitoring Guidelindssupportthe
AMAP Litter and Micoplastics Monitoring PlafAMAP, 2021)and theRegional Action Plan on
Marine Litter in the ArctidPAME, 202). The guidelines have been prepared RAEG andits
experts from Canada, Denmark, Faroe Islardace Germany, Iceland, Italy, Norway, Swedamd
the USA, and ha been subjected to an independent, external review prior to publication.

This is version 1.0 of the document. It is expected that the document will be updated, and future
versions will be under version control.

The views expressed this document are the responsibility of the authors of the report and do not
necessarily reflect the views of the AMAP Working Group, the Arctic Council, its members, or its
Observers
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1.0 Introduction

Plastic pollution in the environment is of increasing ecological concern worldWNIEP, 2014) As
early as the 1970s, plastic litter in the marine environment was reported as a [§dnlpemter et al.,
1972) Today, plastic pollution is observed across all oceans as weltersestrial and freshwater
environments, evein remote regions such as the Arctic. Plastic pollution can enter the Arctic
environment through local sources such as communities, landfills, shipping, tourism, and fisheries
(PAME, 2019) but also from southern areas via transport by ocean currents, wind, sea ice, or biota
(Cozar et al 2014a; Obbard et al., 20149onsequently, plastic pollution has been found across the
Arctic environment, including on beach@ergmann et al., 2017; PAME, 201%) snow(Bergmann et
al., 2019) in surface, suhsface, and seafloor water samplBsrgmann and Klages, 2012; Cézaal.,
2014b; Huntington et al., 2020nd in sea ic€Obbard et al., 2014; Peeken et al., 20R&cently,
microplastics (MP) have been reported in amphip@asr(marus setospyannilli et al.,2019) snow
crabs Chionoecetes opilicsundet, 2014)and fish(Morgana et al., 2018Wwhereas the detection of
plastics in Arctic seabirds dates back to the 19Bfisvencher et al., 2017; PAME, 2019; Baak et al.,
2020)

Plastic pollution can have deleterious impacts on biota in a variety of ways, depending on consumer
species and the shape, size, and type of pla&iSa et al., 2018put most documented impacts are from
entanglemeinand ingestion. Marine mammals, seabirds, turtles, and fish can become entangled in fishing
gear, rope, and plastic bagsist, 1987; Gregory, 2009; Provencher et al., 20{ ot directly causing
mortality, entanglement by and ingestion of plastic pollution may affect the fitness of individual

organisms by compromising their ability to capture andddifgod, reproduce, migrate, and/or escape

from predatorgGalloway et al., 2017; Rochman et al., 2018 plastics break down in the environment,

they become available to a broader range of organisms. Ingestion of MP has, in some cases, resulted in
physical damage such as obstruction or internal abra@dmnght and Kelly, 2017)In addition to

physical effects, marine plastics can transfer chemicals to the marine environment, cenitertrdrom
seawater, or act as vectors for alien species, such as bryozoans, barnacles, polychaete worms, hydroids,
and mollusc¢Barnes et al., 2009; Hermabessiere et al., 2@&3pite the significant increase in

available data on MP pollution and litter debris globally, includintipe Arctic, status reports lack
standardization in methodology anghoeting consistency. For macroplastics, methodology exists in some
regions (e.g., OSPAR). For MP, there are at present no harmonized measurements, monitoring methods,
or environmental indicators.

Although first reports on plastics in the Arctic date bamkesal decades, the environmental fate of litter

and MP is far from understood and is a field of ongoing research. How the extreme environmental
conditions of the Arctic might affect plastic transport and degradation processes is not yet known.
Emerging kiowledge from lower latitudes may not be transferable to the Arctic environment, so studies
specific to Arctic conditions are needed. The role of chemical sorption to or release from plastic particles
is a subject of research interest, ang@articularlygreat interest in the Arctic because of important
subsistence harvesting in the region. Improved understanding of processes related to plastics in the Arctic
will be highly relevant for modeling approaches as well as risk assessments and will likelysiaiber

the design of monitoring activities in the Arctic.
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1.1 Purpose of thguidelines

The purpose of the guidelines is to review existing knowledge and provide guidance for designing an
Arctic monitoring program that will track litter and MP. Ttopics of litter, plastic pollution, and MP are
addressed in many fora, including several of the Arctic Council working groups: Arctic Monitoring and
Assessment Programme (AMAR{ps://www.amap.no/documents/doc/ar@gsessmef016
chemicalsof-emergingarctic-concen/16249, Protection of the Marine Environment (PAME, 2019), and
Conservation of the Arctic Flora and Fauna (CAFF). The development of an Arctic monitoring program
and its technical approaches will be based on the work that already exists in other psograassthose

of OSPAR, the Helsinki Commission (HELCOM), the International Council for the Exploration of the
Sea (ICES), the Organisation for Economicdperation and Development (OECD), and the United
Nations Environment Programme (UNEP).

Plastic polution is typically categorized into items and particles of maenicro, and nanesizes. These

guidelines address macrosized litter as well as MP (< 5 mm), essentially including smaller size ranges (>

1 um). However, determination of nanoplastic (< 1 yaiticles is still hampered by technical

challenges, as addressedsattion 4.3Analyticalmethodsand thus not currently considered in the

current recommendations. Although most studies have addressed marine litter and MP, these guidelines
alsocomprie t he Arcticbébs terrestrial and freshwater en

Thus, the objectives of the guidelines are to:

1) support litter and MP baseline mapping in the Arctic across a wide range of environmental
compartments to allow spatial and temporal comparisons irothang years;

2) initiate monitoring to generate data to assess temporal and spatial trends;

3) recommend that Arctic countries develop and implement monitoring nationally via
communitybased programs and other mechanisms, in the context of Arg@mprogram;

4) provide data that can be used with ktarine Litter Regional Action PlafML-RAP) to
assess the effectiveness of mitigation strategies;

5) act as a catalyst for future work in the Arctic related to biological effects of plastics, including
determining envbnmentally relevant concentrations and informing cumulative effects
assessments;

6) identify areas in which research and development are needed from an Arctic perspective; and

7) provide recommendations for monitoring programs whose data will feed into ¢ltunad
assessments to track litter and MP in the environment.

To achieve these objectives, the guidelines present indicators (with limitations) of litter and MP pollution
to be applied throughout the Arctic, and thus, form the bas@rmrmpolar comparability of approaches

and data. In addition, the guidelines present technical details for sampling, sample treatment, and plastic
determination, with harmonized and potentially standardized approaches. Furthermore, recommendations
are given on sampling locations and sampling frequency based on best available science to provide a
sound basis for spatial and temporal trend monitoring. As new data are gaahdragpropriate power
analyses can be undertaken, a review of the sampling Isizaons, and frequencies should be initiated.
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Plastic pollution is a local problem in Arctic communities, and thus, guidelines and references need to
include communitybased monitoring projects to empower communities to establish plastics monitoring
with comparable results across the Arctic. Commeipgtyed monitoring is an integrated part of the
objectives of this report.

The monitoring program design and guidelines for its implementation are the necessary first steps for
monitoring and assessmentliter and MP in the Arctic. The work under the AMAP LMEG is taking a
phased approach under this new expert group. The first phase (which included the development of these
Monitoring Guidelines) focuses on a monitoring framework and set of techniquasyBical plastics.

Later phases of the work will extend to assessments of levels, trends, and effects of litter and MP in the
Arctic environment.

The guidelines strictly cover environmental monitoring of litter and MP. This does not include drinking
water or indoor air quality tests. Additionally, although there is an emphasis on examining litter and MP
in biota that are consumed by humans, and dfirgerest to humahealth questions, the guidelines do

not consider MP ingestion by humans.

1.2 Existing frameworkswith relevance for litter and microplastics monitoring

Legal frameworks applicable to marine plastic pollution are complex and cohsitgrnational,

national, regional, and local policies, which cover oeead landbased sources of marine plastic.

Several review documents exist for policies that directly or indirectly can be applied to mitigate the
impact of marine plastifPettipas et al., 2016; Xanthos and Walker, 2017; PAME, 2019; Linnebjerg et al.,
2021) The United Nations recommended thatrent international and regional frameworks on marine
plastic pollution be reviewed to identify gaps for policy improvenfeit, 2017) Although MP in

terrestrial ecosystems have been recognized as having a potential effect on biogeochemical processes
(Rillig and Lehmann, 2020no similar frameworks have yet been established for the terrestrial
environment.

Preventng plastic pollutionfrom entering the marine environment is a topic of priority across the globe,

and there are a range of legally bimgland norbinding international conventions that directly or

indirectly address marine deb(isg., Kershaw et al., 2013; PAME, 2019; Linnebjerg et al., 2@¢

of the first global treaties to protect the marine environment from human activities was The London
Convention that came into force in 1975. This antion was followed by The International Convention

for the Prevention of Pollution from Ships (MARPOL), the United Nations Convention on the Law of the
Sea (UNCLOS), and The Basel Convention. Together, all of these treaties have formed the foundation of
international regulations to reduce this environmental pollutant.

The protection of specific marine environments through regional regulations plays an important role in

the concretization of international regulatory frameworks. One of United NationsoBm&nt
Programmeds (UNEP) initiatives is TandinRegi onal Se
cooperation with regional organizeitshas implemented activities related to the prevention and reduction

of marine debris that have been consolidated kgl legmeworks, e.g., the Convention for the Protection

of the Marine Environment of the Noriast Atlantic (OSPAR). A list of international conventions, with
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relevance to the Arctic, which addresses the reduction of marine debris is presented in bimtethjer
2021.

Nongovernmental organizations (NGOs) also play an important role in creating awaleoessarine

debris. One example is the International Coastal Cleanup from thmasésl NGO, Ocean Conservancy,

which removes marine debris from coastlines and collects data on the amount and types of marine debris
removedOcean Conservancy, 2020he Greenpeadgall for a PlasticFree Future(Greenpeace, 2020)
based orZero Waste Standards and Polici@dNIA, 2014)is another global initiative that aims to reduce
plastic wastgroduction and consumption. For example, in Russia, this initiative has resulted in many
leading commercial networks considerably reducing the use of disposable plasf{iGtemypeace,

2018)

For a thorough review of the policies that cover litter and MP in the Arctic see Linnebjer@@pal.
Briefly, among the Arctic countries, the Kingdom of Denmark (incl. Greenland and the Faroe Islands),
Finland, Iceland, Norway, and Sweden have signed the OSPAR Convention. Denmark, Norway, and
Iceland have implemented the OSPAR sehbionitoring component, however, Sweden has determined
that monitoring fulmars is not feasible in Swedish waters. And, in Denmark and Norway, the OSPAR
based seabird monitoring takes place outside of the Arctic. Although other Arctic countries have applied
the seabird protocol opportunistically.g., Canada; Poon et al., 201fAese studies are not part of a
coordinated national policy or lorigrm monitoring program. Monitoring programs have also been
initiated by the European Umn, under the Marine Strategy Framework Direc{Balgani et al., 2013)

by HELCOM, and in a number of national initiatives, for example, under the Northern Contaminants
Program of Canada astica ScieqraAgendaCCC, 20aM ada bds Pl

Importantly, policies on plastic pollution vary widely across Arctic countries. Given that plastic pollution
is subject to longange transport, this inconsistency across the region is likegduce efficacy of

actions for reducing plastic pollution and for monitoring changes over time. Therefore, for policies to be
more effective, pa#rctic coordination is required so that similar programs can be implemented in a
harmonized and consistenanmer. This cooperation needs to be facilitated at both the regional and
international levels to ensure that litter and MP data from the Arctic are used in the context of global
efforts to reduce litter and plastic pollution and minimize harm to the emaiot.

1.3 Importance of harmonization and standardization in litter and microplastics
work

Efforts to map and categorize plastics in the Arctic have increased and coordinated monitoring under the
auspices of AMAP is envisaged. Comparability of dataterland MP is an ongoing challenge in plastic
pollution researcliCowger et al., 2020; Provencher et al., 20B0jefly, the term standardization refers

to the application of specific methods according to robust criteria. These methods typicallyniiade |
flexibility to allow for comparability between laboratori@$he benefit of this practice is that the

community can understand how to compare the data to assess temporal and spatial trends. The limitation
of this practice is that it significantly seicts the scientific freedom of method development. These
standardized methods are commonly applied for standard analytical procedures, such as the International
Organization for Standardization (ISO) and General Laboratory Practices (GLP) approaches.
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Harmonizationmeanghat differing methods have been rigorously tested to the point that results can be
viewed as comparable despite differences in methodologies. The benefit of harmonization is that data can
be generated across projects that employ sintitagrnot necessarily identical methods. Importantly, the
limitations of each method are known, and the different activities/data generated can be combined.
Comparison coefficients or scaling factors can be used when combing datasets.

There are examples the litter and MP literature in which harmonization rather than standardization has
led to studies from different regions being compared to assess spatial trends. For example, in the North
Sea, the OSPAR Convention has developed a standard protodd tmilection and examination of

Northern FulmargFulmarus glacialis)to track trends in environmental plastic pollution (> 1 mm) in the
region(van Franeker et al., 2011; van Franeker and Kuhn, 20B@North Sea protocol is based on

beached birds being examined for ingested plastics. Since the early 2000s, the protocol has been applied
to regions outside of the OSPAR, but often in regions where beached bird surveys are not possible
(Provencher et al., 2017 regions such as Arctic Canada, collections depend on local Inuit hunters to
collect carcasses from local coles or on fishers submitting fulmar incidentally caught in their nets.
Although the collection methods are different, harmonization has been achieved and allows comparisons
across and between larger regions. Researchers in the region have worked wétiantrcolleagues to
ensure that methods are harmonized and thus can contribute to reporting standardized, comparable data
across the northern hemisph@eovencher et al., 2017)

Unfortunately, there are limited standardized methods for determining and assessing litter and MP in
samples, although work is ongoing under ISO on standardized approaches for MP. Tragrifieréme,

the litter and MP community is striving to harmonize methods in real time to compare levels and trends
aroundthe globe. We encourage the Arctic litter and MP community to engage in these global efforts to
ensure comparability across studi€his includes global efforts to define methods, standard reference
material, interlab comparisons, and suitable controls. Several efforts have focused on such harmonization,
including those of the UNOG6s Joi nMaricerEnvugnmeotdl Ex per t
Protection GESAMP) andthe Marine Strategy Framework Directive (MSFD) Technical Group for

Marine Litter. Although the focus of these guidelines is the Arctic, it is importapttmnize these

global efforts so that any data collected in the Arctic on litter and MP are comparable globally and useful
in larger litter and MP assessments. Thus, the following tectsgctibnscovering litter and MP

methods in abiotic and biotic compartments are aiming for harmonized methods, which in some cases,
may lead to standardized methods.

A monitoring program should provide concentrations of a target analyte in the medium, repveseintat

the location and time of sampling. General issues to be considered are (1) definition of the target analyte
in the case of plastic litter and MP, (2) detection limits (and other parameters describing data quality), and
(3) detectability of temporand spatial trends. Because national monitoring initiatives for plastic litter

and MP should feed into circumpolar AMAP assessments, it is essential that they produce comparable
data.

Plastics occur in a number of sizes, shapes, colors, and materials. As addressed above, the guidelines
include all sizes of litter and plastics. Shapes include fibers, films, foams, beads, etc., also giving some
indication of original products or materialsis common practice to report a number of plastic particles

or a mass of plastics per sample mass or volume, usually for a certain size range and/or for certain shapes.

8
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This alone introduces variability in reporting, which makes comparisons betweersstifficult.

Weathering processes can have an impact on the number and characteristics of plastic particles. In
addition, a plastic sample can include several types of synthetic polymers. This means standardization in
terms of what is measured and reépdris important, i.e., a definition of the target analytes.

Plastic materials are omnipresent in everyday use, and thus contamination of samples (and reporting of
false positives) is a serious risk in all steps of sample handling. Any contaminatioac&gdooind levels

also have direct impacts on the detection limits of the monitoring program. Therefore,
standardized/harmonized measures must be taken to minimize this risk and to monitor potential
contamination. Similarly, other parameters describing glaadity, such as measurement uncertainty, will

be affected by random contamination.

The importance of standardization and harmonization also applies to methods of sampling, storage and
transport, sample processing, analytical determination, and qasdityance/quality control (QA/QC). In

all steps, variability can be introduced. In general, knowledge of these sources of variability is still limited
and will be explored further in the guidelines. The variability in the sampling and analysis has direct
consequences for the detectability of temporal and spatial trends because large uncertainties will affect
their statistical power.

1.4 Examininglitter andmicroplastics across the Arctic

The followingsectiondiscuss litter and MP in 11 environmentahgpartments: air, ice/snow, terrestrial
soils,aquatic and shoreline sedimerisaches, water, seabed litter, invertebrates, fish, seabirds, and
mammals These compartments span several Arctic ecosystems (e.g., tundra, lakes, rivers, coastlines,
subtidal) Data from these compartments can be used to document the presence of a range of size classes
of litter and MP in the environment and to improve the understanding of underlying processes.

For each of these environmental compartments, the follogséotiosreview the state of knowledge in

the relevant compartment and identify a suite of primary and secondary monitoring indicators that have
been described in relation to (1) the current state of methodologies (in each compartment) and (2) the
feasibility for their use in monitoring initiatives across the Arctic. Primary monitoring indicators are those
within each compartment that can be implemented immediately with current protocols and technologies
to inform future litter and MP assessments in the Arctic.edxample, examination of stomach contents in
Northern Fulmars is the primary indicator identified in the seabird section for immediate implementation
where possible.

Secondary monitoring indicators are those within each compartment that are viewedets for a
holistic understanding of litter and MP in Arctic ecosystems but need further efforts to develop
methodologies before being implemented at theAxatic level. For example, in the seabird
compartment, gut analysis of other species, as wekstsincorporation of litter are listed as secondary
indicators that require more development before widespread implementation.

Some secondary monitoring indicators may also serve other specific monitoring purposes, for,example
effect monitoring in relation to chemicals associated with plastic pollution that are of wide interest. The
primary and secondary monitoring indicators are also thus linked to different types of monitoring with the

9
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main focus on baseline establishmemnt monitoring, and source/surveillance monitoring. Importantly,
in each compartment, these primary and secondary monitoring indicators also address the actions outlined
in theMarine Litter Regional Action Pla(ML-RAP).

Photo: Maria E. Granberg
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2.0 Guidance for Monitoring Abiotic Environmental Compartments

2.1Wet and dry atmospheric deposition
AUTHORS: LISAJANTUNEN AND DORTE HERZKE

2.1.1Introduction and description of purpose/aims of monitoring

Even with major research efforts happening on marine plastic pollution, the PAME report identified
atmospheric circulation as a pathway to marine pollution atikihg in empirical data (PAME,

2019). Because there are only sporadic data available at this point and no harmonized methodology,
no global estimate on the magnitude of atmospheric transport of microplastics (MP) to the Arctic is
available. Nor will it beavailable in the near future. Additionally, local sources have not yet been
investigated, thus the delocalization of macroplastic waste from landfills and urban settlements during
storms is a possible route of transport within short distances (PAME,.2019)

Due to the still experimental nature of atmospheric samplingresmall number of peareviewed
publications describing validated methods, no final recommendations on robust procedures are
possible at thiime. As an alternative, until validatedatinods are available, we agporting on
methodology by relevant publications and recomnrendest practices.

Like their marine counterparts, atmospheric MP consist of a variety of polymer types (Enyoh et al.,
2019). Their morphologies show a similariety of forms such as fragments, foams, films, granules,
fibers, and microbeads (Enyoh et al., 2019), with fragments and fibers being the dominant MP (Dris et
al., 2016, 2017; Cai et al., 2017; Zhou et al., 2017; Catarino et al., 2018; Allen et al AEOsini

et al., 2019; Liu et al., 2019a, b). Allen et al. (2020) found that seaward winds had higher levels of MP
associated with them than landginating winds, suggesting that sea spray contributes to the
atmospheric loads of MP.

Like marine MP, atmspheric MP may consist of up to 70% of additigsesl contaminants (Rummel

et al., 2019)A recent report on nanoplastics in high altitude alpine snow indicates airborne transport
of very small plastic particles that have unknown environmental and healtaimt s ( Mat er i |
2020). Therefore, research on MP and especially microfiber transport in remote regions, like the
Arctic, is utterly important in determining the dispersion of MP so that all aspects of their
environmental impacts can be assessed.

Within the frame of atmospheric MP occurrence, three groups of MP distribution can be

distinguished:
i) wet deposition (mist, rain, and snow),
i) dry deposition (dust), and
iii) suspended particles.

Microplastics in snow and ice on land are a direct result of atredspkeposition combining wet and
dry deposition Ambrosini et al., 2019; Bergmann et al., 2019; Geilfusa et al., 2019); houtaser,
unknown if precipitation or snow deposits are a good proxy for deposition of airborne MP. In places
like the Arctic, preipitation can vary substantially locally and is especially low in the dékert
conditions of the Canadian High Arctic. Precipitation is higher in the European Arctic.
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Sea ice is not a good proxy for air pollution because sea ice will incorporatedMif@nfibers from
seawater into the ice. Microplastics in sea ice and snow on ice are discuSsetibim 2.5 whereas
land-based precipitation is covered in thection

Compared to ocean currents, air currents can distribute atmospheric particigsioldy, within a

matter of hours and dayStphl, 2006)Like other atmospheric particles, MP are expected to undergo
long-range transport in air currents followed by wet and dry deposition onto water and land (Allen et
al., 2019) and will also underghanges in the atmosphere, including hydrolysis, UV degradation,
accumulation of organic films, and aggregation with other particles (Gewert et al., 2015).

Microplastics may also fragment into smaller pieces in the atmosphere, most likely increasing their
long-range transport abilities (Biber et al., 2019). Microplastics vary in densities and shapes, causing,

for example, microfibers to be more likely to tehlonger distances than other MP because both the

diameter and length matter for atmospheric transport (Allen et al., 2019; Zhang et al., 2020). In
general, the atmospheric dry and wet deposition,
erroneously efer to it, has not been well quantified as to its contributions to aquatic and terrestrial
environments.

Local sources also exist in the Arctic, with sh@amge transport being relevant even with sparse
populations. The contribution of local and lerange transport sources to MP in the Arctic are not
guantified at this time.

2.1.2Summary of available information/existing monitoring frameworks

The nature of atmospheric MP sampling and anaigs&tdl in its infancy thus,a number of locations
have been investigated applying mostly experimental sampling meRegigits from EuropéDris

et al., 2015, 2016, 2017; Catarino et al., 2018; Allen et al., 2019; Bergmann et al., 2019; Klein and
Fischer, 2019; Vianello et al., 201Zhina(Cai et al., 2017Zhou et al., 2017.iu et al., 2019a, b)

Iran (Dehghani et al., 201 Abbasi et al., 2019and the Pacific Ocediu et al., 2019bjhave been
published on airborne MP and reviewed by Zhang et al. 208MP depositiofin the above
studiesranges from 1221 MP/nt/day.Of the conducted studigatmospheric MP were found in a
range of different compounds and morphologies akin to their marine countefjbanslance across
studies varied considerably, and collectively theyppided littleinformation about size ranges and
chemical composition.

The occurrence and distribution of suspended atmospheric MP (SAMPSs) in the western Pacific Ocean
provide fieldbased evidence that MPtimeair can act as an important source of MP to the ocean (Liu
et al., 2019b).

So far, there are no standard sampling particle quantification/identification procedures for

airborne MP. Further, reported sampling methods vary depending on indoor or outdoor sampling, as
well as on whether measuring wet or dry deposition. A selection of reported sampling techniques is
listed below:

Atmosphericmicroplastics

0 Atmospheric deposition sample: passive air sampling using wet and/or dry deposition
collector
A Wet deposition sample: no data for wet deposition alone
A Dry deposition sample: indoor air (Dris et al., 2016)

16



AMAP Litter and Microplastics Monitoring Guidelines

A Dry/wet combned deposition samplerban (Dris et al., 20152016 Cai et al., 2017),
alpine catchment (Allen et al., 2019)
0 Suspended air sample: active air samples using the pumps (low/middle or vacuum pump)
equipped with particle filtering parts or m&mpler
A indoor (Dris et al.2017), urban outdoor (Kaya et al., 2018), suspended road dust
(Abbasi et al., 2019), Northwest Pacific Ocean air (Liu et al., 2019), coastal air (Allen
et al., 2020)
A coastal mist usingreactive strandloudwater collector (Aén et al., 2020)
o0 Samples deposited on the surfaeeslusive atmospheridriven samples collected from the
surface
A deposited road dust (Abbasi et al., 20Hpine and Arctic ice floe snow (Bergmann
etal.,2019)d pi ne snow (Materil et al., 2020)

Monitoring airborne MP throughout the year in the Arctic is important to assess the impact of
seasonal changes in wind patterns and the presence of UV light] as t impact of sea spray on
atmospheric levels of MP and nanoplastics in both air and water (Allen et al., 2020).

Recommended patrticle size range for air sampling-80I0um (although larger sizes should not be
excluded) because the highest proporif reported MP are < 500 um (Enyoh et al., 2019; Zhang et

al., 2019,2020Fo0r snow i n European and Arctic regions,
et al., 2019).

The lack of standardized active and passive sampling methods is hampering theabditypof

studies, so no recommendations based on validated procedures and practices can be made at this time.
However, strict quality assurance/quality control (QA/QC) procedures need to be followed to ensure
reliable data, preferably carrying out sdenfpeatment in a cleanroom or a laminar flow cabinet. To

the extent possible, plastiontaining equipment should be avoided during field and lab acti(sges
subsection 2.16 for more details on QA/QC).

Chemicals transported by microplastics in air

As with MP found in the marine environment, both adsorbed pollutants as well as additives are part of
at mo s p h elremical mdkap. A broad range of analytical methods are available to determine

the composition and concentrations of these chemicadsa@rliesectionsor more details). In

general, adsorbed components (organic and inorganic, i.e., metals) are present at much lower
concentrations compared to the additives, thus requiringtudtca analytical methods, whereas

additive determinatioreties on the availability of a multitude of analytical techniques and
instrumentations.

2.13 Trends in literature in Arctic regions

Atmosphericmicroplastic

So far, no atmospheric field studies have been conducted in the Arctic. The most recergsi@ampl
wet deposition are studies that reported MP in Arctic snow (Bergmann et al., 2019) and in alpine
snow @llen et al., 2019; Ambrosini et al., 2019 Ma ét al.r 2040)A recent modeling study
(Evangeliou et aj2020 globally simulated atmospheriransport oMP particles produced by road
traffic (TWPs, i.e, tire wear particles and BWP, i.e., brake wear particlds).authors found high
transport efficiencies of these particles to remote regions, suggesting that the Arctic is a particularly
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sersitive receptor region becausetbé lightabsorbing properties of TWPs and BWPs, which cause
accelerated warming and melting of the cryosphere (Albedo effect; Evangeliou et al., 2020).

Chemicals transported byicroplastics inair

Microplastics, volatile siloxanes, and organophosphate esters share the same hotspot regions in the
Canadian Arctic, indicating similar sources, possibly undergoing the same transport processes caused
by their shared origin from plastics (Panagopoulos Admasson et al., 2020; Suhring et al., 2020;

Adams et al., 2021).

2.14 Benefits andimitations

Benefits

Conducting research in the Arctic for atmospheric MP is crucial for the evaluation of their
distribution, sources and fate, contributioriazfal and remote sources, and how they will affect the
Arctic. Further, we need to understand how atmospheri@afRontributing to marine MP loads
because of their differing types, sizes, and chemical loads due to their different emission sources,
transbrmation processes, and fate history.

Further, the improved understanding of local and d@amyge transport sources will assist in the
formulation of legislation and remediation measures. Microplastic concentrations in indoor air are
both important forle estimation of human exposure as well as for elucidating sources to MP in
outdoor air. This is especially important for people living in the Arctic, who, due to harsh
environmental conditions, stay indoors for long periods of time and have very wédtéusbhiomes

with little air exchange.

The determination of chemicals added and sorbed to atmospheric MP would improve the knowledge
base on their role as a vector for chemicals into the Arctic environment.

As climate change impacts the Arctic, melting and changes in atmospheric circulation patterns,
primary and secondary emissions of MP, and, especially relevant to air, microfibers need to be
investigated to determine the current transportation trends to, within, and out of the Arctic so changes
and mpacts can be estimated. Also, more extreme weather conditions will cause more physical
damage to MP, as well as mixing between water and airmasses, further adding to the MP load in the
atmosphere.

Limitations

Aside from the unavailability of a consensrsthe applied methodology, the monitoring of

atmospheric MP in the Arctic is highly limited by the remoteness of sampling locations and the
challenges of the infrastructure. This is especially true for Arctic regions in Russia and North
America, where thpopulation is sparse and travel to and within is limited, difficult, and expensive. It
is important to sample yeaound to assess the seasonal changes in atmospheric circulation and
transport of MP to the Arctic from different regions of the world. A@spntative sample size as well

as the number of required replicates is a prerequisite for a valid method to collect a sufficient amount
and a sufficient number of subsamples to adequately represent the sampled location.

Another limitation is the unavability of highly trained and skilled operators, which are needed to
effectively collect samples to reduce the risk of contamination and ensure a rigorous sampling regime.
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Although all sampling, analyses, and polymer determination are very time consteqingng

trained personnel and expensive instrumentation, the very small size of atmospheric MP make it even
more prone to contamination during processing and analysis, thus requiring lab facilities with particle
controlled environments as a prerequigiteatmospheric sample analyses.

Other specific limitations include access to electricity for active air, and wet and dry only deposition
sampling because the quantitative nature of active air sampling results in more reliable data than
passive samplinmn a shorter time frame. Limitations can be overcome bgegloying active air, wet
only, and bulk samplers at a few stations to assess their comparability. For example, in Canada, the
Alert monitoring station, and in Svalbard, the Zeppelin station wioellgood candidates to assess

this.

Wet only and bulk deposition sampling limitations in the Arctic include strong wénglsblowing
the particles out of the sampland thevaryingamouns of snow fall across tharctic, e.g.,some
regionswith largeamounts of snow may bury the sampler whsie otherregions, desetlike
conditions exist with very little snowfall in a season.

For all types of samplers left in the field, there is the potential for wind,,sama@hanimal damage to
the equipment. Deaito extreme weather conditions in the Arctic, the lack of consistent access to
sampling equipment may also be a limitation.

2.15 Sampling strategy and methodology

Sampling strategyThere are limited options to collect air samples in the Arctic fBriddcause of the
remoteness of sites, harsh conditions, and limited access to power. Typical sampling includes active
air samplers, bulk deposition samplers, and wet deposition samplers. Active air samples will provide a
guantitative number of particlesmmeter cube of air; however, active air samplers for air monitoring
networks are expensive, require power, require an operator to change filters, and give data over a very
short time snapshot of the air. Passive samplers, advantageously, can be aistalktohg

atmospheric monitoring sites in the Arctic, reducing the need for manpower and infrastructure. Bulk
deposition samples give a total of wet and dry deposition without the need for power, can be
integrated over a longer period of time (e.g.,dgfly one week or one month); whereas, wet only and

dry only samples give more detailed information but require power and a specialized sampler. To

their disadvantage, bulk deposition and dry deposition samples overestimate the size of atmospheric
particles because larger particles settle out more quickly, and smaller fibers stay suspended in the air
for a longer time. If smaller particles do settle out, they may becosigspended in the air more

easily than larger particleRézaei et al., 2019Wet deposition samples probably provide a better
representation of the atmospheric load of MP because precipitation washes the air column of particles,
however in all cases of bulk deposition analyses, a quantitative evaluation of airborne particles is
challenging. Outdoor passive air samplers are being developed and tested but results have yet to be
released.

For both alternatives, the docation at existing monitoring sites is highly beneficial because it
enables the simultaneous deliverysapplemental data on other atmospheric measurements, also
enabling backrajectory analysis of possible sources, exadlyses, and input in databases and
modeling actions. These types of sampling networks are sparingly distributed in the Arctic,dyut at k
locations.
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Independent of the sampling method chosen, sampling for atmospheric MP should be continuous
throughout the year, covering shorter periods of time, to give insights into seasonal changes of wind
patterns and any shegrm transport events.

Replicatesit is difficult to collect replicate active air, wet only, and dry only samples because of the
power and duplicate samplersd requirements but
Nipher gauges are a wabtablished method of detting snowfall in higher wind environments. A

type of bulk air deposition sampler that buffers the wind and limits resuspension of particles from the
sample is encouraged.

Not recommended:

1) Air sampling including deposition samplindrom shipboard patforms is not recommended.
Ships are a source of contamination to the surroundirmpaausehey vent substantial
amounts of air from their systems including engine, Hya@l laundering exhaustshich
contain MP that would contaminate air samplé@wever, a windsectoring system can collect
the air inflowing from the head of the ship and can exclude the collection of air inflowing from
the other sides of the ship. This system can be used to prevebgship contamination.

2) Grab snow sampling, espally onetime opportunistic sampling, is not recommended. Snow
sampling gives a snapshot of the MP in snow, but it is impossible to determine the age and
history of the snow if no additional parameters are measured, or if fresh snowfall is collected.
As analternative, bulk deposition samplers are recommended. Ice/snow cores from overland
are encouraged especially if paired with other chemical analyses that provide ancillary data
when interpreting the MP data. Ice cores from over water are discusSectam 2.2.

3) Opportunistic sampling is not recommended except when rigorous QA/QC are maintained.

4) Subsampling is not recommended because MP are not homogenously distributed within the
sample.

Sample treatment

It is recommended to process the samples asditlgossible to avoid contamination, together with
storing the samples in plasfiee, precleaned containers. Digestion steps can fragment the particles
and fibers, biasing the number and size distribution of the MP, and are generally not needed for
atmophericrelated sampling, although there are exceptions.

More processing steps expose the samples to more sources of contamination, which are critical to
avoid because of the small particle sizes in air. As with other MP sampling, all water usedrigr rinsi
must be HPLC grade or M) water and DIW that have undergone additional filtration using the
same filter types as with sampling to remove plastics from the water filtering system. Specific to bulk,
dry, and wet deposition, sample collectors musirsed thoroughly to remove MP from the walls of

the sampler and subsequently filtered with filters applicable to the research question and measuring
technique (pore size, diameter, material). For active air samples, direct transfer of the filter to the
andytical instrumentation with no processing is recommended. If not possible, due to high particle
loads, e.g., no monolayers can be ensured, particles need teuspeaded by ultrasonification in

water, subsampled, if necessary for higher load sampteSlined. Although ultrasonification may
cause particles to fragment, so it should be minimized.
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Sampleanalyses

It is imperative that particle specification methods are included, for example, polymer type, shape,
length, and diameter. Sample analysiesuld include microscopy and fluorescence microsdabpy

using Nile Red, paired with Raman spectroscopy and/or UFTIR to screen suspected MP. As an
inexpensive, fast screening method, staining with lipophilic Nile Red can be chosen for identification
of larger MP > 20 um (for rapid screening under a fluorescence microscope; Maes et alTI2x17).
being saidNile Red cannot determine polymer type and disagreement within the MP community
about the usefulness of Nile Red treatment does exist.

Samples shdd only be subsampled when there are substantial particle loads, preventing a monolayer
of particles on the filter, disabling the identification of the particle composition. No homogeneity of
particle distribution can be assumed in the sampler andér: #itso, high particle load is not typical

in atmospheric related samples in remote Arctic regions.

Because the availability of analytical methodology for particles < 20 pum is limited, it is important to
subset and archive samples when possible in a contamifis@rdark, and cool environment (< 15
°C). However, the low levels of atmospheric MP in Alnetic may limit subsampling and the limited
access to samples may limit the ability to sample archive.

2.16 Quality assurance/quality contr@A/QC) and reporting/data management

Here we discuss QA/QC as it pertains to atmospheric related sanggagl§éo Brander et al., 2020
for a wider discussion of MP QA/QC protocols).

Harmonized terminologyf o mitigate inconsistent terminology and to enable translation of the data to
atmospheric particle research in general, terminology defined in atmasgtierice should be used.

Sampling:Opportunistic sampling should be avoided except for research purposes, and to ensure a
wide data comparability, systemic sampling and handling should be maintained. Replicated samples
are highly recommended and shob&lconsidered when possible. Clothing worn during sample

media preparation, collection, and recovery must be documented.

ContaminationThe sizes of particles in air are, in general, smaller than other matrices, therefore, it is
very important to followstringent QA/QC procedures. Field, travel, and laboratory blanks are crucial
steps to track and eliminate contamination. For field blanks (the sample collection containers are
opened during sample collection), it is recommended that a representative nifrddérblanks and
procedural blanks are taken (one blank per field sample or per sampling period). For travel blanks
(sample collection containers are not opened in the field), it is recommended to take 1 blank per 10
samples. For laboratory blanks,ahrlab processing blanks per processing day should also be done.
These blanks form the basis for the limit of detection, method detection limit, and limit of
guantification so an evaluation can be made to ensure reported values in samples are statistically
greater than the blanks. These values must be defined by the group reporting the data.

Strictroutines for choice and preparation of sampling equipment (plastic free, fired 4t 450> 4

hours) need to be followed, and the handling of samples padgclecontrolled conditions (laminar

flow fume hood with filtered air/clean room) is essential. A consensus needs to be developed on how
field blanks are included and how blank subtractions are performed.
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RecoveriesSpike recovery tests are highly oeemended and are performed by adding a known

number of particles (of several sizes) to blank filters and these are then processed as actual samples.
These samples can also be used as blanks for other particles not intentionally added. As standard
referencematerials are developed, it is recommended that laboratories assess method efficiency by
using them. Patrticipation in intercalibration studies or round robin exercises is also strongly
encouraged.

Reporting:Standardized methods for instrumental analgsid reporting (number, weight, size,

length, and diameter) need to be developed. When reporting data, especially on microfibers, the
length but also the diameter is important because both these dimensions have impacts on the transport,
fate, and inhaladin rate. Using more than one analytical technique to assess the presence and identity
of plastic particles is important because microscopy, Nile Red, Raman spectroscopy, and FTIR
methods used on their own, yield different types of information. Using theg®ds simultaneously

can yield better interpretation of results but will increase the time spent on each sample dramatically.
As sample scanning instrumentation becomes more widely available and used, the sample processing
time will decrease. In generddcing a particle size range of nm to um, dedicated requirements for the
inclusion of MP data into existing dat®es for atmospheric pollution should be considered. The
advantages of combining atmospheric MP data with already collected data on maaynotispheric
pollutants and descriptors are considerable (e.g., EMEP, EBAS). This also includes the translation of
particle abundance, reported in particle counts, into weights.

2.1.7 Existing monitoring for populations/contaminantghie Arctic

Currerly, there are no standardized and/or harmonized monitoring methods for air available with
only very limited reports of atmospheric MP, and no reports in the Arctic. Current active air sampling,
passive sampling, bulk deposition, wet deposition, and drggition methodology need to be

adapted to Arctic conditions and requirements for robust and reliable data.

2.18 Suggestion for future activities/knowledge gaps

The area of atmospheric MP is still in its infancy with many data gaps and a less than robust database,
hampering any conclusions on the role of the atmosphere in Arctic MP pollution.

However, experiences and lessons learned from thederedlloped reseeh on marine MP can be
used and adapted especially with respect to sample handling, QA/QC, quantification, and
identification of MP.

The recent report published by PAMID19 identified the following gafit At mospheritc Trans
There is a big research gap with no current studies being able to quantify plastics froambpang

winds, and otheraip ased vectors. o Although this report al :
improve estimates of atmospheriarisport of litter, we do not recommend this because ice floes have
atmospheric sources but also incorporate plastics from water and sea spray (Allen et al., 2020), so
assuming the MP in ice floes are only from atmospheric deposition would lead to aimnetecsf

atmospheric deposition.

Field measurements of known emission sources have yet to be undertaken. Primary and secondary
emissions redistribute MP back into the air from seawater as waves break (Allen et al., 2020) and/or
they may be suspended inderrestrial surfaces by winRRézaei et al., 2019Melting sea ice and
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glaciers can also lead to a redistribution of atmospheric MP. Studying the depositional fluxes at the
air-water interface is essentiak investigating MP behavior in dynamic syste(®algani and

Loiselle, 2019) and to estimate the loadings of atmosphelated particles to land and sea surfaces.
Particles undergo deposition onto water and land surfaces, however, the behavior and fate of MP on
water surfaces will differ from depdaigin on land.

Trajectory models should be applied to determine the trends ofémigg transport vs. local transport

and to evaluate evebiased transport. Trajectory models and other atmospheric transport models
could lead to insights on the emissiaurces of airborne MP. Field measurements need to be carried
out complementarily, to both validate the transport models and to identify relevant sampling locations
and periods, saving time and effort. This work needs to be coupled with experimentalragiermi

of aerodynamic features of MP and microfibers to feed correct variables into the model describing
their atmospheric transport using existing global distribution models.

The presence of other anthropogenic microfibers, e.g., cellulose fibersetlagsaciated with
anthropogenic dyes and/or chemicals in atmospiietited samples, is also worth documenting

when undertaking MP analysis. Cellulose fibers such as cotton, rayon, linen, and hemp are highly
processed and contain up to 30% added chespisdlich may enhance their persistency in the
environment; e.gcellulose fibers from blue jeans are found in deep Arctic ocean sediments (Athey et
al., 2020).

23



AMAP Litter and Microplastics Monitoring Guidelines

Table 2.1 Monitoring and research recommendations dividedrmist do and should do.

15t level (must do) 2" Jevel (should do)

Monitoring 1 Bulk deposition (wherever 1 Dry only deposition
possible, duplicates whereve
possible), one week integrate
sample

1 Wet deposition at ontwo
locations per region, where
existing stations and power
source aravailable; one week
integrated sample

1 Active air sampling at onrewo
locations per region where
existing stations and power
source are available, > 2500

m3
Must have data: Must have data:
1 Location 1 Location
1 Date 1 Date
1 Collection method 1 Collection method
1 Polymer type 71 Polymer type
f Particle number/weight, I Particlelength, diameter,
length, dianeter, shape, color shape, color
1 Subsampling and archiving o
samples when possible
Context Context
<500 pmalthough larger I <500 pmalthough larger
particles will also be counted particles will also be counted
1 Active air: particles/m
T Bulk deposition: ' Dry deposition:
particles/day/m particles/day/rh
1 wet deposition: particles/L
1 when using pyGC/MS or
other destructive methods for
small particle size ranges (<
20 um), weightbased
reporting is encouraged (ug/
L/ m% md)
1 Locations:see map
Research 1 Relate to other classes
91 Bestfilters to be used for

active air sampling
I Sampling amounts and
periods
Sampler design
Crosscontamination issues
Determination of MP
composition
1 Methods for measuring
chemical compounds related
to MP (additives)
Suitable instrumentation
Relate to additional
atmospheric data

=a =4 =9

= =
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Table 22 Summary rationale for recommendationg]uding estimated costs for implementing
programs; 0 litter and plastic pollution monitoring already in place with regular funding; $

relatively inexpensive because new litter and microplastic monitoring programs can use existing
programs to obtaisamples in at least some regions, but need to have some additional capacity to
process samples for litter and plastic pollution; &her sampling networks and/or capacity need to
be developed to monitor litter and microplastic pollution; $éiévelopnent of sampling networks,
processing capacity of samples, and reporting all need to be developed in the majority of the Arctic
regions.

Recommendation Program Cost | Rationale

Primary Recommendations

Bulk deposition (wherever $ This sampling type can be easily set up at

possibleduplicates whereve existing sampling sites or in northern

possible). communities. It may involve some money to
purchase supplies, shipping, and training the
operator.

Wet deposition at onrewvo $$ Existing research programs are already in plag

locations per region, where sites throughout the European and Canadian

existing stations ahpower Arctic but there are still substantial costs

source are available. associated with this type of sampling: the

shipment of equipment to remote locato
installation of the sampler, a required power
source, and an operator.

Active air sampling at one $$ Existing research programs are already in plag
two locations per region sites throughouthe European and Canadian
where existing stations and Arctic but there are still substantial costs
power source are available. associated with this type of sampling: the

shipment of equipment to remote locations,
installation of the sampler, a required power
source, and a skilled operator to calibrate the
pumpand change the filters.

Secondary Recommendatio
Dry only deposition. $$ Existing research programs are already in plaq
sites throughout the European and Canadian
Arctic, less so in Russia but there are still
substantial costassociated with this type of
sampling: the shipment of equipment to remots
locations, installation of the sampler, a require
power source, and an operator.
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2.2\Water

AUTHORS: AMY L. LUSHER, INGEBORG HALLANGER, BJZRN EINAR GR@SVIK, AND ALESSIO GOMIERO
2.21 Introduction

The first assessments of plastic in the global oceans were based upon items floating on the ocean
surface or immediately below. The ocean surface accounts for most studies conducted on plastic
pollution to date. This is likely in part because roughly baHll plastic produced is less dense than
seawater and expected to float at sea (Geyer et al., 2017) and partly because water is one of the easiest
and cheapest domains to study. We are now fully aware that plastics of various sizes are everywhere,
and al water bodies, eithdreshwateior marine,can be sampled to study the presence of plastics

from surface watersr within thewater column

The broad distribution of plastics is assumed to be related to their longevity in the environment; they
degradevery slowly, mainly through mechanical abrasion and exposure to UV radiation. Water
surfaces and the upper water column (especially in the sea) are very dynamic and provide a
connection between coastal, inland waters, and offshore areas facilitated bsnoxsgenent and

transport patterns and processes. The relatively high buoyancy of many plastics facilitates transport
from source areas, which may involve ledigtance or even globatale transport. Floating plastics

can also be transported vertically. Waprocesses are involved in vertical displacement including
density, buoyancy, size, degradation, biofouling, and other biological interactions. As a result, we are
now aware that plastics move between water compartments because of their physicalcaieahdni
biological properties (Choy et al., 2019; van Sebille et al., 2020).

The inclusion of plastics in water monitoring programs must consider this complex scenario and focus
on useful and affordable actions to collect time series, which are therptwoato verify whether
remediation actions are effective.

Sampling strategies for monitoring must relate to the specific goals of the monitoring program. For
example, does one want to investigate accumulation areas, input related to point souyces (e.g
effluents from wastewater treatment plants or industries), input from freshwater water ways (rivers,
creeks, etc.), or longange transport? The sampling methods available for each program may be
different depending on which compartment and which dizgastic is being monitored. Further, the
selection of sampling location may be constrained by the facilities and infrastructure available to
specific nations. Other important aspects that might need to be considettegirsinerent properties

of the ch@en environment as well as the sampling season. For example, surface sampling nets are
impractical in open waters when there is high biomass, adverse weather conditions, and sea ice.

Critical analysis of methods and many general considerations aboubrimgnitave been highlighted
by many working groups at a global scale, some of them are reposgigdgction2.2.3 but they
were not specifito the Arctic. We therefore focus on the specific issues that are relevant for the
Arctic to implement global, gneraluse recommendations for local application.

2.2.2 Status of global science

In polar regions, records of plastic pollution in the Arctic date back to the 1960s, with some
observations of plastic debris and relative consequences for marine life from Alaska (Threlfall, 1968).
Large floating plastic items have been observed at segydeack to the 1970s, and included plastic
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bottles, ropes, balloons, and rubber shoes (Venrick et al., 1973). Similarly, researchers began
sampling small plastics from oceanic surface waters around the same time (Carpenter and Smith,
1972). Longterm daa sets have emerged from the Pacific (Law et al., 2014) and Atlantic (Law et al.,
2010), as have numerous global ocean models (Mountford and Morales Maqueda, 2019; van Sebille
et al., 2020). Freshwater water bodies are comparatively less studied (Mendi®zdcer, 2019).

In terms of the Arctic, large plastic items are routinely reported floating in the surface waters of the
Barents Sea and Fram Strait (Bergmann et al., 2016; Grgsvik et al., 2018). Norway and Russia have a
long-term collaboration of motoring fish resources in the Barents Sea used for determining fisheries
guotas, and from 2004, this monitoring was extended to include ecodyasen monitoring. From

2010, the monitoring also included recording floating marine debris and litter astbycatwls.

The ecosystem survey in the Barents Sea covers a station net of approximately 300 stations and is
performed between Augu§ictober each year (Eriksen et al., 2017). Similarly, in the Canadian

Arctic, atsea surveys of seabirds have been exgtalinclude floating marine debris (Mallory et

al,, 2021).

Specific investigations targeting microplastis4P) in the Arctic began by using vessels of

opportunity to collect data from offshore seawater (Lusher et al., 2015; Kanhai et al., 2018a2020),
well as surface sampling using, e.g., manta nets (Cozar et al., 2017). There are historical records of
small plastic items captured in surface sampling nets dating back to the 1970/1980s in the Bering Sea
and the Gulf of Alaska (e.g., Shaw, 1977; Dayg &haw, 1987; Day et al., 1990). Research vessels

often have an underway seawater pump, positioned in the subsurface waters to collect information
such as temperature, salinity, and conductivity. Lusher,&(dl5 used this to collect batd-back

sampeks whilearesearch vessel was on a transect from northern Norway (Tromsg, 69.65° N, 18.95°

E) to the south west of Svalbard (78.1° N, 18.8° W). They also collected manta net samples (> 330
pm) along the same route intermittently. The average numbertaflpsucollected using the pump

was 2.68 * 2.95 particles pef fnange 0.06L1.5 particles per & whereas the manta net results

yielded lower values, 0.34 + 0.31 particles péi(range 0.001.31 particles per i Similarly, Cézar

et al. (2017) demonstted how manta nets could be used to collect information on plastics floating in
the surface waters during a circumpolar expedition. Out of the 42 samples collected, plastic debris (>
500 um) were generally scarce, however the investigation did poimghertconcentrations in the

Barents Sea and Greenland areas compared to the other regions of the Arctic. Additional manta net
investigations have been carried out in the Bering Sea (0.091 + 0.094 particle, péarthern

Pacific (0.030 + 0.017 particlger n¥), and Chukchi Sea (0.23 + 0.07 particles p&rivu et al.,

2019). To date, the most northerly manta net sample has been carried out close to the edge of the
North Pole ice shelf at 82A076 N (Aliani et al

Nets are selective for some s@dasses oMP and miss relevant parts of the mass of floating
megaplastic size class. They also fail to sample many particles smaller than the lower mesh size,
which typically is dominated by small®tP fragments and microfibers. This is evidenced by amec
study carried out in Nuup Kangerlua, a fjord in West Greenland (Rist et al., 2020). Pump sampling (5
metre depth, 10 um lower limit) and bongo nets (surface, 300 um lower limit) produced values with
two orders of magnitude difference. Therefore, iraégn with pump and bucket sampling is

envisaged to cover as many size classes as possible (Ryan et al., 2019) and is becoming more and
more common in oceanographic expeditions.

Pump sampling was also used by Morgana 2@1.8 and Jiang et aR020 who reported values
similar to those found by Lusher et,&015, confirming the ubiquitous presencévii® in the
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Greenland Sea. Higher levelsMP were reported in surface waters underlying ice floels3 0

particles per rh(Kanhai et al., 2020). On thewtrary, during an investigation of different water

masses in the Arctic Basin, Kanhai et al. (2018), reported a lower average value, 0.7 particles per m
(range 07.5 particles per ). Water samples (21861 litres) have also been taken in the water

column of HAUSGARTEN (near surface, ~300 m, ~1000 m, and above the seafloor) with reported
values ranging from-Q,287 particles per #fTekman et al., 2020). The highest reported values were
seen in subsurface waters. Although in many cases, subsamplesacessed for data analysis (5
100%). Some of the highest valuedvw® have been reported in coastal water bodies near Ny
Alesund, Svalbard (61.2 particles pet, @ranberg et al., 2019).

Surface waters in the eastern Canadian Arctic waters of Nunawiiwesstigated foMP using

bucket samples, reporting an average concentration of 0.22 + 0.23 particles per L (Huntington et al.,
2020). The concentrations were not related to the human populations suggestitig that
contamination in the Canadian Arcticasmarily driven by longrange transport.

Although scarce, data collected throughout the water column can be used to provide an insight into
the threedimensional distribution df1P in the Arctic (Amélineau et al., 2016; Kanhai et al., 2018;
Tekman et a) 2020; von Friesen et al., 2020). Data collected in offshore waters and within the water
column of the Arctic support the hypothesis that the water column constitutes a major reservoir for
MP in the Arctic (Cozar et al., 2017). During an investigatiotwaf oceanographically different

fiords, Kongsfjord and Rijpfjorden, von Friesen et 2020 observed variable microliter

concentrations along the two bathymetric gradients. Highest concentrations were identified in the
subsurface samples from Kongsfj@d8 particles per L).

Studies oMMP concentrations (> 100 um, volume o881n?) in the water column in Monterey Bay,
California demonstratetthe highest levels in water samples collected from depths just below the
mixed layer (15 particles per®rat 200 m), at a deep site located 25 km from the nearest land.
Microplastics concentrations near the sea surface (5 m) were among the lowest measured (median 2.9
particles per L) and were roughly equivalent to those of the deepest waters sampled fhedam,

2.9 particles per L). Concentrations were highest at intermediate depths into the mesopelagic zone
(Choy et al., 2019)it must be noted that the density of polymers along with biotic and abiotic factors
can alter a part i cihfleebce théopositigndooation of aplastics within tise water | |
column. There is evidence of items made of-tismsity polymers in the deep sea as well as-high
density polymers floating on the ocean surface. In general, density is not a relevant property to
explain vertical position or displacement of plastic. This is especially true for macrodebris. The
presence of air bubbles of certain shapes do not allow sinking. Polymer density may be relevant for
MP or nanoplastics, but at these scales turbulencsaface tension may also be important.

Sources of plastics to the Arctic may include leagge transport from distant sources, or input from
local sources such as urban centres (Rist et al., 2020), fishing, wastewater treatment facilities
(Granberg eal., 2019; von Friesen et al., 2020), and melting of sea ice (i.e., released during; von
Friesen et al., 2020).

At the time of writing, there has only been a single investigation of a small freshwater lake. Sediments
adhered to rocks from a shallow lae75m) near NsAlesund and were investigated for

anthropogenic particles. Microplastics were estimated to equate to 90 particleés Benmélez

Pleiter et al., 2020).
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No other investigations of freshwater bodies or rivers in the Arctic have beerhpdbidthough
they are of interest due to the high volumes of riverine discharge into the Arctic regions from Russian
and Canadian rivers.

2.23 Trends to date

Unfortunately, the investigations to date in the Arctic are difficult to compare becauseséhey
different methods, different reporting criteria, and different measurement values. Thus, there is
currently no available data on the scientific trends.

Monitoring ideally should focus on identifying trends in sources to ensure that mitigationisgrateg

and remediation efforts can be introduced close to source or accumulation areas, respectively. For
trends to be monitored effectively in the Arctic, the differences between summer and winter seasons
need to be considered as does the repeatabilitynydlsay. For example, sampling in the Arctic can

be costly and needs to be planned carefully (especially those efforts that require research vessels).
Further, the winter season enforces its own limitationsgésered water cannot be sampled to

produce ifiormative or representative data. Without careful consideration, this may lead to gaps in
information. The methods used should be harmonized throughout the AMAP regions.

Table 2.3Summary of available data in the Arctic.

Freshwater Marine
Sources Limited data Limited data
Inshore Limited data Limited data
Offshore - Data available

2.24 Benefits of using water samples

In terms of macroplastics, visual observations of floating macroplastics can be conducted in parallel to
bird and mammal surveys at no extra cost. Data gathered can help provide information on sources and
potential interactions with biota. Microplastic galing can be conducted using surface sampling nets

or pumps, which are already used and recommended around the world, thus enabling the development
of comparable datasets. Pump sampling can be conducted through seawater intakes on research
vessels where large amount of metadata is usually collected for characterizing the water column,
allowing metadata to be directly compared to samplBPd This can be important when sampling in

areas where water stratification changes. Furthermore, many researcharesskéady involved in
long-term dataset collections, such as nutrients, ther&i®eould be added to these routine

sampling regimes using pump methods or towing a Ferrybox so as not to disrupt ongoing programs.
The water column can be monitored to irtfee vertical distribution of plastics. However,

differentiating between those sinking or returning to the ocean surface is not possible at present.

Limitations of water sampling

Meteorological conditions are often a limiting factor for water samplinganitoring efforts. Surface
water monitoring is reliant on calm weather conditions. Visual surveys require good visibility. Surface
sampling nets require stable surface conditions and can be severely hampered by large plankton
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blooms. Microplastic sampig using nets can also introduce sources of error frontsethmination,
including samplerdéds clothing (microfibers) and s
vessel, small boat, or other). All sampling of offshore waters requires accessdach vessels,

whereas coastal water and inland water sampling can probably rely on smaller, more easily accessible
sampling platformsalthough thenthe equipment used needs to be similar. Coastal sampling can be
hampered by changes in tidal direcgon

2.25 Methods

Sample collection

Surface waters:

Surface water samples can be collected using different gear inchetsandpumpsto investigate

MP. Several standards and recommended protocols have recently emerged for ddmpliable
2.4summarizes the recommended protocols for each sample type. For examgt¢aaetan be

deployed from a research vessel for a period e3@ éninutes, with apeed of between 1 to 3 knots.

After each tow, nets must be washed and rinsed onboard with properly filtered water from the outside
using the deck hose, and the @l sampler should be removed and rinsed in contamination

controlled conditions. Samplessavashed using filtered seawater and a series of clean metal sieves
(e.g., 5 mm and 200 um) to fractionate samples before subsequent analysis. Manta nets have limited
use in rough seas; waves affect manta results and differences between GPS and fldataneder

occur as has been seen in the Arctic (Lusher et al., 2015) and through dedicated comparative studies
(Michida et al., 2019). Wind speed may also affect the vertical displacement of particles in the upper
layers of the water column (Kukulka et &Q12) and wind stress and particle concentration were
negatively correlated, with high densities being found at relatively low wind speeds. When correcting
the abundance of parti cl-iedacecbmixindg Suaria et af06foutah e e f f €
correction coefficient of 2.06 (max 8.97), resulting in an increased average concentration of
particles/m after correctionCTD rosettesan be deployed at the surface, and, providing all bottles

are fired together, they can collect a volume of water that may be comparable to net samples. CTD
bottles used in parallel with bucket sampling may provide a useful tool to sample microfilbers in t
surface and subsurface waters (Ryan et al., 2019).

Different count protocols for quantification fdbating macrolittethave been proposed by Aliani et

al., 2003 Ryan 2013 modified in Ryay2014 Suaria and Aliani2014 and Strafella et 3l2019. The

EU Joint Research Centre in Ispra organized a workshop in Barcelona in 2016 to define a standard for
the sighting of microdebris. The identified methods were subsequently used in parallel during a
common expedition in the Southern Ocean (Suaria etG@Q&). The resulting recommendations

were as follows: all floating debris items should be counted and recorded with a time assignment
during daylight hours. Position data should be obtained through the vessel log. Metadata surrounding
the items to be recded include: size (estimated to the nearest 1 cm), perpendicular distance from the
ship (m), buoyancy (at, above, or below the water surface), type of material (plastic, metal, glass,
worked wood, papetard, etc.), function (fishing gear, packaging, emy color. Items can be

further assigned to size categories (A-2.&m, B. 510 cm, C.1e20 cm, D. 2630 cm, E. 3660 cm,

F. > 50 cm) and to one of two major type categories: anthropogenic marine litter (AML) and natural
marine litter (NML; Campanalet al., 2019; Suaria and Aliani, 2014). Data collection by this method

is relatively simple and can be carried out from ships of opportunity as well as volunteers and in
citizen science projects, following training. Training is a very critical step tovaedgiiality when
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citizen science is used, but it is also relevant in field work activities carried out by scientists with
limited experience in plastic sampling.

Subsurface and water column:

SamplingMP in the water column can be approached using vesEelgportunity or through targeted

efforts. High volume pumsamples have been shown to be very beneficial to collect large volume
samples, and supplementary data can be collected simultaneously for comparison of results (see
Lusher et al., 2015; Tekmana., 2020) CTD rosettesan be used to collect water samples, but they

may not be able to get large volumes. The volume of water required will be dependent on the presence
of anthropogenic and organic items per sample. In the Arctic, a sample’afipenred to be

sufficient when working with the underway pump systems (Lusher et al., 2015; Kanhai et al., 2018).
Vertical nets (WP2) and bongetsused for sampling zooplankton from the water column also have

the possibilities to recomlP: from 200 meterand up with a tow speed of 0.5 m/s, mesh size of 180

um, and opening area of 0.2%,raampled volume of 50n

Monitoring macrolitter in the water column is technically feasible, but not recommended in present
day regular monitoring programs.

Table 2.4 Recommendations from international groups as well as an example of how such methods
could be implemented in ongoing annual surveys in the Barents Sea.

Guideline (level)

Example:

GESAMP 2019
(UN)

Ministry of
Environment Japan,
Michida et al., 2019
(G20)

BASEMAN 2019
(JPI Oceans
project)

NorwegianrRussian
ecosystem survey i
the Barents Sea

nets(WP2)

Manta Recommended
- Tow duration 20 mins, 13 knots 20 mins, 3 knots | 15 mins, Xnots
- Mesh size 0.3 mm 0.35 mm
Bulk water sample | Feasible N/A N/A Feasible
- Seawater intake
- In situ pump
Niskin bottle N/A N/A Vacuum filter Possible dependent
(CTD rosette) directly onto GF on volume
paper
FerryBox N/A N/A N/A N/A
Visual survey Recommended N/A N/A Between stations,
distance 35 nm
Vertical plankton N/A N/A N/A Stations FigR.1
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Sample processing

For methods related sample processinglease refer to GESAMR019 and Michida et al2019 for
recommendations. Samples containing high levels of organic matter will need further processing
before they can be analyzed fdP. Methods include digestion using bases or enzymes (acids are not
recommended) and density separation. High tempesatind strong reagents are discouraged

because they can affect plastic particles (Hurley et al., 2018; Lusher et al., 2020). Method choice is
usually laboratory dependent. Any method used should be validated before use on samples to test
spiked samples.iinitations of the methods must be reported to allow researchers to see the deviations
from methods clearly.

Specific to the Arctic

There are currently no specific protocols available for the Arctic, although the relevant monitoring
protocols for mantaets and pump samples are published in Lusher, &0dl5 Cozar et al.2017,
and Kanhai et g12018.

2.26 Quality assessmefguality control (QA/QCkpecific to the compartment/matrix

For all investigations df1P in water samples, all sampling devices must be thoroughly cleaned before
sampling, i.e., flushing with high volumes of filtered or uinare water. Potential sources of
contamination must be collected to act as a reference, including the clothing veamibiers and

any plastics used in the vicinity on the vessels, as well as vessel paint. Importantly, field blanks must
always be collected. A field blank can include a filtered water rinse of a net (Michida et al., 2019) or
an open moist (filtered watespmple container/petri dish for the same duration as handling of sample.
Participation in workshops and ring tests to assure quality assurance/quality control (QA/QC), for
example, through QUASIMEME is encouraged.

It must be noted that there is a greatdhto implement chemical characterization of fibers identified

in surface waters. In a recent investigation of a global dataset of seawater samples, the majority of
fibers were cellulosic (79.5%) or of natural origin (12.3%) whereas only 8.2% were sy(fhetria

et al., 2020h)

An overview of QA/QC measures BP sampling has been presented in Brander et al. (2020).

2.2.7 Existing monitoring for populations/contaminants in the Arctic

There are no current existing monitoring programs in the Arctic relevant to plastics in water samples.
However, there have been several sporadic scientific investigations. The joint NorRegsan
ecosystem survey in the Barents Sea performed annoallygustOctober includes sampling of

several fish species, shrimp, and sediments for the monitoring of contaminants. Floating debris and
macrolitter as bycatch in trawls are recorded. Microplastics are collected from manta trawls from
some of the statior{&igure?2.1).
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Figure 2.1 The joint NorwegiarRussian ecosystem survey in the Barents Sea performed annually in

AugustOctober includes approx. 300 stations.

2.28 Recommendations

In Table2.5 below the recommendations for monitoring and researchighdighted. It must be

noted that to determine the frequency of sampling in terms of replicates per given sampling period, an
assessment must be carried out in each region independently. For example, the sampling conditions as
well as local conditions Widramatically affect the duration required for each sample. A power

analysis should be carried out (with a minimum of 12 samples) per location to assess the variable
plastic concentrations in a particular region. To this end, at the current level,df dat@t possible

to determine the number of replicates or the number of stations required. This should become a

priority for individual regions and should include an assessment by independent researchers who have
no conflict of interest in the numbef gamples required.

In terms of frequency of surveys, it is recommended that sampling be carried out at a minimum on a
yearly basis similar to the environmental monitoring for environmental contaminants. More intense
sampling can be carried out if the asrto assess seasonal variation, and to that end, sampling once
per month, or once per quarter could be suitable.

Because net sampling is already commonplace and can provide harmonized data, it is recommended
to continue this process while other methardsfurther validated. It is understood that this will focus

on larger particles *300 um and in so doing underrepresent the sisiaéerfaction that are of

interest in terms of understanding the impact or potential uptake by marine biota. Until further
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methods are explored, this is the method with the highest technologd@mlass level and it is
already operational.

The volume of samples taken per sample will be heavily dependent on the sampling conditions during
a particular survey; to account fdwig, the reporting of metadata is of upmost importance. Sampling

can then be normalized for wave and windspeed. Thus, providing countries follow the same reporting
system, data can be comparable.

Status of understanding for a representative sample:
Number of samples: requires further testing of statistical power.
Number of replicates: requires further testing of statistical power.

Number of field blanks: should be carried out in parallel to samples; ideally one field blank should be
carried outm parallel to each collected sample. One method for field blanks is presented in Michida et
al., 2019: here the net is cleaned thoroughly from the outside before the start of the sampling run to
ensure no particles remain. The rinse water can be observed for particles. A second method is the
exposure of dampened filter paper to the air while samipgrformed. This should give an

indication of the number of airborne particles.

Table 2.5 Summary of monitoring and research recommendations for water samples.

1st level (must do) 2nd level (should do)
Monitoring Net samples (water surface of ctads| Large volume pump samples volume)
freshwater, and fjord; 300 um mesh| (sequential filtration, e.g., 1 mm, 300
(Volume will be variable and pm, 100 pm)
dependent on sampling conditions) | Subsurfacé 1-7 meters, 1 m3 per
sample

Large pump selected offshore
locations (sequential filtration, e.g.,
mm, 300 pum, 100um) collected
subsurfacé 1-7 meters, 1 m3 per

sample
Research Offshore net samples Large pump inshore, 1 m23 per sampl
Visual surveys from surface waters

Visual surveys supporteay
communities including opportunistic
observations from marine mammal
observers, fisheries observers, and
fishers
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Table 2.6 Summary rationale for recommendations, including estimated costs for implementing
programs; @ litter and plastigollution monitoring already in place with regular funding; $

relatively inexpensive because new litter and microplastic monitoring programs can use existing
programs to obtain samples in at least some regions, but need to have some additional capacity to
process samples for litter and plastic pollution; &her sampling networks and/or capacity need to
be developed to monitor litter and microplastic pollution; $éi@velopment of sampling networks,
processing capacity of samples, and reporting &kine be developed in the majority of the Arctic
regions.

Recommendation Program Cost | Rationale

Primary Recommendations

Coastal: Net $ Existing research programs are already in plag

pm conducting routine surveys making it relatively

- Routine monitoring easy to add a collection for plastic pollution to
surveys can be adapted the workplan. Minimal costs would need to be

- Easier to adapt to added to implement plastic pollution monitorin
weather conditions in to cove the costs of sampling. Processing will
coastahreas require additional costs.

Offshore: pump samples $ Existing research programs are already in plag

- Routine monitoring conducting routine surveys making it relatively
surveys can be adapted easy to add a collection for plastic pollution to

- Less challenging to use the workplan. Minimal costs would need to be
pumps in offshore water, added to implement plastic pollution monitorin

to cover the costof sampling. Processing will
require additional costs.

Secondary Recommendatio

Inshore: pump samples $$ Existing research programs are already in plag
- Routine monitoring conducting routine surveys making it relatively
surveys can be adapted easy to add a collection for plastic pollution to

the workplan. Minimal costs would need to be
added to implement plastic pollution monitorin
to cover the costof sampling. Processing will

require additional costs and sequential filtering
more time consuming.

Subsurface sampling $ Existing research programs are already in plag
- Routine monitoring conducting routine surveys makingéiatively
surveys can be adapted easy to add a collection for plastic pollution to

the workplan. Minimal costs would need to be
added to implement plastic pollution monitorin
to cover the costs of sampling. Processing will
require additional costs.
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2.29 Knowledge gaps and research priorities

Box A: data needs/expectation

Must have data

Location

Date

Collection method

Depth

Volume of sample (including original volume asabsampled
volume

andany analysis on variance between subsamples)
Number of partites

Auxiliary environmental data

Polymer type (mandatory for at least a subsample > 300 um)

E ]

= =4 -4 -8

ice to have for all data
Color
Size category (> 1 mm, 1 mB0O0 pum, 300100 pm, < 100 pum)
Morphological information (shape)
Polymer type

= =4 -8 -8 > -—4a-a__-a_-2

Auxiliary data

1

1

Wind speed and
direction

Sea state

Depth in case of
seawater from
rosette
Proximity to
coastal, river
streams and/or
estuaries
Proximity to
wastewater
treatment plants
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2.3 Monitoring of microlitter in aquatic and shoreline sediments

AUTHORS: MARIA E. GRANBERG, KERSTIN MAGNUSSON, AMY.. LUSHER, BJZRN EINAR GR@SVIK, AND JESSE
VERMAIRE

2.31 Introduction

Sediments, both freshwater and marine, act as sinks for microplastics (MP) whether due to rapid

sinking of highdensity plastic particle@Voodall et al., 2014; Kowalski et al., 2016; E@assola et

al., 2019, settling caused by biofoulinglaiser et al., 20Z; Rummel et al., 2017pr incorporation in

sinking organic aggregates, e.g., marine s(féovter et al., 2018;l%a0 et al., 2018SettledVP

particles may subsegntly be resuspended and further transported with water currents to settle in

calmer areas with finer sediments far away from their sdiiieders et al., 2019Because sediments

in calm areas acooulate and sequester deposiid#, they provide a temporal record P input to

the aquatic environments and thus also constitute a relevant matrix for monitoring. Experimental

studies show weak upward transport of already bbvied © 100 Om) i n mnMakki ne env
et al., 2019)which further stresses the importance of sediments as a siMiPfor

Particles (fragments and fibers) can have low or highitilesishose with low density (buoyant) can

be transported from point sources such as wastewater outlets to shallower areas and settle in shoreline
sediments and beach sghdts et al., 2017; Bosker et al., 2018; Pifidolin et al., 2018)Shorelines
constitute the interface between land and sea, and function as dynamic repositMRsifiginating

both from the sea and from weathered and fragmented stranded macrolitter. Aided by wind, wave, and
tidal action,MP on beaches will be incorporated in deep sand lgyfensa et al., 2014and be

transported higher up on the back sh@gdsang, 2017)The high energy endnment creates
patchinesgFisner et al., 2017nd the temporal record of beach sand and shoreline sediments is more
difficult to interpret because of the dynamic nature of these environments.

2.32. Status of global science

The scientific literature oMP in sedimerdg shows great variation in the use of methods for sampling,
extraction, and detection, as well as the lowest particle size limit used for detection. These differences
obscuradirect comparisons between investigations. Studies also report on great difarevie
concentrations between sites in populated areas such as the North East Atlantic. For example, in
studies carried out in Byfjorden outside Bergen, Norway and at locations in the southern North Sea,
the same methods and the same size limit (>11vweng applied. In the Norwegian fjord,
concentrations were found to vary between 12,000 and 200,000 parti¢les/kgeight (dw)

sediment, whereas concentrations varied between 3,486 particles k§dw in southern North Sea
sedimentgHaave et al., 2019; Lorenz et al., 20I™Me highest levels d¥IP detected in Arctic

sediments are reported from Canada where concentrations of particles in the &AS20QPum

were found to vary between 0 and 16,000 particlésdeg at 20 locationgHuntington et al., 2020)

Most other Arctic studies report considerably lower concentrations.

Literature on freshwater sediments is limited, however, recent modBksgeling et al., 201&nd
field studiegHurley et al., 2018aghow that freshwater sediments majydha substantial fraction of
the worlds MP pollution. Mjgsa Lake in Norway was recently investigated for the preseMdB wf
sediment cores, assessing the influence of sources and deposition. TheMiyhalsies were
reported near urban areas (7,348 particles kg dw) and main roads (3,890P particles kg dw;
Lusher et al., 2019)
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2.33 Current levels in the Arctic

Microplastics detectkin the Arctic may derive from distant sources, having been transported there
with sea currentf_usher et al., 2015; Cézar et al., 2017; Tekman et al., 202§) air(Bergmann et

al., 2019) Arctic MP pollution may also originate from local sources includifigy wastewater and
land-based waste stora@g@ranberg et al., 2019; von Friesen et al., 20@))intentional littering, (3)
dumping of sewge or garbage from ships, and (4) lost fishing €akman et al., 2017)n addition,
sea ice can be considered as a secoridBrgource(Obbard et al., 2014; Peeken et al., 2018; von
Friesen et al. 2020The relative importance of local and distant sources is poorly investigated and
because wastewater treatment and waste management are poor in the Arctic, local sources or
pathways may be underestimated.

Microplastics have been detected in all parts of the Arctic, even in sediments from the Arctic Central
Basin(Kanhai et al., 2019}t is important to recognize that any comparisons between studies will be
tainted bythe fact that the methodology used varies greatly, which in turn will affect numbers, sizes,
shapes, and polymeric composition of M particles reported. With this in mind, the highest

reported concentrations in the Arctic, ca. 10jA@)000 (size 52000 um) MP particles kg dw,

were found at two locations in Eastern Canadian wéttrstington et al., 2020)These two sites

seem to be extreme hotspots because the concentrations at 17 of the 20 locations included in this study
were between 0 and 2,00articles kg dw. Tekman et a).2020also detected high concentrations of

MP( s i z em)@nding between 239 and 13,331 particlesdy in sedment samples collected at

five stations of the HAUSGARTEN observatory in the Fram Strait. However, sediments collected at
the same sites a year beforeBargmann et al. (2013howed considerably lav concentrations,

ranging between 4% , 595 par t i clldwe, sith cobcertration® exgeeding 4,000 kg

dw at 8 out of 9 sampling stations. TH& concentrations were found to correlate both with higher
concentrations of macrolitter and withlerophylla (Bergmann et al., 201,Avhich indicates that this

area is an accumulation site for both large plastics and fresh organic matter from the pelagic photic
zone or the seme edge. In the deep sea, all bottom types (accumulation and transport bottoms) occur
as they do in shallower areas, alB concentrations are thus expected to vary accordingly.

Arp et d., 2018detected between O and 3,18®@p ar t i c | e s 1 dwin sedBnen indm the g
Barents SeaVlu et al, 2019also detectetP in sediments collected in the Bering and Chul&das

and found that 6 out of 7 investigated sites were pollutedMRl{size unspecified) varying from 0

to 69 particles kg dw. It is likely thatMP concentrations in Arctic sediments are low in general with
hotspots related to specific sources or hggimamic conditions. The deeyea area around the
HAUSGARTEN observatory is special in that it receives particulates released from the melting Arctic
seaice front(Bergmann et al., 2017; Tekman et al., 20ZI)e of the areas in the Canadian Arctic
with very highMP concentrations was also located by a glagitemtington et al., 20205ea ice is
known to contain high amounts bMP released during summer melti(@bbard et al., 2014; Peeken

et al., 2018; von Friesen et al., 20280d glacier ice and snow have been shown to contain plastic
particles, likely originating from atmospheric depositi@@mbrosini et al., 2019; Bergmann et al.,
2019; Evangeliou et al., 2020)ery little is yet known about relative contributions from sesrfor

MP in coastal Arctic marine sedimen@ranberg et al2020measured/P near and far from local
pollution sources in coastal marine sediments around Sisimiut, Greenland and in Kongsfjorden
Krossfjorden, Adventfirden, and Grgnnfjorden, Svalbard. Microplastics were found at all sites, with
higher concentrations close to pollution sources. However, high concentrations were also found at
single sites classified as pristine in Greenland. Hédreparticles were ideifted as originating from
fishing gear.
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Information regarding plastic pollution in Arctic freshwater sediments is vastly lacking. One study
was conducted in Nf\lesund, Svalbard reportirgdominance of fiberéGonzéalezPleiter et al.,

2020) Luoto et al, 2019also reported oanincreasing abundance BIP in Lake Revvatnet,
Hornsund, Svalbard:he increase of MP was hypothesized to result from climate change, both
through an increase in meltwater inflow into the lake and a hjgleealence of nesting seabitditle
Auks or DovekiesAlle alle), collecting MP at sea amtéposiing them in the lake with their guano

2.34 Benefits of using sediments as a plastic monitoring matrix

Sediments are highly suitable @ monitoring because they constitute a timegrated sink for all
types of particles and aggregates including plagBositar et al., 1977; En@assola et al., 2019)
This is analogous to more established monitoring protocols for organic contanasindmistalsin the
marine environment. Shoreline sediments and beaches offer easy access-effielctivst options for
MP assessment and monitoring.

2.35 Limitations to using sediments as a plastic monitoring matrix

Whether the objective of a monitoringogram is to follow time trends or to target specific sources of
MP pollution in marine sediments, it is essential that sampling be carried out at location®®here
settle and accumulate rather than in areas with sediment erosion or transportatiomvileodan
regardingMP fate processes is still limited, which makes it difficult to pinpoint locationgrf
accumulation. Some studies show correlations betW#and sediment grain size and/or organic
matter contenfStrand et al., 2013; Vianello et al., 2013; Enders et al., 2019; Haave et al,, 2019)
whereas other studies find no such correlatidomar et al., 2016; Peng et al., 201Ih) a large

scale, metanalysis, ErniCassola et al2019showed a high general accumulatiorM® in intertidal
sediments. Deepea sediments have also been suggested as a MR ford (accordingly) the
highest concentrations ever recorded in marine sedimengsfawend in deeysea sediments from the
Fram Straif{Bergmann et al., 2017)n general, particles of various kinds, i.e., phytoplankton cells,
zooplankton faecal pellets, detritus, and fgrained mineral particlesettle in calm areas and form
soft sediment accumulation bottoms. This is where organic matter and sediment associated
contaminants accumulate and are generally monitored. Considering the characteristicsMPmany
particles, settling in this type of @& és a likely fate.

Microplastics may be incorporated in marine aggregates formed mainly by algae and (@dtaitust

al., 2018) These aggregates (often referred to as marine snow) have high sinking velocities and are
presumed to be important vehicles for the transportatiomali particles from the surface to the
bottom. Furthermore, intertidal sediments are genehagly in organic matter, and Bergmann et al.
2017found correlations betwedviP and chlorophylk concentrations (indicative of settling
phytoplankton) at their deegea site. Finding the right spot fdiP monitoring will thus require
knowledge of and/or inigil screening of the area, and preferably hydrodynamic modeling to target
calmer areas where patrticles are likely to settle.

Marine sediments are highly heterogenous when it comes to composition and abundance of benthic
fauna and flora, resulting in a higlegree of spatial and temporal patchiness. Patchiness is a factor to
consider in relation to field sampling BfP both under water and along shorelifesner et al.,

2017; GESAMP, 2019; Korez et al., 201Bpth patchiness and temporal védas inMP occurrence
become serious complicating factors due to changing environmental conditions and strong forces
acting on beachdg&isner et al., 2017)These factors are likely accentuated in the harsh Arctic
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environment. The level of patchiness will determinenthimber of replicates necessary to collect to
obtain sufficient statistical power.

2.36 Methods

There are at present no standardized protocols for monitidifhig submerged sediments. There is,
however, extensive, existing, and transferable knowledge éther sediment monitoring approaches.
Two approaches are relevant when monitoring time trenddfgoollution in sediments: (1)

recurrent sampling of the recently accumulated surface sediment layer, and (2) retrieving cores from
varved undisturbed sadent and subsequent slicing of the cores into geologically dated sections.
Geological dating can be achieved using radionuclide techniques. Number one is the most common
approach for other sedimentary parameters and will be the focus here.

Concerning sbreline and intertidal sedimentSESAMP, 2019developed guidelines fénP

monitoring, and we recommend applying these to monitdviRgn shorelines and beaches in the
Arctic. These guidelines also address obstacles arising when saipliog, e.g., rocky shores and
shores of varying geology. The methodological difference between asdd§sauntent in

underwater and shoreline sedinmegentainly concerns sample collection. The subsequent steps are
applicable for both matrices. Key points regarding sample collection of shoreline sediments will be
addressed here. For details, the reader is kindly referred @88AMP, 2019report.

Sample collection: aquatic sediments

Submerged sediment can be sampled using any type of box or cylinder corer designed to collect
sediment samples while keeping an intact, undisturbed sediment surface. The number of grabs or core
samples required to achieve a sound statistical dataset will depend on the level of contamination and
the patchiness or heterogeneity of the sediment. Low levels of contamination and high patchiness will
lead to great variation in numbers of plastic particleseneed kg dw sediment. If the number of MP

is low, the sample size must be larger, i.e., more sediment must be sampled. Individual samples from
different cores or grabs collected within the same area can be pooled to obtain a large enough
sediment sampl Pooling will also reduce the influence of sediment heterogeneity or patchiness.
Furthermore, the number of particles in a given sample volume decreases with the increasing particle
size. There will thus be more 10 um particles than 300 um particlesddiment sample. This means

that the sediment sample must be larger when aiming for$ézgd particles. Sediment samples

between 30 and 500 g wet weight (ww) have been suggested. For larger particles (> 300 um),
sediment samples larger than 500 g wglhbe needed. The number of particles in the blank

samples define the detection limit for each collected sample and MP concentrations below that of the
blanks should hence be considered as being below the detection limit. The level of contamination
must hus be monitored at all steps of sampling and sample treatment. The most informative and
sustainable way to design a sediment monitoring program with sound statistics is to gain insight into
the variation between samples collected in the area of int&rpsiver study is useful when aiming

to optimize the sampling statistics.

Only the recently accumulated sediment layer (usualycin in coastal areas) should be retrieved
from each core or grab sample. Surface sediment should be collected usingdewegainsed in
filtered MQ water (see QA/QC section) and transferred taipsed and aluminium foil covered,
lidded, and marked glass jars (see QA/QC section). Samples should be stored cold or2Bd£en (
and dark until extraction and analysis. Hdeep the recently accumulated sediment layer extends
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depends on both physical and biological conditions of the sampling area. The depositioMrte of

and the mixing depth of the particles into the sediment is affected by natural factors like cudents an
bioturbation (burying and excavation of sediment associated fauna) but also by anthropogenic
activities, e.g., trawling, dredging, and other physical disturbances resulting in resuspension events. In
areas with low sedimentation rates, e.g., in offshegéns or in lakes, the mixing depthMP may

be even less than one ¢Martin et al., 2017; Lusher et al., 2019)is thus essential to be highly

familiar with conditions at the sampling site. In areas with high sedimentation (e.g., near glacier
fronts) and/or deep bioturbated layers, sampling can be performed using calysagpler, as long

as the sediment surface is clearly distinguishable.

Sample collection: shoreline sediments

The geology of shorelines varies from wide mud flats to steep rocky shores. Methods developed for
monitoringMP on sandy beaches or mudflats are not applicable to broken coastlines with mixed
substrategMcWilliams et al., 2018; GESAMP, 201McWilliams et al, 2018found that the

presence of rocks has a great impact on the distributibtiPon Arctic beach sand and sediments

calling for a nuanced sampling strategy. Shoreline and beach sediments are commonly sampled along
a transect perpendicular to the waterfront. Along this transect, with discrete distance increments from
the waterline, replicate samples are collected by throwmeant quadrat and then retrieving the
uppermost five cm of the sediment fdP analysiS GESAMP, 2019MSFD, 2020) McWilliams et

al., 2018found thatMP were buried further into the sediment around rocks on Arctic beaches, and
Turra et al. 2014found microlitter buried down to at least twweters in sandy beaches. Based on this
knowledge, it may be useful to perform stratified sampling in which samples are collected every five
cm down to a specific depth. It is, however, unclear how depth distributidri® oh beaches should

be interpretedBecause microlitter is patchily distributed on and in shoreline and beach sediments,
replication is importantMSFD, 2020recommends collecting five replicate samples. However, as
previously described for submerged sediments, the most informative and sustainable way to design a
shoreine sediment monitoring program with sound statistics is to first gain insight into the variation
between samples. For this, a pilot study needs to be designed with the aim of optimizing statistical
power and only then the accurate number of replicatebedetermined. Other concerns related to
sediments regarding sample size, particle numbers, procedural blanks, and control samples presented
above are applicable to shoreline and beach sediments as well.

Sample treatment

Microplastic particles must begarated from the sediment matrix prior to analy=is.this purpose
several methodare appliedand a number of reviews have assessed the pros and cons of different
methodgqHidalgo-Ruz et al., 2012; RockHaantos and Duarte, 2015; V&auwenberghe et al., 2015;
Miller et al., 2017; Mai et al., 2018; Stock et al., 2008} there is still no consensus or a standardized
protocol. Instead, quality criteria for the applied method have been put foevgrdetala et al.,
2019)including procedural steps to be fulfilled. The quality criteria imply proving that the method
chosen: (1) does not harm the plastic polymers, the environment, or humans; (2) that the recovery rate
of MP particleslikely to be found in a field samplegi, particles of different polymers, different
shapes, etcshouldbetested, verified, and reported; and (3) that contamination is minimized,
controlled, and reported. Suggestions for generalized protocols include sieving, density separation,
and digesobn of the organic matrix.

Sievingsediment samples initially is useful to remove large stones and debris or to collect larger
plastic fragments. When sieving is carried iowituthere is limited contamination control. This
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approach is not adequate gmallMP (< 1 mm) and isolation steps must be performed under
laboratory conditions. Care should also be taken not to further fragment brittle particles. Procedural
controls should be introduced (see QA/QC).

Dissociation and digestioof the organic maitx can be performed using established methods
including pretreatment with detergent and/or degradation using enzymatic, oxidizing, and/or alkaline
treatments. Sodium dodecyl sulphate (SDS) or sodium lauryl sulphate (SLS) are detergents and
protein denatwants used as a primary step to release plastic particles from the organic matrix in
sediments. Organic matter degradation can be achieved using enzymes, eiti@etitaet al.,

2019; von Friesen et al., 201@)in combnation with oxidizing agentd_dder et al., 2017)

Degradation using natural pancreatic enzymes (amylase, protedsipage) has been shown to be a
simple and efficient method that is mild and rd@structive to plastic polyme(Riarulli et al., 2019;
Setéla et al., 2019; von Friesen et al., 2003her protocols use sequential enzymatic treatments,
which can be just as efficient but may require change of pH and extensive amountqdefgime

Loder et al., 2017)Oxidizing agents such as®h as a standlone digestion method require cooling
and a reduced concentration. Usingdkiwith an iron catalyst, i.e., Fent@nreagent, will speed up

the oxidization process and is therefore effective in digesting samples rich in organic matter (e.g.,
savage laden sediments) that may be challenging to digest. This procedure should be performed with
the understanding that sample loss and discoloratiMPahay occur because the reaction is highly
exothermic and even volatile, quickly reaching temperataese 100 °GHurley et al. 2018b;

Munno et al., 2018)To ensure that temperatures do match above 40 degreasd plastics start

melting, ice baths have been routinely used (e.g., Hurley et al., 2018b). Alkaline solutions, often
KOH, can be used either alone or alternatively in combination with the oxidizing agent NaOCI
(Strand and Tairova, 201Bgcause this seems to have only litthpact, if any, on most common
plastic material§Enders et al., 2017Acid digestion is sometimes proposed as a digestion method
but has been fond to damage and destroy certain polymers. The Group of Experts on the Scientific
Aspects of Marine Environmental Protection (GESAMP), an advisory body for the United Nations
system on the scientific aspects of marine environmental protection, hastigxgammmended that
acids should not be used for this purpSESAMP, 2019)

Density separatioiis used to separate heavy mineral particles from lighter plastics once the organic
matrix is degraded. Commonly used saline solutions for deregpration from sediment are zinc

(ZnCly) and sodium iodide (Nal) both with saturated solution densities above 1.85 gaafium
polytungstate (Ngd,W1.040 saturated density: 3.1 g dn and sodium chloride (NaCl, saturated

density: 1.2 g crd; see for e.g., Ng and Obbard, 2006; Claessens et al., 2013; Bergmann et al., 2017)
A less common alternative to density separation is to extrabiPheith oil-water separation

(Crichton et al., 2017; Mani et al., 2019he technique is based on the oleophilic nature of plastics,

i.e., plastics have a strong affinity for oils. A number of different devices have been designed to aid in
density separation including elutriation towétdaessens et al., 2013ressurized fluid extraction
systemgqFuler and Gautam, 2016)lensity separation toweflsnhof et al., 2012)and traditional
separation funnels. After separation, the top layer is decanted/retrieved and plastic particles collected
on filters with a desired mesh or pore size. These filters may be subjected to further chemical or
enzymatic treat@nt to remove remaining organic matter. A saline solution with a density > 1.5 g cm

is required to capture the majority P polymers, e.g., polyurethane (PU, 1.3 g®npolyvinyl

chloride (PVC, 1.4 g cr¥), and polyethylene terephthalate (PET, lcht).

Dry weight of sedimens estimated according teneral US EPA and NOAA practices. The sediment
is thoroughly homogenized atitree aliquots of approximately 1 to 2 g are collected, weighed, and
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then dried at 105 °C to a constant weight. The wefthe dried aliquot is the dry weight of the
sample. Percent moisture is determined by calculating the amount of weight lost during the drying
procedure.

2.3.7 Quality assurance/quality control (QA/QC) specific to the compartment/matrix

All methods sbuld use appropriate monitoring of procedural and airborne contamination. Quality
assurance/quality control (QA/QC) should be followed from sample collection to data reporting and
analysis. During sampling collection, efforts to prevent contaminationgheutnforced and all

steps taken to facilitate this should be clearly reported. Blanks should be carried out in the field and in
the laboratory.

Particle recovery/recovery efficiency should be tested for all methods alongside sampling. These can
includestandard reference materials, matrix spikes, and positive and negative controls (Brander et al.,
2020). It is also important to minimize the number of steps and the open exposure of the sample to
avoid contamination risks.

Data from field samples shoule ladjusted to procedural blanks. UnIbH2 particles in the blank

samples are obviously different to any particles found in the field, sample corrections should be
carried out either using blank correction or the degree to which sample values excenritstiof i

detection (3 x standard deviation, SD, of mean concentration detected in procedural blanks) or limit of
guantification (10 x SD). If the blank samples contdin particles that clearly and without any doubt

differ from any particles detected in tfield samples, these particles may be ignored. Furthermore,

the percentage of particles confirmed as plastic/synthetic/anthropogenic should be clearly reported, as
should the levels of uncertainty in data output.

Box A: Data needs/expectations.

Must have data for reporting microplastics in sediments

1 Location, including latitude and longitude

1 Date, including day, month, and year

1 Sampling method (type of box corer, cylinder corer, grab)

I Sampling depth (sea depth, m)

1 Sample size (kg, g wet weight)

1 Wet weight/dry weight relationship

I Total number of (sub)samples per site (i.e., n) and if individual samples were pooled

I Storage after sampling

1 Method for organic matter dissociation and digestion with documented impactstit plolymers

1 Method for separation with documented recovery rate of relevant polymers and size classes

1 Filter type and pore/mesh size used

1 Average (with standard deviation) numbeM® particles as determined by visual analysis reported
size categoes 501 mm a+Gd 310000 0O m

1 For each patrticle, category (i.e., fragment, pellet, fiber/line, film, foam, or other), size, shape, and

(reported in eight broad color groups) must be recorded in accordance with GESAMP (2019)

1 Polymer ID must be deteiimed and documented for at least a subset of relevant/representative pa
within the visually identified size category 10600 300 Om

Beneficial to have for all data

1 Mass ofMP (determined by, e.g., pyroly$igas chromatograplynass spectrometry, R@EC/MS, or
estimated from surface area of particles)

1 Granulometry, e.g., graisize fractions < 2nm and < 63 um

1 Sediment organic matter content (total carbon (TC)/total organic carbon (TOC))

9 Vicinity to potential sources
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2.38 Existingmonitoring for sediments/contaminants in the Arctic

Linking MP sampling to already existing monitoring programs is advantageous because other
ancillary parameters relevant gl monitoring will be measured at the same time, e.g., sediment
granulometryprganic matter content, etc. The Norwegian monitoring prograanedmho could be
suitable for linkedViP monitoring of marine sediments. It covers the northern Norwegian coastal and
offshore areas including the Barents Sea (Figueand is coordinated by the Institute of Marine
Research in collaboration with the Geological Survey of Norway and the Namigidrographic
Service. Further, the Norwegian Environment Agency facilitates a number of monitoring programs
focusing on environmental contaminants in sediments, has{j2@2{Liested the inclusion bfP, and

it is currently out to tender. The Germanr&tl Wegner Institute (AWI) regularly visits the desga
observatory HAUSGARTEN in the Fram Strait. Here sediments are sampled for various scientific
purposes includinyyIP pollution. Whether there are any other ongoing Arctic monitoring programs
that conthuously sample sediment is unclear.

2.39 Recommendations

1 Sediment should be collected where particles are likely to settle, i.e., on accumulation
bottoms and not on transport or erosion bottoms.

1 Do not apply temperatures above 40 °C to the samplesy dinae of preparation. Above this
temperature, polymers like rayon lose their tenacity and the structure is modified.

1 Test all methods for extraction efficiencies and harmfulness to plastic polymers in
laboratories before use.

1 All digestive agents muselprepared and filtered through filters with a smaller pore size than
the lowest desired particle detection limit of the sample to remove impurities and to prevent
the introduction of contamination into samples.

9 Salt solutions for density separation mistprepared and filtered through filters with a
smaller pore size than the lowest desired particle detection limit of the sample to remove
impurities and to prevent the introduction of contamination into samples.

1 A solution with a density of 1.6 g chis recommended for separation to enable comparison
between studies. Nal is identified as the most suitable density separation solution in terms of
hazards, extraction efficiency, and recyclability. Other extraction solutions can be used as
long as they reach density of 1.6 g crhand are similar or better regarding the selected
quality criteria.

1 Repeated extraction is recommended, and samples should be thoroughly mixed following the
addition of salt solutions (Hurley et al., 2018b). The number of reesatsficient when
particle numbers retrieved are no higher than background levels.

9 Flotation as a method for particle separation should not be performed on small size fractions
where bubbles may interfere with the flotation process; however, flotatiomensyitable for
large size fractionfNguyen ¢ al., 2019)

9 Itis advisable to use a laminar air flow bench or similar when samples are exposed to air.

9 Procedural controls are extremely important for all steps of the sample preparation procedure,
i.e., sampling, transport, digestion, extractiang &ltration (Brander et al., 2020).
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2.310 Research gaps

There is still a lack of data and information regardifgfate and patchiness in sediments, which

makes it difficult to provide solid advice on the number of replicates required to support robust
statistical analyses. When setting up a monitoring program, it will therefore be important to first
investigate the ydrodynamics of the area and identify accumulation zones and patchiness of sediment
associated/P.

Due to the lack of established methodology, it is not possible to advike monitoring ofMP
particles smaller than 300 um. This lower size limit is thus not based on ecological or
ecotoxicological relevance. There is a great desire to be able to routinely sample much\ialler
and even nanoplastic fractions.

Table 2.6 Summary of monitoring aneksearch recommendations for litter and microplastics
monitoring in Arctic sediments.

15t level (must do) 2" level (should do/develop)
Monitoring - Visual analysis of microlitter | Point source studies.
content including categories fq¢ -  Visual analysis and polymer
shapes and color in surface IDof microlit
sediments fron accumulation 100 pm.

bottoms. All microlitter should
be monitored and reported in
size categories 300 giml mm
and 15 mm.

- Analysis on polymer ID of a
selection of relevant microlitte
particles O 3¢

Research - Automated analysis on polymeé
ID of microlitter < 100 pm.

- Determination of deposition
areas andIP fate processes.

- Massbased units foMP
contents.

- Strategies for sampling
shoreline and beach sediment
for MP analysis.

Table 27 Summary rationale for recommendations, including estimated costs for implementing
programs: 0 already in place; $relatively inexpensive becausésynergy withother projects but

needto have some additional capacity;-$ither networks and capacity will need to be developed;

$$$- development of sampling networks, processing capacity, and reporting all need to be developed.

Recommendation Program Rationale
Cost

Surface sediments analyzed for all | $$ Monitoring programs are already in place for
microlitter part sediments regardingoputants, trophic status, and
- Useful for monitoring, in biota, making it easy to include sampling fdP. The

alignment with OSPAR, MSFD. main cost involves processing and analysis of sam
- Accumulation bottoms are which can be quite costly.

temporal records of plastic

pollution.
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Figure 2.2 Map of existing and proposed sampling sitesM@ in marine sediments within the
AMAP region. Existing sampling sites refer to sites where there are dM® concentrations in

sediments. The HAUSGARTEN underwater observatory regularly visited by Gévfnat \Wegner

Institute cruises is not marked on the map.
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2.4 Terrestrialsoils

AUTHORS: JESSE VERMAIREAND AMY L. LUSHER
2.4.1Introduction

Plastic pollution is present in terrestrial soils but in comparison to other abiotic and biotic
compartmentgelatively little research has been carried out on micropta@ié)pollution in soils
(reviewed by Blasing and Amelung018; Warg et al, 2020; Zhang et gl2020). This lack of
research is particularly true for the Arctic where, at the time of writing, nerpewed studies
exisiedfor MP pollution in terrestrial soils in Arctic environments. Therefore, much ofstitition
focuses on the findings of plastic pollution research in terrestrial soils in other environments
However,MP pollution in soils, as a wholeemains highly understudie®mpared to other abiotic
and biotic compartments (Wang et 2020).

Microplastic polutionin terrestrial soils may occur through a variety of pathways including sewage
sludge applications (Corradini et,&019), biotic vectors (Provencher et aD18), the breakdown of
plastics used in agriculture (Piehl et al., 2088 (longrange)atmospheric deposition (Allen et al.
2019), among other pathways. However, no datislBiin terrestrial Arctic soils exist. The mobility

of MP in soils, both vertically along a soil depth profile and horizontally along the soil spigaati

an aredhat requires further research (Wang et2020), however, it has been estimated that upwards
of 99% ofMP applied to agricultural fields from sewage sludge likely enter aquatic environments
through erosion and surface runoff (Crossman g2@20). Ths mobility of MP in terrestrial soils has
not been studied in Arctic environments and may be very different than what has been reported in
temperate agricultural systems for numerous reasons including the presence of peufifédrivgj,
vegetation coveand land manageent practices. Therefore, theraigreat need to understand the
presence, concentration, composition, and fad®fn Arctic soils to obtain a clearer overview of

MP compartments and plastic cycling in the Arctic. Furthermore, we know little of teatzd
degradation oMP in soils and how terrestrial soils potentially link the atmospheric and aquatic pools
of MP.

There is limited data on the potential impkt® have on terrestrial environments and no research in
Arctic environmentsvheresoil canditions and fauna can differ greatly from more southern regions.
Recent studies in more southern environments have shown some impdetgrefiewed by Guo et
al., 2020) in soils on biota including earthworms (Zhu et24118; Wang et g12019), snail§Song et
al., 2019) and crops (Qi et l2018; de Souza Machado et 2019). Microplastics in soils have also
been noted to change soil enzymes (de Souza Machado2ét18l) and microbial biomass (Awet et
al., 2018). Further research is requiredwieer, to understand what impacts, if alR pollution is
having on soil ecosystems (Guo ef 2020; Wang et al2020), particularly in Arctic environments
where no data yet exist.

Monitoring MP in terrestrial soils in the Arctic would provide infortiza on the current abundance
and spatial distribution d¥1P pollution in soils and over time provide data on kiagn trends in

plastic pollution in the Arctic. These data would be useful in teasing apastdagg versus local
sources of plastic pollign to the Arctic and provide information on a key compartment and potential
cycling of plastic pollution in Arctic environments.
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2.4.2EXxisting monitoring frameworks for microplastics in terrestrial soils

At present therareno standardized protocols ftire monitoring ofMP in terrestrial soils (Qi et al.

2020; Wang et 812020; Xu et al.2020).Because othe paucity of research on plastic pollution in
terrestrial soilglittle information is available on best practides monitoring plastic pollution in

soils, including in Arctic environments (Blasing and Amelu2@18; Wang et g§12020).

Methodologyfor samplingMP in soils is driven largely by the research question at hand including the
depth of sampling and the quantity of soil sampled (Méller e2@20; Zhou et al2020) General
recommendations typically suggest following similar procedures to aquatic seslifmewever, more
research is required to ensure that the optimal protocols are put in place for monitoring plastic
pollution in terrestrial soils in the Arctic. It is anticipated that more formal protocols for monitoring
MP in soils will be developed ovehe coming years as research grows in this area. Below we provide
some basic guidance for monitorimP in soils based on the available literature.

2.4.3Sampling

Although standardized sampling methods have yet to be developed for moré&ingsadls, it is

still important that reliable information on sample collection, processing, and plastic identification
methodologies are provided to allow for comparison between sampling sites and to build the
knowledge required to develop methodologies for ibooing programs. Box A outlines both the must
have data for reportinglP concentrations in soils and the beneficial to have data.

Box A: Information needs for reporting microplastics in soils

Must have data for reporting microplastics in soils

1 Samplinglocation, including latitude and longitude

1 Date including day, month, and year

1 Description of ground cover including estimates of percent vegetation cover and vegetat]

type

Description of soil type preferably using a formal soil classification system

Sampling method (e.gsoil corer, shovel)

Surface area sampled

Depth of soil sampled

Wet weight of sample

Dry weight of sample

Storage of sample (sample container) and conditions after samplingt@ed in fridge)

Method of organic mattaemoval

Sieve size used for coarse and fine sieving

Method of density separation

Average number d¥IP particles (with standard deviation) determined through visual analy

reported in size categories ®1 mm and 100003 00 & m

I For each plastic partielidentify the category (e,diber, film, foam, fragment), size class,
shape, and color (reportedaightbroad color groups)

Beneficial to have data for reporting microplastics in soils

1 Soil organic matter content (determined tholggson-ignition or similar)

1 Particle size distribution of soils

1 Polymer identification

= =4 -4 8 48 -8 8 _—a -2 92 -9
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2.44 Quality assurance/quality contr@A/QC) for microplastics in terrestrial soils

Providing recommendations on the quality assurance/quality control (QA/QGYglfor

monitoringMP in terrestrial soils is limited by the lack of research in this area, however, it is prudent
to follow key QA/QC procedures froMP sampling in other abiotic compartments. Key QA/QC
procedures are the use of both field and laboyditanks (controls) to estimate potential background
contamination oMP when sampling in the field and processing samples in the laboratory.
Furthermore, to reduce the potential for contaminatids recommended that samples remain

covered as much assgsible in the field and laboratond work with samples in the laboratory take
place in a clean room or under a clean hood. Importantly, due to a lack of data on the concentration
and variability ofMP in soils in the Arcticguidance on the sample siand number of replicates
needed to providareliable estimate of plastic pollution cannot be made at this time. This is an
important areén whichfurther research is required.

2.4.5Recommendations for monitoring microplastics in soils

Given theunknowns around standardized methodolqdi#2 concentrationsand variability in Arctic
soils it is difficult to make recommendations on establishing an effective monitoring prograui for
in Arctic soils at this time (Tabl2.8). There are opportuniti¢e collect welldocumented soil
samples from existing (or futur®P monitoring sites, at minimal costghich could help establish
future recommendatiafor MP monitoring in Arctic soilsTo date no research has been conducted
on MP in Arctic soils thereforethere is ample opportunity for research to fill important knowledge
gaps on the presence, transport, and faldPin Arctic soils as well as what impact if any thelgi
are having on terrestrial ecosystems (T&b8p.

Table 2.8 Summary of mnitoring and research recommendations for soils

18t level (must do) 2" level (should do)

Monitoring None at this time Establish soil monitoring location,
in regions where other
contaminants monitoring is takin
place ($)

Research Study the concentration and Impacts ofMP on Arctic soil
variability of MP in Arctic soils fauna ($$$)

(%)

Impact ofMP on Arctic
Examine the possible vertical vegetation ($$3$)
transport oMP through the soil
column and how permafrost alter] Impact ofMP on Arctic soil
this relationship ($$) processes and geochemistry ($$

Research how vegetation cover
altersMP concentration in soils
($9)

Transfer ofMP from soils to
aquatic environments through
erosion and permafrost melt ($$9

Study potential degradation bfP
in soils ($$$)
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2.4.6Conclusions

Microplastics in soils is an undeesearched area, particularly in the Arctic where no research yet
exists. Nevertheless, soils are a critical component of Arctic ecosystems and onefhidlyis
changing in the face of climate change. Furthermore, soils are a large abiotic compartment in the
Arctic and if we want to understand the cycling of plastic contamination in the astimportant to
monitor this component. Research in thisaaeedeveloping rapidly and it is likely that sufficient
evidence will be available shortly to make more robust recommendations on potential monitoring
programs.
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2.51ce and snow (from lakes and rivegéacier cores, sea ice)

AUTHORS: ILKA PEEKEN MARIA E. GRANBERG, ALESSIO GOMIERO, INGEBORG HALLANGERND KERSTIN
MAGNUSSON

2.51 Introduction

Both sea ice and snow in the Arctic are highly polluted with microplastics (MP; Obbard et al., 2014;
Peeken et al., 2018a; Bergmann et al., 2019; Kanhai et al., 2020; von Friesen et al., 2020). Sea ice
sequesterMP from the atmosphere (Bergmann et al120Allen et al., 2020) and from the

underlying seawater and acts as a tempaiayand transport vehicle MP pollution (Peeken et al.,
2018a, Kanhai et al., 2020). Given the marked reduction in age, thickness, and extent of the Arctic
seaice coverin recent decades (Polyakov et al., 2012; Stroeve et al., 2012), it is likely that this
sequestereP will be increasingly released into the pelagic Arctic andArdtic systems.

2.52 Status of global science

AlthoughMP have reached both polar reg#o(Isobe et al., 2017; Waller et al., 2017; Peeken et al.,
2018b; PAME, 2019), so far, detailed studie$A&f have mainly been reported for Arctic sea ice and
snow (Obbard et al., 2014; Peeken et al., 2018a; Bergmann et al., 2019; Kanhai et al., 2020; von
Friesen et al., 2020). Currently nothing is known about the plastic pollution of other components of
the cryosphere, for example, Arctic lakes or glaciers (PAME, 2019). However, it is knowfRthat
deposited in alpine glaciers have concentrations comlgai@those found in European marine and
coastal sediments (Ambrosini et al., 2019) and thus it can be anticipated they might also be found in
Arctic glaciers. A high atmospheric input for Arctic sea ice was also claimed by Geilfus et al. (2019),
who did ind, near their university campuhrough an open seee tank experiment, high

concentrations dfAP in the top layer of the ice. However, in situ-$eacores taken from the Baltic

Sea using the same method did not corroborate these results. THhiisdésaith observations of

Arctic seaice cores lacking high concentrations® at the surface (Peeken et al., 2018a; Kanhai et
al., 2020). However, Bergmann et al. (2019) did find comparable high concentratdRsrofArctic

snow, but with a very patghdistribution. In general, it seems to be difficult to assess the role of snow
in the deposition of plastic on sea ice because the history of the lain snow is difficult to identify.
Another source foMP accumulation on sea ice might be sea spray, whishrécently been reported

to have high concentrations P (Allen et al., 2020) and might be a not yet accounted for source of
MP in sea ice.

A recent study by von Friesen et, @020 further showed higher concentrations of anthropogenic
microparticles close to wastewater outlets and in the marginaicgezone. Currently, over four

million people live in the Arctic (Heleniak and Bogoyavlensky, 2014) and most have no proper waste
management or wastewater treatment. Thus, plastic debris from opensedxpaste disposal sites
andMP from treated and untreated wastewater enter the marine environment continuously
(Magnusson et al., 2016; Gomiero, 2019; Granberg et al., 2019) and could be a local souree for sea
ice contamination. Other loc®P pollution sources in the Arctic are related to shipping, fisheries,

and tourism, particularly cruise ships (PAME, 2019). Typical polymers from activities like

varnishing, e.g., polyamide and polyethylene, were traced as veryMpallArctic sea ice (Pde&n

et al., 2018a).

In the Arctic, particular riverine input &P might be an important source, but has so far not been
investigated (PAME, 2019). Large fractions of Arctic sea ice grow on the shallow shelves, where
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riverine tracers are incorporated into the sea ice (e.g., Laukert et al., 2017), and patentid

riverine origin can easily be transported far from their sources even in the Fram Strait (Peeken et al.,
2018a; Teckmann et al., 2020). Given 11 % of the global riverine discharge enters the Arctic Ocean
(Fichot et al., 2013), Russian and Canadian river§kaaly to constitute important local pathways for
sources oMP to the Arctic Ocean and the sea ice.

Microplastics are also transported to the Arctic by air and ocean currents from distant sources (Lusher
et al., 2015; Bergmann et al., 2019). Peekeal.£2018a showed that various ocean currents have a
uniqueMP composition imprint and the drifting sea ice thus is a local temporal sink and a

redistributor ofMP in the Central Arctic. Once they enter the major outflow gateways of the Arctic,

MP are likdy released in the marginal ice zone (MIZ; Obbard et al., 2014; Peeken et al., 2018a; von
Friesen et al., 2020). DepositionMP from the MIZ into deefsea sediments was proposed by

Bergmann et al2017 at the northern HAUSGARTEN site in the Fram Stwdiich was further
corroborated by a study from Teckmann et2020 modeling the pathways MiP in the water

column found in the Fram Strait. However, the ultimate fatdPfeleased from sea ice at the MIZ

has not been investigated.

2.53 Trends to dte

Microplastics compete with seéee algae when colonizing the sea ice (Hoffmann et al., 2020). Thus,

it is important to understand the roleMP in sea ice; however, more studies are needed to describe
trends inMP pollution. The four previous studies Arctic sea ice show differences regarding the
contamination concentrations (Obbard et al., 2014; Peeken et al., 2018a; Kanhai et al., 2020; von
Friesen et al., 2020), however they are not comparable because of the different methods used and
sizes repded. Methodology also differs between the investigations, which affects the final data
obtained. When focusing only on humbers of particles, the concentrafiti® wbuld have increased
dramatically between cores taken around 2005 (Obbard et al., 2014) gradrs later (Peeken et al.,
2018a). However, a new study focusing again on visible particles showed similarly low numbers,
more comparable to the first study (Obbard et al., 2014; Kanhai et al., 2020). Most particles found in
the Peeken et ak018a tudy, using UFTIR, were particles below 50 um, which are overlooked with
the visible observations, and explains the main differences between the studies (for detailed method
comparison eeSection 4.3).

To date, there are no pamctic observations oMP in sea ice that would allow researchers to
distinguish between the Atlantic and the Pacific inflow into the Arctic. Most sea ice of the European
Arctic margin is influenced by drift ice formed on the Siberian shelves via the Transpolar Drift
(Serreze etla 1989), which is due to the offshore winds producing large polynyas, considered the
main ice factory in the Arctic (Reimnitz et al., 1994). During its growth, the ice incorporates particles
from the underlying water. However, currently there are nostedies on multiyear sea ice, which
might have gone through several thawing/freezing life cycles. The interpretatitih erfitrapment

during these different life stages might get difficult and would require more research.
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2.54 Benefits

The main benefit to studying first and second year sea ice is that it could easily be incorporated into
ongoing sedace research programs, which would only require that more ice cores be drilled for the

MP analysis. Because the patrticles are trapped isghiee matrix, all precautions to avoid any
contamination can be done in a specially equipped laboratory prior to analyzing the samples. Thus, no
special training for people working in the field is needed. The study of sea ice provides important
advantags in assessing global warming and Arctic ecological sustainability associaté&dRvith

because it will shed some light on pollutants associated with the MP (e.g., chemical additives) that
might accumulate on the surface of the Arctic Ocean. It would fuaitev the study of feedback
mechanisms, e.g., due to enhanced melting caused by the increase of btaajiniaéng MPs and

could help to understand the role of MP in biogeochemical cycles of the Arctic Ocean.

Another benefit to studying sea ice wiblie the accumulation MP particles in the sea ice

compared to oceanic water samples. By applying the backtracking approach of the sampled sea ice,
the general origin and drift path of the sea ice can be retraced (Krumpen et al., 2016), thus allowing
thedistinction of various sources for the contamination. Evertice samples that were taken

proximal to each other can have a differentiseaorigin. By combining the backtracking withDL

seaice growth models, it is possible to elucidate the sourgiemeof the sampled ice and also the
location at which different types of polymers were imbedded into the sea ice (Pfirman et al., 2004;
Peeken et al., 2018a).

2.55 Limitations

It is currently unknown how representative the sampling of individualscsrfor an entire floe or

region. Particularly in regions where the ice is quite dynamic, it can be extremely difficult to achieve a
proper sampling site. Because pack ice is a moving targettorgaar changes might be an effect of
various sedce origins rather than changesMP pollution. In addition, the season of sampled ice has

a large influence on the sampling because in the summer, the ice floes are subject to deformation that
is more dynamic across a given sampling area, whereas a denseficanthe spring reduces this

impact (Renner et al., 2014). Thus, lgadt ice might be a more reliable environment to momtBr
accumulation. However, given the backtracking approach, by regularly monitoring pack ice we could
gather data to distingiiighe impact of release BP at outflow gateways of the Arctic from other
sources, and thus elucidate general pathwaPoéntry and release in the Arctic (Peeken et al.,

2018a).

So far, only four studies on Arctic s&z research have been carried aod thus, we are still lacking
the measures on how to properly treat samples in the field and in the laboratory.

Unlike ice, snow cannot be tracked back to an individual ice floe and thidRwngntamination of
snow should be studied with wet depasitsamplers at locations where all other variables for
atmospheric input are also monitored. Deformed snow in its compressed form, which is found on
glaciers, would not be an ideal monitoring subject, but could be used for the assessment of the
temporal inpact ofMP on various remote areas and could further improve the estimates of
atmospheric input. However, glacier sampling would also involve another set of methods to
accurately estimate accumulation rates of the snow, which can vary a lot from year (fdoagkins

et al., 2005).
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Through their oftermassive watersheds and the variation in their annual release to marine waters,
rivers play a crucial role in the overall freshwater budget of the Arctic. For parts of the year, the rivers
are frozenwhich would allow for some regular sampling during the winter period. However, it is yet

to be determined whether large volume pump samples or frozen samples would produce the best
samples to monitor this environment.

In summary, little information is aiutable for the Arctic cryosphere and thus current
recommendations will change as the field progresses.

2.56 Methods

Sampling of Arctic sedce cores

Sampling is preferably carried out annually in the spring in theAsatic and lower Arctic regions

ard in the summer in the higher Arctic, when remote areas are more accessible. Sampling should be
performed using traditional coring techniques, such as Kovacs 9 cm diameter corer (Kovacs,
Enterprise, Roseburg, USA) used by, e.g., Obbard,&0dl4 and Pden et al.2018a. The snow

should be removed before drilling the dea cores. To prevent contamination with fibers from

gloves, it is recommended to use colored Nitrile gloves during drilling. To make the process feasible
for non MP experts, one way tstore the samples is in plastic bags (e.g., polyethylene tube films
(LDPE) by Rische and Herfurth). Metal containers are also appropriate; and all cores should be stored
at-20 °C prior to analysis. If possible, replicates should be taken, and monjtooigrgms

particularly interested in mass (weighigdsed budget of MPs in sea ice might want to collect a large
number of ice cores to account for the more randomly distributed large particles. Additional ice cores
from the same ice sheet should be coligéttedetermine the biogeochemistry and history of the
sampled seaice.

Microplastics sample preparation

To prevent contamination of samples, handling and processing tieessaes should be conducted

under a clean bench or in a clean room. To exciadeple contamination from field sampling,
transport, and storage, the surface of the ice c
the core. Depending on the monitoring purpose, entire cores or individual sections should be melted in
glass ars prior to filtration. The sectioning of the cores prior to melting is dependent on the results
provided by the auxiliary parameters. Usually, the bottom section could be 5 cm and other sectioning
should not go below 20 cm when using a standard Kovans @ameter corer. The melted sea ice

should be filtered and subjectedMi® investigations. Currently, no standard methods are agreed upon
and further details for visual inspection followed by FTIR can be found in Kanhaj 2020,

whereas the detaifer UFTIR analyses, including very small particles (< 50 um), are given in Peeken

et al, 2018a. Given the high concentrations of very small particles in sea ice, studies of very small

MP particles or even nanoplastic particles are highly recommended to study plastic contamination in
this biome.

Blank test

So far, no standard applications P measurements in séze cores have been established,
therefore, best practices of other negsd should be applied. This involves a blank in the field (e.qg.,
by placing open Petri dishes with wet tissues in the area of the coring site), blank samples during
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sample preparation in the laboratory, and blank samples of the storage bags. Once thetgdrasnu
agreed upon standards, this document can be updated.

2.5.7Plastic identification

Given the high number of small particles in sea ice, observations with UFTIR microscopes (imaging
FTIR) should be the preferred identification method/éfin seaice. Other identification methods
involve Raman microscope (imaging Raman) or thermal degradagtmds gyr-GC/MS). Details

about the quantification and identification within each method are givéection4.3.

2.58 Existing monitoring for populans/contaminants in the Arctic

As of today, there are no official monitoring sites of sea ice (PAME, 2019). Monitoring could be
implemented at the various panctic research stations (Figu2e3) by collecting extra corder MP.

Current regular seige sampling occurs in the Hudson Bay, near Cambridge Bay, and in Northern
Baffin Bay. Another targeted area could be NE Greenland in the outflow of sea ice from the Arctic
Ocean. At Young Sound (Daneborg/Zackenberg stations 74° N), it is possible todrétiegt sea

ice during the summer months. The ice outside the fjord represents a mixture of ice exported from the
Arctic Ocean. In addition, regular sampling campaigns like the ones occurring in Fram Strait (FRAM
pollution observatory) could monitor tlweitflow of Arctic sea ice. Also, selected fjords on Svalbard

or reoccurring Central Arctic cruises done by several nations could include additicicd seee

sampling forMP.

B Existing sampling sites
® Proposed sampling sites
—— Poposed sampling areas |
AMAP Region ‘

0 700 1,400 2,800
— —— T

Figure 2.3Map of potential monitoring sites for s&2 coring at existingesearch stations or
recurring research campaigns.
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2.59 Suggestioafor future activities/knowledge gaps

Microplastic pollution of se#ce cores is still in the exploration phase and therefore it is
recommended that regular sea sampling be accompanied by additiad& sampling. This should
involve seaice cores with several replicates per station at thie inflow and outflow gateways of

the Arctic as well as on major drift paths, such as the Transpolar Drift or the Beaufort Gyre. In
addition, lanefast ice areas, e.g., Alert or sites in Greenland, could be target areas to increase future
monitoring sitesLandfast ice will be of particular value to monitor local contamination sources.

Given that only four studies fddP in Arctic sea ice exist, it can be anticipated that theymas

sampling of sea ice, under ice water, andisedauna during the international epear drift study,
MOSAIC, will improve our understanding of plastic pollution in sea ice and the adjzeadaitdats.

This unique data set might also give new insights about the value of monitoring sea ice in the Arctic.
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Table 2.9 Summary of monitoring and research recommendations faceamres.

1%t level (must do) 2" Jevel (should do)

Monitoring - Use opportunistic sites to collect sea

cores forMP

Must have data

- Location

- Date

- Collection method

- Temperature and salinity of cores

- Ancillary biological data, such as
biomass

- Seaice type and section along the ice
core

- Polymer types andoncentrations,
sizes, and shapes

Nice to have for all data

- Backtracking of sedéce cores

- Polymer weight

- Particle color

- 1-D model of polymer types

Research Study under ice water Improve the understanding of sea ice as
together with se&e sink and transport vehicle fédfP pollution
cores in the Arctic

Perform experiments to
understand entrainment ¢
MP particles into sea ice
Study impact on sei@e
biota

Table 210 Summary rationale for recommendations, including estimated costs for implementing
programs: G already in place, $relativelyinexpensivebecaus®f synergy withother projects but

needs to have some additional capacity; &#her networks and capagciwill need to be developed;

$$3$- development of sampling networks, processing capacity, and reporting all need to be developed.

Recommendation Program Rationale
Cost
Sea ice analyzed foAP particles | $$ Monitoring programs currently not in place for
mainly < 300 um seaice cores, but regular sampling of sea ice
- Useful for monitoring, in could include sampling fdvIP. The main cost
alignment with atmospheric involves processing and analyses of slasp
input which can be quite costly thus tvdwllar signs
- Understand the role of
sources and sinks
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2.6 Litter on Arctic and sutArctic shorelines

AUTHORS: JAKOBSTRAND, LOUISE FELD, PETER MURPHY, MAX LIBOIRON, AND BJZRN EINAR GR@SVIK
2.61 Introduction

Monitoring of marine macrolitter, often also called marine debris, on shorelines is a widely used
environmental indicator. It provides data for spatial and teatp@sessments, such as amounts,
composition, and pathways. Potentially, monitoring can also provide data on the risk of harmful
effects of litter mainly in marine environments, and likely it could also be applied to larger freshwater
systems. This informion can also be used to identify important litter sources and thereby relevant
actions for effective mitigating measures and to evaluate the effectiveness of existing legislation and
regulations.

Litter is defined as any persistent, manufactured, orgssed solid material directly or indirectly,
intentionally or unintentionally, discarded, disposed of, abandoned, or lost in the marine and coastal
environments. This also includes marine litter entering the marine environment via rivers, sewage
outlets, sorm-water outlets, or winds (OSPAR, 2010; Opfer et al., 2012). Macrolitter surveys on
shorelines are looking for items larger than 2.5 cm. However, some types of smaller mesoplastic
particles within the size range of2b mm, such as industrial pellet#ferent specific small items, as

well as fragments, can in some cases also be registered during surveys, although not always in the
same quantitative manner. Microplastib#) can also be monitored on shorelines butSeetion2.3

for a more detailed deription of those methods.

The shoreline is the interface between land and sea and is an important compartment for monitoring
(GESAMP, 2019), because it is:

(i) where marine litter is often present in larger quantities;
(ii) often closer tdand-based sources; and,
(iif) most accessible.

As a result, shorelines are typically the first environmental compartment considered for quantifying
marine litter.

2.62 Status of global science

Many countries across different continents have impleatemonitoring programs for marine litter

on shorelines. Coordination of these programs occurs at different organizational levels through
frameworks such as the European Marine Strategy Framework Directive, the US NOAA Marine
Debris Program, and by regiorsada conventions. ThHeroup of Experts on Scientific Aspects of

Marine Environmental Protectidras also published suggested guidelines for the monitoring and
assessment of plastic litter aNdP in the ocean (GESAMP, 2019). In addition, efforts are ongiming
harmonize surveys and obtain data on marine litter pollution that are comparable at larger scales. This
implies that the larger frameworks for monitoring marine litter on shorelines are relatively
standardized, but that some national and regionaltiarien protocols exist. These shoreline

monitoring activities, relevant at both spatial and temporal scales, are necessary to assess if there are
changes in conditions that need to be addressed through management or policy. This could, for
instance, invole implementation or adjustments to local, national, or regional action plans to reduce
plastic pollution.
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In different parts of the Arctic, some knowledge of amounts, distribution, composition, and sources of
marine litter on shorelines already existd, this knowledge is relatively fragmented and to a large
extent based on nesoordinated efforts. The information gathered comes from surveys carried out by
researchers, environmental institutions, or dedicated ci@ence communities according to \oars
standardized monitoring protocols, from assessments of litter items collected by volunteers, or from
coastal cleatup campaigns. Using existing monitoring frameworks will be advantageous for time
series consistency and data comparability, however tane existing frameworks can also be
challenging to further harmonization and more detailed comparisons because of data generated with
different monitoring methods.

2.6.3 Trends to date

The experience and results collected from Arattvities on marine litter assessments are reviewed

in the recent desktop study by PAMED19. The study concludes that the availability of data still
represents an insufficiency in numbers, timeline, geographical coverage, and comparability of surveys
to determine trends in amounts, distribution, and composition of shoreline litter in Arctic areas. Being
able to assess trends for marine litter on Arctic shorelines requires the establishment of a more
coordinated monitoring effort, which should compriseencomparable standardized surveys carried

out throughout the Arctic as performed within other Regional Seas Conventions, e.g., OSPAR and
HELCOM.

2.64 Pros and cons of monitoring

Benefits

Litter on shorelines can give a good indication of sourcesnsrignd pathways of plastics and other
types of litter in the environment because identification of (macro) litter items larger than 2.5 cm is
relatively easy compared to, e.gnalyzing micreand mesolitter particleslowever, some

identifiable items \ith sizes below 2.5 cm like cigarette butts and small lids can still be recorded
according to protocoldn addition, shorelines are present in all geographic areas, and data can be
collected with relatively both timefficient and coseffective effortsHence, surveys do not require
expensive laboratory equipment and can also be performed bgcademic personnel following

basic instructions and quality assessment/quality control (QA/QC) procedures.

Limitations

Arctic shorelines are oftdocated in remote areas that are difficult to access because of infrastructure
and the rugged nature of the landscape. In some regions;lideashorelines do not exist, but

instead the shorelines are comprised of rocks and pebbles. Morphology ohsisacah therefore

vary and affect surveys. Moreover, the shorelines can be covered by ice and snow during long periods
of the year, thus preventing survey activities.

Different monitoring protocols are currently applied (e.g., OSPAR and NOAA MDMAP midtoc
which can be challenging or can require additional effort when combining data for circumpolar
assessments. In addition, not all Arctic relevant litter items may currently be included in the existing
items lists.
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2.65 Methods

Monitoring strategy

The Arctic area is characterized by a low population density, a less developed infrastructure, and

harsh climatic conditions. These special conditions call for particular attention in the design and
establishment of shoreline marine litteonitoring progrens for the Arctic. Some shoreline litter

surveys have been conducted in different Arctic regions using the internationally recommended

OSPAR (OSPAR, 2010) or NOAA (Opfer et al., 2012) protocols, although often with some

modifications. In the NOAA guidelie, only data generated for the @
all litter items on the full shoreline segment are removed, generate data similar to data generated using

t he OSPAR gui delsitnoecsk. sTthued ifiesstdoa nidni ntgh e fohv@néd gui de
litter left on the shoreline and not collected. This type of survey poses challenges for a wider pan

Arctic survey strategy because it would complicate data comparisons. These different monitoring
strategies are also outlined in GESANP19.

Advantages and limitations for the adaptation of predetermined criteria in the OSPAR and NOAA
monitoring guidelines, along with other relevant criteria, are considered with regard to
implementation in an Arctic monitoring strategy (Tabl&1). These inclde:

1 the shoreline typography and location of the shoreline (e.g., urban/populated vs.
reference/remote),

1 survey frequencies and the importance of continuity in monitoring surveys on selected

shorelines,

the expertise of the monitoring personnel,

categoies used for the registration of the different predefined litter items,

units for reporting data, and

the quality assurance of the surveys.

=A =4 =4 =4

These criteria can be important for data comparison in wider regional assessments of shoreline litter in
the Arctic.

In addition it is important that full survey unit of the shoreline, preferably 100 m, is surveyed, i.e.
from the waterdés edge to the back of the beach,
zone to dunes, vegetation, rockt., sathatlitter accumulatediuringmore extreme weather event

are recorded. For continuous monitoring effd@BS reference points must be used to ensure that

exactly the same survey site is monitored during each survey
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Table 2.11 Summary of monitoring strategy with regard to recommended criteria for selection and
conduction of marine litter surveys on Arcticosglines.

Coastal morphology Beachlike shoreline with sand, gravel, pebbles, or stones of differ
sizes, but not shorelines with cliffs. Preferably with clear depositiqg
washup lines from both normal tidal conditions as well as more
extreme weathegzonditions.

Length of survey segmen 100 m defined by start and end GPS positions, but shorter segme
low as 50 m can be accepted, if limited by rocky shores.

Type of shorelines Reference shorelines located in remote areas, preferably at an ot
coastline (not inner fjords) and pointing toward the open sea.
Locally impacted shorelines, e.g., from urban activities.

Definition of survey area | From the waterline to the back of the beach including the zone
deposited during higlvater levelscaused by stormier conditions.
Slippery areas due to settlement of, e.g., bladderwrack on stones
below the normal waterline in the tidal zone can be excluded bec
of unsafe conditions for litter collection. A consistent andwell
defined survey area dfi¢ shoreline should be identified for tempor

monitoring.
Accessibility and survey | The coastline should be accessible from land or by a boat.
frequency At least 12 seasonal surveys can be performed per year per local

i.e., summer (Mayluly) and/omautumn (Augustctober).

Collection and registratio] All man-made litter items sized > 2.5 cm should be collected and
of litter items identified according to types of litter described in either the NOAA
OSPAR guidelines.
Removal of litter items | Shout be accessible for ease of marine litter removal. Larger litte
items might be moved inland away from the shoreline, if team is 1
able to transport these items to an appropriate waste disposal sitg
the items are not registered again during the siextey. ltems too

|l arge to move should be marke
registered again.

Selection of survey locations

The first criterium for the selection of a survey location is the coastal morphology.-Beach

shorelines, to a largexent, receive marine litter and other debris washed ashore from the sea and are
easier and safer to thoroughly examine than rocky shores. However, in many parts of the Arctic, the
shorelines will be dominated by rocks and cliffs, and bdikehcoastal sgments dominated by

pebbles or differensized stones will only occur in smaller, bidlge environments. The occurrence of
sandy beaches, which are often preferred for international beach litter monitoring programs, are
scarcer in the Arctic, although inme areas they do occur, e.g., in Alaska. In addition, these-beach
like segments are often limited by rocky shores and therefore not always a full 100 m in length.
Therefore, shorter shoreline segments should be accepted for Arctic monitoring even th@digh a
segment is the recommend length in the OSPAR and NOAA guidelines. Data then have to be
normalized to 100 m before data generated for different shoreline lengths can be compared.

The second criterium is the selection of a survey location basee expkcted relative impact from
different litter sources. The location can be chosen because the shoreline predominantly receives litter
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washed ashore from the open sea (reference shoreline), or because the shoreline is impacted by
contributions from locasources. Hence, the amounts and composition of marine litter can depend on
both the geographical location relative to marine and-basd activities occurring in close

proximity and the dominant hydrological conditions and wind regimes that will treirigpsy from

the sea. This implies that the selection of the survey locations can be determinative for the marine
litter data that are collected. In the design of a monitoring program for shoreline marine litter, the type
of information preferred or reiped from the effort should therefore be considered

An appropriate reference shoreline is ideally located in a remote area with no visible human activity
nearby, preferably on an outer coastline (not inner fjords), and pointing toward the open d&a, there
mainly reflecting the pressures from lerange transport, sdzasedactivities, and a more diffuse
distribution of litter from lanebased local sources. These characteristics allow for a reference value of
litter deposition that does not receive anrengpresentative amount of litter from local or distance
sources.

In contrast to this, the selection ofsalled urban beaches located in the vicinity of towns and smaller
settlements, including harbors, sewage effluents, and open dump sitesfl&dtlthe impact of local

litter sources. The ability and precision in the identification of either local or regional/international
sources of litter to the marine environment can thus be influenced from the types and locations of
beaches included in tmeonitoring program. Identification of litter sources is a prerequisite for
implementation of targeted actions toward the reduction of these. Determination of the efficiency of
the actions also requires measures of the amounts of litter released framrteecs trends of the
amounts and composition observed in the marine environment.

The third criterium is that the shoreline be accessible from land or by a boat, so it can be revisited for
future surveys on a yearly basis.

Definition of survey area

A clear definition of the survey area and the units used for registration of the shoreline litter are

essential to make the data comparable. The survey area preferably should be 100 m sections parallel

to the waterlindsee monitoring type, below), but adagtion to Arctic conditions should include

l engths of | ess than 100 m based on accessibilit
edge to the back of the beach/shoreline, characteriztéabiyst presence of dunes, rocks, or a

vegetatim line. For Arctic beaches, a clear shift in the primary substrate or the presence of a barrier is

often less visible. Therefore, the width could be the part of the beach directly affected by marine water
fluctuations including the zone deposited undehigter levels and high winds. Slippeayeascan

be excluded because of unsafe conditions for litter collection.

Frequency of monitoring surveys

In the Arctic, climatic conditions shorten the feasible period for beach litter monitoring. Hence, during
winter and spring, access to the beaches, particularly the reference beaches, can be very difficult or
even impossible. Furthermore, ice and snow cover can disable monitoring. These challenges may
limit the annual monitoring frequency.

The feasible numbaeaf surveys under Arctic conditions may only be one to two surveys per beach per
year. This is lower than in the OSPAR guidelines, in which four monitoring surveys per beach are
recommended (winter, spring, summer, and autumn) or the NOAA protocol in mbiahly surveys
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are recommended. Allowing fewer monitoring surveys per year will affect the confidence in deriving
baseline levels and assessing trends for the Arctic. For instance, it has recently been recommended for
EU Marine Strategy Framework Direati{MSFD)oriented assessments that national and

subregional baseline levels be based on medhfures of data from a minimum of 40 monitoring

surveys within a /ear monitoring period because this constitutes an optimum point for achieving a
reasonable cdidence interval width (van Loon et al., 2020). The median assessment value is robust
against extreme values, which frequently occur in shoreline litter monitoring. Further analyses are
therefore needed to assess the implications of fewer available ABl&RNt survey data on the

statistical power of trend analyses. This should be considered when designing monitoring strategies

for litter on shorelines in Arctic and sufrctic regions.

Litter registration

For shoreline litter surveys in the Arctic, redimy of litter items has predominantly been performed
according to the OSPAR guidelines (e.g., data from Norway, Greenland, and Iceland) and the NOAA
guidelines (e.g., data from Alaska and Canada). These two guidelines provide different litter item
lists. The NOAA guidelines include descriptions of 44 different litter types divided into 6 material
categories, whereas the OSPAR list from 2010 includes descriptions of 111 different litter types
divided into 12 material categories. In addition, since 2018 ABRSfas started to extend the item list,
which will be integrated into théoint List of Litter Categories for Marine Macrolitter Monitoring
prepared for shoreline litter monitoring under the MSFD in Eu(bfe®t et al., 2021)

Subsequently, the descrimti of litter items in the OSPAR and NOAA guidelines do not match and
used separately, the two guidelines will generate different information on the composition of different
types of litter items including, e.g., generation of top 10 list of the most i&ftgstered litter items.
Therefore, if wider Arctic assessments want to include and compare marine litter data generated with
both guidelines, some level of aggregation of litter types is needed to generate a more comparable
dataset. Table.22 shows a prposal for how such an aggregation of litter items could be done.
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Table 2.12Proposal for aggregation of litter types described in the NOAA and OSPAR guidelines to prepare a more comparable dataset.

Aggregated name for litter | NOAA litter types OSPARlitter types NOAA + OSPAR codes OSPAR material NOAA material
types category category
plastic/polystyrene pieces (>| Nla, 1b, 1 plastic fragments | 45-foam sponge N1a,N1b,Nlc, 45, 46, 47 plastic plastic
2.5cm) (hard, foamed, film) 46 - plastic/polystyrene pieces 2250 cm

47 - plastic/polystyrene > 50 cm
drinks (bottles, containers, | N3¢ beverage bottles 4 - drinks (bottles, containers, and drums) N3, 4 plastic plastic
and drums)
food package and assorted | N2-food wrappers, 5 - cleaner (bottles, containers, and drums) | N2, N45, 6, 8, 9, 10. 11, 12| plastic plastic
jugs andcontainers N4 - other jugs or containers 6 - food containers incl. fast food containers| 13, 19, 34, 3827

8 - engine oil containers and drums < 50 cm

9-engine oil containers and drums > 50 cm

10- jerry cangsquare plastic container with

handle)

11 - injection gun containers

12 - other bottles, containers, and drums

13- crates

34-fish boxes

38 ¢ buckets

19- crisps/sweet packets and lolly sticks

27 - octopus pots ? plastic plastic
caps/lids N5 - bottle or container cap 15- caps/lids N5, 15 plastic plastic
cigarettes and buds N7 - cigarettes 64 - cigarette buds N7, 64 paper/cardboard plastic
cigarette lighters N8- disposable cigarette 16 - cigarette lighters N8, 16 plastic plastic

lighters

4/6 pack yokes N9- 6-pack rings 1 - 4/6-pack yokes N9, 1 plastic plastic
bags N10¢ bags 2-bags (e.g., shopping) N10, 2, 3, 112, (23) plastic plastic

3-small plastic bags, e.g., freezer bags

112- plastic bag ends

121- bagged dog feces

23 - fertilizer/animal feed bags
rope, string, small nets (incl. | N11- plastic rope/small net 31-rope (diameter > 1 cm) N11, 31, 32, 115, 116, 33, 2 plastic plastic
pieces) pieces 32- string and cord (diameter < 1 cm)

115 - nets and pieces of net <50 cm

116- nets and pieces of net > 50 cm

33-tangles nets/cord/rope and string

28 - oyster netsor mussel bags incl. plastic

stoppers
floats/buoys N12- buoys and floats 37 - floats/buoys N12, 37 plastic plastic
fishing lures and lines N13- fishing lures and lines 35-fishing lines (angling) N13, 35 plastic plastic
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Aggregated name for litter | NOAA litter types OSPRlitter types NOAA + OSPAR codes OSPAR material NOAA material
types category category
cups N14- cups (incl. 21-cups N14, 21 plastic plastic
polystyrenefoamed plastic)
cutlery/trays/straws N15- plastic utensils 22 - cutlery/trays/straws N15,N16,22 plastic plastic
N16¢ straws
balloons, incl. plastic valves,| N17¢ balloons 49 - balloons, incl. plastic valves, ribbons, N17, 49 rubber plastic
ribbons, string strings, etc.
personal care prducts N18- personal care products | 98- cotton bud sticks N18, 98, 99, 1008, 7 sanitary waste plastic
99 - sanitarytowelsg/panty liners/backing sanitary waste
strips
100- tampons and tampon applicators sanitary waste
7 - cosmeticgbottles and containers, e.g., su plastic
lotion, shampoo, shower gel, deodorant)
18- combs/hair brushes plastic
97 ¢ condoms sanitary waste
102- other sanitary items sanitary waste
103 - medical container/tubes medicalwaste
104¢ syringes medicalwaste
105- other medical items medicalwaste
other plastics N19- other (plastic) 48 - other plastic items N19, N6, 48, 14, 17, 20, 24,| plastic plastic
N6 - cigar tips 14 - car parts 26, 114, 29, 30, 36, 39, 40,
17- pens 41, 42, 43, 44
20- toys and partypoppers
24 - mesh vegetable bags
26 - crab/lobster pots
114- lobster and fish tags
29- oyster trays (round from oyster cultures
30- plastic sheeting from mussel culture
(Tahitians)
36- light sticks (tubes with fluid)
39- strapping bands
40- industrial packaging, plastic sheeting
41 ¢ fibre glass
42 - hard hats
43 - shotgun cartridges
44 - shoes/sandals
101- toilet fresheners
aluminum/tin cans N20- aluminum/tin cans 78-drink cans N20, 78, 83 metal metal
82 - food cans
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Aggregated name for litter | NOAA litter types OSPRlitter types NOAA + OSPAR codes OSPAR material NOAA material
types category category
aerosol/spray cans N21- aerosol cans 76 - aerosol/spray cans N21, 76 metal metal
other metal N22- metal fragments 89 - other metal pieces > 50 cm N22, N23, 77, 120, 79, 80, | metal metal
N23- other (metal) 90 - other metal pieces <50 cm 81, 83, 84, 86, 87, 889, 90
77 - bottle caps
120- disposable BBQs
79 - electric appliances
80 - fishing weights
81 - foil wrappers
83-industrial scrap
84 - oil drums
86 - paint tins
87 - lobster/crab pots and tops
88 - wire, wire mesh, barbed wire
N24- beverage bottles 91 ¢ bottles glass glass
other glass N25-jars N25, N26, N27,3 92 glass
N26- glass fragments
N27- other (glass) 93- other glass items glass
92 - light bulbs/tubes glass
gloves N29- gloves (rubber) 25- gloves (typical washing up gloves) N29, 25, 113 plastic rubber
113- gloves (industrial/professional gloves)
tires and belts N30- tires 52 -tyres and belts N30, 52 rubber rubber
other rubber N28- flip flops (rubber) N28, N31, N32, 53, 50 rubber rubber
N31- rubber fragments
N32- other (rubber) 53 - other rubber pieces
50- boots
cardboard cartons N33- cardboardcartons 118- cartons, e.g., tetrapak (milk) N33, 118. 62 paper/cardboard processed
62 - cartons, e.g., tetrapak (other) lumber
63 - cigarette packets
other paper and cardboard | N34- paper and cardboard 61- cardboard N34, 61, 66, 67,% paper/cardboard processed
66 - newspapers anthagazines lumber
67 - other paper items
65 - cups
paper bags N35- paper bags 60 - bags N35, 60 paper/cardboard processed
lumber
processed wood N36- lumber/building 69 - pallets N36, N37, 8, 70, 71, 119, | wood (machined) | processed
materials 74 - other wood < 50 cm 72,73 69,74, 75 lumber
N37- other (wood) 75- other wood > 50 cm
68 - corks
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Aggregated name for litter | NOAA litter types OSPARlitter types NOAA + OSPAR codes OSPAR material NOAA material
types category category
70-crates

71- crab/lobster pots

119- fish boxes

72-ice lolly sticks/chip forks
73- paint brushes

clothing and shoes N38- clothing and shoes 54 - clothing N38, 54, 57N39 cloth cloth/fabric
N39- gloves (norrubber) 57 - shoes

other textiles N40- towels/rags 55- furnishing N40, N43, N41, N42, 59, 56 cloth cloth/fabric
N43- other (cloth/fabric) 59 - other textiles
N41- rope/net pieces (non 56 - sacking
nylon)

N42- fabric pieces

* OSPAR litter items within the material category pottery and ceramics are not included in the table above becauseitteatitbing tlo not occur in the
NOAA item list.

In addition to the proposed list of aggregated litter items useful foApait assessments (Table 2.12), it may also be worthwhile to add some other more
specific litter items that are relevant to the Arctic becausecaf uses or frequency of occurrence in the Arctic. These may also be more relevant for a future
regional action plan to combat marine litter in the Arctic. These items could be included as subgroups of existingdittethig@SPAR and NOAA lists.

Table 2.13 presents a list with examples of some potentially Ardtted litter items.
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Table 2.13 Some examples of marine litter items with higher Arctic relevance because of local uses
and sources. If included, separate reporting codes needladibed. The list can be modified or
expanded over time based on inputs, e.g., from the process of developing the Arctic Regional Action
Plan (RAP).

Description NOAA code | OSPAR Material
or subgroup | code or category
of this subgroup of

this

Melted plastigieces, e.g., from outdoor incineration{ Nla 46, 47, 117 | Plastic

Detonating cords for explosives, incl. fragmented | Nla 46 Plastic

pieces

Aquaculture and animal feed bags N10 23 Plastic

Plastic sanitary bags N10 102 Plastic

Trawl net incl. pieces N11 115, 116 Plastic

Gill nets incl. pieces N11 115, 116 Plastic

Shotgun cartridges N19 43 Plastic

Riffle cartridges for holding bullets N19 (43) Plastic

With regard to source characterizations, in addition to grouping the items accordingnatehial
categories, the litter types can potentially also be grouped according to their sources and uses. For
instance, OSPAR2010 has proposed a division of the litter items into the following source
categories:

Fishery and aquaculture,

Galley waste,

Shipping and operational waste,

Sanitary waste,

Public littering (e.g., tourism)

Not source characterized

=A =4 =4 4 -4 =9

The assignment of shoreline litter items to different source categories can also be refined with detailed
knowledge of local sourgeatterns and pathways, e.g., by a Matrix Scoring Technique based on the
likelihood that the litter items recorded originated from specific types of characterized sources (Tudor
and Williams, 2004; Schafer et al., 2019).

Further developments in methodgpterform source characterizations from shoreline litter data are
currently being assessed in different national and international frameWworkisstance, for the
European MSFD, a new framework with a Joint List of Litter Categories for Marine Macrolitter
Monitoring has recently been developed (Fleet et al., 20&1ixh providesa more detailed
identification of litter items and subsequerifiypetter to address most of the relevant litter items
targeted in, e.g., the OSPAR regional action plan for métiag the European singlese plastic
directive, or the US state and regional action plans for marine litter.

Unit for litter registration

The general unit for reporting data should be the number of litter items recorded per survey, ideally in
a 100 m survey unit. For further comparison of data between different survey locations, data should
be normalized to the number of items per 100 medimar segments.
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As a supplement, the weight of each material category and the total weight of all collected items per
100 m can be recorded.

Monitoring personnel

Preferably, trained personnel should conduct surveys at specifically selected shoeslisigsd with
regular frequency. This setup ensures fgghlity monitoring data and more easily enables the
comparison of surveys and trend analyses. However, because access and surveying are difficult for
Arctic reference shorelines, the establishnudrrosslinking networks with personnel involved in

other field activities in these remote areas may be valuable. The regularity of other field activities in
specific remote areas may vary. This may therefore imply a-tfidetween the total number of
shoreline surveys and the consistency in the selected shorelines and monitoring personnel. Hence,
should an Arctic monitoring program be based on trained personnel dedicated solely to this specific
task? Or can the monitoring program also take advantggatertially less experienced personnel
enabling surveys to be performed at otherwiseinoluded shorelines?

Safety

It is advised that monitoring starts one hour after high tide to prevent surveyors being cut off by
incoming tide. It is recommended treaminimum of two people work on remote shorelines.

Dangerous or suspicious looking items, such as ammunition, chemicals, and medicine should not be
removed. Instead, police or responsible authorities should be informed.

Additional survey types

As a supfement to basic NOAA and OSPAR adjusted monitoring described above, other survey
types can be relevant for studying amounts and composition of litter on shorelines, and these can
provide additional information on sources and trends. These survey typatsthesmmoment, either
only applied on smaller geographical scales, need further research and development, or are too
expensive to be implemented for monitoring on a wider scale.

Standingstock monitoring

Standingstock studies, as described in the NOAA Marine Debris Shoreline Survey Field Guide
(Opfer et al., 2012), can be executed on shorelines. This type of survey provides information on the
long-term balance between continuous inputs and removal ohenlititer on the shorelines, which is
important for understanding its overall impact. Litter must be registered within discrete transects at
the shoreline site and not removed during standingk surveys. The surveys need to be repeated
several times, g., once per week or month. This can support assessments of the total load of litter
and can be used to determine the density (number of items per unit area) of debris present.

Data generation by citizen science and lasgale clearups

Citizen sciene activities, e.g., in relation to cleaps, have a strong component of public engagement

in the scientific and policynaking process and can act as an important removal action for combatting
plastic pollution in the environment. Citizen science drivelaelp projects can also potentially

generate bulk estimates of litter amounts or identify the most frequently found items, especially if the
generated data are reported in a systematic way to a database, e.g., using mobile phone applications
that can impove the output because they provide harmonized approaches and ready data frameworks.
Thereby some citizen science projects can more easily produce quantitative data on litter (e.g., total
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litter items per unit area (A or per unit length (M) of a shoréne transect). In these projects,
professional scientists typically accompany the volunteer participants to ensure data quality and
comparability (GESAMP, 2019although it can be challenging to establish continuous monitoring
efforts and quality assurethta within such frameworks

There are several examples of citizen science and-ofeawtivities in the Arctic that generate data

for assessing amounts and composition of litter items on shorelines, e.g., in Norway (Bergman et al.,
2017; FalkAnderssoret al., 2019), Canada (e.fgttps://civiclaboratory.nl/2015/07/25/beaclean

ups), Alaska (Polasek et al., 201and Greenland (Syberg et al., 2021), and even in some cases
temporatrends (Haarr et al., 2020). Potentiallyis can also involve tourists from cruise ships

visiting more remote areas in the Arctic.

For instance, the citizen science data collected in Norway, which also include many AMAP relevant
locations, are of suffient quality to identify the main sources of marine litter in Norway on a broad
scale but do have some limitations (FAllkdersson et al., 2019). Comparable assessments on the
usefulness of citizen science generated data have also been performed énbgut@pEuropean
Environmental Agency, which hosts the database for the European Marine Litter Watch
(https://www.eea.europa.eu/publications/matlitier-watch. In Norway, theNGO Keep Norway

Beautiful (ttps://holdnorgerent.no/ryddeportaleis/ currently coordinating and mapping clagm

activities in cooperation with other groups and a newly established center for Oil Spill Preparedness
and Marine Environmerhttps://www.marimmiljo.no/en/mariaforsopling). Keep Norway Beautiful

is workingon improved mapping of areas where beach elggnhave been performed. The wide

range of protocols and structures within citizen science efforts create uncertainty in how to integrate
themwith assessments based on monitoring. Can these types of citizen science generated data be
regarded only as supplementary data, or can they be assessed to have the quality necessary to be used
for wider circumpolar assessments? If citizen science effertergte data that can be used in a
comparative way with data from more systematic and continuous monitoring efforts for marine litter
on shorelines (e.g., for identifying sources and/or wider spatial and temporal trend assessments in the
Arctic), they coull be of significant value.

An alternative survey based on more detailedidpth analyses (in some studies called deep dives)
has been developed for analyzing large amounts of litter collected from, e.gsdalgelearups.

This method can beway to more efficiently provide detailed insights on sources and origin of
marine litter at local or even (sub)regional scales, because this type of study includes a more detailed
focus on the origin of different types of litter, e.g., fisheglated iters. In addition, the framework

for this type of survey can act as a useful tool when communicating with specific groups of
stakeholders by involving them more directly. Suclépth studies of marine litter on shorelines
have been performed in differeneas of Northern Norway and Svalbard (FAlkdersson et al.,

2018; FalkAndersson and Strietman, 2019) and have recently been expanded to Greenland and
Iceland W.J. Strietman personal communicatignHowever, these studies will require both the
collectionof significantly larger amounts of litter and a more detailed registration of several of the
litter items during the monitoring surveys than currently described in the NOAA and OSPAR
monitoring guidelines.

Large-scale aerial surveys

Aerial surveys usingrones or small manned aircrafts can be very helpful for carrying out rapid
assessments of the distribution of litter over larger geographical scales by relying on the analyses of
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photo images, e.g., following major natural events, such as storms aachisuor following

accidents at sea (GESAMP, 2019). Aerial surveys also have the potential to identify coastlines that are
sensitive as accumulation zones with high densities of accumulated plastic and other litter on the
shorelines. This information cae lnsed to optimize the efforts of cleap actions (Deidun et al.,

2019). Furthermore, aerial surveys can be particularly valuable for assessing marine litter in remote
areas and could potentially be applied in monitoring programs. However, recogngioecdic sizes

of groups and types of marine litter will depend on image resolution, development of artificial

machine learning algorithms for recognizing litter iteamgl amounts and types of other natural

material on the shorelines that can interferénwdentification (Deidun et al., 2019).

Modeling transport and identification of vulnerable coastlines

Hydrodynamic modeling can provide information on the importance ofdange transport with the

North Atlantic or Pacific Ocean currents and camiifig coastlines that are vulnerable to receiving
larger amounts of litter from the open sea, both on larger and more local geographical scales. For
instance, in Norway, oceanographic models for transport of floating litter and increased probability of
stranding along the coast have been developed along the entire coastline (Huserbraten et al.,
unpublished dafa The model will be validated with clearp data from the NGO Hold Norge Rent
(https://holdnorgerent.np/Another Norwegian study has tested a-BéSed predictive model to

identify marine litter hotspots in northern Norway that could predict a more effective site selection for
maximizing remeal of litter during organized coastal cleap actions (Haarr et al., 2019).

2.66 Quality assurance/quality control (QA/QC)

Quality assurance

Handson training for yeldworkers is generally reco
surveys on thehorelines, registration of the specific litter items according to the specifications in

monitoring guidelines, and reporting the data to relevant databases. Trained and experienced

surveyors can be researchers or {grgn, communityled programs that p@rm coordinated

monitoring continuously, or volunteers/citizen science doing single-tlpanDetailed photo

documentation of all collected litter for each survey can be useful for later confirmation. In many

cases, photo documentation of every item matybe possible, in which case items that are difficult to
categorize or specifically notable for low or high frequency should be the priority.

For the NOAA guidelines, there is an efficient setup for training surveyors with an online monitoring
toolboxthat includes tutorials, protocol quizzes, database user guides, etc.
(https://marinedebris.noaa.gov/research/moniterauiboX).

Data management and reporting formats for database

To perform thorough spatial and temporal trend analyses of the amount and composition of marine
litter on Arctic shorelines, the availability of quali&gsured monitoring data stored and secured in
long-term databases is necessary. These databaseesiresaful when they are easily accessed, and
the data they contain can be easily queried or exported in readily usable formats.

The OSPAR beach litter datababkéfs://beachlitter.ospar.grgtores and secures marine litter data
generated according to OSPAR beidittbr guidelines and collected at reference beaches in the
Northeast Atlantic region, which includes some parts of the Arctic Sea. The reported data need to be
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normalized to 100 m laeh segments. Currently, the database contains some AMAP relevant data
from Arctic and subArctic parts of Norway, Iceland, Faroe Islands, East Greenland, and West
Greenland. However, OSPAR has recently indicated that they will consider not hostingmata fr
locations outside the OSPAR maritime area, even though they are generated using comparable data
formats. This may affect the lofigrm storage of the monitoring data from, e.g., West Greenland.
Subsequently, the use of another database must be codselere though a wider OSPAR database
would be a better platform for the standardization and harmonization of monitoring efforts and data
assessments in these neighboring regional seas.

Monitoring data generated according to the NOAA guidelinescanberrdped t o NOAAG6s dat
under the Marine Debris Monitoring and Assessment Project (MDMAP):

https://marinedebris.noaa.govhich covers data from both maritime areas and greater lakes in the

USA. An initial seach shows data from 23 shoreline locations in Alaska, although only 2 of these are

in the Arctic, for a total of 10 surveys in the Arctic.

The ICES DOME database can potentially also host these types of beach litter data based en EU TG
ML codes from JRC (2013) for specific types of litter.

In addition, for citizen science, including various types of cl@aevents, data can be sent to and
retrieved from a public dataset at the Marine Debris Tracker website
(https://marinedebris.engr.uga.@dw the Marine Litter Watch developed by the European
Environmental Agencyhtps://www.eea.europa.eu/themes/water/eurspasand
coasts/assessments/matiitierwatch#tabnewsandarticleg. These listed platforms opps are

examples, and it is recognized that additional apps or platforms will be developed over time, although
the specific connectivity challenges of the Arctic may continue to make them difficult to use there.
New apps or platforms should be evaluatedpfatential utility as part of monitoring efforts on a case
by-case basis.

2.6.7. Existing monitoring for marine litter on Arctic shorelines

For some years now, several Arctic countries have initiated monitoring activities for marine litter on
shorelires according to the recommended monitoring protocols. Pabldists the current

availability of such monitoring data in the OSPAR and NOAA databases relevant for Arctic
assessments.
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Table 2.14 Summary table of the availability of monitoring data relevant for Arctic assessments in the
OSPAR and NOAA databases (Status September 2019).

Country No. of Total number of | Time Reference to | Availability of data in
shoreline| surveys with period monitoling databases or from other
locations | monitoring data guidelines data sources

Norway 5 42 20112019 | OSPAR OSPAR database

East Greenland| 7 14 20162019 | OSPAR OSPAR database

West Greenland 10 46 20162019 | OSPAR (OSPAR databasé)

Iceland 6 42 20162019 | OSPAR OSPAR database

Faroe Islands |1 4 20022006 | OSPAR OSPAR database

Alaska 2 10 2012+ NOAA NOAA MDMAP

databas®

#The West Greenlandic data are currently stored in the OSPAR database, although they are from
locations outside the OSPARgion
® An initial search of the MDMAP database shows Alaska has 23 total sites, though only 2 of these
are in the Arctic Ocean, with 10 total surveys in the Arctic.

In addition, Canadian data generated within the Nunatsiavut Government monitoriragrpfdgr
Liboiron, personal communicatigrcan provide other relevant Arctic data that can be compared with
the MDMAP and OSPAR data.
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Figure 2.4 Map of locations for existing monitoring activities on marine litter on shorelines in the
Arctic andsub-Arctic regions. In addition, Alaska has also indicated three sites as potential new

monitoring sites. Overlapping points were offset to show all sampling locations.
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2.68 Recommendations

Table 2.15 Summary of monitoring and research recommendatiarmégrolitter on Arctic
shorelines.

1stlevel (must do) 2" level (should do)

Monitoring Accumulation surveys of Accumulation surveys of
macrolitter at reference sites of 10 macrolitter at point source (e.qg.,
m segments on shorelines followi urban) impacted shorelines for
OSPAR or NOAA guidelines. assessing inputs from local Arct]
sources.

Implementation of specific Arctig
relevant litter items in an
extended monitoring
identification list.

Standingstock surveys accordin
to NOAA protocols.

Research In-depth analyses (deep dives) wi] Use of aerial surveys in
more detailed source monitoring programs for
characterization of litter items. macrolitter.

Fate of macrolitter on shorelines
due to weathering

processes and their potith as
sources foMP.

Hydrographic modeling, e.g.,
identification of coastal areas
vulnerable for high accumulatior
of litter.
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Table 2.16 Summary rationale for recommendations, including estimated costs for implementing
programs: 0 already in place; $relatively inexpensive becausésynergy withother projects but
needto have some additional capacity;-$ither networks and/or capacity will need to be
developed; $$$ development of sampling networks, processing capacityrepwdting all need to be
developed.

Recommendation Program Rationale
Cost
Accumulation surveys at 100 m| 0- $ Existing monitoring programs are already in
segments on shorelines. place in most OSPAR member states as well g
Useful for monitoring in Alaska as part of MDMAP, although the numbg
alignment with MDMAP, of monitoring stations could be increased. Oth
OSPAR, and EU MSFD, althoug countries could also start up simitaonitoring
would benefit from some minor activities relatively easily.
adaptations to Arat conditions. It will generally be low cost to implement such
low-tech shoreline monitoring, i.e., conducting
field surveys, characterizing litter items, and
reporting the data, although skapsisted
transport will be needed fsurveys in more
remote areas.
In-depth analyses (deep dive) fq $-$$ Collection of large representative amounts of
more detailed source litter from shorelines will depend on local
characterizations. network and capacities.
Registration of the many littélems can be quite
time-consuming, although it can also be
performed with local stakeholders and
representatives from the civil society.

Box A: Data needs/expectations.

Must have data

1 Station ID

1 Location (defined by start and end GB&itions)

T Type of shoreline (reference shorelines in remote area, or locally impacted shorelines, e
from urban activities)

Length of survey segment (m)

Survey date

Monitoring survey or a cleanp activity

Protocol applied foidentification and registration of litter items

Counts for each type of registered litter item according to recommended protocols
Responsible data rapporteur

ice to have for all data
Average width of shoreline segment
Number of persons involved in surveys
Shoreline topography and features (% sand, % pebbles, % rocks)
Distance to nearest inhabited town/settlements and number of inhabitants
Distance to nearest harbor
Distance to nearest river mouth
Reference to QA/QC procedures
Total weight of sampled litter

= =4 -4 -_8_48_-a_-98_4°-—> _-a_-42_-92_4._-93_-92.
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2.7 Seabed

AUTHORS: BJZRN EINAR GR@SVIK, LENE BUHHMORTENSEN, MELANIE BERGMANN, ANDY M. BOOTHAND FRANCOIS
GALGANI

2.7.1Introduction

The seabed accounts for 70% of the Earth's surface and is an important carbon sink. It has also been
argued that the seabed acts as a final sink for marine litter, including micropldtic&/¢odall et

al., 2014). Thisectionconcerns macrolittesnthe seabed. For recommendations regarding

microlitter in sedimentpleaserefer toSection 2.3 Plastic accounts for 62% of litter recorded on

the seabedhftps://litterbase.awi.dewhich does not come as a surprise given that 50% of plastic
from municipal waste has a density higher than seawater and sinks directly to the seabed (Engler,
2012). Over time, though, even lighter plastic sinks to the sehlmetb biofouling and ballasting
processes (Porter et al., 2018). Despite the importance of the seabed as a sink for litter, technical
constraints have resulted in the seabed remaining one of the least explored habitats on Earth. As a
consequence, littlssialso known about the scale and distribution of its pollution, especially in the
Arctic region.

Althoughthe deep seabed has long been pictured as a sparsely inhabited moonscape, research over
the past decades has unveiled a biodiversity akin to thadm€al rainforests or coral reefs

(Herring, 2002). However, little is known about the effects of plastic debris on these rich
communities or biota. It has been suggested that items such as plastic bags smother and damage
organisms from hard and soft sttata (Parker, 1990). Litter on the seabed can cause anoxia to the
underlying sediment, which may alter biogeochemistry and benthic community structure (Green et
al., 2015). Furthermore, litter may serve as substrate for the attachment of sessile biota in
sedimentary environments and alter community structure and biodiversity (Schulz et al., 2010;
Mordecai et al., 2011). In addition, litter could become entangled in emergent epifauna, leading to
injury, breakage, mortalityand disease (Yoshikawa and As@fli04; Chiappone et al., 2005).

Debris from fisheries may continue to attract mobile biota leading to ghost fishing and increased
mortality (Matsuoka et al., 2005). Plastic debris may also be ingested by benthic organisms,
including demersal fish. To datecords of impacts on benthic life remain largely anecdotal.

2.72 Status of global science

Plastic on theseabedvas first recorded in McMurdo Sound, Antarctica (Dayton and Robilliard, 1971)
and Skagerrak in 1972 (Holmstrém, 1975), followed by the Medinean (e.gGalil et al., 1995;
Galgani et al., 19954 996; Stefatos et al., 1999; Katsanevakid Katsarou2004), other European
coasts (Galgani et al., 199%, 2000), the US (June, 1990; Moore and Allen, 200Sller et al.,

2010; Mo#ét-Ferguson et al., 2010; Watters et al., 2010; Schlining et al.; 2@h8et al., 202Q)and

other areas (Lee et al., 2006; Fischer et al., 2015; Shimandgéanagi2016; Chiba et al., 2018).

Litter was also recorded in the ¢ic including Alaska and the Bering Sea (Jewett, 1976; Feder et al.,
1978; June, 1990; Hess et al., 1999) and the sle@ipedGalgani and_ecorny 2004 Pace et al.,

2007; Keller et al., 2010; Mordecai et al., 2011; Wei et al., 2BhaAmet al., 2013; BmirezLlodra

et al., 2013; Amon et al., 2020), including hadal trenches such as the Mariana Trench, the deepest part
of our oceanReng et al., 20)8Litter densities on theeabedange between 36,610 items km

(Keller et al., 2010; Pham et al., 20X&hd are stronglinfluenced by the distance to the coastline,
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regional population densities, proximity to shipping routes, rivers, depth, marine landscapes, sampling
and analysis approaches, water curreanid circulations (Jambeck et al., 2015).

Marine litter is defined as any persistent, manufactuwegrocessed solid material discarded,
disposed qgfor abandoned in the marine environment (UNEP, 200@8)erial densities, fouling
processes, sizand shape are important for transport distance edgidhgntation rate. Outside of the
coastal regions, the highest densities of marine litter have been found in submarine cargreas, wh
continental shelves and ocean ridges have the lowest densities (Galgani et al., 2000: |Raanérez
et al., 2011; Pharet al., 2014; Woodall et al, 2015; Bu¥lortensen and Buk\lortensen, 2017).

This suggests there are transport mechanisms for
oceans. In the Mediterranean, densities of marine litter collected by trdmimgleep waters (mean

depth 1400 to 3000 m) ranged from 400 kg kfat the continental slope south of Palma de Mallorca

to densities between 7IB0 kg kn? at the other sites (Galgani et, &00Q Pham et al., 2014).

Densities of litter in th&yukyu Trench and in the basin of Okinaiwahe Northwest Pacific ranged
from 8-121 kg kn?, whereasshallower continental slopes or abyssal plains ranged frorf0kg3
km2 (Shimanaga and Yanagi, 2016). In fheropean part of the Atlantic Oceatensiies of 4374 kg
km2have been recorded in the Bay of Biscay (Lepegez et al 2017), while a mean of 123 kg km
2has been estimated for the Norwegian shelf and the slope of the NorwegiandSaanean of 154
kg kmi? has been recorded offshore in Barents Sea (ButMortensen and BuHWortensen, 2017).

Higher levels were recorded from coastal areas: a mean of 2,510%gadswbserved along the
Norwegian coast from Alesund to Lofoten and 227 k¢ fram Lofoten to the Russian border (Buhl
Mortenen and BuhMortensen, 2017 ¥isheryrelated litter dominated. This consists of a
combination of wire, netand ropes. By weighinetal (wires) dominated, weheagplastic (nets and
ropes) often dominated by volumEhis agrees with findings from otherass with high fishing
activities, such as on oceanic ridges and seamounts (Pham et al\W2@till et al., 2015). The
62% global contribution of plastic to marine total litter includes 11% from fisheries.

2.73 Seabed mapping in the Arctic

Marinedebris was reported from trawls conducted in-8uttic regions as early as 1975/1976 in the
Bering Sea (Jewett, 197bBeder et al., 1978). In June (199®arine debris was also recorded,
including plastic in trawls from this area. No data have beenghdulito date oseabeditter from

the central Arctic, Chukchi Sear Amerasian Arctic.

The ongoing Norwegian seabed mapping program Mareanw (nareano.nphas conducted >

2,000 (~700 m long) video transects. kitivasrecorded for all transects ardL,200 have been
conducted in the Barents Sea (FigRrg. Items larger than 5 cm are observed by video recordings.
This dataset provides an overview of the distribution, deresity composition of litter in a widarea,
covering depths from 50 tq7Z00 m and incluésa variety of marine landscapes (BuMbrtenserand
Buhl-Mortensen 201,72018).The density of litter decreases toward the north and with distance from
thecoast. In the Barents Sea, the mean densitytheaoast and offshore is between 268 and 194
items kn?, respectively. Litter is unevenly distributed in marine landscapes and the density of litter
on the deeysea plain, continental slopagnd shelf is mainly below 200 items (160 kg)/krjords
andcanyons exhibit higher densities, indicating an accumulation effect in these areas. Mapping
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information from Mareano provides vital background information fdesignated seabed litter
monitoring plan.

Iceland is currently recording all bycatches otlithade as part of bottom trawl surveysabed

mapping using video has been condudteskeveral localities and observed litter items have been
recorded since 201%ore than 1000 annual stations of stoelssessment surveys are used to register
andclassify marine litte(Figure2.6, Hafranns6knastofnun/Marine and Freshwater Research Institute,
Iceland unpublished data

In the Faroe Islands, litter is also recorded as part of an ongoing ground fish survey using bottom
trawls. In 2017seabednapping using video was started as part of the NOVASARC project
(https://novasarc.hafwatn.isj and 60 localities were targeted (Fig@r@). In total, only 13 litter

items were recorded, af whichwere fishing linesR. SteingrundFaroe Marine Research Institute
personal communication

2.74 Trends to date

Data from bottom travel conducted as part of the Russiorwegian Ecosystem Survey between
20102016 showed widespread pollution in the Barents Sea region, with litter found in 34% of the
samplesyielding on average 26 kg khof marine litter. Plastic accounted fat% of the debris by
weight. The highest quantities were found in areas west, soythedstortheast off Svalbard
(Grogsvik et al., 2018)I'he number of litter recordings from both bottom stations increased in the
period these recordings were conducted (22088). Plastics dominated all types of litter in bottom
trawl stations both during the 202013 and 2012018 periods (ICER019). For bottom trawls,
81.0% of litter recorded was plastic during the 2@0Q3 period, whreas88.7% of litter recorded
containel plastic during 201-2018. Litter from fisherie® ropes, stringsand cords, pieces of nets,
floats/buoys, eté. dominated recordings of plastic litter (ICEX19).

Plastic litter has also been sporadically recorded off the East Greenland slope (Sahu20&0) and

at the HAUSGARTEN observatory in the eastern Fram Strait, providing rarediries data for

litter, especially for litter on theeabedAnalyses of still imagery from repeated towed camera
transectsconducted at three different statsolocated along a latitudinal gradigimidicate an increase

in litter on theseabedrom 20022017, with an initial strong increase in 2011, followed by elevated

levels above 6,000 items kKhfrom 2014 onward (Figur@.7; Martinez et al., 2020). The

northernmost station, which is situated close to the marginal ice zone, exhibited the highest amount of
litter and experienced the strongest increase from733B4 items km between 2004 and 2017 (peak

of 10,358 items kmin 2016), respectively. Interestiyglglass was the predominant material type at

this location. This is importanit points to local shifgpased disposal because glass sinks directly to
theseabedl ue t o t he material 6s high specaldoingeasteensi ty
over time with highest levels at the central HAUSGARTEN station (~5,000 iterds Knall three

stations and years are combined, plastic accounted for 41 % of the litter. The use of imagery also
allowed a rare assessment of marine litter impacts omiodsiota. Most frequently litter was

entangled in sponges (54%), followed by colonization of items by sea anemones (22%). There was an
increase of litter entangled in sponges over time at the northern station, which affected 10% of the
sponge populatiomi2015. At the northern statiomp to 28% of the spond@adorhiza gelidavas

affected whereas at the southernmost station up to 31% of the Spaglephacus arcticugas

entangled.
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2.75 Benefits of monitoring

1 Temporal and spatial changes
9 Litter quantity and composition changes
1 Basisfor monitoring the impacts of introduced mitigation measures to reduce litter

Time-series observations on the seabed lend themselves particularly well to monitoring purposes
because¢he seabed represents a sink that integrates changes over long time scales. In contrast,
estimates from the sea surface can be considered snapsiuts ineing much more affected by
weather, windageand mesoscale phenomenrar( Sebille et al., 2020).

2.76 Limitations

As in other environmental studies, seabed litter assessment can be reported in a variety of dimensions
e.g, size, weight, numbersategories, area. Bycatch litter from trawl survisysften provided as

weight and the litter sampled by the trawl allows for further analysis. Visual seabed mappthg

other handtypically reports on number per area of different litter categoaied weight can only be
estimated. Visual mapping, however, allows for observations of litter in vulnerable ecosgstems

coral reefsand provides detailed information on litter position in the marine landscape. Both methods
come with their advantageand disadvantages, and data cannot be compared diecalyse of

sampling efficiency and habitats covered. For monitoring purposes, it is recommended that seabed
litter bedocumented both through sampling and visual recording, and data should btedresas

many dimensions as possible using standardized methods to allow for a broad international
comparison of seabed litter densities and composition.

2.77 Methods

Methods for monitoring litter on seabed have recently been reviewed (Canal2@2H).,For
recording litter from seabed, we refer to the Guidance on Monitoring of Marine Litter in European
SeasMSFD Technical Subgroup on Marine Litter, 20H8d theupdated list of litter categories as
described by Fleet et al., 2021 and the onlinet® Catalogue of the Joint List of Litter Categories.

Recordings in the HJUSGARTEN study wereperformed byusing a camera platform (OFOS, Ocean
Floor Observation System), which was towed at a target altitude of 1.5 m for 4 hours. Iteghsrof 1

can berecorded with this approaamndsmaller items are disregarded. In recent years, the system
provides both video and still imagery, but only still images are used for image analyses giving rise to
the HAUSGARTEN time series. The advantage of slgstem ishat it does not damage the

ecosystem under investigation, unlike trawls, which cause more harm killing all organisms inhabiting
this sensitive region. In addition, much larger areas can be covered. In this area, trawls deployed for
30 minutes come up witlarge amounts of animals and mud, which takes hours to sort as previous
biological work, focusing on benthic biota, has shown (Bergmann, @080). Another important
advantage of using cameras is that it shows litter items in situ such that intenaittibiota can be
analyed. For example, with this approach, we were able to show that up to 28% of the sponge species
Cladorhiza gelidasuffered from entanglement at station N3 and up to 31% of the sponge
Caulophacus arcticusustained entanglement att&ta S3 in certain years (Martinez et @020).

In addition, previous research has shown that deposition rates in this area are quite low (Mller et al.
2012), so that items only become buried into strata as deep as half a meter over centenatgsime sca
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Still, they can be covered in a thin veneer of sediment, obscuring their detection. Nevertheless, we
consider this drawback minor compared to the bengffitevering a large area and obtainingsitu
glimpses of litter. In addition, it ties in wilm ongoing biological lonterm observation program, so

no additional ship time is needed, regular actegsanted and additional biological datre

available (e.g.species densities, which allows assessment of vulnerabilifyto litter

entanglerant).

2.78 Litter estimates based on imagery

Litter is recorded on an annual basis in the Fram Strait asdéibedtations at the HAUSGARTEN
observatory using a towed camera system (OFOS) operated by the Alfred Wegener Institute (AWI)
Helmholtz Cente for Polar and Marine Research (Fig2r@. All stations are characteed by soft
sediments, with occasional dropstones and depths ranging 2082500 m (Meyer et al., 2013;
Taylor et al., 2016). Additional transects are doaeasionally in the Molloy Deep &0 m depth),

the deepest known depression in the Arctic Ocean. The camera is towed along the same camera tracks
at ~1.5 m altitude taking video and a still imageery 30 seconds. All still images are uploaded and
analyed manually using the online image database and annotation tool BIIGLE (Martinez et al.,
2020). The benefit of this work is that it is embedded in an ongoingstmes program and therefore
requires no additional efforts in terms of logistics and shp.tlt was this research that initially

raised concerns about plastic pollution in the Arctic (Bergmann and Klages, 2012).

Working class ROVs have also been used fegitim experiments and image transects at
HAUSGARTEN. However, this has been done orirgagular basis onlpecaus&kOV chartes are

costly and logistics are more challenging compared with towed camera platforms. Their usage may
increase with the new RV Polarstern, which will come equipped with rotegbilities Other

platforms for imag acquisition are autonomously operated vehicles (AUV) equipped with a camera
payload, as recently developed by the AWI. The advantage of using imagery is that it does not cause
harm to the environment, shows litter in situ (such that interactions withibdife can be observed),

and it enables both largand smaliscale assessment distribution patterns. The disadvantage is that it
does not produce physical samples that can be investigated in further detail regarding material type,
age or origin. Imagey also fails to show items buried in the upper sediment surface lapeshite
objects can be challenging to discern (from shells) due to reflectance.

Trawls must be considered sequantitative (Eleftheriou and Moore, 2003causé¢hey may not be

in constant contact with theeabedind the retained catch depends on the catch composition and mesh
size used. In addition, trawls disturb the ecosystem and cover smaller areas. However, trawl surveys
generate physical samples for close inspectan aacording to OSPAR protocol and can be

conducted with low logistic effort and cost if implemented as part of regular fisheries stock
assessments.

2.79 Fishing for litter- abandoned, losbr otherwise discarded fishing gear (ALDFG)

A pilot Fishing for Litter (FFL) action ran in the Faroe Islands during the spring of 2008. The scheme
has recently been restarted wiblir trawlers participating. The portion of plastic/polystyrene
constitutel 95 % of the litter collectech{tps:/fishingforlitter.org/faroéslands).

The Norwegian Environment Agency established a national FFL test scheme BT Gvhich
began initially withthreeparticipating portshttp:/fishingforlitter.org/norway/ This was quickly
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extended wittanadditionalfive ports during 2017. The FFL scheme was continued in 2018 and
extended wittonemore port. By 2019, the FFL scheme comprised a total of nine participating ports
along the Norwegian coast. The FFL scheme is administered by SALT Lofoten AS in collaboration
with Nofir, the local portsand waste management companies.

2.710 Quality assrance/quality control (QA/QC)

Data recording and management should be an online, national databaseeysteited bylocal
managersRkRegional/country coordinatokgould then revievand approg uploaded datarhis would
ensure consistency within eaggionand create hierarchy of quality assurance on data acquisition.
For International Bottom Trawl Surveys (IBTS), sampling data are collected in the DATRAS
database and participate in data quality checking for hydrographical and environmentalreonditio
This process may also support quality assurance for data on litter.

The online portal LITTERBASEnttps:/litterbase.awi.gecontains peereviewed data on marine
litter from different ecosystem compartmerntsould be beneficial to allow data connections
between this and the new portal.

Box A: Data needs/expectation.

Must have data for reporting plastic

1 Location, including latitude and longitude, depth

1 Date, including day, month, and year

T Samplemethod (trawl type, mesh size, opening size, ROV, video, still camera, SCUBA d
surveys), speed, distance, altitude, sampled area, minimal size limit

Hydrographical (CTD)

If multiple counts (transects/observers) are run at any given site (replicates)

Primarily number and if possible weight (volume) kier?

Category, material, source

= =4 —a -9

Beneficial to have

1 Color reported in eight broad color groups as reported in Galgani et al. (2017)
1 Polymer type and method used (all sizes?)

1 Size of plasticseported by size classes (mega/macro/meso)

1 Interactions with biota (by material type, size, species, type of interaction)

2.711 Existing monitoring for contaminants in the Arctic

The joint NorwegiarRussian Ecosystem Survey in the Barents Sparfsrmed annually in August
October and includes sampling of several fish species, shaimdpsediments farontaminants

monitoring. Floating debris and litter as bycatch in trawls are also recorded and reported.
Microplastics are collected from mantawls (mesh size 335 um) from some of the stations (Figure
2.9). In addition to time series of litter on teeabedthe HAUSGARTEN observatory work also

includes annual sampling of despa sediments fdAP analyses (Bergmann et al., 2@1Tekman et

al., 2020), as well as occasional surveys in the water column, sea ice, snow, (Bergmann et al., 2019;
Tekman et al., 2020and zooplanktojand macrolitter surveys at the sea surface and on the beaches
of Svalbard (Bergmann et al., 20201 ).
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2.712 Reconmendations

Research gaps

Althoughthe European Arctic seems to be covered reasonably well, very little is known about
macroplastic pollution in the Central Arctic Ocean and the North American Arctic in teisealuéd

litter. Limited historical data on amine litter presence and composition exist, primarily from Bering

Sea bottom trawl surveys. Image footage from previous @xfgeditions to the central Arctic in 2013

and 2016 (Boetius et al., 2013; Boetius and Purser, 2017) exists, but has not beea amsdyms of

litter quantities. The same applies to footage from the Canada Basin (Bluhm et al., 2005; MacDonald
et al., 2010). Footage may also be available from previous dives of the RussidiiR@¥ialysis of
historic footage could be a good starting poinditninishour knowledge gaps regarding plastic

pollution in remote Arctic regions, but such work likely requires additional financial support

Table 2.17Summary of monitoring and researchommendations for litter on the seabed.

1stlevel (must do) 2" level (should do/develop)
Monitoring - Develop a monitoring plan for | - Develop more automated an
seabed litter (> 2 cm*) by autonomous ways to record
selecting representative sites f litter on the seabed

visual inspection that will covel
different depths and sulatum
in marine landscapes.

- Record litter (> 2 cm*)
collected or observed in all
sampling of seabed habitats
(bycatch from bottom surveys,
diver observations, camera
surveys, etc.)

- Perform studies that give
information on within gear
uncertainty and between gear
uncertainty.

Research - Improved optics/image
recognition for litter
observations

* Size ranges between < 2 cm are not properly covered by thesedsieth
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Table 218 Summary rationale for recommendations, including estimated costs for implementing
programsO - litter and plastic pollution monitoring already in place with regular fundbng

relatively inexpensive because new litter &hé monitoring programs can use existing programs to
obtain samples in at least some regions, but need to have some adchpatay to process samples
for litter and plastic pollution$$ - either sampling networks and/or capacity need to be developed to
monitor litter andVIP pollution; $$3$- development of sampling networks, processing capacity of
samplesand reporting all need to be developed in the majority of the Arctic regions.

Recommendation Program Cost | Rationale

Recordings of bycatch of | $ Many stations, large area coverage
litter from ongoing
ecosystem surveys.
Video recordingstepeated | $$$$$ HAUSGARTEN monitoring in place, but extra
visit from selected area, e,.g cost for the analysis of samples/imagery need
HAUSGARTENor Mareano

Between 1000 stations may be recommended to cover plains and landscapes in a repm@sentat
way based on experiences from the Mareano mapping, although statistical analyses may be the best
basis when planninthe number of stations.
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Figure 2.5Litter densities (kg/kn) on 1778 video stations in Nordic Seas based on data from the
Mareano progna from 2006 to 2017. Dashed line marks the border between the Barents Sea and the

Norwegian Seaffom BuhtMortenserandBuhl-Mortensen2017).
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Figure 2.6Iceland is recording litter both as part of the bottom trawling condaateds par of the
bottom fish surveys (upper mapi addition litter is recorded as part of the ongoing visual mapping
of the seafloor (lower map). Information is from Hafrannséknastofnun/Marine and Freshwater

Research Institute.

O

6]

Figure 2.7 The position of 60 video stations where sediment, faama litter wererecorded in 2017
as part of the NOVASARC project. Information is from the Faroe Marine Research Institute.
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Figure 2.8 (Left) Location of sampling stations of HAUSGARTEN observatory run by AWI since

1999 in Fram Strait (red circles point to stations with camera surveys, ©T. Soltwedel). (Right) Litter
densities recorded between 2002 and 2017 during camera transectskendertdAUSGARTEN,

blue circles reflect measurements from the northern station (based on data from Martinez et al., 2020).
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AugustOctober include appro800 stations.
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3.0 Guidance for Monitoring Biotic Environmental Compartments

3.1Invertebrates (benthic and pelagic)

AUTHORS: BJZRN EINAR GR@SVIK, MARIAE. GRANBERG, TANJA KOGEL, AMYL. LUSHER, ALESSIO GOMIERO,
HALLDOR P. HALLDORSSON, HERMANN DREKI GULS, CHELSEM. ROCHMAN, AND KERSTIN MAGNUSSON

3.11 Introduction

Monitoring levels of microplastics (MP) particles in the frstic and Arctic marine food wetan

give us information on occurrences and abundances of MP pollution, as well as provide indications of
ecosystem health. It is, however, important to recognize that invertebrate samples may not provide
time trends or reflect environmental concentratianslearly as some abiotic compartments due to

biotic selection processes. There is also often great variation in MP counts between species and
among individuals within the same site, something that hampers interpretation (Setéla et al., 2016;
Gomiero efal., 2019; Piarulli et al., 2019; Brate et al., 2020). Marine invertebrates, both pelagic and
benthic, encounter a multitude of particles daily, provoking the development of strategies to reject
particles of low nutritional value from actual food itemseiihis limited evidence that ingested MP

are translocated through respiratory and intestinal epithelia and accumulated in tissues (Browne et al.,
2008; von Moos et al., 2012; Avio et al., 2015; Brennecke et al., 2015; Welden and Cowie, 2016; Cui
et al., 20.7; Abbasi et al., 2018; Abidli et al., 2019; Mohsen et al., 2019). Many size ranges or types
of particles are most likely ingested and egested. Exceptions exist related to, for example, the gut
physiology of Norway lobsterdNgphrops norvegicyisvhere ingsted fibers accumulate in the gut
between molts (Welden and Cowie, 2016). An interesting effect was described in Antarctic krill
(Euphausia superfjand Norway lobster showing that the gastric mill can break down MP to smaller
sizes and translocate themdifferent anatomical compartments (Dawson, 2018; Cau et al., 2020;
Martinelli et al., 2021).

Coupled with information on how different polymer types, shapes, and concentrations may affect
selected species and life stages in contrddbdratory experiments, environmental concentrations

may be used for risk assessments (Kdgel et al., 2020)y Mboratory studies, however, use
unrealistically high exposusée.g., Cole et al., 2013, 2016; Setala et al., 2004% may reflect
environnmental MP concentrations when comparing extremes in MP exposure such as city harbors but
not with remote offshore sites (e.g., Brate et al., 2@@thermore, most studies expose with round
plastic beads, not with fragments and fibers, which are prevalém environment. These studies
function as fAproof of conceptod but have their
nature (Phuong et al., 20168Jore information is therefore needed on which sizes, forms, and

polymer types can posegiilems for invertebrates under realistic exposure situations. Size matters
more than shape (Lehtiniemi et al., 2018), and MP of larger size fractions will probably only provide
a snapshot of MP ingestion at the time of sampling.

Updated ecotoxicologicahformation will be key for accurate assessments of good environmental
status and for informed advice to management on possible impacts and mitigation efforts.
Recognizing these shortcomings, it is useful to establish indicator species for differeot {haats

food web, both from the water column and the benthic fauna, and species representative of Arctic
ecosystems.
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3.1.2 Summary of information to date

There have till now only been a handful of studies quantifying and characterizing ingestioniof plast
pollution in marine invertebrates from the Arctic.

Pelagic invertebrates

Several studies have shown uptake of MP in zooplanktdernatural conditions, for example in the
Northwest Pacific and the coastal waters of Southeast Alaska and Britishiitsol(Dasforges et al.,
2015)andin salps from the North Pacific Subtropical Gyre, California Current (Brandon et al., 2019).
Huntington et a].2020 reported the presence of MP in various species of zooplankton from the
Eastern Canadian Arctitn the Hunington et al. 2020 study, MP were found in about 90% of
zooplankton samples, and at a mean abundance of 0.7 + 0.9 pieces per gram of zooplankton.

The abilityof zooplankton to ingest MP has betgmonstrateéh several laboratory experiments
(reviewedin Galloway et al., 2017 and Villarrubi@aémez et al., 2018). Microplastic ingestion by
zooplankton may have negative effects, as demonstrated in laboratory conditions when polystyrene
particles in the size range 130.6 um induced gtitlockage and incread gutretention times leading
to reduced feeding function (Cole et al., 2013), as well as reduced fecundity linked to the physical
disturbance caused by the presence of plastic in the digestive tract (polystyrene partictesCale

et al., 2015). Ishould however be pointed out that the particle concentrations in these two studies
wereextremelyhigh compared to what is normally found in the environment, 4MEOL* and
75,000MP L, respectively. Water concentrations of MP > 11 um in the a@and the
HAUSGARTEN observatory in the Arctic were found to range between 0 and 1.3!NIRekman et

al., 2020).

The degree of transfer and bioaccumulation of plestgociated toxic substances, such as persistent
organic pollutants (POPs), to zoopgttan and fishes is an active area of research, but evidence is
currently limited (Lohmann, 2017). The amount of natural organic material to which POPs can adsorb
outnumbers the amount of plastics and MP by many orders of magnitude. In a study fromtthe Sout
Atlantic Ocean by Rochman et,&014 several hydrophaobic organic contaminants were analyzed in
plastic debris and in mesopelagic lantern fishes, and the only correlation that might indicate an uptake
in the animals from the plastic was found for pobrhinated diphenyl ethers (PBDES), used as flame
retardants.

The melting zone of Arctic sea ice is an important part of the Arctic ecosystem with high productivity
and biodiversity. Because the Arctic sea ice has been reported to contain high levelpatitles
(Obbard et al., 2014; Peeken et al., 2018; von Friesen et al., B820% of MP particles taken up by
ice-associated zooplarda would be interesting to monitor by sampling zooplankton living close to
the melting zone, although sampling approaches may be challenging.

Benthic invertebrates

Microplastics sink to the seafloor due to the polymer having a density greater than s@Alwatiall
et al., 2014; Kowalski et al., 2016; Ex@assola et al., 2019y being weighed down by biofouling
(Kaiser et al., 2017; Rummel et al., 2017}yobeingincorporated into marine snow (Porter et al.,
2018; Zhao et al., 2018). Because of thiemthic fauna feeding on settling particles or sediments
constitute a relevant matrix for monitoring MP pollution (GESAMP, 2019). Fang £2@1.8
reported MP in 11 species of benthic invertebrates (including starfish, shrimp, crab, whelk, and
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bivalves)sampled from the Bering and Chukchi Seas. They found averages -&.9d0gieces per
gram wet weight or 0.04.67 pieces per individualhe greatest concentration appeared at the
northernmost site in the Chukchi Sea, implying that the sea ice and dneuc@nt represent possible
transport medifor MP ingested by benthic fauna and pointing to transfer mechanisms similar to
those implied by the research carried out in the Fram Strait by Peeker2@1&lln many of these
studies, microfibers were the most common MP form found.

Bivalves

Filter-feeding species like bivalves have been suggested as candidate organisms for monitoring the
uptake and effects of MP particles in seawater and sediments (GESAMP, 2019). Bivalves are reported
to be selective with regard tbe uptake of MP ad they egest particles as feces and pseudofeces, and
therefore their suitability as an indicator species has been questioned (Ward et al., 2019).

Brate et al.2018 reported an overall average abundance of 1.5 MP per individual blue mussel
(Mytilus eduls) sampled from Norwegian waters (n = 29 sites, 545 individuals). This study was
extended to test the applicability of other benthic bivalves in Nordic waters. Interestingly, it was
relatively hard to obtain high numbers of individuals in many of thdaitgions requiring the study

of more than one closely related speciege Bivalve species, including mussels, fra60sites were
selected: 32 of the hatubttom specieMytilus spp., 14 of th& soft-bottom speciekimecola

balthica 31 Abra nitida 20 Thyasiraspp., and 3 of the hattabttom ArcticHiatella artica. Four of

the five species were found to contain NiBtilus spp.,L. balthicg A. nitida andThyasiraspp. At

11 Mytilus sites, 2.77 or more MP per individual were found, with the inner Oslofjord mussels
containing the highest concentration of MP (> 61 MP per individual), both in 2017 andA2848.of
Skagerrak, Kattegat, the Baltic Sea, and the North Sea close to tehamare also found to have

high levels of MP compared to other sites. Black rubbery particles were domihéyiilirs spp.,A.

nitida, andL. balthica These rubbery particles could stem from road runoff or other sources of rubber
such as tires used rarbors. Microplastics between 63 and 1,000 um were presAnhitidaandL.
balthica,however, no MP larger than 63 um were detectethiyasiraspp. This study shows that
urbanized areas in the Nordic marine environment are receiving high levels ahMEhat bivalves
could be used to monitor small MP. It also highlights that bivalves from the Nordic environment are
exposed to rubber, and the sources of rubber should be further investigated.

Blue mussels collected in Iceland contained on averagdR Barticles per individual (Halldérsson

and Guls, 2018). Blue mussels collected at different sites near Sisimiut in Greenland contained on
average 6 + 5 MP items per individual with greater concentrations closer to wastewater outlets and
dumping sites (@nberg et al., 2020). Microplastic content was also analyzed in samples of the
suspension feeding bivalve, Greenland smoothco8deripes groenlandicyscollected in

Kongsfjorden and Rijpfjorden, Svalbard. Of the individuals collected, 69% contaieeat omore MP

with an average of 1.2 + 1.1 particles per individvah Friesen, 2018)hese low counts obscured

any differences between collection sites, which stresses the need for research regarding appropriate
Arctic monitoring species.

Crustaceans

Approximately 20% of snow cral§€hionoecetes opiljon the Barents Sea contained MP in their
stomachs (Sundet, 2014). Amphipo@aMmmarus setosysollected in the Kongsfjorden
Krossfjorden system, Svalbard, Norway, contained very few anthropogenic microparticles (2 + 2) and
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no difference was detected among sampling sites, regardless of proximity to possible sources
(Granberg et al., 2020).

Echinoderms

Deepsea starfishHymenaster pellucidygrom Rockall, Great Britain, contained 1.6 MP per g ww
(Courtenelones et al., 2017). Of tiger items observed on the seafloor of the HAUSGARTEN
observatory, 67% were in some way interacting with epibenthic megafauna (Bergmann and Klages,
2012). We suggest future work foes®n these organisms to inform expected contamination in local
food webs and to help us understand the fate of MP in Arctic food webs (e.g., trophic transfer,
bioaccumulation, biomagnification, trophic dilution; Provencher et al., 2019).

3.13 Sampling

Sampling invertebrates in the environment shaddsideldocal conditions. For example, sampling
mussels from suspended ropes/lines in the aquatic environment may result in higher levels of ingested
MP based on the substrate. Therefore, the habitat diemthic invertebrates should be considered.
Often, 30 individuals are collected for monitoring surveys, but the number of individuals sampled
should be planned according to requirements for statistical analyses. Directly after collection,
invertebrates shad be rinsed with seawater to remove debris, with filtered (0.2 um) MQ water, and
subsequently stored individually in aluminium foil covered and liddedipsed (three times with 0.2
pm filtered MQ water) glass jars. All samples should be stored fi@26rfC) and dark until MP
extraction and analysis. Swift handling of individuals after collection prevents sample loss through
organisms expelling material from their guts or ingesting plastics in another environment than their
own. Open containers to dool for air dust during sampling should be provided.

3.14. Extraction

Size and weight measurements and preparation of biota for extraction should take place in a clean air
laminar flow cabinet to avoid airborne MP contaminatibmere are several tisswligestion protocols

used for invertebrates, for example, a gentle and effective digestion protocol uses pancreatic enzymes
from swine(von Friesen et al., 2019 otassium hydroxide (KOH) is mostly used for bivalves (Brate

et al., 2018, 2020; Gomiero et al., 201@gneral recommendation of protocols should awpibaess

of international standardization and harmonization. The most important factor when selecting a
digestion method is to control for and keep at a minimum MP degradation and loss, while removing
enough of the tissue and other particles to enablesisaly
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Box A: Data needs/expectations for reporting MP in invertebrates.

Must have

1 Name of researcher

1 Species

1 Location, including latitude and longitude

1 Date: day, month, year, time

1 Sampling method (e.g., vertical plankton trawl 180 um meshdieg, benthic trawl,
cages/pots)

1 Sampling depth (m)

1 Size, weight

1 Physiological statuselevant support data for the different species,segson, sex, spawning
status, molting stageondition index

1 Tissue(s) sampled

1 Total number of samples/individgaper site (i.e., n)

9 Filter type and pore size used

I Total and relative abundance of MP particles (with lower size limit)

i Particle category (e.g., fragment/foam/sheet/fiber/other), size, color reported in eight bro

color groups, omass per tissue weigahd particle size group, as mean, with standard
deviation and number of samples, medamjrange for particles > 300 um

T Collection, extraction, analysis method including equipment, quality assurance/quality cq
(QA/QCQC), limit of detection of MP sz and/or mass, and measurement uncertainty

Beneficial to have for all data

1 Polymer typgaccording to Figure 3 in Primpke et al., 2017)

1 Either MP mass or number per tissue weight and particle size group, as mean, with stan
1 deviation and number of samples, medamgrange for particles < 300 um

3.15 Quiality assurance and quality control

In general, systems for QA/QCs need to be developed. Overall, QA/QC for any invertebrate studies
should have sampling blanks and laboratory blanks to account for background contamination,
especially of microfibers. Segection2.2for a more detailed desption of laboratoryblanks.

3.16 Recommendations

Given the lack of harmonized protocols for monitoring in many species and the wider diversity of
species found across the parctic, the primary recommendation is to focus on suspension feeding
species (e.g., mussels) that can contribute to the moniwirdM@ in the environment, and in future
studies, to examine the effects in relation to ecosystems and human healt3 (Mable
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Table 3.1Summary of monitoring and research recommendations for litter and MP monitoring in
Arctic invertebrates.

15t level (must do)

2" level (should do/develop)

tasks (short term):

1 Number of individuals needed

i Statistical analyses/power
analyses, modeling

1 Sessileversusmotile

1 Functional groups

1 Location

Investigate other pelagic or benthic

species with regard to sampling and

monitoringstrategies, e.qg.:

9 Ice associated zooplankton

1 Pteropodapelagic snails (sea
angels)

1 Larvacea (clasAppendicularia

1 Crabs (e.g., show crab,

Chionoecetes opiljo

Monitoring Long-term monitoring on widely Quantify particles < 300 pm in all
available species: invertebrates examined
1 Suspension feeding bivalves, e.
mussels Mytilus sp.)or Develop knowledge to advise on other
(Serippes greenlandicu§®) benthic or pelagic species with different
MP cutoff size: 300 um (visual | feeding strategies like seenger, deposit,
determination, stereomicrosope| or suspension feeder. Candidate specie
or chemical identification with | consider:
FTIR) 1 Annelids
1 Sea cucumberdiplothuroideg
1 Calanus copepods (e.€. glacialisor
C. finmarchicu¥
1 Gammaridae (e.gGammarus
cetosup
1 Shrimp
1 Kiill
Research Recommendations for firgtrioritized

(*) We are aware of the challenges with bivalves egesting particles as feces and pse(Miafetet
al., 2019), although they seem less selective with fibers and other material types. We know less about

the selectivity of other invertebrates. We suggest starting with MP > 300 prfilrel in the

recommendations tcomplywith recommendationfor other compartments. This size range could be
used with bivalves but is more uncertain with other species. Recommended spétiesedthust
do) should be reevaluated when more data are available.
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Table 3.2 Summary rationale for recommendations, including estimated costs for implementing
programs: 0 already in place; $relatively inexpensive becausésynergy withother projects but

needto have some additional capacity;-$ither networks and capagciwill need to be developed;

$$$- development of sampling networks, processing capacity, and reporting all need to be developed.

Recommendation CP:LoSgtram Rationale

Communitybased Many communities in the Arctic harvest bivalves regularly

monitoring and (e.g., mussels, clams). Communritgsed monitoring samplin

collection of $ programs should be developed to collect bivalvestefést

bivalves that are for monitoring levels of ingested MP. This would also provi

commonly samples for effects from plastic contaminants for future

consumed. studies.

Use existing Arctic | $$ Existing monitoring programs are already ingador

cruises to obtain sediments regarding pollutants, trophic status, and biota

pelagic invertebrate making it easy to include sampling for MP. The main cost

samples. involves processing and analysis of samples, which can bg
quite costlythus two dollar signs.

3.1.7 Existing monitoring foinvertebrates/contaminants in the Arctic

The joint NorwegiarRussian ecosystem survey in the Barents Sea performed annually in-August
October includes sampling of several fish species, shrimp, and sediments for contaminant monitoring.
Floating debris andhacrolitter as bycatch in trawls are recorded. Microplastics are collected from
manta trawls from some of the stations. Organisms for MP monitoring can be provided upon request
(Figure3.1).
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Ecosystem survey August-October 2016
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Figure 3.1 The joint NorwegiarRussian ecosystem survey iretBarents Sea performed annually in
AugustOctober includes approx. 300 stations.
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Figure 3.2 Locations of existing sampling for MP in invertebrates in the AMAP region.
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3.2Fish

AUTHORS: TANJA KOGEL, CHELSEA MROCHMAN, KERSTIN MAGNUSSON, MARIAE. GRANBERG, MAX LIBOIRON,
ALESSIO GOMIERO, AMYL. LUSHER, AND JENNIFER PROVENCHER

3.2.1Introductionto microplasticsn Arctic fish

Plastic pollution of the ocean has led to ubiquitous but uneven exposure of organisms, including fish,
to microplastics (MP). Evidence of plastic pollution in the Artiasher et al., 2015; Buhl

Mortensen and BukVlortensen, 2018; @evik et al., 2018; Kanhai et al., 20406)plies that Arctic

fish are no exception to such exposure. However, for Arctic fish species, few publications on
ingestion or accumulation of MP exist so faeclerc et al., 2012; Nielsen et al., 2014aBret al.,

2016; Fischer and ScheBibttcher, 2017; Kihn et al., 2018; Morgana et al., 2018; de Vries et al.,
2020; Ganberg et al., 2020Y he results of those Arctic field studies, combined with evidence of
ingestion andccumulation of MP in fish from other arg&all and Thompson, 2015; Lushetral.,

2017; Collard et al., 2019; Markic et al., 202@xludingfish widely used for human consumption
(Neves et al., 2015; Rochman et al., 2015; Lusher et al., 2017; Bessa et al., 2018; Ory et al., 2018; Wu
et al., 2019; Barboza et al., 2028hd evidence of MP toxicity from exposure studkesgel et al.,

2019) highlight that Arctic fish spges may be exposed to MP, and the consequences and risks to
both ecosystem and human health should be investigated.

3.2.2Status of global science amicroplasticdn fish

General trends

To date, MP pollution in fish has mainly been analyzed in the contents of the gastrointestinal tract
(GIT). Some studies additionally included the gut walls in the anglysisher and ScholBottcher,

2017; Morgana et al., 2018; de Vries et al., 20R@sults have often been reported as the frequency

of occurrence in percent (FO %), i.e., an estimate of the number of contanmiatetlials in a
population. Additionally, the number of MP in individual fish GITs were reported. In popular
scientific settings, they were sometimes presented as the number of MP per individual fish. It is
important to be aware of the contexts of thegasarements, namely, (1) that it is only the number of
MP in the investigated part of the fish (the entire or partial GIT), (2) the size range and quality of MP
(such as polymer type, color, or shape) that the applied method was capable of detect®)dtsand (
measurement uncertainty.

Counts of MP in the GIT content of fish likely represent a snapshot in time, generally capturing what
enters the GIT before it exits through feces during one digestive (@a$eSantos and Jobling991;
Grigorakis et al., 2017Fish do not seem to accumulate MP in the GIT over time as seen in some
other species (i.e., some seabirds and crustaceans) that have different gut morphologies. Larger MP (2
mm and > 63 um, respectively) were observed to be eduelith the feces within hours to days in

cod and goldfish, respectiveipos Santos and Jobling, 1991; Grigorakis et al., 200 numbers

of visually identifiable MP per fish in the GIT were generally low, therefore requiring high sample
numbers to assess statistically significant differeroegeneral, monitoringarger MP in the GIT can
provide a rough estimate of MP ingestion rates and differences in such rates depending on factors
such as species or locatiohkwever, published data on MP in GIT of fishes so far lack

harmonization to the extent that the detatiof such factedependent differences is only possible in

a few cases and within, but not between studies. Mapping of MP distributions and the discovery of
which determining factors lead to accumulation and adverse effects will strengthen recommendations
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for monitoring (e.g., sample numbers, frequency, and station distances for monitoring of MP in fish
GIT).

Additionally, small MP in other fish tissueged to be addressed for risk assessment. Importantly, the
required methods for analyzing small MP contamination in tissue need research and method
development. Once the methods and distribution mapping have been accomplished, then a monitoring
program carbe set up in a meaningful way.

The importance of the size of microplasticsesearch areas under development

Studies have suggested that the size of plastics heavily influences the data generated. For example,

when studies mapping MP in water were egwed, it was found that ~80% did not account for

plastics < 300 em, which can be explained by the
method, with a mesh size of ca. 300 (@onkle et al., 2018)This limitation is an issue because

smaller size fractions of MP consistently aoctuhigher particle numbeis environmental samples

(Bergmann et al., 2017; Mintenig et al., 2017; Peeken et al., 2018; Simon et al., 28\8geHal.,

2019; Mani et al., 2019; Brandon et al., 2020)e incidence of small MP cannot be extrapolated

from the incidence of larger MP in a straightforward Wegr Halle et al., 2017; Haave et al., 2Q19)

Although not the focus of this report, it is important to note that MP were shown to have negative
impacts on fish in exposure studies in laboratmaged settings, and that there is more evidence for
negatve effects of smaller MPs in the low pm ranges compared to larger onesu(; K®gel et al.,
2019) This is related to theizedependent uptake in biota and the translocation barriers within biota
between tissues andgans and into cells and subcellular organelleseveral studies, the numbers

of MP detected in different tissues in exposure experiniectsased with decreasing MP size in fish
(Jeong et al., 2016; Critchell and Hoogenboom, 2018; Lehtiemi et al., 2018; Gomiero et al., 2020a)
and mammalgJani et al., 1992)

Quantitative analyses of small MP and nanoplastic from fish tissues other than the GIT are likely to be
relevant for both seafood safety for human consumption because the GIT is often not the consumed
part of the fish, and fohe health and population sizes and stability of the fish themsé#leasaller

MP and tissues other than GIT are disregarded when fish are analyzed, the obtained frequency of
occurrence and individual MP counts per fish will probably underestimate thstuadion in fish as

a whole organism. Howevel0 pm is the current methodological lower sieéated threshold for

which semiquantification is possible in larger environmental or biota samptefar, no published
monitoring data are available on gli@ pieces below 1Am, but several field reports on fish show

MP occurrence outside the gut contents, in dikbrtissueqCollard et al., 2017; Karami et al., 2017;
Gomiero et al., 2020a, BYhe MP sizes reported in these publications reach hundreds of um, and
Gomiero et al. reported that smaller MP (below 50 um) were most frequent in salmonid livers and
fillets.

Microplastics in Arctic fish

Although fish are considered indicators of ecosystem health (European Parliament, 2000), there are
few studies that have investigated the ingestion of MP in Arctic fish (see AMAP definition of the
region used for this assessmenkFigure3.3). In bony fid,, MP have been reported in polar cod
(Boreogadus said&iihn et al., 2018; Morgana et al., 2018}lantic cod(Gadus morhuaBréte et

al., 2016 de Vries et al., 2020%reenland cod3adus ogacGranberg et al., 20203culpin {Triglops
nybelini Morgana et al., 2018), and saithe or polldekl(achius virensde Vries et al., 2020Fable
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3.3). Although many of the most common fish species consumed by humans from the Namtit Atl
and Arctic fishery area have been investigated, the applied methods are highly different,
compromising the comparabily. For example, either the GIT including content or the GIT content
only, were investigated. Because there may be MP entrappedgutthvall, this might introduce
differences in the MP counts. Several of the studies did not target MP analysis, but were feeding
assessments in which litter/MP content was a side observation. Some studies relied on visual
identification, with or without anicroscope, whereas others added chemical identification by FTIR
(Fouriertransforminfraredspectroscopy). Measurement uncertainties are too high, not always
rigourously assessed, and the studies too different and too few to extract certain trendsaoyygom
studies. That being said, we do list some findings.

Occurrence rates of MP in Arctic fish usually range2iP per individual Table3.3). One of the

Arctic fish studies found higher counts of MP in Greenland cod GIT, in which 12 MRddgdual

were observed on averaff@ranberg et al., 20207 his study had a lower detectisize limit (20 pm)

than most other studies, suggesting that the methodological differemtsedtion capacity may

yield different results rather than reflecting fieldspecies conditions. Furthermore, Granberg et
caught their fish using fishing rods and dissected immediately after catching each fish. When usual
fish sampling approaches tiinets and bulk fishing) are used in which fish are quickly hauled from
deeper depths, fish discharge their gut contents, likely including MP, from their stomach. This would
be different for individual species and might be a crucial feature to consitleoatrol for when
guantifying MP in the GIT. Additionally, in this study, cod containing the highest number of MP were
found closer to local pollution sources. Finally, Morgahal. (2018) found higher ingestion rates in
demersal sculpin compared to qugic polar cod. However, because of the scarcity of studies, no
general conclusions can be drawn ¥eis not clear if the variation is due to the species differences,
environmental factors, or the methods applied. Uncertainty and recovery analysisippliled

methods are often lacking.

There are many possible pitfalls caused by a lack of harmonization in the Arctic studies. For example,
Kihn et al, 2018described a low incidence of MP in polar cod compared to Morgana 20 E3.

despitea lower detection limit. It could be because they focused on the stomach content, whereas
Morgana et a).2018 included the entire GIT. However, speculative reasons for this could also be that
the Kiihn et a].2018 study did not include microfibers in thahalyses to avoid false positives

through airborne contamination, which they openly discussed. However, they might have introduced a
falsenegative error thereby. Although controlling for false positives is important, the study may have
excluded real pasve samples from their accounts. Therefore, it is important not only to subtract
contamination from results, but to keep contamination as low as possible. Real environmental
differences may also be the case because the polar cod in the two studiesicadiiédrent

locations. Brate et al2016 observed geographical differences within their study, in which no MP

were observed in Atlantic cod from northern Norway (the Varanger and Lofoten areas or in the
vicinity of the capital, Oslo), whereas Atlantioccfrom the harbor of the second largest city of

Norway, Bergen, contained MBréte et al., 2016)One highly speculative hypothesis could be that
Bergen, with its rough shoreline on the west coast of the European continent, might comb plastics out
of the Gulf Stream. This is an example of how fish may be usegtore larger patterns in MP in

relation to shorelines and major current systems.



Table 3.30verview of available analysis data of microplastics in Arctic fish.
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Species Location Fish | FO MP per Lower Methodology Reference
[N] [%0] individual detection
[N] limit
Polar cod Eurasian Basin, 72 2.8 01 > 35 | Stomach content, visual Kihnet al. 2018
(Boreogadus saida Svalbard inspection, suspected MP b
FTIR, fibers not included

Polar cod North-eastern 85 18 01 > 700 um | GIT and content alkaline Morgana et al., 2018
Sculpin Greenland 71 34 digested, visual inspection,
(Triglops nybelin) Northern > 700 um byFTIR

Greenland
Atlantic cod Varangerfjord and | 58 0 n/a N/A Stomach content, visual Bréteet al., 2016
(Gadus morhup Lofoten, 56 > 3.2 mm | inspection, suspected MP b

NorthernNorway reported | FTIR
Atlantic cod Iceland 39 20,5 | 0.23 >80 um GIT and content alkaline de Vries et al., 2020
Saithe 46 17.4 | 0.28 digested, visual inspection,
(Pollachius virenk On average FTIR
Greenland cod Western Greenland 12+6 >20 um GIT, visual and FTIR on Granberg et al., 2020
(Gadusogag selected particles
Greenland shark East, West, 30 3.33 |01 >1mm Stomach content, visual Nielsen et al., 2014
(Somniosus microcephalug Southwest examination

Greenland
Greenland shark Svalbard, Norway | 45 3 N/A >1 mm Stomach content, visual Leclerc et al., 2012

examination
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Because the available data are still scarce but in high demand, we list several other ongoing studies on
MP contamination in Arctic fish that we are aware of, for future reference:

1  The Nordic Council of Ministers has funded a Nordic/Iceland/Faroes investigation of MP in fish,
addressing theiability of using ongoing fish stomach monitoring for MP plastic monitoring
(project leader Catherine P. Chambers) and method development éatrdoetion of MP from
cod stomach content.

1 The Institute of Marine Research (Bergen, Norway) is currently analyzing haddock
(Melanogrammus aeglefinufom the Barents Sea for MP using methods that account for
plastics above 10 um, and experimentally elbat, in fillets and liver, funded by the
Norwegian Ministry of Trade, Industries and Fisheries (project leader Tanja Kdgel).

1 Researchers in Canada from Environment and Climate Change Canada (ECCC), Department of
Fisheries and Oceans (DFO), and the Uit of Toronto are quantifying MP in Arctic char
(Salvelinus alpinusfrom the Cambridge Bay region of Nunavut, and researchers from the
Nunatsiavut Government and Memorial University of Newfoundland are studying Arctic char
and turbot $cophthalmus maxiug from Nunatsiavut in Labrador.

1 FACTS, a consortium financed by 3Blc e a n s , wi | | be investigating
Mi cropl astics i n Nort her nBré&meboopmemaAtidtctcaelr s, 0 i n
from the Barents Sea (project leades Yellertsen; fish work package leader Tanja Kogel).

Sources

We know very little about the sources of MP to fish in the Arctic. The current stage of this research
field is immature, and quantification and contamination characterization still need cabkder

method development. However, there are some indications suggesting MP travel to th@aArctic

water current¢Cozar et al., 2014 precipitation(Bergmann et al., 2019and as waste from boats and
ships, including tourism and fishing, i.e., fishery gear and products of daily (Bargmann et al.,

2017; Nashoug, 2017; Falkndersson an&trietmann2019) The input from wastewater outlets,

both with and without treatment, has been investigatéteirctic(Magnusson et al., 2016;

Granberg et al., 2019; von Friesen et al., 20B0jthermore, loss of plastic litter from landfills might
play a role(Granberg et al., 20207 he relative importarecof local and distant pollution sources for
microlitter needs further investigation. The great connectivity between the Arctic ocean and adjacent
seas, through the FRAM and Bering straits may play a role. Another possibility is transport by marine
organisns from more polluted areé&gan Franeker, 2011; Provencher et al., 2018; Bourdages et al.,
2021). Considerig the food web, MP in prey organisms, such as plankton, need to be quantified.

Conclusion and research gaps

In summary, information on MP pollution in Arctic fish is scarce, and studies show high variation,
both in the applied methods and the results.skhdies do illustrate that all investigated species to

date in the Arctic ingest MP at some level. Little can be concluded yet about sources, geographical
distribution, and species dependency. Globally, small MP < ca. 500 pm in fish and MP in parts of the
fish other than the GIT were only analyzed in a few publications because of the expensive equipment
and expertise necessary and not available everywhere. Microplastics below 10 um have not been
analyzed at all in wild fish because of methodological chg#s, even though there is evidence from
exposure studies that such small MP might pose both environmental and human heaBba@skse

of the scarcity of data, we conclude with a call for more research to fill in the gaps about the
distribution, compasion, and extent of MP contamination of fish in Arctic ecosystems.
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We identified the following major knowledge gaps, which we suggest working on in the coming
years:
1 Geographical distribution of MP in fish as related to MP in water, sediment, and diet
1 Measurement uncertainty/recovery testing of sample preparation and analysis methods
1 Accumulation quantification of MP iniffierent species and tissues, throughout the food
chain, includingdentification and principal component analysipafameters influencing
MP ingestion
Suitable indicator species and tissues applicable to the Arctic ecosystem
Effects of environmentally relevant amounts and combinations of MP on key species
Roles of fish for the fate of MP in the environment
Vector funciton of MP for other contaminants

=A =4 =4 =4

3.2.3.Rationale for monitoringnicroplastican Arctic fish

Benefits

Fish form an important link between lower and higher marine trophic levels/food webs, including
Arctic ecosystems, and they are considered indicators of ecosystem health. Fish also constitute a
significant protein source for human nutrition and are an itapocultural component for Arctic

peoples. Human health may be affected by MP exposure through air, water, and food, directly, as well
as indirectly, by the impacts on the ecosystBarboza et al., 2018Adverse effects of any

contaminant that is affecting fish, have an impact on food safety, security, and sovereignty. Thus, MP
contamination is of concern to food safety authorities, environmental agencies, food security
stakeholders, such as UN organizasipand rightsholders, such as Arctic Indigenous pedpésed

on the Marine Strategy Framework Directive (MSFD; European Parliament, 2008), the European
Commission produced a set of detailed criteria and methodological standards, which were revised in
2017 (European Commission, 2017) leading to the new Commission Decision on Good
Environment al Status (GES), i ditedingaestechbg mariieThe a mo u
animals is at a level that does not adversely affect the health of the specescon e d . 0

Limitations

Monitoring fish can be costly for several reasons. Targeted fishing is expensive. When using the GIT
content to study MP, scientists can easily team up with locdlraligenous fisheries to collect gut
contents. However, when lookjrior smaller plastic particles that are expected to accumulate in fish
tissues, the methods needed for quantifying small MP are time consuming, requiadigh
instrumentation, clean laboratories, and specialized skills. To initiate this costly endeasons,

and purposes should be clear, planning thorough, and study species and tissues wisely chosen. Before
monitoring fish on a large scale, methods generally need to be harmonized, and the methods for
smaller MP, developed. Then, contamination lewelsd to be mapped in baseline studiedle3.4

suggests how different objectives could focus on different target matrices for quantitative MP

mapping. These recommendations are based on a small empiric amount of data and include feasibility
in their ratbnale. Thus, it is not our opinion that, for example, fillet contamination is irrelevant for
ecosystem mapping purposes, but rather that liver should be prioritized at this phase due to the high
cost of sample analysis and the established status of §iar acosystem indicator for other

contaminants.
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Recommendations for monitoring microplastics in fish

Based on the summary of knowledge ab@xperience from monitoring other contaminants, and MP
contamination researcbur best recommendation for speg;idata, and tissues are provided below for
the establishment of a monitoring program for MP in Arctic.fB&causehis field is in its infancy,
guidelines are likely to adapt according to future insights, but we wish to segpbunity to

foster harmonization across the Arctic at this early stage. In the coming years, more studies will
probably use harmonized methods, and thus, we will be able to form more specific, ebiasedte
recommendations to address a series of questions relatexhitoring litter andvP in fish as related

to environmental and human health. To answer specific questions and use resources in a meaningful
way, monitoring methods need to meet specific objectives, which will differ, depending on region,
agency, purposetc. Monitoring methods will also need to target specific matritakl€3.4).

Table 3.4Target matrix per mapping purpose.

Tissue Ecosystem | Human
health

Gills X

Gut X

Fillet X

Liver X X

Whole fish X X

We suggest the following criteria to enable complementarity of monitoring studies based on existing
publicationgKogel, 2015; Lusher et al., 2017; Bessale 2019) Microplastic contamination loads
should be compared in and across different species, tissues, and geographical areas to enable the
determination of suitable indicator specé® monitoring conditions. The research field is young,

and considerable method development is necessary to achieve meaningful monitoring, therefore we
have divided our recommendations for requirements for the data that need to be collected for each
study; into two groups.

The Amust havedo should be feasible to a | arge

fi b e n e tomprisemdradcostintensive goals, which partially require advanced instrumentation
and infrastructureandare not feasible or not necessary for all purpoBex f).
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Box A Required data for monitoring microplastics in Arctic fish

Must have

Name of researcher

Species

Location, including longitude and latitude

Date: day, month, year, time

Wet weight and total length of fish

Liver weight

Tissue(s) sampled

Frequency of occurree of MP per individual/tissue

For MP > ca. 500 um: either MP mass or humber per tissue weight and particle size gro

mean, with standard deviation and number of samples, median, for individual or defined

samples. When reporting for individuah, include individuals without detected plastic

contamination

9 Collection, extraction, analysis method applied, including equipment, quality assurance/(
control, limit of detection as MP size and/or mass and measurement uncertainty

= =4 -4 —a 48 -4 -8 A -9

Beneficial to have

1 Polymer type group (according Rsimpke et al., 2017)

1 Shape of the MP, as fiber, fragment, or bead

9 Color identification of MP

1 For particles < ca. 500 um: either MP mass or humber per tissue weight and MP size gr
mean, with standard deviation and number of samples, median, for individual or defireti
samples. When reporting for individual fish, include individuals without detected plastic
contamination

Sex

Age of fish

Depth of collection

Weather conditions

Name of fish harvester and boat

=A =4 —a —a -
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In Table3.5, monitoring and researche c o mme ndat i ons ar epriparye sent ed s e|
monitoring indicator8 ( r equi red for monitoring) with method
monitoring indicator® The latterentaik researctwith activities that point toward a future need of
implementation into monitorindgor now, their methods still require development to become robust

enough for monitoring, and the baseline mapping of the extent of contamination needs to prelude
monitoring. More explanations on the fish species listethinle 35 can be found ithe Methods

subsection (3.2.4)Currently, no recommendation for sampling frequency can be provided because of

a lack of data on MP contamination concentrations and determining factors.

Table 35 Summary of monitoring research omemendations for microplastics in Arctic fish.

Primary monitoring indicators Secondary monitoring indicators

Monitoring | - For MP > ca. 500 um: GIT content - For MP > ca. 500 pm: GIT content

analysis with minimum suggested analysis with minimum suggested

sample size 50 individuals per station| sample size ®individuals per

(representing onecological niche, station and species:

spreading depending on environment{ - Capelin Mallotus villosu$,

condition variation and migration flounder, cusk

pattern of species) and species - Identification of a deepvater fish

- Salmonids (trout, char, salmon) species that can be regularly

- Polar cod assessed for plastic ingestion

- Sculpin spp. - MP content in muscle and liver of

said indicator speciescluding
small particle sizes

Research - Development of methods to quantify
MP in muscle and liver of fish

- Development of methods to quantify
nanoplastics in fish tissues

- Correlation of chemical contaminant
data with MP exposure

13¢€



Table 3.6 Summary of the estimated costs combined with rationales for the recommended actions.
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0 - already in place

$ - relatively inexpensive, synergy with ongoing projects
$$- networks and capacity need to be developed
$$3$- sampling networks, processing capagaieporting need to be developed

Recommendation

Cost

Rationale

Gastrointestinal
tract (GIT) MP
content analysis in
commercial fishes
(cod, salmonids)
for MP > ca. 500
um

$

Existing research programs and collaborations should be establ
with fishing fleets, such as those assessing population size and
chemical contamination, making it relatively easy to add samplir|
for MP pollution to the workplan. Minimal costs would &egded to

cover the costs of collection and processing the GIT content for
plastic pollution specifically.

Determination of
plastic ingestion in
small scale fisherie|

Communitybased sampling can be implemented to sample speq
that are harvested Northern andndigenous communities.
Addition of minimal costs to implement plastic pollution monitorir
to cover collections and the processing the GIT content for plast
pollution specifically.There are also several regular research cru
that could le used to create synergy for monitoring. For example
Institute of Marine Research, Norway, has been registering litter
with bottom trawl and trawl and estimating fish population sizes
during the scope of their fe

2010(Grgsvik etal.,2018) and during their
covering the ice free areas Southwest, East, and South of Svalb
February/March.

methods for
nanoplastics
quantification

Establishment of | $ This is bestnitiated as a subset of the abawentioned activities to

time trends in fish be repeated at the same station at regular intervals. This should

MP established annually when possible until power analyses can beg
to examine sampling frequency questions.

MP content in filet | $$ Analyses of MP content in liver and fillets can begin immediately

and liver, method methodologically, but existing methods are expensive, and reco

development for rates below 100 um are unstable. Method development fali MP

small MP is already in progress in many laboratories, and several peer

guantification reviewed articles have been published. However, these method
largely at a semijuantitative stage. To enable proper risk
assessment, necessitating toxicological tests with realistic
environmental concentrations, the concentrations need to be
determined, including quality assurance with ring testing and
measurement uncertainty determination. That work has been st;
by several initiatives, e.g., roQUASIMEME Laboratory
Performancétudies orMP, European Commission JRC/BAM
inter-laboratory comparison (proficiency testing) i, and the
H2020 Harmonisation Call (CEC529-2020).

Development of $3$$ | It has been shown that nanoplastics have negative effects in ex]

experiments. Method development for nanoplastics analysis is
ongoing but poses large challenges because the particles adher
surfaces and are easily dissolved in the attemptttacthem from
biotic matrices. Detection in one biotic matrix has been publishe
(Correia and Loeschner, 28).
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3.24 Methods

Fish species

Previously recommended crite(Bessa et al., 2019)r selecting appropriate species for MP analysis
were species that (brcur naturally with high abundance and wide geographktdition, (2) are

easy to sample and process in the laboratory, (3) are already used as bioindicator/for biomonitoring in
other studies related to marine pollution and monitoring international schemes, (4) have ecological
and socioeconomic relevance, dBilcover several ecological/functional niche roles, feeding guilds.

In the light of this previous list, combined with specific Arctic needs andttttesof the research
field, mapping programs at this stage should focus on species that are:

1 widespread, to collect baseline data across regions to understand trends and sources over time
and space

9 stationary, to reflect regional/habitat differences

9 consumed by humans to address huimaalth risks with the following considerations (1)
most prevalently used wild fish by Arctiesidents for sustenance, (2) most commercially
used wild fish because many people will be exposed, and trade restrictiondenigh
established

1 shown or likely to ingest greater amounts of MP, i.e., offiigphic level because that
increases contaminant accumulation, or benthic fedskrause more plastic contamination is
expected in the sediments compared to the water caburtine surfaceand

1 key species of ecosystem importance

Given the above considerations, we recommend polar/Arctic cod and sculpin for mapping of MP
pollution in fish because they have already been shown to ingest plastic and are incorporated into other
pollutant monitoring programs, combined with other salmonids. These species are also commonly
consumed by humans in both sustenance and commercial settings and occupy different habitats.

Salmonids and polar cod are regularly sampled by researchers, aoatfifghing, and ndigenous and
local community members. Therefore, adequate sample sizes (> 50 individuals) can be obtained
relatively easily and would allow for rigorous statistical analysis across the Arctic. Salmonids live in
diverse ecosystems fromeghwater landocked lakes to semin coastal and offshore marine
environments. Polar cod additionally are-associated because they spawn below the ice edges and
feed on invertebrates on the underside of se@Huaserbéten et al., 2019)Polar cod also form a core
component of the Arctic food web and are relied on by many fish, mammals, and bird species in the
region.

Additionally, the Arctic sea ice has been reported to contain high levels of MP particles (Obbard et al.,
2014; Peekest al., 2018; von Friesen et al., 2020). To better understand the effects of melting sea ice
on MP in biota, levels of MP taken up by polar cod should be monitored over time because this would
allow the study of MP pollution in the context of years of é&argnd smaller ice melting periods and
climate change. Stationary benthic species most appropriate according to these criteria will differ
regionally within the Arctic. For example, Arctic sculgiMyoxocephalus scorpioidedjaddock, and
cuskwould be exmples of fish that fit all the criteria in the Barents Sea, whereas Arcticvchad be
appropriate in North America. Flounder speci&gh as plaicePleuronectes platesganight be useful

for areas closer to the shorelines in some regions. Capalie#ly part of regular monitoring for other
contaminants in the Arctic and a basis of the food web for larger predatory fish. Each species will
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represent a different habitat and therefore different environmental impacts, MP sources, and transport
pathways

Sample collection

Samples can be obtained by dedicated cruises, which is often the best way to get enough samples with
specific characteristics. However, for commercial species, commercial fishery vessels can ba used as
cheaper alternative witihe additional benefit of being representative for the market. Also, existing
regular cruises, such as those undertaken for population estimations and legacy contaminant
surveillance should be used for synergy.

When samples are collected, detailed infdrameregarding location (oceanic region, latitude,

longitude, distance to coast), date, time, sampling depth, sampling equipment (including description of
materials used, i.e., PP/PE nets, device dimensions, and deployment procedures), and weather
conditions should be obtaine@¢x A) . Fi sherdés names and vessel | D s
collected by fishery, it has proven critical to prepare clear instructions on a preprinted sheet with boxes

to record necessary data on the boat and to attach sathples. Fish can be delivered whole and

frozen to the laboratory, packed into single bags to avoid bulk freezing. Immediate bleeding through a

cut into one of the gill sets is common practice on commercial fishery veasetl$ this is not desired,

the presence of technical research staff might be necessary on the fishing boat. However, allowing

routines to be followed could increase collaboration.

The question on how many samples represent a species or an area can only be answered after assessing
what the individual variability of the MP contamination is, the context of the study and questions to be
addressed, followed by a statistical power analysis. As recommended by OSPAR and MFSD, 50
individuals collected per site/station fgP analysis is idealOSPAR, 2015and most likely to yield

results with statistical power needed for comparisbhe OSPAR data are supported by recentaws
(Hermsen et al., 2018; Dehaut et al., 2019). The number of stations necessary also depends on the
mobility of the species in question. The more stationary a species is, the more it will reflect local
conditions. Further factors are geological bouretarsize, and age. A variety of ages or sampling areas
will increase data variation and the number of samples necessary to achieve statistical power to detect
differences. The extent of data variability is an unsolved challenge in MP studies. Therefilma, ca

should be used with respect to increasing data variability, otherwise the risk of producing
uninterpretable datasets increases. With this in mind, sampling numbers should be defined in the
context of the questions to be addressed. For examplegriaie or interfjord comparisons are of

interest in a highly mobile species, 50 individuals from each lake or fjord may suffice for this work. If
the research question is exploring variability in MP along a single fjord, 50 individuals of a less mobile
fish may be needed to address this question. If the spatial scales do not allow for separate sampling of
fish, or if the fish population may be highly impacted by taking 50 fish at each station along a single
fiord, then another environmental compartmermtusth be considered for monitoring.

At the current state of method development, 50 individuals are an unrealistically high number for
contamination quantification of small MP using higihd methods, such asHTIR or pyrolysisgas
chromatography/mass spectrometry-(p§/MS) because of verphg analysis times per sample. Then
again, that number may be too low if only large MP in the GIT are quantified-teomgspatial and

temporal monitoring may require a reduced sample size per sampling event because of the intensity of
laboratory processg required for monitoring prograniBréte et al., 2018)Analysis of pooled samples
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can reduce the total number of analyses but comes at the expense of valuable information, such as
individual variation and frequency of occurrence.

In general, the number of individuals per site required is still under discuBswer analysis of

mapping data should determine the necessary number of individuals to be analyzed for each species for
monitoring. These calculations should consider the area and purpose of the monitoring, as well as
species, age, geography, season, time, and prey/trophibémaelse all of those may influence the
concentrations of MP

Sample preparation and analysis

For mapping and monitoring, standardized sample preparation methods in the laboratory are of utmost
importance. This includes clear protocols to obtain all reguinformation about fish samples but also
protocols to prevent/reduce contamination or monitor procedural contamination. Sample metrics: fish
should be measured and weighed (total length, wdigét,weight, condition index); sex and gonad
developmenstage should be determindgbk A). Age determination, often achieved diplith ring

counting, is useful to assess if bioaccumulation occurs. If the age relation to sizekisomell age
determination might be dispensed of because it can be very timaeming.

Depending on the target tissue and aim of each study, different steps are rddpairecre several
prevalent methods for assessing MP in fialgeneral, stomachs (and/or intestines) are dissected out
and rinsed externally. Then, tgat conéent is analyzed with or without including the gut lining. Direct
visual inspection or extraction by alkaline or enzymatic digestion can be perf@tadaks focusing

on ingestion of larger items can use a visual sorting method, but limitations incligtedetection

limit in terms of MP size and increased risks of procedural contamination from extended exposure.

For studies wishing to target smaller MP (< ca. 500 pum), digestion protocols are required. The protocol
used for digestion will be dependentthe matrix composition and the equipment of the laboratory
(Lusher et al., 2020At the current stage of the technology, there is still much room for increasing the
quality and reducing the time and costs of these protocols. All digestive agentserpuspared and

filtered to remove impurities and to prevent contaminatiotihe samplesAlkaline digestion (KOH /1

2 M or 10%;Lusher et al., 201®r enzymatic purificatiofvon Friesen et al., 201.9ombinel with
oxidation(L&der et al., 2017are the prevalent, most successful methods to degrade fish tissue without
degrading MP. Current method development sometimes combines several of these approaches.
Temperatureand molarity of bases or acids should be kept belodC4Because some plastic types

have dissolved with acid digestion, it is now not recommefidetaut et al., 2016; GESAMP019)

For complex samples with high fat content, method development is still needed and may require a step
wise protocolLusher et al., 2020)Choosing a protocol requires that (1) quality criteria are fulfilled,

i.e., that the method digests the tissue with@mrming the plastics; (2) recovery percentages are
satisfactory; (3) samples do not become contaminated; and (4) agents used do not cause harm to the
environment or humans to the extent that a new environmental problem is generated.

Analysis methods

Visual sorting should only be used for particles > ca. 500 um. To generate knowledge on whether or
not toxic amounts of small size classes of MP are present in fish, method development in this area
needs to be driven for the quantification of the smaller siasses, down into the nanometer range. The
most promising endpoint analysis methods for fish tissue to date are inftam@$copy and py

GC/MS (seesection 4.3 analyticalmethods.
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Postanalysis data handling

Stating that a certain percentage of the fish had plastic in their stomachs (FO %), while the average
number of particles per individual was very low, might provide an unbalanced representation of the
contamination. Both numbers need to be presented. foheréhe average particle number for all
individuals should be provided. Because plastic polymers have different physiological effects
depending on their compositig¢Avio et al., 2015; Booth et al., 2016; Green et al., 2016; Mattsson et
al., 2017; Rochman et al., 201 pplymer types should be reported when possible.

3.25. Quality assurance/quality control (QA/QC)
Contamination mitigation

For contamination control, the whole chain from sample preparation to analysis needs to be considered.
Method development is still in its infancy but first attempts to review and summarize important
measurefave beempublished(Bessa et al., 2019; GESAMP, 2019; Brander et al., 2020; Cowger et al.,
2020) The following issues are important to consider:

1 Ideally, fish shoulde delivered whole and rinsed with filtered water before cutting and
preparing tissue samples inside the clean lab.

1 To avoid airborne contamination, ideally, air filtration, sluice, and overpressure should be
installed in a clean laboratory, with filteapacities according to the simgated detection
limit of the study. A laminar flow bench might be used to further reduce MP counts in the air.
Samples should be covered with material other than plastic (e.g., clean aluminum foil) as
much as possible.

1 Toavoid contamination from disintegrating inner organs to fillets, frozen fish should be
thawed lying on its side, and fillet samples taken from the upper side. When preparing
samples from muscle, rinse before extraction to remove fish scales becausmtary c
biopolymers, which are very similar to some plastic types and could therefore be mistakenly
identified as plastic.

T Al reagents/ fluids used in the sample prepal
should be prdiltered according to the zi-related detection limit and covered to prevent
airborne contamination.

1 Allinstruments must be cleaned between individual fish. A wet filter or an open water
container can be used next to the dissected organism to control for airborne contamination.

1 Plastic gloves and tools should be avoided or controlled for in the sample results. All such
materials used during dissection should be analyzed to provide references for polymer
identification.

1 Results of controls, accounting for fibers and other partidla ceported size ranges, and
correction calculations should be reported in detail.

Measurement uncertainties

To compare numeric values on plastic contamination between studies and to relate laboratory
exposure studies with quantitative field studibs, mesh size, material, and brand/type of all applied
filters need to be reported. Filtrations can be of varying quality, for example, caused by irregularities
in filter-pore sizes and clogging, which can lead to both larger and smaller particles limattee fi

when compared with the mesh size. Therefore, the smallest particle and largest particle sizes
measured, mean and median sizes, and ideally, additional size distribution indicators need to be
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provided. Extraction efficiencies, measurement uncerésnénd recovery percentages should be
established for each fish matrix and method applied, and procedural contamination needs to be
monitored. It is necessary to assess the efficiency of spiking, loss at filtration to equipment such as
beaker walls andlfers, and digestion efficiency of the protocol in terms of tissue degraded versus
plastic degraded.

A new challenge to the field of monitoring MP, which does not exist for soluble contaminants such as
mercury or dioxins, is that the particle sizes rigeloe considered. Small particles especially can be

lost during the extraction process. The smallest detected particle size does not equal the limit of
guantification (LQQ) because usually not all particles of this size class will be detected, and this effect
increases with smallesized particles. Therefore, measurement uncertainties, and how they are
obtained, should be reported. Although a loss of 5 pum of the surfaceMP of several mm during

an extraction procedure will not lead to a change in counted numbers or size classes, the same loss of
surface will lead to loss of 18 pm particles when using a 10 pum sieve. Transfer of extracted MP to the
endpoint analysis, suas an anodic filter or pyrolysis cup, may contribute to further loss. Analysis
itself can contribute with both false positives and false negatives, in addition to the misidentifications
of chemical identities.

For good laboratory practice, recovery sabeed to be published for particles of the same size range,
shape, relevant polymer type, and concentration range as the analytes. If this is not feasible, then the
lack of such recovery tests should at least be discussed. For legal purposes, pa@mettdreds

and accuracy, measurement uncertainty, and LOQ are measured and regularly tested by proficiency
tests. All of thesare defined in accreditation protocols. For MP quantification, such accreditation
processes are still in their infancy, but haeen initiated by Quasimeme
(https://science.vu.nl/en/research/environrraamdhealth/projects/microplastiegs-and

ils/index.aspyand tle EU commission/Joint Research center /BundesumweltAMt, Germany, for
water(https://ec.europa.eu/jrc/enisnceupdate/callaboratoriegparticipateproficiencytests
microplasticsdrinking-waterandsediments

3.26 Existing population or contaminants (meicroplasticy monitoring in the Arctic

Data from many monitoring programs on legacy and atherging contaminants and fish population
development have been collected for decades and are ongoing. Among others, the purposes are to
evaluate (1) the state of ecosystems, (2) the suitability of fish species in an area for human
consumption, and (3) thmustainability of fisheries. For example, the Institute of Marine Research in
Norway tracks and reports contaminants in seafood on a regular basis, including cod, haddock, saithe,
capelin, polar cod, and halibut. Similarly, in Canada, contaminants aitoredrin Arctic char,

burbot (ota lota), and lake troutRalvelinus namaycushegularly to inform human health questions
under the Northern Contaminants Program (NSR)ederconducts monitoring of pollutants in

Arctic charin Arctic lakes within the AMAP area. Such programs can and should be investigated and
exploited for synergy, such as combined use of resources and cruises (collection and sampling of
fishes). Data distribution tools, such as databases, should be expldtesirfpotential to add MP,

and sampling stations should be harmonized for correlation studies between legacy and emerging
contaminants and MP.
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3.3Seabird

AUTHORS:JENNIFER PROVENCHER, GEIR WING GABRIELSEN, MARK MALLORY, JULIA BAAK, FLEMMING MERKEL,
JANNIE LINNEBJERG,AND SJURDUR HAMMER

3.3.1Introduction

Seabirdexposureto litter and microplastics

Seabirds are vulnerable to litter and microplagtiéR) in two ways. First, seabirds can become
entangled in larger debris items such as fishing gear and plastic bags. This can lead to seabird deaths
via drowning if the birds cannot resurface to breéBattisti et al., 2019; Jagiello et al., 2019; Lively

and Good, 2019)Seabirds also collect plastic debris from the water and shorelines and use it for nest
building, which can lead to mortality on breeding colonies if birds are trapped in nesting material and
starve(Votier et al., 2011; Bond et al., 2018econd, seabirds can ingest plastic particles and other
items, potentially leading to blockage or damage to the gastrointestingBtraictido et al., 201])

reduced body condition, or increased satiafdonnors and Smith, 1982; Dickerman and Goelet,

1987; Ryan, 1987; Sievert and Sileo, 1993; Talsness et al.,. ZagHermore, plastic pollution

ingeston can potentially lead to an increase in exposure to contaminants associated with plastics, as
additives or via sorption procesgd®uten éal., 2009; Lavers and Bond, 2016)

Ingestion of norplastic debris items by birds dates back to the 1800s, but plastic ingestion by seabirds
has been reported since the 1960shn et al., 2015; Provencher et al., 2019) date, ingestion of

pl astics or other debris has been (Kimgtat,t ed i n
2015) Of the 64 seabird species in the Argtions et al., 201540 have been examined for ingested
plastics (Bak et al., 2020a), of which 58% have ingested plastic in the Arctic (using the AMAP
definition for the Arctic area; Figur24). Although several studies suggest that seabirds experience
negative effects from ingested plastic pollution at the individuall Jékere is no evidence to date that
seabirds are negatively impacted at the population level, although limited studies have the capacity to
address this question to date.

Seabirds as indicators of plastic pollutiorthe Northern Fulmar in the OSPAR rieg

The Northern FulmarRulmarus glaciali is the biological indicator for plastic pollution over 1 mm

in the North Sea, where a mandated plastic pollution monitoring program has been in place under the
1992 Oslo and Paris Conventions for the proteaifdine marine environment of the northeast

Atlantic (OSPAR). Originally, the regional Ecological Quality Objective (EcoQO) was developed
based on data from Europe, but now also includes data from remote CanadiArctighopulations

for the 20032013 peiod (van Franeker et al., 2011; Provencher et al., 2017; van Franeker and Kuhn,

1 8

20200 The current definition oTher©OsBdl4dle'fesverthanr i ne pl

10% of Northern Fulmars having 0.1 g or more plastic in the stomach in sample$@d 66ached

Fulmars from each of 5 different areas of the North Sea gveriad of atleast5yearsd Nor t her n
Fulmars breed along cliffs in the circufictic region, and the protocols developed to track plastic
pollution in the North Sea have been applied to Atisteeding Northern Fulmags.g., Provencher et

al., 2009; Kuhn and van Franeker, 2012; Trevadll e2015; Poon et al., 2017; Snaeporsson, 2018,

2019)
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3.3.2 Trends to date, globally and in the Arctic

Based on the plastic monitoring in Northern Fulmars, spatial and temporal trends have been
described. Importantly, monitoring Northern Fulmarslate has focused on tracking treraler

time and space, dfifferent plastic pollution types. The mass of plastic pollution in seabirds declines
with an increase in latitude, i.e., individuals in the Arctic have less plastic pollution compared to sub
Arctic and temperate locatioiKiihn and van Franeker, 2B1Trevail et al., 2015; Provencher et al.,
2017) The OSPARprogram, which has tracked plastic pollution in the North Sea since the 1980s, has
shown that generally the plastic pollution in fulmars increased until about th20@0%. Since that

time, he average mass of ingested plastic pollution in fulmars has levellegofFraneker et al.,

2011) It has also been observed in the North Sea and in the sobh#meisphere that the levels of
industrial plastics in seabirds have generally declined since the 1980s when industry was engaged to
alter their practices to prevent the loss of pellets to the enviror{Rgan, 2008; van Franekerat,

2011; OSPAR, 2017)

The foraging strategy of seabirds has been shown to influence the ingestion and accumulation levels
of litter andMP (Avery-Gomm et al., 2013; Provencher et al., 2014; Poon et al., 2DiffBrent

seabird species feeding in a similar region ltave significantly different levels of litter andP
accumulation. For example, Poon ef 2017found that accumulation rates differed among four

seabird species examined in a single colony in northern Canada. They were different between groups,
but similar within foraging strategsesurface feeders had higher levels of plastic accumulation
compared to species that fed primarily in the pelagic zone. These findings highlighted that monitoring
data cannot be compared between species, with foraging strategy as the main factor cigtdataini
variation. Additionally, sampling in the Arctic region spans decades. With much of the data from
some regions collected before the year 2000 and focused on a handful of species that have been
collected opportunistically, rigorous comparisons achallenge. (Figur&.4).

3.3.3Benefits of using seabirds as indicators

There are several benefits to using seabird samples to monitor littetRapadllution in the

environment. Globally, seabirds are particularly good indicator species for marinaridtd P

because essentially, as they forage, they are integrating information over a relatively large
geographical area. Seabirds also breed in colonies that are relatively easy to access for study purposes
(Piatt etal., 2007)and can provide sufficient samples in a targeted sampling campaign at a single
location, in contrast to the efforts associated with sampling at sea. In some cases, seabirds are
harvested, and thus working with community hunters can providplsa for analysis. Finally,

seabirds are also found as beached birds in many regions, providing easily obtainable samples with
little collection effort (and with the possibility of engaging citizen science and local harvesters).

Specific to the Arctic, eabirds are also useful bioindicators for several reasons. First, there are
existing data on diet, reproduction, and contaminants in several seabird species in the Arctic dating
back to the 1970@arrett et al., 1985; Gaston et al., 201Za&r many species, lorigrm population
monitoring data are available, often along with other data types such as diet data (including stable
isotope data to establish trophic relationships) and stutlmmtaminant¢Braune et al., 2006, 2014)
enabling ceassessments of several parameters. Second,-Areecling seabird species are also

found outside of the Arctic, which thus provides the opportunity to compars \eitbin the Arctic

to regions beyond the Arctiwan Franeker et al., 2011; Provencher et al., 200¥)d, in many

locations, communitypased researchers can carry out much of the work involved in assessing
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seabirds for plastic pollutiofiProvencher, 2014fourth, contaminants monitoring in several regions,
including the Arctic, already uses seabirds for tracking patterns and trends in environmental
contaminant¢Dietz et al., 2019)which carpotentially provide a platform for new monitoring
parametergProvencher et al., 2015; Poon et al., 2017)

3.3.4Limitations of using seabirds as indicators

There are also several limitations for using seabirds in monitoring plastic pollution. First, most past
studies are limited to plastic and debris that are greater than 1 mm, therefore their current use to study
smallerMP is limited. There are some studiést have included smaller size fractions, but these
findings are more likely reflecting very local environmental levels more easily sampled via other
compartments such as sediments or invertebatgs Provencher et al., 2018; Reynolds and Ryan,
2018) The indicator species can only be reliably sampled in regions where thearlsegreed, are
harvested, or carcasses wash aghaneother limitation of seabird studies. Lastly, seabirds can be
long-lived and migrate over long distances. Although this can be advantageous in many ways when
studying contaminants, it does mean thatrttmite and rate of digestion of plastic pollution are
needed to understand the rates of accumulation and what/where their accumulated plastic pollution
reflects(Ryan, 2015; van Franeker and Law, 2015)

Seabirds are not evenly distributed along the Arctic coastlindgharefore there will be

geographical gaps in monitoring programs that aim to examine environmental contaminants via
seabirds. For example, the western part of the Canadian Arctic Archipelago and the central Russian
Arctic have limited numbers of clifiiesting seabirds, the main type of seabirds used for contaminants
monitoring in the Arctic Figure 3.4. This limits their use in some regions.

3.35 Methods to assess litter and microplastics in seabirds

There are several methods for assessing ingpkstics in seabirds: necropsies, regurgitations, and
pellet collections being the most comm@movencher et al., 2019 here are benefits and limitations
to each of these methods, as discussed in Provencher2€t8l.Importantly, many of these methods
to study plastic ingestion in seabirds can be integrated with diet studies.

All three methods have been applied to seabirds in the Arctic, with the most common method across
species and regis being the necropsy method (Baak et al., 2020a). Standard seabird processing
protocols exist that can be applied across species and régaonBraneker et al., 2011; Provencher et

al., 20D), including standardized reporting guidelines to ensure that data formats are comparable
(Provencher et al., 201Bpx A). These should be applied to all Arctic seabird studies undertaken so
that these studies can contribute to the global understanding of plastic pollution trends and patterns in
seabirds.

Further stepsiithe quantitative determination and identification of plastic particles as well as data
formats in reporting are described in Provencher g2@1.7, 2019. This includes biological

parameters to be reported for each bird, and identification, charawerizéasuring, and reporting of

the different types of plastic particles. Further, identification of plastic particles found in the stomachs
of seabirds will be of great help to identify the source of the plastic.
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3.36 Quality assessment/quality contfQIA/QC) specific to the compartment/matrix

Most studies consider the gastrointestinal tracts of seabirds, and therefore collections of carcasses via
harvest, wreck events, incidental bycatch, etc. can be used as long as the abdomen section has not
been pierced or has not decomposed. The recommEAIEAC measures for identifying and
characterizing plastic particles applied to seabirds can be limited to general clean laboratory
procedures because most seabird studies do not consider plastic €Ptanemcher et al., 2019)

When plastics < 1 mm are considered, standard QA/QC procedures for thetassiee as well as
laboratory blanksr@ recommended to control for cresentamination. Associated data corrections

should be considerd@.g., Provencher et al., 2018)

Box A: Recommended data collection for the determination of litter and microplastics in seabirds.
Based on Provencher et,&017, 2019

Mandatory data for reporting plastic ingestion in seabirds (recommended data to be archive
at the individual level)

Location, including latitude and longitude of sampling

Date, including day, month, and year

Sample method (necropsy, regurgitation, pellets)

Carcass collection methdd.g., hunting, wrecked birds, bycatch, etc.)

Species

Tissue sampled (i.e., gastrointestinal tract, stomach)

Age (including breeding stage)

Sex

Total number of user plastics and industrial plastic categories (see Provencher at al., 20
Total mass of ugeplastics and industrial plastic categories (see Provencher at al., 2017)

upporting data
Cause of mortality (with necropsy, where possible)
Body condition metrics: pectoral muscle size, body mass (when the bird is dry and clean
subcutaneous fat ung) the OSPAR protocols as a gui@an Franeker et al., 2011)

1 Color of plastic debris, reported in eight broad color groups

1 Polymer type proportions per birds ameéthod used

i Total plastics reported by size classes (>5 mm, 1 <5 mm, 330 ym <1 mm, 100 pm < 3

== = (N E R ]

All of the collected mandatory data, and if possible also the supplementary data, should be reported to
an international database (e.g., ICBSME), so data can be secured and made available in a
comparative data format for circumpolar assessments.

3.3.7 Existing monitoring for populations/contaminants in the Arctic

Seabirds are regularly monitored for contaminants in the Arctic, and dataséabirds are used in

AMAP assessments of persistent organic pollutants (POPs), chemicals of emerging Arctic concern
(CEAC), and Hde.qg., Lether et al., 2010; Dietz et al., 2019) Svalbard, eggs and blood are

collected every year from Bladkgged KittiwakesRissa tridactyly, Glaucous Gullsl@arus

hyperboreus and Common Eider§Somateria mollissimaor contaminantonitoring. The

Greenland contaminant monitoring program includes a biannual collection of eggs of Black
Guillemots Cepphus grylleand livers of Glaucous Gulls in Central East Greenland (Rigét et al.,

2016). Some programs include Environmental Specinstk8where the samples have been

archived for decades and are potentially available for retrospective studies in relation to contaminants
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from plastic pollution. Depending on the region, seabird eggs or blood samples are the common
monitoring tissue, buhisome areas (e.g., Canada) standardized collections of adult birds are also
undertaker{fMallory and Braune, 2012)

Most countries have standardized population monitoring of the main seabird species, undertaken at
varying intervals, from annually to once every 10 yémoms et al., 2015)in the Arctic, seabird
population monitoring is coordinated by tGecumpolar Seabird Expert Group (CBird), under the
Conservation of Arctic Flora and Fauna (CAFF) working group (Irons et al., 28ridb}hus these
programs can be used to implement an integrated monitoring strategy in the context of seabirds and
litter andMP.

3.38 Recommendations

Due to the variation in foraging ecology of Arctic seabird species, different species can be used to
address different monitoring objectives. Importantly, not all species have a ¢iaticrange or are
accessible in allegions of the Arctic. By using different species, seabirds can offer a complementary
approach that can be implemented throughout the Arctic (Tale3.8, 3.9). The rationale for the
following recommendations is based on a number of factors, inclediating monitoring programs

in waters adjacent to the Arctic (FiguBeb), sample accessibility, likelihood of positive results,
availability of complementary data, and interest for local communities.

Primaryrecommendations

Northern Fulmar stomachd A key component for monitoring plastic pollution via Arctic breeding
seabirds is the implementation of coordinated collections and processing of Northern Fulmar
stomachs. This builds on previous data available in the Arctic and other regions, allows for
conmparisons between Arctic sites as well as-8unttic and temperate locations (e.g., OSPAR), and
can be implemented relatively easily based on other research programs Blabhes39). A focus

on monitoring ingestion pollution by Northern Fulmars wouloMie trend monitoring in a large
proportion of the Arctic (Figur8.5).

A minimum of 40 individuals should be collected at each site based on a power analysis of the data
available from the Canadian Arc{ierovencher et al., 20153ampling should be prioritized at sites
where historic sampling has been done (i.e., Lancaster Sound and eastern Baffin Island in Canada,
Svalbard, Iceland, Faroe Islands, Greenland, Alaska) as well as initiated where possise

regions with nesting fulmars (e.g., Russia). Sampling should take place later in the breeding season or
in the fall to most likely reflect plastic pollution collected in the Arctic around the breeding colonies
compared to burdens upon their arfitreat may reflect mainly plastic pollution ingested during the
wintering period in notArctic regions. Specifically, sampling in the autumn should be done when the
fulmar chicks have left the nest. Given that historic sampling of Northern Fulmar stamaadhsen
opportunistic to date, we recommend that coordinated sampling of Northern Fulmars be implemented
on an annual or biennial schedule fet@years to establish levels and their variability. Using these
data, we can then assess the required futegaiéncy of sampling to detect some percentage of

change in levels, as has been done for contaminants (Rigét et al., 2019). In areas of the Arctic in
which we do not find dead fulmars on beaches, aslioedisheries bycatch, and Indigenous

harvesters doot collect Northern Fulmars, the method of stomach flushing could be developed as an
alternative monitoring method, although comparative studies on flushing efficiency of ingested
particles are still needed. Importantly, we recommend that all datatedliec Northern Fulmars in
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the Arctic be entered into an international database (e.g., ICES DOME), so data can be secured and
made available for future assessments.

Secondaryecommendations

Uria spp. stomachd Uria spp. have been assessed for plastic ingestion in the Arctic adcicd
(Provencher et al., 2010; Bond et al., 2013; Poon et al., 281LHApugh litter andvIP ingestion in
Thick-billed Murres Uria lomviad) and Common MurredJiia aalge are low (man ~03%; Baak et

al., 2020a)likely due to their pelagic foraging strategy, murres are widely hunted and thus can be
easily and efficiently sampled (FiguB6). Moreover, there are existing plastic ingestion data in
several Arctic regions (Canada, Alaska, Greenland, Svalbard, and Russia). Also, they are harvested
for subsistence and therefore are likely of interest to communities for tracking plastiopaiiu

relation to human health. A minimum sample of 60 murres should be col(€cteencher et al.,

2015) with monitoring prioritized in regions where historic data exist and/or where hunting regularly
occurs and a plastic assessment could be relatively easily implemented.

Gull/skua bolused There are reports on plastic ingestion in gulls or skuas from Canada, the USA
(Alaska), the Faroe Islands, Russia, and Svalbard. Considering the low numbers of gulls in colonies
(often a dozen or so pairs per colony), and their declining trends in soiorsi@gg., North

America; Petersen et al., 2016)lls are not an ideal candidate for monitoring plastic pollution in the
Arctic. However, there are several research questions that could be addressed by examining gull/skua
boluses. For example, the collection of gull/skua regurgitated pellets (i.dethahsampling) should

be explored and implemented in colonies where monitoring of populations is already occurring.
Examination of pellets will provide information about the potential trophic transfer of littevIBrd

Arctic food webgHammer et al., 2016 Additionally, to better understand point sources of pollution,
gull/skua boluses can be collected around urban centers where waste management actions may be put
into place (such as the Marine Litter Regional Action RBter is currently being developed under

PAME). Gull/skua boluses often contain litter large enough to identify to product (Hammer et al.,

2016; Seif et al., 2018). Lastly, the use of existing programs that collect eggs from gulls and skuas
regularly couldbe expanded to include plastierived contaminants to study how seabirds may be
affected by contaminants from plastic pollution (i.e., in Canada and Norway).

Nest incorporation by Blaelegged Kittiwvake® Nest incorporation tracks larger pieces délitand

plastics in the marine environmedotier et al., 2011; Bond et al., 201Blacklegged Kittiwakes

are one of the few widespread and numerically abundant species that build nests in the Arctic (Figure
3.7). Althoughlimited data on nest incorporation of plastics exist for Blegjged Kittiwakes in the

Arctic, there are existing data from other regipnslar t wi g et al ., 20AdAa; OO6Han
similar Arctic-based protocol add easily be developed and implemented via other existing colony
based programs (i.e., colony monitoring in person or by video and other technologies). A minimum of
200 nests should be monitored at each site for plastics incorporation i{Rresencher et al., 2015)

and could be done through a combination of focal areas observed and photographs via cemmunity
based monitoring programs. A protocol should be developed that is harmonized with existing efforts
outside of the Arctic and implemented at all colonies where regular colony work is already in place.

Common Eider stomaclds Although Common Eiders are known to have low levels of plastic
ingestion(Provencher et al., 20149iders are benthic feeders and owonly found and harvested
throughout the circupdrctic region. This species is recommended only in combination with
environmental samples and tissue samples for examining plelstied contaminants. Examination of
plastic ingestion in this species doven300 pum paired with sediment and water sampling in a region
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would allow for examination of hoMP in benthic organisms may be entering the food web.

Common Eiders are also commonly harvested for their meat, and studies foci#eihon

association with plsticderived and plastiassociated contaminants are of interest to northern
communities. A minimum of 50 individuals per site, paired with locations in which water, sediment,
and benthic invertebrates are collected, is recommended based on the loanpeeirathis species

(< 1%). Given the likely quick passageMP via the eider, sampling could take place in any season,

but should be tied tightly to environmental samples. Additionally, tissues that also reflect local levels
should be examined. Any salimg of eiders should also consider preserving tissue samples that can
be used to determine concentrations of plastic additive contaminants in tissues most often consumed
by humans (i.e., muscle tissue and eggs).

Research gapd There are currently several knowledge gaps in seabird studies in relation to
monitoring trends and patterns in litter aW&. Given the links between plastitgestion and the
potentialuptake of plasti@ssociated and plastiterived contaminants by la the use of Northern
Fulmar and Common Eider eggs paired with ingestion studies would provide insights into how biota
may be exposed to contaminants from litter B/l There is also a need for studies on plastic
ingestion that explore the links betweabe ingestion of plastic and the impact at the population level.

Few studies have examined the litter & ingestion and accumulation in the Black Guillemot, a
widespread, coastal feeding species. In Canada, Poor{Z2%5f)found that Black Guillemots on

Prince Leopold Island lasa 0% prevalence of plastic ingestion in Lancaster Sound, and similarly,
Baak et al. (2020b) found Black Guillemots from eastern Baffin Island to have 0% prevalence of
plastic ingestion. Plastics have not been found in guillemots in other Arctic relylehkin and

Giertz, 1984; Gjertz et al., 1985; Lydersen et al., 1989; Weslawski et al., 1994). Given the need to
assess more local impacts in relation to the regional action plans, the development and
implementation of litter antMP monitoring in Black Gulemot studies would provide both a

monitoring tool that could be implemented in many locations given the dispersed nature of Black
Guillemot breeding colonies (they breed in colonies of 100s to 1000s, but can be located every few
kilometers along the coaskaston et al., 2012bThis species also breeds in the Arctic,-duttic,

and temperate locations, therefore providing another tool for Arctic monitoring that can contribute to
large scale comparisons.

In the Arctic AMAP region, there are several studies examining littedRdin Dovekies Alle alle),

but most were conducted before 2000 (Baak et al. 2020a). Studies have found fragments, and,
notably, burned plastics in stomachs from the wintering regionswiddedland, Canadgife et al.,

2015) and fragments and microfibers in gular pouch sampling at a breeding colony in Greenland
(Amélineau etl., 2016) This species may be particularly useful in studying how plastic pollution

may be parentally transferred to chicks in the colonies, thus exposing young birds to higher levels of
plastic pollution in some regioridmélineau et al., 2016Although there are large colonies of

Dovekies in some regions, there are no large breeding colonies in North America, and therefore their
use as a circupArctic indicator species for plastic pollution monitoring is limited.

Although seabird meat is consumed across the Arctic by northern communities, the analytical
capacity to examin®P in soft tissues that have translocated outside of the gut are limitedidfess
future research questions in connection with human health and\dmaizes (nanoplastics), more
work needs to be focused in this area.
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Table 3.7 Summary of monitoring and research recommendations for litter and microplastics
monitoring in Arctt breeding seabirds.

Primary monitoring indicators Secondary monitoring indicators
Monitoring | - Northern Fulmar stomachsforg - Uriaspp. st omachs
litter particl mm

- Gull/skua boluses for all litter around
point sources of litter anelP

- Nest incorporation of plastic pollution
by Blacklegged Kittiwakes

- Common Eider stomachs faf litter
over 300 um, in association with
water, sedimengnd benthic
invertebrate sampling in the same
region

- For all studies, polymer types and
color groups for ingested litter particlg
should be assessed when possible
These data will be of help to identify
the sources

Research - Black Guillemot stomachs fotla
litter O 1 mm

- Parental transfer of plastic to
chicks in species known to inge
plastic pollution

- Nonlethal sampling of Dovekie
gular pouches delivered to chic

- Northern Fulmar eggs for plasti
pollution links to contaminants

- Common Eider eggs for ptc
pollution links to contaminants

- Ingested plastic particles < 1 mi
in species vulnerable to ingestia
of these small particles
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Table 3.8 Characteristics of litter and microplastics monitoring that could be achieved by seabird

monitoring programs.

AMAP Litter and Microplastics Monitoring Guidelines

Species

Type of litter and
microplastics

Type of monitoring

Types of collection
methods

Northern Fulmar

Ingested floating
pl astimmns (¢

Trend monitoring for
both temporal and
spatial monitoring

Beached birds,
bycatch birds from
fisheries, harvested
birds from hunters

Uria spp. Ingested floating and| Focus on effects Beached birds,
mid-water column monitoring, including | bycatch birds from
pl astimnes (linksto human hdth | fisheries, harvested

and trophic transfer o| birds from hunters
MP and plastic
associated and
derived contaminants
Black-legged Litter collected Source monitoring Nest observations

Kittiwake nest
incorporation

locally for nest
building

around areas of
concern

Gull/skua boluses

Litter andMP from
local areas via bolus
collection

Source monitoring
around areas of
concern

Bolus collection from
nest or club sites

Common Eiders

Ingested benthiMP

Focus on effects
monitoling, including
links to human health
and trophic transfer o
MP and plastic
associated and

derived contaminants

Beached birds,
bycatch birds from
fisheries, harvested
birds from hunters
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Table 39 Summary rationale for recommendatiomg]uding estimated costs for implementing
programs: G litter and plastic pollution monitoring already in place with regular funding; $

relatively inexpensive because new litter and microplastic monitoring programs can use existing
programs to obtainesnples in at least some regions, but need to have some additional capacity to
process samples for litter and plastic pollution; &her sampling networks and/or capacity need to
be developed to monitor litter and microplastic pollution; $éi@velopmat of sampling networks,
processing capacity of samples, and reporting all need to be developed in the majority of the Arctic

regions.

Recommendatiors Program cost | Rationale
Primary Monitoring
Indicators
Northern Fulmar stomachs $ Existing research programs are already in plag
for allmmlitte on NorthernFulmar colonies, making it relativel
- Useful as a monitor in easy to add a collection for plastic pollution to
alignment with OSPAR the workplan. Minimal costs woulcerd to be
- Offshore surface feeder added to implement plastic pollution monitorin
to cover the costs of collections and processin
the birds for plastic pollution specifically.
Secondary Monitoring
Indicators
Uria spp. stomachs for all $$ Existing research programs are already in plaq
litter over 1 mm on murre colonies, making it relatively easy to
- Widespread and commg add a collection for plastic pollution to the
in the Arctic and beyond workplan. Minimal costs would need to be add
- Often hunted to implement plastic pollution monitoring to
- Pelagic feeder cover the costs of collections and processing t
birds for plastic pollution specifically.
Gull/skua boluses $ Gull boluses can be easily collected from arou
- Useful to monitor aroung specific areas where there is interest in
point sources of litter an| monitoring point sources of litter amdP. Litter
MP in pellets collected in the breeding season reflg
- All gull species litter uptake during thereeding season if old
regurgitate boluses so boluses are removed.
can be@mplemented
across several species
Nest incorporation of plastic $ Existing research progms are already in place
pollution by Blacklegged on kittiwake colonies, making it relatively easy
Kittiwakes add an observation protocol for plastic pollutio
- Limited data available in nests to the workplan. Minimal costs would
for the Arctic to date need to be added to implement plastic pollutio
- Would contribute to monitoring, but the protocols woutteed to be
dataset that extends to developed and implemented. Monitoring of
seas adjacent to the kittiwake nests could be used around urban ar
Arctic where there is interest in assessing point sour
of pollution.
Common Eider stomachs fo $$ Existing research programs are already in plag
all litter over 300 um on eider colonies, making it relatively easy to g
- Useful monitor in a collection for plastic pollution to the workplan
benthic coastal reghs Minimal costs would need to laelded to
- Low plastic ingestion to implement plastic pollution monitoring to cover
date, but important the costs of collections and processing the birg
subsistence species for plastic pollution specifically.
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Figure 3.4 Distribution of reported plastic ingestion by seabirds in the Arctic betweer2(BE0
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Figure 3.5Arctic colony locations of Northern Fulmars that may be used to devglapArctic
sampling program for litter and microplastics in the AMAP region. Data source: Baakeérala.
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3.4Mammals

AUTHORS:AMY L. LUSHER, MAX LIBOIRON, MADELAINE P. T. BOURDAGES, DIANE ORIHELAND JENNIFER
PROVENCHER

3.41 Introduction

Mammals are vulnerable to plastic pollution and other marine litter in two primary ways. First,
mammals can [m®me entangled in large items of debris on land and in aquatic environments.
Entanglement in fishing gear is by far the most reported interaction for aguatic mammals, with
consequences ranging from lesions to death by drowning because mammals are sodhlestto

breathe (NOAA, 2014; Panti et al., 2019). Land mammals have also been observed entangled in fishing
gear assumed to have beached in areas where mammals feed (Bergmann et al., 2017). Second,
mammals can be affected by marine litter via ingestiagestion of plastic and other litter items can

have a range of consequences on mammals including blockage or damage to the digestive tract, which
can lead to malnutrition and ultimately death (e.g., de Stephanis et al., 2013). Further, high levels of
plastic ingestion have been posited to lead to the transfer of contaminants (including plastic additives)
associated with ingested litter (e.g., Fossi et al. 2012). The impact of plastics on Arctic biota requires
further investigation to provide informatidiat can be used for environmental risk assessamehto

address harm.

Most studies to date have focused on assessing the effects of litter and micraM#gtms mammals.

To the best of our knowledge, there are no existing monitoring programs that use mammals for either
trend monitoring or effect monitoring. Studies examining litt4®, and mammals must first be

considered to establish environmental levelmammals before efforts are taken further. Many

mammals play a significant role in Arctic communities as a food source. They are also apex organisms
on land and in the sea, thus they may be a relevant matrix for monitoring. These guidelines address both
maiine and terrestrial mammals.

3.42 State of the global science

The International Whaling Commission (IWC) discussed marine litter during three workshops in 2013,
2014, and 2019 (IWC, 2020). Understanding the effects of marine litter on cetaceans,golahgw

to work with international partners to ensure collaborative efforts was the focus of these workshops.
Mammals are not commonly used for monitoring the presence of plastic in the environment, however
some species are monitored annually by thehldont Contaminants Program in northern Canada for
chemical contaminants and will be included in Descriptor 10 of the Marine Strategy Framework
Directive in Europe. Research to date has mostly focused on the consequences of mammal interactions
with plasticsj.e., entanglement and ingestion.

Evidence of marine litter impacts on mammals is available from a variety of published and unpublished
sources. Many studies date back to the early 1960s with plastic items and other macrolitter reported as
entanglemenand ingestion hazards for marine mammals, including baleen whales, beaked whales,
dolphins, porpoise, and seals (Caldwell and Golley, 1965; Hofmeyr and Bester, 2002; Lusher et al.,
2018; Panti et al., 2019; etc.). As of 2018, 11 out of the 14 familied@ateans (86 species) were

reported to be impacted by marine litter (e.g., Fossi et al., 2018; Kuhn and van Franeker, 2020). Of
marine mammal species, 39.8% have at least one documented occurrence of entanglement, and 56.1%
have a least one documented goence of ingestion (Baulch and Perry, 2014; Kihn et al., 2015; Kihn

and van Franeker, 2020). This includes species with different feeding techniques (Panti et al., 2019).
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Plastics are reported in digestive tracts of marine mammals, and in some casksehaté&ibuted to

an individual's cause of death (reviewediihn and van Franeker, 2020 here are high geographic,

intra- and interspecific variations in ingestion rates (Baulch and Perry, 2@ldhally, there have

been several studies examiningésted marine litter in seals (McMahon et al., 1999; Bravo Rebolledo

et al., 2013; Denuncio et al., 2017; Unger et al., 2017; Nelms et al., 2019; Donohue et al., 2019).

Importantly, none of these studies were the results of monitoring activities, raevere research
projects or reports produced by strandingsé net wi

The absence of macrolitter in some studies does not imply the absence of microlitter (Lusher et al.,
2018), although few studies have directly identifiéd in the digestive tracts atranded individuals.
Current investigations dfIP in marine mammals includgevenodontocetes species: Stgplodon

mirus, Ziphius cavirostrisDelphinus delphisStenella coeruleaolh@hocoena phocoena, Orcinus

orca, andTursiops truncatugLusher et al., 2015, 2018; van Franeker et al., 2018). Only one study on
mysticetes, a stranded humpback whiedaptera novaeanglidehas recordeP in the intestines,
including fragments and threads (Besseling et al., 2015).tlitlg ef MP ingestion by marine

mammals is a challenging task. It is difficult to obtain viable samples from large cetaceans during
necropsies due to large gut content volumes. Obtaining large enough sample sizes can also be a
challenge in areas where naVvest takes place. Alternative methods include the collection of scat from
pinnipeds; however, it may be difficult to discern plastic ingested by the seal versus atmospheric
deposition oMP, especially fibers, on the scat (Dris et al., 202§jain, noneof the investigations on

MP has been carried out with a view to monitoring or using mammals as indicatB fallution.

Terrestrial mammals are likely to be affected by litter iRl Globally there are a few reports of
plastic ingestion irterrestrial mammals including Arctic foxegulpes lagopusGarrot et al., 1983;
Gabrielsonpersonal communicatignreindeer Rangifer tarandus and polar beardJgsus maritimuy
which we cover in more detail in the next section.

3.43 Information from the Arctic, and trends to date

An assessment of globally available data on cetaceans found an increase in the number of cases being
reported over the last five decades (Baulch and Perry, 28tHdugh, because none of these studies
werecarried out for the purpose of monitoring, we cannot discern trends.

Entanglement

Entanglement has been observed for several seal species, such as hartiriteesaist(iling, bearded

seals Erignathus barbatus polar bears, and reindeer from Svatb@eviewed in @ritsland, 1986;

Bergmann et al., 2017; Nashoug, 2017; Hallanger and Gabrielsen, 2018). It has been reported that
Svalbard reindeer die due to entanglement in derelict fishing gear and other marine litter on the beaches
of Svalbard, Norwaydritsland, 1986; Nashoug, 2017). There is limited information for other Arctic
regions.No information is currently available on spatial or temporal trends of entanglement in Arctic
mammals.

Ingestion

Of the few reports examining ingested plastic maiiter lin mammals in the Arctic, one study has

examined plastic ingestion in seals in the Canadian Afsbardages et al., 2020The authors

examined 142 seal stomachs from the Hudson Bay and Hudson Strait region for ingested plastics above
425 pym.Stomachs of ringed seaBHoca hispidan = 135), bearded sealsr{gnathus barbatusn =
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6), and one harbour se&l{oca vitualing were collected by Inuit harvesters between 2007 and 2019 in
collaboration with research programs focused on seal didieaith. The method used for plastic
detection was similar to those applied in seabird studies and focused on pieces of plastics > 1 mm
(Bourdages et al., 2020

A different method was used when investigating the stomachs of beluga whales. Stomaclgzaof bel
whales from the Inuvialuit Settlement Region in Arctic Canada were collected by Inuvialuit harvesters
(Moore et al., 2020 On average, each whale had approximately 97 piedd® ¢20 um425 um) in

their gastrointestinal tra¢Moore et al., 2020).

Ingestion of litter and plastics has also been observed in polar bears (Provemghilished dataand
https://www.hakaimagazine.com/news/pabearsplasticdietsa-growing-problen). A newly

published review of polar bear ecotoxicology emphasizes how little knowledge exists on this subject
(Routti et al., 2019) and suggests that polar bears are unlikely to ingest considerable amounts of plastics
through theiprey because they mainly feed on seal blubber. However, as the climate warms, the polar
bear diet may be changing, exposing them to more plastics through their diet. Polar bears primarily hunt
ringed seals and other marine mammals while on sea ice, bed & begins to melt earlier in the

spring season, some polar bears have been recorded moving onshore and opportunistically feeding on a
variety of terrestrial prey, such as Snow Geese, Common Eider, and caribou (e.g., lverson et al., 2014).
Indigenous arvesters in Nunavut and the Northwest Territoi@ada have reported that polar bears

are frequently observed feeding from landfills and near urban sites. Hunters in Nunavut also report
plastics and other debris items in polar bear stomachs and.deaiencherpersonal

communicatioh This includes towels found in a bear that was dissected by a hunter, and visible

plastics in polar bear scat found around community landfills-qaeter of polar bear stomachs (n =

51) examined in a project condutdt@ Alaska contained plastics (Stimmelmayr etwalpublished

data).

To date, scat collection from mammals has not been widely used in the Arctic toMBsakbough
currently a pilot program examining the scat of polar bearsifors underway in arthern Canadal(
Provencherpersonal communication

Benefits

Marine mammals typically occupy the top of the food chain and thus are often used as indicators of
ecosystem health (Fossi and Panti, 2018; Roultti et al., 2019). There are a number of advantages to
sampling Arctic mammals to study plastic pollution. Finsammals are food for human consumption,
including those captured from the wild. Thus, mammals can provide information on contaminant levels
that are likely to be consumed by humans, who also occupy a position at the top of the food chain.
Second, when mamals are harvested or found wrecked, digestive tracts and tissue samples can be
obtained from targeted individuals. This allows samples to be taken along with other metrics to assess
the health of the individual and thus address questions about the inigesths mammals are

regularly harvested throughout the Arctic, and therefore samples from marine mammals can be
obtained cooperatively with communities and harvesters.

Although not all terrestrial mammals in the Arctic are top predators (i.e., caribou and reindeer), they are
an important food source for many communities. Therefore, monitoring terrestrial mammals can be
done in collaboration with communities and can infdruman health assessments interested in the

effects of plastic pollution in biota. This is especially true for mammal entanglement in large litter in
both inland and coastal regions.
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Limitations

Unfortunately, there are many limitations to using marsrf@a monitoring plastic pollution. One of

the biggest challenges is the sheer size of some of the individuals and thus the size of the organs to be
examined for litter ant1P. These samples can be very difficult to obtain, manage, and work with, and
thusexamining these samples thoroughly can be challenging. This is of particular concern if
microfibers are of interest because minimizing sample contamination is difficult with large samples.
Generally, the sample sizes are small in numbers, especially &esiecause only a limited number

of individuals are stranded or harvested at a time. These small sample sizes are not particularly
conducive to rigorous monitoring programs that aim to track trends over time and space. Further,
stranded animals are natrmally reliable for monitoring plastics because much of the time their
stranding is not related to plastic interaction.

Importantly, although there are regions where large number of mammals could be sampled for plastic
pollution through local harvestere are large geographic gaps in which different species are

harvested. For example, in Greenland, Canada, and Alaska limited numbers of polar bears are regularly
harvested or sampled for contaminants (Figu8g but in other Arctic regions, polar besamples

would be extremely restricted. Similarly, in the Faroe Islands, the pilot whale harvest could be used to
access samples to study plastic ingestion, but these would not contribute tAratfgamonitoring

plan because this species is not hargestéarge numbers in other regions. Lastly, some marine and
terrestrial mammals also migrate annually over very long distances, and without a greater
understanding of the residence times of plastic pollution, examiningdistance traveling species

may not reflect plastic pollution levels in the Arctic.

3.46. Methods

Ingestion

Ingestion of plastics is generally reported as an aside of dietary investigations or during the reporting of
strandings. In recent years, a targeted approach to understtreljpigstic problem has been initiated

by several research teams independently. Unfortunately, standardized approaches are not unanimously
accepted internationally.

Approaches to assess mammals for ingested macroplastics are few, but these include necropsies, scat
samples, and biopsies. Importantly, there may be sampling biases in these methods that are not well
understood (i.e., beached animals may contain highelsle¥ litter andVIP than population levels).

Monitoring of MP requires different methods, and emerging research in the last few years has presented
parallel approaches to monitoriMP present in digestive tracts and scat. There are benefits and
limitations to each method, as discussedrbysi et al.2018 and a threefold approach will be

beneficial to build a holistic picture of plastic contamination.

9 First, necropsies are used to understand the diet of mammals, and most methods can allow
researchexto target plastics > 2.5 cm. This is the most common approach for large stranded
or harvested cetaceans. This method aims to assess accumulated plastics within the
gastrointestinal tract. Using stranding networks can provide further information on marine
litter pollution and the exposure of these top predators to plastics. However, stranding
networks in the Arctic are limited by low human population density and often hard to access
coasts.
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1 Second, to achieve a more thorough understanding of thelRglose to marine mammals, a
simple and cosgffective, standardized protocol should be implemented to allow research
teams to collect and analyze samples for the presence of littdRmda comparable and
transparent way, with a particular focusMR. Neaopsies generally follow Kuiken and
GarciaHartmann 1991 and therefore could be recommendedMi. Currently, several
methods using similar approaches have emerged, such as the protocol presented in Lusher and
HernandeaMilian, 2018 for scat and necropsi Briefly, the location of marine debris can be
reported in three main compartments of the digestive tract to allow for ease of processing the
samples and to minimize cressntaminants: oesophagus, stomach (including forestomach,
fundic stomach, pylorichamber, and duodenal ampulla), and intestines. By dissecting each
stomach chamber individually and dividing the intestines into 20 equal sections, it is possible
to obtain comparative data between species and individuals (e.g., Lusher et al., 2018). Each
section is then analyzed separately and washed over metal sieves to separate plastic pieces
from the digestive material (Bourdages et al., 2020). Following digestion (either chemical or
enzymatic), the remaining solution can be rinsed and filtered uadaum onto a filter paper
where it will be subsequently analyzed under a microscope. The number, size, color, and
morphology of all litter and plastics are then identified per individual using standard metrics
for all megafauna (Provencher et al., 2017he¢ possible, a subsample of particles will
undergo further analysis to confirm polymer identity or plastic presence.

9 Third, scat can be used to examine the excretion of plastic pollution by mammals and
guantify what litter andViP may be ingested and thpass through mammals. Scat samples
can be collected and then processed using digestive technigues aimed at exXdm i@y,

Lusher and Hernandédilian, 2018; Perex/enegas et al., 2018).

Lastly, surveys integrating information from lotainters are useful for detecting litter in mammals.

Given that both terrestrial and marine mammals can be entangled in large pieces of litter, and that
ingested litter can be observed directly in the stomachs of some mammal species, local and Indigenous
knowledge can be used to track patterns. This can be done using standard interview and survey methods
with questions focused on what knowledge keepers have observed about litter in animals and on the
landscape. These methods have been employed in northemdela a study focusing on polar bear

health and have highlighted the types of litter bears are vulnerable to ingéstirmyéncherpersonal
communicatioh

Entanglement

Mammal entanglement in large items of plastic debris has been observed ildthdost instances of
entanglement are reported as observations and there is no standard method for observing and reporting
this information.

Monitoring the consequences of interaction would be more suitable than monitoring the presence and
frequency of macrolitter as a form of marine pollution. Further, it can be challenging, if not impossible
to differentiate between entanglement in activiifig gear or marine debris. Similarly, the number of
individuals observed entangled may only represent a small proportion. Many are likely to sink and thus
never wash ashore or float in areas where monitoring could be conducted. Monitoring of entanglement
will require a coordinated network. For example, communities could report observations of
entanglement through an app. Many of the existing community platforms could be considered for this.
Reporting could follow the OSPAR/NOAA categories.
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3.47 Qualityassurance/quality control (QA/QC) specific to the compartment/matrix

Most mammal studies do not consider plastics < 1 mm and are carried out in the field; thivefore
QA/QC measures are minimal during field sampling. Wikiéhare the target of investiggans, a high

level of QA/QC must be implemented, and any opening/manipulation of samples should be carried out
in a clean or controlled laboratory (see Provencher,&Gi7 dissection techniques). Procedures
targeting plastics < finm need laboratory &hks (and where possible field blanks) and should consider
data corrections. They should also consider the exclusion of fibers that may come from air
contaminationl(usher and Hernandedilian, 2018).

Box A: Recommended data collection for the deternmaof litter and microplastics in mammals.
Based on Lusher and Hernandditian 2018 and Fossi et ak018.

Mandatory data for reporting plastic interaction with mammals
Species
Location, including latitude and longitude (of stranding or biopsy)
Date, including day, month, and year (should also divide into date of stranding, date of sampling)
Collection method (necropsy, scat, biopsy)
Total sample size (i.e., n)
Tissue sampled (i.e., gastrointestinal tract, stomach, blubber)
Age (juvenile, adult)
Sex
Cause of mortality (with necropsy, and where possible)
Mean, median, and range for counts and mass of all plastics reported in all sampled individuals k
category (i.e., foam, fragment, film, fibers, and other; Provencher et al., 2017)
Size of pastics reported by size classéslics are categories from Fossi et al., 2018.
o >2.5cm Macro)
0 2.4cm-1 mm Mesqg
0 1 mm-300 um Micro)
0 <300 pum Ultrafine)
1 Polymer confirmation for at least a subset of particles <1 mm.

= -—a_-a_-a_a_48_48_-24_-2°_-1-

=

Beneficial to have forall data:

1 Individual data level

1 Color reported in eight broad color groups
1 Polymer type for all items

1 Body condition

Only possible with large sample size
1 Frequency of occurrence of ingested plastics
 Mean, median, and range of mass of ingested pééistitividual

3.48 Existing monitoring of mammals in the Arctic

There are a limited number of mammal monitoring programs in the Arctic. In Canada, caribou, polar
bear, ringed seals, and beluga are all monitored annually by the Northern Contaminants Program for
legacy chemical contaminants. Opportunistiesampling wih these programs have resulted in two
recent studies examining plastic ingestion in seals (Bourdages et al., 2020) and beluga (Moore et al.,
2020) in northern Canada. The AMAP Core Programme in Greenland includes annual sampling of
polar bears and biannusdmpling of ringed seals and reindeer (Rigét et al., 2016). Pilot whales are
sampled annually in the contaminant monitoring program of the Faroe Islands, which also included
sheep until 2017 (Andreasen et al., 2019). Polar bears and Arctic foxes areedakepart of the
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legacy contaminant monitoring on Svalbard by the Norwegian Polar Institute, and work is underway to
assess plastic pollution ingestion in these speti€s Hallanger personal communicatign

3.49 Recommendations

Mammals are natecommended as a primary monitoring tool for the Arctic based on the current
limitations involved with mammal studies (Taldg.0. Given the current evidence, including the low
presence, if any, of plastics in digestive tracts, mammals are not a udefaton of the physical

occurrence of plastics in the environment. In cases where the physical occurrence of plastics is
observed, future studies should employ harmonized data reporting (Provencher et al., 2017; Cowger et
al., 2020).

Polar bears

In severaregions of the Arctic, polar bears are harvested in Northern and Indigenous communities.
Under the Northern Contaminants Program in Canada and the AMAP Core Programme of Greenland,
polar bear tissue sampling is done collaboratively with Indigenous bervéRigét et al., 2016;

Letcher et al., 2018). In some regions of Canada, scat samples from bears are also collected to support
genomics and diet studigstip:/bearwatch.gaAdditionally, Indigenous knowledge supgein

northern Canada have illustrated that harvesters are observing litter in the stomachs of harvested polar
bears. Based on the existing efforts to collect polar bear samples with communities, and Indigenous
knowledge reports that have observed littepolar bears, additional samples for examining plastic
pollution exposure in bears could easily be added to these existing comivasety monitoring

programs. Importantly, this type of program could be planned in synergy with existing programs. Thus,
reporting to communities could be done by the current programs in a holistic manner concerning
contaminants in polar bears, including litter and plastic polluBampling polar bears for litter and

MP can also be coupled with sample collection for contamtgduture effortéo detect smaller size

classes of plastics in tissues of bears will be able to inform on effects and human health research and
monitoring questions.

Mammal entanglements

Both terrestrial and marine mammals experience deleterious effects because of entanglements in

macrolitter in the Arctic. Importantly, this can happen both at sea and on land because macroplastics

can accumulate in both environmental compartments. Curridatle is no repository or system that
reports mammal entanglements in plastic polluti ol
Action Plans on discarded and lost fishing gear, an entanglement reporting tool would allow for the
monitoring of thisgphenomenon and track regional patterns over time and space with a view to

removing and preventing this type of litter in the environment. Such a reporting network could be

i ntegrated or based on existing mar i neMamaanmal st |
Health and Stranding Response Network (NOAA 2019).


http://bearwatch.ca/
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3.4.10Research gaps

Because of small sample sizes, many marine mammals can be expected to remain understudied across
the parArctic, but efforts should continue to explore the fate ancttffef marine litter antP on

marine mammals. Studies that explore how mammals may ingest, accumulate, andviarede

litter (and thus associated chemical contaminants) will be useful for understanding human exposure to
plastics and its compounds imetArctic.

Mammals throughout the Arctic are harvested for human consumption, therefore mammals should be
further considered in monitoring and research of plastic additives and related contaminants, as well as
smaller size classes of plastics (i.e., q@astics) as analytical tools are developed. Therefore, any
sampling of mammals should also consider preserving tissue samples that can be used to determine
concentrations of plastic additive contaminants in tissues most often consumed by humans (i.e.,
blubber, muscle tissue, etc.).

Given the links between plastic ingestion and the potential uptake of faslasticiated and plastic

derived contaminants by biota, investigations into the presence of plastics additives could give
indications of plastic uptake (Fossi et al., 2018). Balgleales have shown promise as an indicator of
plastic additives, but this requires coordinated and dedicated research efforts, something that might be
hard to achieve in the Arctic.
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Figure 3.8 Map of existing contaminant monitoring programs using mammals in the AMAP region.
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Table 3.10Summary of monitoring and research recommendations for litter and microplastic monitoring
in Arctic mammals.

1st level (must do) 2nd level (should do/devealp)

Monitoring - Not recommended. - Polar bear scat/fecal/stomach
collections combined with
hunterknowledge surveys for
tracking ingested litter andP.

- Reporting network for mammal
entanglements.

Research - Necropsies of lanchammals
(caribou, foxes, and rodents).

- Necropsies of marine mammals
(seals, walruses, whales, and pola
bears).

- Once techniques are available,
mammal tissues should be examir|
for smaller size classes of plastics

Table 3.11 Summary rationale for recommendations, including estimated costs for implementing

programs: 0 marine litter and plastic pollution monitoring already in place with regular funding: $

relatively inexpensive because new litter and microplastic monitpriograms can use existing

programs to obtain samples in at least some regions, but need to have some additional capacity to process
samples for litter and plastic pollution; $#ither sampling networks and/or capacity need to be

developed to monitor ligr and microplastic pollution; $$&levelopment of sampling networks,

processing capacity of samples, and reporting all need to be developed in the majority of the Arctic
regions.

Recommendation Program cost | Rationale
Polar bear scat/fecal/stomach $ Samples could be acquired through existing
samples and huntémnowledge research programs where polar bear samples ¢
surveys collected in collaboration with northern and

Indigenous harvesters. Minimal costs would thg
be needed for processing the samples becausg
collections and reporting to communities could
done by the current programs. Hunter surveys
Indigenous knowledge could also be desigaed
implemented witcommunities.

Studies can also be paired with tissue collectior
which may contribute to future studiegamining
MP and human health questions.

Mammal entanglement $$ A pantArctic tool for reporting mammal
entanglements could lestablished via an online
portal or app similar to existing pollution tracker
apps (i.e., Marine Debris Tracker) or Indigesou
knowledge platforms (i.e., SIKU). This would
collect traditional knowledge from northerners o
the landscape using pices and reports.
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4.0 Guidance for Analyses, Modeling, and Data Reporting

4.1 Types of litter and microplastics monitoring programs in the Arctic

AUTHORS: MAX LIBOIRON, LIZ PIJOGGE, TANJA KOGEL, JENNIFER PROVENCHER, ILKA PEEKEN, MARK MALLORY,
AND BONNIE HAMILTON

4.11 Introduction

Environmental monitoring of plastic pollution in the Arctic seeks to characterize changes in the
distribution, typesand trends of plastics in a range of ecosyste&imsg-term assessment programs
often replace onéme projects. Howevegnetime projects sometimes occur where monitoring

efforts are ongoing, which can lead to a disconnect between datasets due toassgasgnent

methods and an inability to compare data. L-targnh monitoring efforts allow for harmonization of
methods across the region, familiarity with local conditions and communities, as well as an ability to
coordinate singular projects into a coheiggttof metrics and goals. In efforts to harmonize

monitoring in the North, we argue: (1) lotgrm monitoring programs are better for establishing
environmental trends in the Arctic; and, (2) gimee projects should be linked up with the appropriate
monitoring program in the region.

This section introduces several types of monitoring programs with recent examples. The goal is to
articulate the breadth of programs, thereby providing governments, scientists, and communities with
the knowledge to choose thge of monitoring that best suits their needs. This will also identify

existing programs that relevant stakeholders may wish to join or extend. The examples outlined within
are not an exhaustive inventory but represent geographical diversity. Theftppegrams discussed
include nationally led, communiiyased, research stations and observatories, citizen science,-species
specific sampling, and opportunistic sampling. We discuss the characteristics of robust monitoring
programs versus individual projsdo highlight what new, emerging, and developing Arctic plastic
pollution monitoring programs should consider in their design and functioning @4dhle

4.12 Types ofmonitoring programs

Governmentled

Governmemied monitoring programs are carried out by order of ministries or other governmental
authorities, or they respond to national calls issued by research councils funded by governments, and
they are for monitoring within the governmental jurisdinti They are often characterized by the
obligation to heed certain quality assurance parameters, such as using accredited methods according
to international standards, reporting measurement uncertainties, and articulating risk and best
practices. Study redts are usually published (open access) as technical reports or white papers in the
national official language rather than in international yegiewed journals, though the latter does

occur. Governmeried monitoring programs are often driven by thmdad to follow or inform

national and international laws, such as maximum levels for contaminants in commercially sold food,
assessing environmental standards, or conducting population monitoring to ensure sustainable
fisheries. They can also inform natadpolicies aimed at achieving the Sustainable Development

Goals set by the United Nations. There are several national monitoring programs on plastic pollution,
and currently, they tend to focus on ma@and mesoplastics. There are sevptdllishednational or
regionatscale reports on plastics (e.g., MacLean et al., 2013; Reisser et al., 2013; Sundt et al., 2014;
Buhl-Mortensenand Bublor t ensen, 2017) outlining research h
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Although these studies are crucial in underdtag the pervasiveness of plastic pollution at a national
level, multinational collaborations are also important.

Mapping marine litter in the Norwegian and Russian Arctic seas (MALINOR) is a multinational

project funded by the Norwegian Research Cduncii NF R) . I'ts expressed fAmai i
areas of marine litter and describe its characteristics in the Arctic in collaboration with Russian

institutions withamultidi sci pl i nary approacho (Salt, 2020). T
beginbyconducting a |iterature review fAfrom the sci

litter in the Norwegian Russian Arctic, identify ongoing activities on this topic both in Norway and

Russia, build up a joint Norwegian Russian database, perfapping using multidisciplinary

approaches (robotics, digital solutions, GIS, satellite pictures), collect offshore data using research

cruises of opportunity, develop a predictive tool for litter distribution, and importantly, disseminate

the findings tole students, public and policy makers both nationally in Norway and Russia and also
internationally ( e. ALT, 2020N EoPg projaat ino developmént, seethé | ) 0 ( S
FRAM-Hi gh North Research Centr e f dicproGrim 208t e and t
2023 for plastic in the Arctic (Halsband et al., 2018).

Communitybased

Communitybased monitoring includes projects that are created, led, and carried out by community
groups, as well as projects that are created and facilitated sigeptincipal investigators but led

and carried out by communities. The main benefit of these programs is that they concretely address
community concerns about plastics and tend to mitigate or eliminate scientific colonialism in the
North where the needsyethods, and goals of southdrased organizations and scientists are often

put before local need@ne of the core challenges with such programs is accessibility. Community
based programs often do not possess the capacity and/or funding to maintaegnaepiie mainstream
science circles (e.g., lack of access to web services, conferences, fundingueteymore, if there

is a desire to bring them in line with other global efforts (i.e., standardizing methods and data
regimes), additional resourcesdacapacitysharing may be required.

An example of a communitgased project is Community Monitoring of Plastic Pollution in Wild

Food and Environments in Nunatsiavut. This is a project of the Inuit Nunatsiavut Government, led by
Max Liboiron (Metis, Menarial University) and Liz Pijogge (Inuk, Nunatsiavut Government) in
Nunatsiavut, Canada. Funded by the Northern Contaminants Program since 2018, the program
focuses on plastics in traditional food webs and culturally important ecosystems for Inuit hodters
fishers, and local Inuit are employed to carry out the research on their own land. Data are owned by
the Nunatsiavut Government rather than the outside researcher. The end goal of the program is for the
research to be carried out by the North for tleethl minimizing the need for outside researchers.

Research stations and observatories

Research stations and observatories in the Arctic are designed to be permanenperrsanent,
making them ideal for lorterm monitoring projects. They tend to be maintained by governments
rather than universities or research groups, although theftarerun in partnership with these
groups. There are over 100 research stations in the Arctic, most of them listethegtrtiaional
Network for Terrestrial Research and Monitoring in the Argtitps://euinteract.org. One core
challenge with these stations is their expense over time.

18¢


https://eu-interact.org/

AMAP Litter and Microplastics Monitoring Guidelines

In 1999, the Alfred Wegener Institute in Germany established the LTER observatory HAUSGARTEN
(Soltwedel et al., 2016%ince 2002, thelAUSGARTEN observatoryn the Arctic hasonducted

marine plastic monitoring on the seafloor using towed seafloor photography. It is located in the
eastern Frandtraitand comprises 21 stations, which are sampled annually to assess temporal
variability in a range of environmental parameters. Tédgilar monitoring has shown that plastic
accounted for the highest proportion of litter (47%), and that the proportion and total amount-of small
sized plastics increased between 2002 and 2014, indicating fragmentation of plastic litter (Tekman et
al., 2L7).

Citizen science

Citizen science is the collection of scientific information and observations carried out by the general
public, often part of a collaborative project led by a team of researchers. These efforts are usually
opportunistic, although tlyecan be more regular if groups return to the same places over time. Long
term citizen science is more likely to occur with community groups or NGOs than with individual
scientists. The main benefit of citizen science is that it can minimize costs beitaesescientists

are often volunteers. However, two primary challenges arise with citizen science. First, comparing
citizen science studies with those following the scientific method can be a challenge because there is
often a difference in methodologiesmeet their respective goals (Harris, 2019). Second, there are
some types of plastic work (e.g., miesnd nanoplastics) that require great care and protocols in
collection due to contamination issues, and they may not be appropriate for citizea s@édnc

The use of the Marine Debris Tracker App is a key example of citizen science being carried out in the
Arctic to monitor plasticsThis is a free phone application that was created in 2010 through a
partnership with thlOAA Marine Debris Prograrand theSoutheast Atlantic Marine Debris

Initiative (SEA-MDI) at theUniversity of Georgia (Marine Debris Tracker, 2019). The app geotags
plastic debris and uploads the data to a centralized website for public use. Data have been collected in
the Arctic inCanada, Norway, Finland, and the US (Alaska) since 2014. The app continues to be
updated and maintained, making it more like a program made up of multiple projects. Citizen science
has also been used in shtatm projects. In 2016, scientists worked witlp tourist cruise operators

and their guests to conduct shoreline studies, resulting in a published study (Bergmann et al., 2017).
In 2019, a report was released that tested whether commercial ROVs could be used by citizen
scientists to map and quantifgnthic marine litter, with negative results (Haarr and Havas, 2019).
Before the establishment of citizen science programs, we recommend this type of testing be carried
out to ensure methodological feasibility.

Speciesspecific monitoring

Some regionaltadies of plastic pollution hinge on one key environmental parameter. The decision to
use a sentinel species increases the likelihood of comparability of studies over time given the ability
to standardize methods suited to the species. This allows ingligtiulies to begin to act as

programs, particularly if they are paired with national funding. Sentinel species are usually chosen for
their low variability of ingestion rates and nealective ingestion of plastics, thereby ensuring that
temporal trendseflect trends of plastics in the environment. These species should be chosen with care
and considered in the context of their ecology. One disadvantage to this method is that it provides a
narrow view of environmental plastics generally because a partgpgaies will ingest a particular

size of plastic in particular environments based on its body size, range, etc. Therefore, it is
recommended that several compartments for monitoring related to spee@c monitoring
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programs are considered to ensina collected data will give a more holistic perspective of litter and
microplastic§YMP) in the environment.

The most developed, specigsecific plastic monitoring project uses plastic debris from a seabird, the
Northern FulmarFulmarus glaciali3, and follows the OSPAR artelJ-Marine Strategy Directive,
thereby employindecological Quality Objective (EcoQO) to determine changes in environmental
levels of plasticsin Denmark, these studies were conducted between 2002 and 2017. They have
shown thab4% of beached fulmars exceeded the EcoQO threshold, and that over the past 10 years,
Danish monitoring showed no statistical changes for marine plastic litter in fulmar stomachs (van
Franeker et al., 2017). From 2005 to 2014, the same types of studidsasavconducted in the North
Sea and found that levels of plastic ingestion appear to have stabilized at around 60% of individuals
exceeding the 0.1 g level of plastic ingestion specified in the OSPARdamggoal definition

(OSPAR, 2019; see also varaReker et al., 2005Dther studies at other locations use similar metrics
to produce comparable results.

Opportunistic

Although most programs are characterized by advanced planning and stability, some programs are
opportunistic. Thesepportunistic programs tend to be snapshots of an environment at a given point

in time, without links or methodological comparability to letlegm monitoring programs. Although

free research or the seizing of opportunities can provide vital new impulsighits, and data

otherwise not accessed, the coordination of these opportunities and/or the standardization of methods
to those from established, loterm programs is key for making these opportunities comparable, and
consequently another valuable sousEengoing, lowcost data for longerm monitoring efforts.

Such harmonized approaches should be added to research efforts wherever possible.

One key area of opportunistic data is plastic bycatch. For example, between 2010 and 2016, a joint
NorwegianRussian ecosystem monitoring survey saved and analyzed data on plastic bycatch from
pelagic and bottom trawling, as well as from visual observations of the surface ofinvtiter,

Barents Sea@rgsvik et al., 2018)This allowed a londerm study of plastic&ithout a specific

plastic research design.

Another way to think of a coordinated yet opportunistic program is the way multiple studies can be

directly compared when they adopt standardized methods. Using OSPAR methods for shoreline

studies, for exampJallows studies from diverse areas to be compared, even when they are not

otherwise coordinated. Although this does not constitute a prqogase new, emerging, and

devel oping programs might consider hadesdnthey coul
data through standardized methods and measurements.

4.13 Characteristics of robust monitoring programs

As opposed to research projects, monitoring programs are coordinated, comprehensive, and long term,
which enables them to observe longitalitrends over specific spatial regions. They are usually

oriented toward goals, and those goals are reflected in the methods and measures used, which are
standardized to allow internal and external comparisons of protocols, data, and results. |deatly, ro
monitoring programs should include, but are not limited to, the following: temporal coverage

spanning multiple seasons over many years; evaluations of multiple sample media (i.e., biotic

impacts, benthic, shoreline, surface water, etc.); specializiatia geographic region; and/or

specialization in a particular sample medium across a wide geographic range.
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Given the sampling effort, a key consideration for robust monitoring programs is their ability to detect
change. Power analyses should be usetlifare and existing programs and data. Currently, for litter
andMP in many compartments, data allowing for power analysis are limited, and only a handful of

studies have been done.

Table 4.1 Chart of monitoring programs.

Type Strengths Challenges Example
Nationally Led 1 Scale of program matcheg § Can include large Mapping marine litter in the
scale of jurisdiction for geographic areas Norwegian and Russian Arctic sea
action/policy 1 Requires coordination | (MALINOR)
1 Likely to have quality of multiple
assurance parameters people/studies
1 Clear lines of funding and| 1~ EXpensive
accountability
Communitybased| Aligns with needs of 1 Can be difficult for Community Monitoring of Plastic
northern communities policymakers and Pollution in Wild Food and
1  Better chance of scientists to identify Environments in Nunatsiavut,
eliminating or mitigating these programs NunatsiavuiGovernment
scientific colonialism 1 Less likely to meet
science community
needs and processes,
including standardized
methods
Research Stations § Longterm/permanentso | 1  Expensive HAUSGARTEN observatory
and Observatories capable of longerm
observation
1 Funded by governments
1  Excellent sites for
collaborative and
opportunistic efforts
Citizen Science | § Inexpensive forecredited | 1 Data can be patchy in | Marine Debris Tracker App
scientists geographical and
1 Data can align with temporal terms
community needs and 1 Comparison between
goals if done with local studies can be difficult
groups M  Often not long term if
1 Caninclude vast led by outside scientist:
geographical reach throug
wide participation
Speciesspecific 1  Sentinel species reflect T Narrow view of one Northern Fulmar and the
environmental conditions type/size range of OSPAR and EtMarine Strategy
1 Can be less expensive if plastic Directive to use Ecological Quality
using beached animals Objective (EcoQO)
1 Readily comparable acros|
studies
Opportunistic f Inexpensive 1 Uncoodinated and NorwegianRussian ecosystem
1  Novel sources of data unplanned; requires monitoring survey of plastic bycatc
{ Can be done via afterthe-fact in trawling studies
standardization of method coordination
for a fAprogr| T Snapshotsof
environment
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4.2 Data treatment

AUTHORS: JAN RENE LARSEN, ANDY M. BOOTH, CHELSERN. ROCHMAN, MAX LIBOIRON, PETER MURPHY, SEBASTIAN
PRIMPKE, AND STEFANO ALIANI

4.21 General recommendations on data reporting

One of the purposes of formulating standardized monitoring guidelines is to be able to compare
observations over time and space. To make observational data comparable, it is important to unify not
only the sampling and analysis methodology, but also ttzerdporting. The use of unified,

controlled vocabularies and the setting of standards on the level of data detail for all observers, is one
of the critical parts of this process. Although it might be time consuming to adopt a unified data
reporting proces it is necessary to establish a solid basis for future data analysis, modeling,
assessment, and use.

Data reporting is often seen as a middle step between the detailed raw data collected and stored in
individual institutes, and the final target prodagpected from the assessments.

Under this program:

1 data on atmospheric deposition should be reported to EBAS Datatyzeseated by the
Norwegian Institute for Air Research (NILU)

i data omabiotic compartmentsé€awateyseabedbeachesandsedimentsshould be reported to
the ICES Environmental Database (DOME)

9 data orbiotic compartmentsrfvertebrates, fish, birgandmammal¥ should be reported to the
ICES Environmental Database (DOME)

Both NILU and ICES have developed standard proasifor the reporting of data to their databases

and these should be followed. These procedures define the minimum mandatory information that has
to be reported. In addition, the procedures support the reporting of optional information, depending on
the moiitoring objectives. In these guidelines, each of the compartment se@amti®s 20 and

3.0) have defined what information is optional and mandatory under the objectives of each
compartment.

4.22 Data reportingo NILU/EBAS

The Norwegian Instituteof Air Research (NILU) organizes the EBAS atmospheric database. It was
originally designed for the European Monitoring and Evaluation Programme (EMEP) and today it
archives data on atmospheric composition from ground stations around the globe, asikeedifas a
platforms. Ceoperating frameworks and projects include:

The Convention on Lorgange Transboundary Air Pollution (CLRTAP)

The WMO Global Atmosphere Watch Programme (GAV)

The Arctic Monitoring and Assessment Programme (AMAP)

The EU-project Aerosols, Clouds, and Trace gases Research InfraStructure Network
(ACTRIS)

=a =4 —a

3 http://ebas.nilu.no/
4 http://ecosystemdata.ices.dk/
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Data submitted to EBAS are protected by atse data policy, although some projects/programs
request a more restrictive data policy. The process for submitting daiB® is described in the
EBAS Data Submission Mangiaivhich also contains comprehensetting startedlocumentation.

4.2 3 Data reportingo ICES/DOME

ICES databases and formats

Data on the abundance and geographical distribution of littemardplasticYMP), as well as
relevant ancillary information, can be submitted to the ICES Environmental Database (DOME) in
either the Environmental Reporting Format 3.2 (ERF3.2) or the Simplified Format

Depending on the compartment, data should perted through different mechanisms:

9 Litter andMP information forseawaterseabedandbeachesan be submitted as litter datasets.

9 Surveys in biotakfirds, mammals, fish, invertebrajew in sedimentwhere additional sample
parameters should be suitted, can be accommodated as part of the contaminants in biota and
sediment formats.

1 Seafloor fisheries surveys that deliver data to ICES DATRAS DB in advance, can submit litter
data as additional information. Due to the present setup, it is recommaridedequest adding
new surveys to DATRAS for the sole purpose of litter monitoring. Seabed litter can also be
reported through the ICES/DOME mechanism.

1 Currently (April 2021), there is no mechanism for the reporting of data from terrestrial soils or
from ice/snowIn principle, the ICES/DOME mechanism can handle soil data as sediment data

The structure of data reporting to ICES requires that a reporting institution within a country reports
their data through a single annual submission.

A generic example of the reporting of data to ICES/DOME is found in Appdntlix

ICES litter andmicroplastics datspecific detailsvocabularies, codesnd code types

One of the key tools for ensuring consistent data reporting is the use of controlled vocabularies. The
ICES vocabularies organize defined codes as sepadéetypesin thelCES Voabulary, all codes

used for data reporting are maintained, including those for litteMd@hdNewcode type®r codes can

be added to the ICES vocabularies as needed. The following describes certaidekgypesn

connection with litter ant¥P:

1 LTREF® for the classification of litter types, thétter Reference LiL TREF) and respective
litter codes from the lists are used.

T MUNIT°(with respective VALUE): | CES stores measu
given category), or their fAweight per sampl e, 0

5 https://ebasubmit.nilu.no/

8 http://ices.dk/data/Documents/ENV/Environment_Formats.zip (see ERF3.2 and Simplified_Format_Litter)
7 https://vocab.ices.dk/

8 https://vocab.ices.dk/?ref=1381

9 https://vocab.ices.dk/?ref=155
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1 Additional information about the litter is stored in separate fields LIIKeZC™ (litter size
category) LTPRP (shape and color mainlyL,YPPL'? (type of polymer)LTSRC (litter source,
if known).

Data quality

Prior to uploading data files to ICES, these files must pass a quality verification assessment by a Data
Screening Utility (DA'SU) that checks if the format and codes are correct.
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Appendix 4.1 Reporting of data to ICES DOMEGeneric example

The following example is a generic description of the use of the ICES/DOME Simplified Format. It is
provided for illustrative purposes; for a specific submission, the ICES/DOME documentation should
be consulted.

The first page shows how data should be organized in spreadsheet table structure for submission. The
heading (first line) refers to fields, with more details and descriptions on these fields being presented
in subsequent pages.
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Table Al.1 Data reporting using the ICES/DOME Simplified Format, generic example

(Line) RLABO | MYEAR | SHIPC | CRUIS | STNNO | LATIT LONGI | POSYS | STATN DEPHU | DEPHL
1/ NIVA 2012 | AA31 201210| R10 XXXXXX | YY.Yyyy Fjartoft R1070BC045 0.05
2 | NIVA 2012 | AA31 201210| R10 XXXXXX | YY.Yyyy Fjartoft R1070BC045 0.05
3 | NIVA 2012 | AA31 201210| R10 XXXXXX | YY.Yyyy Fjartoft R1070BC045 0.05
4 | NIVA 2012 | AA31 201210| R10 XXXXXX | YY.Yyyy Fjgrtoft R1070BC045 0.05
S5 | NIVA 2014 | AA31 201404| R12 XX XXXX | YY.YYYY Finnmark R1298MCO037A 0.05
6 | NIVA 2014 | AA31 201404| R12 XX.XXXX | YY.YYVY Finnmark R1298MCO037A 0.05
(Line) SDATE SMPNO | SUBNO | MATRX | LTREF LTSZC | PARAM | MUNIT | BASIS | VALUE | LTSRC
1 20121006| R10 1| SEDtot | RECOLT LT245 nr 291
2 20121006| R10 1| SEDtot | RECOLT LT245 % 87.6
3 20121006| R10 1 | SEDtot WTMEA | g w 500
4 20121006| R10 1 | SEDtot Drywt% | % w 20
S 20140415| R12 1| SEDtot | RECOLT LT245 nr/kg D 358.4
6 20140415| R12 1| SEDtot | RECOLT LT245 % 48.3
(Line) | TYPPL | LTPRP [ ALABO | REESK | METST | METEP [ METOA | SLABO | SMTYP | wLTYP | MSTAT | PURPM | MPROG
NIVA MIC-FL | NIVA GE MO L AMAP
SHP4 NIVA MIC-FL | NIVA GE MO
NIVA GRV NIVA GE MO
NIVA GRV NIVA GE MO
NIVA MIC-FL | NIVA GE CF
SHP4 NIVA MIC-FL | NIVA GE CF
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Table Al1.2 CES/DOME field descriptions, excerpt
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Column Column definition Options ICES Mandatory Mandatory for Format
assessments
RLABO Reporting laboratory http://vocab.ices.dk/?ref=101 Yes See options
http://dome.ices.dk/datsu/rlabo_Is|
SpX
MYEAR Monitoring year Yes. Will be created from Yes YYYY
SDATE if blank
SHIPC Ship or platform code http://vocab.ices.dk/?sortby=Descl Yes (minimum requirement is See options
ption&ref=315 an "AA" code)
CRUIS Cruise identifier (series of sampling Yes Any character 09, Ai Z etc.
occasions)
STNNO Station identification/Sampling event ID Yes Any character 09, Ai Z etc.
LATIT Latitude (degrees/minutes/decimal minut Yes Yes -90 0Q000 to +90 0®MO0
or as decimal degrees). Report as WGS or
'-90.0000 to +90.0000
LONGI Longitude (degrees/minutes/decimal Yes Yes -180 00000 to +180 00O
minutes or as decimal degrees). Report or
WGS84 '-180.0000 to +180.0000
POSYS Position system http://vocab.ices.dk/?ref=40 No WGS84 is assumed if field is
blank and GPS is entered. Se
options
STATN Station name Station dictionary assessments fo| No Yes Any character 09 or Al Z. No
cont. are based on station names "™ or"," or double spaces or
and polygons in the station parenthesis
dictionary
WADEP Water depth (sounding in meters) 0i 9
DEPHU Upper depth (m) Yes forwater chemicals Yes for water
chemicals 09
DEPHL Lower depth (m) Yes for water chemicals Yes for water
chemicals 0i9
SDATE Sampling date Multiple years allowed but if blank| Yes Yes YYMMDD
the date will determine the
monitoring year for file creations
EDATE Sampling end date Yes for passive sampling only YYMMDD
STIME Sampling time/start (UTC) No HHMM
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ATIME Actual time of sampling (UTC) No HHMM
ETIME Sampling end time (UTC) No HHMM
SPECI Species of specimen (WoRMS) http://www.marinespecies.org/ Yes for biota data Latin name or AphialD
SMPNO Sample number/Sample identification fo Yes Any character 09, Ai Z etc.
haul or group of individuals/cores/bottles
collected at that time/place
NOAGG Number of aggregated samples (hauls, No 2199
sediment cores, or grabs) taken to
comprise sample
FINFL Factors potentially influencing guideline | http://vocab.ices.dk/?ref=176 No See options. Multiples allowe(
compliance and interpretation of data when separate
126)
SUBNO Subsample numbeiindividual organism, Yes Any character 09, Ai Z etc.
sediment slice
NOINP Number of individuals in sample Yes for biota data 0i 9
ORGSP Origin of specimen http://vocab.ices.dk/?ref=153 No See options
SEXCO Sex code http://vocab.ices.dk/?ref=45 No Yes for some See options
effects
parameters
STAGE Stage of development http://vocab.ices.dk/?ref=52 No See options
CONES Condition of specimen http://vocab.ices.dk/?ref=74 No See options
ASTSA Animal state at time of sampling http://vocab.ices.dk/?ref=64 No See options
NODIS Number of diseases looked for during a No
fish disease survey 09
BULKID Bulk identification (for individuals only) | Existing related SUBNO. If an No 0i 9. Multiples allowed when
individual (or parts thereof) has separated wit
been analyzed in one or more bulk
insert the SUBNO identification(s)
of the bulk(s). Note that BULKID
can only refer to a SUBNO within
the same sample. See field
descriptions for an example.
(separate mul ti
(ascii 126))
MATRX Matrix http://vocab.ices.dk/?ref=55 Yes See options
PARAM Parameter http://vocab.ices.dk/?ref=37 Yes See options
MUNIT Measurement unit http://vocab.ices.dk/?ref=155 Yes See options
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BASIS Basis of determination Enter NR if not relevanbtherwise | Yes NR or options in list
seehttp://vocab.ices.dk/?ref=65
VFLAG Validity flag http://vocab.ices.dk/?ref=59 No See options
QFLAG Qualifier flag http://vocab.ices.dk/?ref=180 No See options
VALUE Value measured Yes 0i 9
PERCR Percentage recoveryto be applied (if No 09
thought necessary by data submitter) to
reported value (in VALUE field) at an
assessment to give a better approximati
of the real value
SIGND Significant digits reported in VALUE No 09
UNCRT Uncertainty value No Yes for 0i 9
chemicals
METCU Method of calculating uncertainty http://vocab.ices.dk/?ref=213 Yes if UNCRT is reported Yes for See options
chemicals
DETLI Detection limit No 09
LMONT Limit of quantification No 0i 9
PRFLG Pressure flag No 0i 9
ALABO Analytical laboratory http://vocab.ices.dk/?ref=101 Yes if methods or QA fields Yes for most See options
are reported parameters
REFSK Reference source or key http://vocab.ices.dk/?ref=171 No Yes for some | See options
effects
parameters
METST Method of storage http://vocab.ices.dk/?ref=200 No See options
METFP Method of chemical fixation/preservation| http://vocab.ices.dk/?ref=34 No See options
METPT Method of pretreatment http://vocab.ices.dk/?ref=201 Yes for seawater data to show See options. Multiples allowed
filtered or non-filtered when separated
126)
METCX Method of chemical extraction http://vocab.ices.dRref=202 No See options. Multiples allowed
when separated
126)
METPS Method of purification/separation http://vocab.ices.dk/?ref=198 No See options
METOA Method of analysis http://vocab.ices.dk/?ref=173 No Yes for most See options
parameters
AGDET Age determination http://vocab.ices.dk/?ref=19 No See options
SREFW Source ofeference seawater http://vocab.ices.dk/?ref=154 No See options
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SPECI In vivo/In vitro test organism or cell line | http://vocab.ices.dk/?ref=351 No Yes forsome | See options in list "VIVIT"
effects
parameters
ORGSP Origin of test specimen http://vocab.ices.dk/?ref=153 No See options
SIZRF Size class reference list http://vocab.ices.dk/?ref=303 No See options
FORML Formula used in calculation http://vocab.ices.dk/?ref=296 No See options
ACCRD Accredited laboratory for thinked Y for Yes or N for No No YorN
parameter
ACORG Accrediting organization http://vocab.ices.dk/?ref=355 No See options
SLABO Sampling laboratory http://vocab.ices.dk/?ref=101 Yes if SMTYP or other See options
sampling fields are reported
SMTYP Sampler type http://vocab.ices.dk/?ref=152 No Yes for See options
passive
sampling
NETOP Net opening width (m) No 0i 9
MESHS Mesh size of net or sieve (um) No 0i 9
SAREA Sampler area (cft No Yes for 09
For passive sampling, this is the expose passive
area of the sampler (membrane). See sampling
SMTYP PS*
LNSMB Length of sampler (core) barrel (cm) No 0r9
SPEED Speed (e.g., trawls) (knots) No 0i 9
PDMET Plankton (oreutrophication) sampling http://vocab.ices.dk/?ref=38 No See options
depth method
SPLIT Sample splitting technique http://vocab.ices.dk/?ref=50 No See options
OBSHT Observation height (from surface) (mete No 09
DURAT Duration of haul (minutes) No 09
DUREX Duration of exposure in days No Yes for 09
passive
sampling
ESTFR Estimated watesampling rate (flow) in No Yes for 0r9
liters per day passive
sampling
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4.3 Analyticaltechniques for the identification of microplastics

AUTHORS: SEBASTIAN PRIMPKE,ANDY M. BOOTH, GUNNAR GERDTS, ALESSIO GOMIERO, TANJKOGEL, CHELSEAM.
ROCHMANN, BARBARA SCHOLZBOTTCHER AND JAKOB STRAND

4.31 Background

The analysis of microplastics (MP) is currently performed using different techniques ranging from
visual identification of the particles tocamprehensive chemical identification of the polymer type,
including additives and adsorbed substances. Based on published réviews et al., 2017; Zarfl,
2019; Primpke et al., 2020agcommendation@-rias et al., 2018; Gago et al., 2018; Bessa et al.,
2019) and existing monitoring guidelingGESAMP, 2019)we provide an overview of the available
techniques for analyzing MP with respect to environmental monitoring

4.3.2 Optical identification methods

Microscopy

Microscopyenhanced optical identification of MP in the visual spectrum is one of the most
commonly used identification methods. Visig#ntification of MP has been applied to a wide range
of matrices including

natural waters

sediments

soils

air (including street dust)

wastewater treatment plant influent, effluent, and sludge;

aquatic and terrestrial organisnasid

1 human foodstifis (e.g. table salt, honey, and beerimpke et al., 2020a)

=A =4 =4 -4 -4 =9

In general, guidelines for the visual identification of KRsher et al., 2020; Primpke et al., 2020a)

are provided based on visual parameters such as color, color distribution, shape, surface properties
such as light reflection, as well as the widths, length, and features of fibers. Thiéymagtudies

sort MP into six shape categories: fragments, beads, pellets, films, foams, an@@ReR, 2015)
Previously, visual identification was often used solo, but yielded high misidentification rates if not
combined with chemical analggHidalgo-Ruz et al., 2012)Even though most studies reported
detection limits of 100 um or larggiRrimpke et al., 2020alESAMP only recommended visual
identification in the monitoring of marine ecosystems for particles > 1 mm. However, GESAMP does
suggest combining optical microscopy analyses with spectroscopy analyses (see Table 10.10 in
GESAMP, 2019)A similar approach was also suggested by Loddr,2Qd7, including a size
fractionation pe-treatment step into larger (e.g., > 500 pm) and smaller particles (e.g., < 500 pm)
prior to sample extraction. Although the smaller particles require sample extraction, the larger
particles can be picked manually, assisted by optical microscopy, anifiédechemically afterward.

Notably, data of the different studies were presented in highly varying size categories. Part of the
underlying reason for this may be the technical lesiee limitations imposed by the applied

filtration units for the exaction process. For comparability, harmonization of reported/measured size
fractions is necessary.
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Compared to more advanced techniques, optical identification is inexpensive because the instrumental
costs are lowPrimpke et al., 2020aombining optical microscopy with digital cameras for image
analysis further reduces the personnel costs associated with particle counting. In contrast to some
advanced methods, which have specific and costly §ilibgrate requirements, samples for optical
microscopy can be collected on inexpensive filter materials such as glass fiber or polycarbonate (PC).

The overall processing time of a filter imaged for MP was found to depend on the applied guidelines,
thefilter size used, the sample type (e.g., sediment, surface water), the targeted sizeaoldisees,
general distribution of particld€owger et al., 2020&rimpke et al., 2020a; Thaysen et al., 2020)

For this method, it is important to consider human difficulties in differentiatingpotmeric

particles and natural polymbased particles (e.g., chitin or wool) from MP of interest (see Figure
4.1), which may introduce a &s(Hidalgo-Ruz et al., 2012; Zarfl, 2019; Primpke et al., 202Gaich

bias is dependent on the experience level of the investigators and is significantly reduced for very
experienced labs. If a chemical analydithe material is not available, the materials can be tested on
their physical behavior by testing the particles with microforceps or a dissecting flaetier et al.,
2020) Further, the thermal behavior of the particle can be investigated with a hot needle because
plastics melt at elevated temperatures. All these testsgndlainced results compared to the
unassisted use of microscopy.

Nevertheless, the need for experience in the analysis and testing of such small particles increases with
the decreasing size of the particles. Furthermore, some reported guidelines fonuptastopy

identification of MP exclude the selection of particles exhibiting properties that make identification
challenging. This includes particles that are black, brown, white, or clear in(@dtpyin and

Holland, 2019) In such cases, the generated data will represent an incomplete picture of the true

levels of MP contamination. For monitoring at the current stage, this is an acceptable solution. Still, it
is critical that any dataseproduced using such methods highlight these issues so that other
researchers and end users of the data are aware of the limitations and can account for this when
translating monitoring data into practical measures and mitigation actions.

Low Density Polyethylene, LDPE,
HQ:768

A ‘4:{‘." .

Ethylene vinyl acetate, EVACc,
HQ:854

“Raw Afghan
Cashmere / ¥
natural polyamide” Dog fur/

natural
(HQ: 717) polyamide”

(HQ: 648)

Figure 4.1 Particles sorted as potentralcroplasticsy optical microscopy further identified via
attenuated total reflection Fouransform infrared (ATRFTIR) spectroscopgHaave et al., 2019)
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Fluorescent staining ahicroplasticsfor microscopy and preselection of particles

The use of fluorescent dyes to stain MP patrticles is increasingly applied to achieve faster selection of
particles and reduce researcher bias (Zarfl, 2019). Staining is typically conducted af@ampley s

fractionation or extraction steps have been conducted to minimize staining of thistmorganic

material. One of the most applied dyes for MP staining is Nile Red AN&ady, 2011)which is

inexpensive and easy to handle. Recently published literature has demonstrated its application for

staining MP in various types of water samples, sands, sediments, biota samples, and atmospheric
deposition saples(Primpke et al., 2020d) or parti cl e si zesi3fimtm O 300
expanding the range achievable by optical microscBpynpke et al., 2020&igure 42).

Figure 4.2 Filter showing fluorescent microplastic particles after dyeing with Nile Red (left). Zoomed
region showing automated image analysis of individual particles down to ~10 pm. Images produced
by SINTEF Ocean.

The major drawback of using NR is its lipophiliatare and therefore its propensity to stain all lipid
materials present in a sample (e.g., derived from b@aksey et al., 1987For this reason,
comprehensive sample extraction and cleanup are necessary to remove any biogenic materials and to
avoidthe potential misidentification of natural materials, e.g., lipid droplets and microorganisms, as
MP (Erni-Cassola et al., 2017; Wiggin and Holland, 201)rrently, a wide variety of sample
extraction protocols are in use, including the application of oxidizingtage®nzymegPrimpke et

al., 2020a) Another pitfall to consider is that NR can precipitate as agglomerated particles if applied
in certain concentrations and solvents, which can lead to confusiostaiited MP A. M. Bienfait,
personal communicationAdditionally, method harmonization is not conclusive at present, especially
because there are large differences between recommended optimum concentrations, with literature
values ranging from 0i2 pgmL* (Erni-Cassola et al., 201dp to 1 1000 ug mL! (Maes et al.,

2017)

Nile Red was found to be an effective stain for various polymers ranging from polyethylene (PE),
polypropylene (PP), polycarbonate (PC), hagnsity polyethylene (HDPE), ledensity

polyethylene (LDPE), polyurethane (PUR), expanded polystyrene (EPS), polyethiyighacetate

(PEVA), to polyamide (PAZarfl, 2019;Primpke et al., 2020aplthough there is some indication

that differer polymer types stain sufficiently differently to allow a tentative identificatddaes et

al., 2017) a robust characterization equisal to direct chemical identification methods is not

possible. Furthermore, the additional parameters like particle size, shape, and solvents used may alter
the staining behavior. Different staining efficiency percentages between 100% and 0%, with
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variations of caestaining of biological material were obtained, depending on the polymer/solvent
combination(Shim et al., 2016; Tamminga et al., 2QlMportantly, the technique has limitations
with certain subclasses of MP, including those whiehtdack in color, fibers, and rubbbased MP.
Recent work suggests low error rates if the particles undergo FTIR or Raman spectroscopy
subsequent to NR stainiti§utton et al., 2016; Maes et al., 2010t the analysis that followed was
often rather time consuming compdr(up to one hour for a single Raman spectrum) to other rapid
direct chemical identification methods. Still, NR staining is a promising technique to highlight
potential particles and guide researclitein and Fischer, 2019r technical applications toward
particles of interest.

4.3.3Chemical analysis techniques

Accurate and robust chemical identification of MP is crucial for studies such as ecotoxicological risk
assessment because the chemical nature of the partfblesices the nature of the toxic effect on
organisms that have ingested th@wio et al., 2015; Booth et al., 2016; Rochman et al., 2017; Kdgel
et al., 2020)Several analytical techniques are available that use either spectroscopy or thermal
degradation coupled with gas chromatograpiass spectrometiyased methods for the

identification of MP. The main methods used for identifying MP in environmental saarples
described briefly below.

Fouriertransform infrared spectroscopy faricroplasticanalysis

Fouriertransform infrared spectroscopy (FTIR) produces a spectral pattern, cabbpddRum,
representing a fingerprint of the polymer types. The obtaipects are analyzed by comparison with
reference spectra for each polymer type. Those reference spectra are compiled in spectral libraries.

Recently, 161 publications applying FTIR for MP analysis from environmental samples were
summarizedPrimpke et al., 2020a) hese studies used a range of different FTIR technologies,
including analysis based on single particles, via handhelds, fiber optics, microscope supported
systems (UFTIR) or applied singtarticle, and pFTIR analysis on separate instruments. For 58% of
the studies, attenuated total reflection (ATR)IR on single selected particlese€Figure 4.3 was

the method of choice. No sample preparation or mathematical correction are necedsagpeyator
for this methodPrimpke etal., 2020a) Par ti cl es are placed in contac
which is relatively fast, and the analysis is performed without requiring advandsdgkihe

operator. Spectral analysis is hormally followed by library sear@esner et al., 2019&)a spectral
correlation or approache&é machine learninRenner et al., 2017, 2019b; Hufnagl et al., 2019;
Kedzierski et al., 2019)

FTIR microscopy (LFTIR)

In contrast to single particle FTIR, pFTIR combines microscopic imaging and paitiele

determination with FTIR. Individual particles down to sipésa. 10 um can be detected. The term
MFTIR covers a small range of FTIR analysis techniques. Thus, microscopes are often coupled with
an attenuated total reflection (ATR) unit for the selective analysis of either small particles or areas on
larger parttles. Independent from the ATR unit, reflection and transmission FTIR are applied to
particles using various types of FTIR spectromggersnpke et al., 2020a)
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Figure 4.3a) Particledentified via attenuated total reflection Fouimnsforminfrared (ATRFTIR)
spectroscopy using siMPle (Primpke, 2020b) from a sample from the Bergen Fjord (Haave et al.,
2019). b) Analysis of the < 5Q@m fraction of the same sample from the Bergend-jnvestigated

via yUFTIR imaging (Haave et al., 2019).
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The following drawbacks need to be considered when deciding which method to apply.

1 ATR-FTIR microscopy requires long total sample measurement times because individual
particles need to be placeddrthe system manually. There is also a high risk of sample
contamination and loss.

1 WFTIR in transmission mode may be unable to detect particles because of total absorption of
the IR beam for thick particles.

1 UFTIR in reflection mode is only suitable sarfaces with IR beam reflective properties,
which limits its applicability for smaller or daitolored particles.

With decreasing particle size samples, handling becomes increasingly difficult. To avoid sample loss,
all particles of interest are concené@ onto membrane filters, reflective slides, or IR transparent

slides and windows. Various types of membrane filters like roetadred PC filter¢Cabernard et al.,
2018)and silicon membranes are ug@ppler et al., 2015, 201&ut aluminum oxide filters are the

most widely appliedL6der et al., 2015; Primpke dt,&2020a)

Despite the chacderization power of FTIR spectroscopy approaches, some limitations remain.
Determining the location of potential particles on the filters/slides can be challenging, although
different methodologies are available, starting with the preselection of patiickdsual
identification(Cincinelli et al., 2017; Phuong et al., 20183lection and counting by particle finders
(Palatinus et al., 2019; Renner et al., 2019c; Brandt et al., 2020 complete spectroscopic

imaging of the filter are@._6der et al., 2015; Tagg et al., 201Burthermoreno particles on the
filter/slide $hould overlap to avoid sequestration and misidentification of particle sizes and numbers.
For these reasons, combined with the high number of particles in some samples, often only a fraction
of the total extracted sample can be investigated within oneunesasntiCabernard et al., 2018)
Additionally, large numbers of particles increase measurement times. Staining methods-for a pre
screening are reasonable and seem not to influence-tvesHl analysis.

MFTIR via hyperspectral imaging

To avoid staining or to achieve defined measurértieres per sample in routines, chemical imaging
(UFTIR) is the method of choice. All particles are analyzed, even if they form particle clusters. In
principle, imaging can be performed by any FTIR microscope equipped with single element mercury
cadmium téuride (MCT) detectors, but measurement times increase significantly with imaged filter
area(Harrison et al., 2012; Vianello et al., 2018hese limitations are reduced by hyperspectral
imaging via focal plane array (FPA) detectors, which currently can collect up to 128 x 128
spectra/pixels within a single sclrdder et al., 2015; Tagg et al., 2015hese systems currently
represent the state of the sy MP analysis because they allow fast, effective identification and
guantification of MP, as demonstrated for different ecosystems and waste management systems
(Primpke et al., 2020aJ his type of anlgsis generates large numbers of spectra (e.g., 1.5t0 3
million), which can be analyzed with the help of false color images oragtminated data analysis
(Primpke et al., 2020aJ o overcome limitatios by manufacturers and differing databases for library
searches, open source software tools are available, which have the additional advantage of
harmonizing MP analysi@rimpke et al., 2020a, b)

Raman spectroscopy fanicroplasticanalysis

The analysis of MP via Ragn spectroscopy allows measurement of particles dowmmo ib size.
Although Raman spectroscopy is typically considereddestructive, the method uses a focused
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laser beam that may cause damage to the analyzed particles, which increases in sdveriy wit
speed of analysis because more energy is focused on the same small area. Measurements are
performed on the particle surface due to inelastic laser light scattering; photons interact with
molecules, which either absorb or lose energy during this ggsodée obtained vibrational spectra

are complementary to FTIR because of different selection rules for this process. Similar to the
interpretation of the FTIR spectra, the chemical/polymer identification is performed by library
searches. Most Raman speateeters are connected to microscopes, which increases the spatial
resolution and allows the determination of particle numbers, shape, size, and polymer type within a
single measureme(€abernard et al., 2018)

Similar to FTIR, larger particles (> 5€8D0um) can be isolated prior to filtration and targeted as

single particles. The measurement of single particleses @ierformed on highly reflective surfaces

to avoid background signals from the support materials. Highly recommended for this application are
metatcoated mirrors, aluminum sheets, or coated s(i@&snann et al., 2017%imilar approaches

can also be used for automated particle identification on filter memk{farges et al., 2016)

especially for smaller MP (< 20m). The filters are commonly metabated PC membranes

(ORBmann et al., 2017, 2018; Araujo et al., 2018; Cabernard et al., 2018; Schymanski et abr, 2018)
silicon membranefappler et al., 2015, 201.6Raman spectroscopy is one of the few methods to
characterize patrticles successfully down mi(ORmann et al., 201&) simple matrices like

drinking water, while in more complex sample matrices identification of particlgs I3as been
demonstratedmhof et al., 2016; Kappler el., 2016; Cabernard et al., 2018; OBmann et al., 2018;
Schymanski et al., 2018furthermore, it has been proposed that the technique might be able to
measure particles in the nanoplastics size randgqu(w; Schwaferts et al., 2019%Raman

spectroscopy has the advantage that each particle will be documented by shape and size, which allows
for immediate calculation of particle numbers, as well as size and shape distributieses pidcesses

can be automatized using a partifiteler mechanism to determine particle shape, size, and polymer
type, which helps to reduce both researcher bias and measuremdfréreeet al., 2016; Cabernard

et al., 2018)0Or, the entire filter area can be measured by the imaging system.

However, this approach still has long measurement times. Measurement times differ highly between
studies from just a few seconds to almost an hour for single patteiegke et al., 2020apample
analysis times range from several days to weeks for small MP |im1Because they typically occur

in high particle numbers (> 1000 particles per fildimpke et al., 2020aYo circumvent such long
measurement times, sometimes only partial analysis of the filter membran&9¢0.af the area) is
performed(Cabernard et al., 2018; OBmann et al., 2018; Schymanski et al., Blo¥&ver, a

controlled method for ensuring representative analysis of sampleaidsfsais currently lacking.

Compared to targeted particle analyses assisted by particle finders, imaging the whole filter area
allows the identification and characterization of more particles in the same f&&pder et al.,

2016; Araujo et al., 2018%imilar to FTIR imaging. However, the measurement times required for
Raman imaging are significantly longaan those required by FTIR imaging. For example, an area of
1 mn? had a scanning time of 38for a measurement at un resolution(Kappler et al., 2016)This

is considerably longer than for FTIR, which is capable of comparable imaging within minutes. A
promising approach for faster measurements by stimulated Raman scétadaget al., 2018)
decreases the time significantly but is limited to particlesia 12 r e s o | whnly saitabledonal i s
few polymer types. On the positive side, compared to FTIR, in Raman spectroscopy plenty of
parameters can be adjusted to improve the signal to noise ratio, including spectral range, excitation
wavelength, the applied objective, resalatiand the number of accumulations.
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In conclusion, for routine bulk sample analysis, Raman is much slower than FTIR microscopy.
However, Raman has the capability to identify niche polymers and smaller size classes, if time plays a
subordinated role.

Themoanalytical methods combined with gas chromatography and mass spectrometry

Thermal degradation methods of various modifications and combinations are versatile analytical
techniques that have a long tradition in the field of polymer producing and praceskistry, as

well as polymer analysi&®ampler, 2006; Tsuge et al., 2011; Kusch, 2012, 2014; Kusch et al., 2013)
A comprehensive collection of pyrolytic data for polymers (more than 165) is givEsuge et al.

2011. Although thermal methods are destructive, they can be preceded by optical chemical
identification such as FTIR or Raman where required.

For these MP identification methods, polymers are broken down into pespreific degradation

products at elevated temperatures and under exclusion of oxygen. Volatile components are separated
on a gas chromatographic (GC) column, allowing for rough analysis. Additional coupéingdes
spectrometer (MS) enables the specific identification of aleged compounds and the potential for
guantification.

The most established techniques for the systematic decomposition of polymers are online pyrolyzers
coupled with gas chromatography mass spectrometra@MS) and thermogravimetramalyzers

(TGA) combined with evolved gas analysis (EGA). The latter can be performed with different types
of detection systems. There are three common types of pyrolyzers (Wampler, 2007), which differ in
terms of temperature generation and mode of operdtieat transfer, and available sample targets
crucial for sample capacity:

9 Filament pyrolysis can operate isothermally or with a temperature program. It typically uses
open or semclosed quartz tubes that are placed in a heated platinuiffrdes et al., 2013;
Dekiff et al., 2014; Nuelle et al., 2014)

1 (Micro)furnace pyrolysis can operate isothermally or with a temperature program. The
samples are transferred into stainless steel cups that are heated in a cera(tic bledle et
al., 2016; Hermabessiere et al., 2018; Kappler et al., Zdd&her and ScholBdttcher, 2019;
Gomiero et al., 2019)

9 Curie point (CP) pyrolyzers perform exclusively isothermally. They use wires orceseid
ferromagnetic targets. Their alloy defines a discrete, exact pyrolytic temperature that is almost
instantaneously reached when placed in a-figdpuency coil chamber. Alloys are available
for a broad temperature ran(féscher and ScholBdéttcher, 2017)

The theoretical sample capacity of the targets ranges betweery 1@&P) to 5Gng (micro furnace).
Realstic sample volumes are around 1 mg or less for optimal operating conditions. Filament systems
(temperature programmed heating) and micro furnace pyrolyzers (double shot option) enable a
stepwise analysis of samples in which low molecular organic adgiivenomers, and accumulated
smaller organic contaminants can be desorbed from the sample in a first moderate heating program
(ideally combined with a cryfocusing unit) before pyrolysis is performed under polymer
decomposition conditions. This type ofigale processing makes valuable, additional information
accessible.

In TGA, a polymer decomposes during a controlled heating process, in which the weight of the
polymer changes in a characteristic way and can be recorded as a function of temperature. The
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generated decomposition gases can be analyzed and used for polymer identfisageret al.,

2011; Seefeldt et al., 2013 special form of TGA is the recently introduced TED (thermo extraction
desorptiomGC/MS (Diimichen et al., 2015, 2017, 2013he decomposition gases are adsorbed and
concentrated on a solid phase absorbeabd subsequently desorbed and transferred into a GC/MS.
The sample capacity in TEBC/MS is stated as 100 mg.

Thermal polymer identification combined with GC/MS coupling

For MP identification in complex environmental samples, the high compound resgotver of

GC/MS coupling offers higher analytical potential compared to pure EGA techniques. Irrespective of
the pyrolytic system, all thermal methods working with a GC/MS coupling rely on the same principle
of polymer identification. Polymeric compoundegrade under the exclusion of oxygen and defined
temperature conditions into several products, characteristic of different polymer types. The volatile
components undergo GC separation prior to identification by MS. The resulting characteristic
pyrogramacts as a fingerprint for identifying the polymer types (Figu#g The MS analysis

provides a detailed chemical characterization of the respective products when this is required. To
generate a diagnostic pyrogram, a minimum-@Dlug polymers are typatly necessary, although
individual particles with a mass of 0.3 ug isolated from a sediment sample have been successfully
identified (Kappler et al., 2018)
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of an isolated PE (52g) and PS (2Qug) particle, respectivelysource:ScholzBoéttcher, unpublished.
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Specific pyrolysis products and combinations of pyrolysis produetgharacteristic for a given

polymer, meaning good chromatographic separation allows simultaneous detection and identification
of multiple polymers when present as a mixture. For this purpose, the retention time data of
characteristic polymer degradatiproducts and characteristic indicator ion(s) from their respective
mass spectra are extracted in an ion chromatogram, representative for each poa@MByhas

been applied successfully for the simultaneous detection of up to 10 different polyweaisus

complex matrice¢Fischer and ScholBdéttcher, 2017, 2019; Gomiero et al., 2020; Primpke et al.,
2020c) Equally, the application of TElGC/MS has successfully identified synthetic polymers in
complex environmental samplé3imichen et al., 2015, 2017; Eisentraut et al., 2018)

The limits of detection (LOD) range at the nanogram level are pohandrindicator iordependent

and closely related to the sensitivity of the GC/MS sygtesther and ScholBottcher, 2019)To

avoid high backgund signals masking the target analyte signals and efficiently reducing sample
volume, the application of pC/MS to environmental samplesguires an adequate greatment to
remove and reduce accompanying inorganic and organic mgfiseber and ScholBdottcher, 2017,
2019; Gomiero et al., 202@or application on environmental samples, MP extracts are concentrated
on glass fiber or ceramic (e.g., anodisc) filignscher and ScholBottcher, 2A7, 2019; Gomiero et

al., 2019; Primpke et al., 2020d)he derivatization agent tetramethylammonium hydroxide (TMAH)
has been successfully used to increase the detection sensitivity of MPAG/ls (Challinor, 2001;
Fischer and ScholBéttche, 2017)

Thermal polymer quantification combinedlwiGC/MS coupling

Using external calibration, integration of the selected indicator ion(s) leads to the corresponding mass

of the respective polymer in a given sample. Thi
respective polymer in the sample hase pyGC/MS does not distinguish, e.g., between pure

polymer, cepolymer, or other admixtures (¢fischer and ScholBottcher, 2017, 2019)The

resulting masselated data are independent from any kind of particle properties such as shape, size,
density, texture, surface aberrations, color, brightness, opacity, or weathering. Microplastics

guantification requires an adequate digestion cleatep to ensure subsequent chromatographic

performance and data quality, especially with an increasing content-plasiit organic material

(OM) in a sampldFischer and ScholBoéttcher, 2019)

In TED-GC/MS, only the trapped gaseous products of the pyrolyzed sample (via TGA) are analyzed
via GGMS after subsequent thermal desorption. Thermogravimetric analyzer sampling cups enable a
direct sample measurement for MP if its content exceeds 0.4%Diwichen et al., 2015, 2017;
Eisentratiet al., 2018)A high organic content in the sample matrix can pertugbanalytical

performance. With TEB5C/MS, the opportunity to reduce OM a certain extent by sequential heating
and discarding products generated below specific temperatures is offered (e.g., 350 °C). Although this
can eliminate products that originate fromore thermolabile natural OM, it also risks the loss of more
thermolabile polymers (e.g., PVC).

The limits of quantification (LOQ) have been identified as being belpg (Fischer and Scholz
Bottcher, 2019)However, LOQs are determined more by the GGBY&em than by the pyrolysis
method employed. Wsilly, the MP content of environmental samples is in the ppm range and below
(Fischer and ScholBéttcher, 2019)making preconcentration of the extract prior to analysis
indispensable. Lower detection and quantification limits combined with higher substance selectivity
may be reached by using triple guapole GC/MS or by coupling of the {&C system to a high
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resolution MS with an Orbitrap. Although thermal methods are destructive, retrospective data analysis
for indicator compounds of further polymers is possible from stored dat# filealysis is prformed

in full scan modeBesides the opportunity for an additional polymer identification, the usésonal
pyrolysis process standarddSTDpy) enables a retrospective and at least the-sgiantification of

these polymers.

Synergies between thermdégradation and spectroscopic methods

The thermal degradatidmased detection methods and spectroscopic methods produce complementary
data(Hendrickson etlg 2018; Kappler et al., 2018; Primpke et al., 2020termal degradation

methods provide the mass of the polymer independent of its appearance in the sample, whereas FTIR
and Raman methogsovide particle size and number information. Currently, there are few pathways

to convert the data measured via FTIR to nrataed datéSimon et al., 2018; Mintenig et al., 2020)

but these methods are currently heavily limited if larger particles are present in greater numbers
because the particle shapes are currently mainly based on ellipsoid particlg Bhiapgse et al.,

2020c) Therefore, better solutions for the conversion between the datasets still needvel dygede

Upcoming methods and technologies

Currently, several other techniques are being tested for the investigation of MP including flow
cytometry, hyperspectral imaging, and seelusion chromatographPrimpke et al., 2020aMost

of these techniques are still in an evaluation phase and will be reassessed in future updates of the
guidelines. Nevertheless, recent developments allow the rapid mapping of large filter areas using
guantumcascade laser iaging system: these are currently under investigation for their application in
MP research (sdeigure 4.5 allowing measurement down to 36 minutes per sample ona 12 x 12
mm? aregPrimpke et al., 2020d)
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Figure 4.5 The application of quantum cascade las&sed imaging on a sediment sample showing 1
of the 36 measurement fisldiith absorbance features at various wave numbers (a, c, d) as well as the

identified polymer types (b).
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4.3.40utlook: promising methods for small plastic particle& pm) quantification

Many studies on physiological effects use pristine spherichgrditeavily colored or fluorescent
labeled MP. This allows for the traceability of such particles in the body, using microscopy down to
the micre or nanoscal€Huffer et al., 2017)Howeve, in the environment, MP are not gebeled.
Therefore, chemical identification is necessary. Chemical imaging methods for MP have lower
detection limits for single particles compared to fluorescent imaging, ranging between below 1 pum for
Raman technoldgs and up to 2Am for some FTIR technologidbluffer et al., 2017)The best

FTIR microscopes have a partidize detection limit in the low um range (P5%um). However,
practically apped and published limits so far seem to be aroundrit@or pFTIR imagingMintenig

et al., 2017, 2019; Primpke et al., 2017; Simon et al., 2Ra@nan microscopy comes with the
drawback of being slow. Because of the energy applied to the particle, increasing speed destroys the
plastic. This problem can be circumventgdabflow-through technique, immersing each particle in a
focused stream of water.(Gallager, Woods Hole Oceanographic Institiié,, USA, personal
communicatioh Additionally, Raman output is often hampered by increased fluores(ieleceet

al., 2017) However, promising approaches might overcome this problem by Time Domain Raman
Spectroscopy (S5allager personal communicatignWith these techniques, a chemical identification
can be combined with an overview of the partsilee distribution down to the small um size range.
The investigation of physiological effects associatéti the smaller microand nanoplastic particles,
including reliable risk assessments, mayirhproved by the application of nuclear isotope technigues
to investigate consequences associated with plastic particles including their accumulation,
translocation, and trophic transfgranctoét et al., 2018 Such methods might allow the tracing of
particles without prior tagging.

Conclusions

Most discussethethods necessitate a comprehensive extraction of MP from the sample. Procedures
are difficult and time consuming, and particles are lost in the procedure, increasingly so with
decreasing patrticle size. There are quantification approaches circumvemtaugiex, chemometric
approaches combined with mass spectrometry, and thermal extraction desorption gas chromatography
mass spectrometry (TEBC/MS). These apply an array of gravimetry, passive sampling of the
evaporate, and chemical characterization, i@y help with the identification in a complex
substancéDulmichen et al., 2017put this analytical approach is not suitafsleenvironmental

samples in which typically low concentrations of MP meet an excess of complex inorganic and
organic natural matrices. Here, high a#iten sensitivity and reliability are requesteglthe research
community/legislation bodies from the instrument and protocol develagpaisany matrix

interferences should be excluded. In particular, regarding thermal methoderdpgic matrix loads

might lead to severe interferences. Overall, the accompanying matrix determines the extraction effort
before any specific MP analysihe detection limits in terms of mass/sample mass are relatively

large, rendering the method unsuited for food safetyogmbies, but potentially valuable for samples
very low in accompanying organic material.

4.3.5Guidelines for the identification @hicroplastics
Considerations regarding the costs of the analysis

The analysis of MP can be assumed to be expensive either because of instrument costs or personnel
demands. In a recent study, such factors were assigned to the different techniques (ge®.Table
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sis. Reproduc&tifrgpke et al.2020a

Methods Unit | Naked | Optical Nile red FTIR Particle | pFTIR Raman Particle Py-GC/MS Quantitative TED-GC/MS
eye microscopy staining qualitative | pased imaging qualitative | pased qualitative Py-GC/MS
UFTIR pRaman
LOD 1 mm 100 pm 3-20 um > 300 pum 25 um 10 pm > 300 pm 1um ~1ugIP <<1pgPD <1 ugPD
Instrument $k <1 2-3 2-50 2550 100125 200-250 50-100 200400 > 150 > 215 >250
cost$
Special Dye and Liquid Liquid GC- Columns | GC- Columns | GC- Columns and
consumables solvent nitrogen | nitrogen and filaments and filaments filaments
Field Good Good No Handheld No No Handheld No No No No
applicability
Limitations NolD NolD, NoM, NolD, NoM, TA, NoM | TA, NoM PA/SA NoN, NoS NoN, NoS
PA/SA PA/SA NoM
Automated No No No* No Yes Yes Yes** Yes No No*** No***
data
evaluation
Measurement | min 1 60 35 1 360 240 2 2580- > 35120 120 120
time? 10000
Data ana|y3is min NA 1 60 360 1 1 5-10 BO**** BO****
time?
Working time | min 1 60 35 2 120 60 3 60- 580 5 30 (qual.) 72 30 (qual.) 72
(quant.)**** (quant.)**+*
Typica| 50 P 7F 7F 50P 1F 1F 50P 1F 50P 1-5CQ 1-5CQ
fractions per
sample
Instrument d 261 261 261 250 250-261 250-261 250261 250-261 250 250 250
availability for
analysi$§
Average min PND 420 245 PND 120 60 PND 60 PND 72-216 72-216
working time
per sample
Field of MD, MD, MO, R MD, MO, R MD, MO, MD, MD, MO, MD, MO, MD, MO, R, MD, MO, RE, MD, MO, R, MD, MO, R, RE
R P MO R,RA, RE | MO, R, R,RA,RE | R,RA,RE, | RA RE RE
application RA. RE

aRaw estimates may strongly vary, depending on the co@aiculated for one filter/particle per analys®Vorking days (normal work hours/days, maximal 261 ifdag weekend applies)
exclusive instrument maintenance time.
Note: CQ: pyrolysis cubs auartz tubes; F: filters; IP: isolated particle; LOD: limits of detection; LID: limited chemical identification; MO: mongpND: modeling; NolD: no chemical

identification; NoM: no mass determination; NoN: no particle number determination; NA: monetion available; NoS: no particle sizes determination; R: routine; RA: risk assessment; RE:

research; PA/SA: partial analysis/subsampling analysis on filter; P: particle; PD: polymer dependent; PND: particle nupelnelede REP: replicates; TA: totabsorption* image analysis
possible, ** for Raman microscopes, *** autosamplers are available, **** calculated based on a-fuicracesystem with an average sequence size (6 standards, 10 samples).
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Although optical microscopy isiexpensivdrom an instrumental point of view and can be easier to

use in the field or on a research vessel, the personnel demand is rather high because of tleé number
potential samples to be analyzed. Futhermore, optical microscopy is prone to a human bias and
dependent on the application of strict and harmonized identification guidelines. Chemical
identification by microscopgpectroscopy, on the other hand, is rather expensive from the
instrumental side, but the personnel costs are laivemet analysis timis approximately 12 hours

per sample compared te7dhours using optical microscopy (even supported by dye staining). In the
case of monitoring in the Arctic, a good compromise between chemical accuracy, field work
applicability, and costs needslte definedFrom the Monitoring Guidelines, the following individual
needs were derivgdee Tablel.3).
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Table 4.3Summar

AMAP Litter and Microplastics Monitoring Guidelines

of the demanded data accuracy for monitoring in the individual compartments for the different size classes.

Matrix Number Mass Size Subsampling Size and shape Color Chem-ID
recommended
Air Mandatory - < 300 pm No* Mandatory - Yes
Water Mandatory - 5000- 300 pm For ChemlD Nice to have Nice to have | Yes (1 mm 300 pm)
**
Water Mandatory - < 300 pm down to | Nice to have Nice to have Nice to have | Nice to have
LOD
Sediments Mandatory Nice to have 5000- 300 For ChemlD Mandatory mandatory Yes (1 mm- 300 pm)
*%
Sediments Nice to have Nice to have 300- down to For ChemlD Mandatory mandatory Nice to have
LOD
Ice X Nice to have 5000- 300 - Mandatory mandatory Yes (1 mm: 300 um)
*%
Ice Nice to have Nice tohave 300- down to - Nice to have Nice to have | Nice to have
LOD
Shorelines*** Mandatory >25 mm Not defined Not defined Not defined Not defined
Soils Mandatory - 5000- 300 pm Yes Yes Yes Nice to have
Biota Mandatory - > 100 pm For ChemID? Mandatory Nice to have | Yes
Fish Mandatory Mandatory > 500 um For ChemlD Size mandatory, | Nice to have | Yes (1 mm- 500 um)
shapebeneficialto *x
have
Fish Beneficial Beneficial <500 pm For ChemlD Sizebeneficial to | Nice to have | Yes (1 mm- 500 um)
have/to be **
developedshape
beneficialto have
Bird Mandatory Mandatory 5000- >300 um For ChemlD Nice to have Nice to have | Yes (1 mm 300 um)
*%
Mammal Mandatory Mandatory >2.5 cm- 300 um | For ChemID Size mandatory, | Nice to have | Yes (1 mm 300 pum)
shape Nice to havg **
Mammal Nice to have Nice to have <300 umto LOD | For ChemID Nice to have Nice to have | Nice to have

*Subsampling should be avoided, ** Analysis of at least a subsample, *** No MP define.
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Implications for reporting omicroplastics

A diverse range of methods and mstandardized approaches have been developed and implemented
by researchers for reportingP sample collection, extraction, and analysis, along with a range of data
reporting formats. These methods are often insufficiently described or exhibit key differences that
result in many studies being neither comparable nor reproducible. Each metlitsdtiaagths and
weaknesses, and there are continued efforts to optimize existing methods and develop new ones that
may improve throughput, detection limit, and reproducibility. Trying to find optimized approaches

has led to the rapid evolution of the tmeds applied in the last few years.

Unfortunately, one outcome has been the inability to answer lacgés questions related to MP

pollution. As this new research field evolves, it is striving to establish a harmonized community
approach to developingpplying, and reporting methodologies. A recent publication has provided a
comprehensive set of recommendations and guidelines for the reporting of MP data that aims to
increase the reproducibility and comparability between st@iesger et al., 2020bWe

recommend that the same methodological approaches and data reporting criteria are recommended in
the AMAP Guidelines to help achieve harmonization across MP studies conducted by different
research groups around the world.

Key goals for MP monitoring in the Arctic:

1 Identifying and addressing key reproducibility and comparability problems and solutions for
MP research;

1 Identifying and prioritizing key methodological parameters;

1 Implementing reporting guidelines for researchers to use when reporting, comparing, and
developing methods.

Figure4.6 shows the Mind Map produced Bowger et al.2020b in whichgeneral method groups

fl ow from the primary term AMicroplastics Report
refined by subgroups of method types and instrument groups éhwie terminal node of every

branch leads to essential methodology elements (italicized) that should be reported. Each reporting
guideline is described by an explanation, reasons to report, and/or examples from published MP

literature. The interactive M@thMap is available as an Open Science Framework project (OSF) in

which users (including users of these AMAP Guidelines) can access more details.
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Components to Report in All
Procedures

Field Sampling

Sample Preparation

Microplastic Identification
Microplastic Reporting

Guidelines
Microplastic Categorization

units (e.g. kg, count, mm, s)

size dimensions (e.q. feret minimum or

Microplastic Quantification S

quantification techniques

Toxicology Considerations

Figure 4.6 Mind Map showing the components and flow of reporting guidelines for microplastic

studies. Thefst nodes, branching off AMi croplastic Repo
the guidelines, subgroups follow in bold until the second to last nodes are the reporting guidelines (in
italics), and the terminal node is the description of the guieleReproduced fror@owger et al.

(20208.

Tables4.4to 4.8 summarize the information and data reporting recommendations presented in the
Cowger et al. (202Qkpublication.

Table 4.4 Components to report in all procedures.

Parameter Reporting requirements

All manufacturers of materials and instruments and their calibration

Materials . . .
All software used and their calibration

Error propagation (how instrumental, methodological, and/or statistical error were
propagated)
Replicates (number of replicates; how replicates were nested within samples)
Limit of detection (quantitative detection threshold; plastic morphology, size, color, a
polymer limitations of method; method of accounting for-aetects)
) Proceduralblankcontrols (number of controls; characteristics of plastics found in bla
Quality . with the same rigor as samples; potential sources of contamination; point of entry a
assurance/quality t0 method)
control - ) . ) .

Positive controlsecovery tests, ideally with the same particle quality as the analytes
(morphology, size, color, and polymer type of positive controls; positive control corrg
procedure; point of entry and exit to method)
Contamination mitigation (clothing policies; purification technique for reagents; glass
cleaning techniques; containment used (e.g., laminar flow cabinet/hoods, glove bag

Data reporting Share raw data and analysis code as often as possible
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Table 4.5Field sampling procedures

Parameter Reporting requirements

Where (e.g., region) and when (e.g., date, time) the sample was collected
Size (e.g., M kg) and composition (e.g., sediment, water, biota) of the samp
Location at the site that sample was collected (e.g., 3 cm depth of surface
sediment)

Sample device dimensions and deployment procedures

Environmental or infrastructure factors that may affect the interpretation of
results

How samples are stored and traor$ed

Field sampling

Table 4.6 Sample preparation.

Parameter Reporting requirements

Homogenization Homogenization technique
Splitting/subsetting Sample splitting/subsetting technique
Drying Sample drying temperature and time

Synthesized plastic polymer, molecular characteristics, size, color, texture,
Synthesized plastic shape
Synthesized plastic synthesis technique

Dye type, concentration, and solvent used

Fluorescent dye Dye application technique

Sieve mesh size

Sieving strategy If the sample was wet or dry sieved

Concentration, density, and composition (e.g., CaCl2, ZnCl) of solution
Density separation Time of separation
Device used

Duration and temperature of digestion
Digestion Digestion solution composition
Ratio ofdigestion fluid to sample

Filtration Filter composition, porosity, diameter
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Table 4.7 Microplastic identification

Parameter

Reporting requirements

Visual identificationi
imaging settings

Imaging settings (e.g., contrast, gain, saturation, light intensity)
Magnification (e.g., scale bar, 50X objective)

Visual identificationi
light microscopy

Magnification used during identification
Shapes, colors, textures, and reflectance usdiffénentiate plastic

Visual identificationi
fluorescence
microscopy

Magnification used during identification
Fluorescence light wavelength, intensity, and exposure time to light source
Threshold intensity used to identify plastic

Visualidentificationt
scanning electron
microscopy (SEM)

Coating used (e.g., metal type, water vapor)
Magnification used during identification
Textures used to differentiate plastic

Chemical
identification-
pyrolysis gas
chromatography mass
spectrometry (py
GC/MS)

Pyrolysisgas temperature, duration

additional techniques (if performed), e.g., online thermochemolysis/pyrolytic
derivatization

GC oven, program, temperature, carrier gas, and column characteristics

MS ionization voltage, mass range, scanning frequencys@mde/analyzeilemperature
Referred polymer specific indicator produqig;GC/MS matching criteria (i.e., match
threshold, linear retention indices (LRI), and Kovatticeg

Py-GC/MS quatification techniques

Acquisition parameters (i.e., laser wavelength, hole diameter, spectral resolution, las
intensity, number of accumulations, time of spectral acquisition)

infrared spectroscopy
(FTIR)

Chemical Preprocessingarameters (i.e., spike filter, smoothing, baseline correction, data
identification- Raman .
transformation)
spectroscopy . . .
Spectral matching parameters (i.e., spectral library source, range of spectral wavele
used to match, match threshold, matching procedure
Acquisition parameters (i.e., mode of spectra collection, accessories, crystal type,
background recording, spectral range, spectral resolution, number of scans)
Preprocessingarameters (i.e., Fouritransformation (FT) parameters, smoothing,
Chemical baseline correction, data transformation)
identification- Matching parameters (i.e., FTIR spectral library source, match threshold, matching
Fouriertransform

procedure, range of spectra used to match)

Differential scanmg calorimetry (DSC)

Acquisition parameters (i.e., temperature, time, number of cycles)

Matching parameters (i.e., parameters assessed, reference library source, comparis
technique)

Table 4.8 Categorization and quantification.

Parameter Reporting requirements

Categorization Shape, size, texture, color, and polymer category definitions
Units (e.g., kg, count, mm)

Quantification Size dimensions (e.g., Feret minimum or maximum)

Quantification techniques

The generated data in the number of MP or mass of polymer/s should be stored with as much detailed
information as possible for an individual research/monitoring campaign. This data should include all
parameters ahterest on a particlbased level, if applicable, and made available upon request for
modeling and risk assessment studies.
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Identification guideline for monitoringmicroplasticsin the Arctic

Because of the high variability across different analyticahows and tools, variations in fieldork
capabilities, and different targets for monitoring of individual biotic and abiotic compartments (see
Table4.3and the relatedection$, we recommend the following procedure:

In the scope of the AMAP monitoringggram, the data need to be harmonized for polymer types,
size classes, colors, and shapes. For MP determination using optical microscopy and visual
identification, it should be mandatory to follow the categorization scheme publisthedhgr et al.
2020(see Figurel.?) to achieve a harmonized result on shapes.
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Figure 4.7 Proposed flow chart for the visual identification of microplastics. Reproduced.usher et al., 2020

Start
Isolate the particle

Does the
particle float in salt
solution?

What happens
when the particle is
compressed?

- What shape does
Soltmaliable/Mlexible Solidkinflexible the pam:lgehave? Describe the edges

Rounded and curved

particle spherical .
Spherical and clearly defined————

or ﬂ:g’:::’l;ed / Clearly defined I RG]
fragment. fragment.
Can be further Can be further
deﬁned as: defined as:
Fragmented or fibrous I
Is the particle Rounded Sub-munded Angular Sub- angular
cylindrical or
spherical? Sub-rﬂunﬂed ub- angular fragment
Cyllndrlcal ragmem (Fig 1HD C (Fig 1F)
Describe particle
morphology Spherical Rounded fragment Angular fragment
Fibrous (Fig 16) (Fig 1)
Is the surface
texture smooth or =1 mm-
Is it homegenous This could be algae, irregular?
in colour with even Yes see Section 4
thickness?
inorganic
. alternatives
Does it have a include: pearl,
cellular structure? Irregularfgranulated - fish eye,
sediment,
phytoplankton,
When shells,
compressed firmly the "Pnps"—»- foraminifera,
particle... algae, sediment

when
compressed firmly the
particle...

Squashed and refolms—.- Squashed but returns to original shape—-

Can be bent and folded———{  Plastic film {Fig 1L)

Does it fold like
a ribbon/have natural
bending?

Organic and
inorganic
alternatives
include: algae,
natural fibers,
regenerated fibers

Single fiber.

Multiple fibers

Ensure
crush test
is used
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In addition, the following eight colors should be reported along with $tesees in accordance with the
EMODnet databasghttps://www.emodnebathymetry.ey/

BLACK/GRAY
BLUE/GREEN
BROWN/TAN
WHITE/CREAM
YELLOW
ORANGE/PINK/RED
TRANSPARENT
MULTICOLOR

E R N

For polymer analysis using spectroscopy, iemommended to subsample at least 50 particles per sample
or 66% of the filter, as reported by Mintenig et 202Q With MP patrticle sizes between 1 mm to 300

pum, this analysis is considered mandatory for most compartments whéonngrin the Arctic. To

achieve an optimal harmonization between the results, we recommend that if using FTIR or Raman for
spectral analysis by library searches, that open access databases be used for spectral matching (see, e.g.,
Cabernard et al., 2018; Primpke et al., 2018, 2020b; Munno et al., 208@)so recommend open

access software, like siMPle or Open Specy (Egwger et al., 2020®rimpke et al., 202Qko allow

for the best comparability of data. addition to synthetic polymers, these databasatain natural

materials to avoid confusion, e.getweerprotein based natural polyamides and synthetic polyamide.
Nevertheless, other chemometricthmls can be applied as well (eRenner et al., 2017, 2019b;

Hufnagl et al., 2019%Kedzierski et al., 2019; da Silva et al., 2Q2®)wever, a library search should be
considered a standard method because it cantynpoovides the software running the instruments for all
manufacturers. Independent from the method used to identify the spectra, a quality assurance/quality
control of the method should be performed and reported using positive controls, negative, eotrials
harmonizing the analysis of existing reference data htsmethods should also be checked for known
interferences with materials of natural origin regularly (at least every three months) to avoid an
overestimation oMP.

Using thermoanalytal methods, the prepared sample is usually pyrolyzed as a whole. Any aliquotation
should be avoided unless the results of aliquots are added together in the end. The expected polymer
concentrations of an environmental sample should ideally fall witkitiritear quantification range of the
polymer. This range varies within instrumentation. For micro furnag8@{MS, calibrations typically
range between 0.5 and 100 pg but might vary between differentdfpet/mers Well-considered
adjustments of samplvolume or mass are highly recommended before any preconcentration procedure.
Because mag®lated data for polymers are still rare, relevant publications and experts should be
consulted. As a first general appraisal from already existing data, totaldg¥anncentrations of ocean
water range on a ppt to ppb leyElscher and ScholBdéttcher, 2019; Dibke et al., 2020; Primpke et al.,
2020c) marine sediments range on a ppb IékF&cher and ScholBoéttcher, 2019Gomiero et al., 2019;
Primpke et al., 2020¢cand biota range in the ppb to ppm le\€lischer and ScholBdottcher, 2017,

Gomiero et al., 2020)

The derived sizes shall beported in the size classes: > 1 mm, 1 m8®0 pm, < 300 uni LOD for
several polymer types (s€ggure 4.5 where the analysis is mandatory. The LOD of the data should be
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reported separately. If a certain polymer type was not measured, a not applcableotice instead of a
0 is mandatory.

Table 4.9 Polymer types for data reporting

Polymer type name Examples of materials included (detailed level)
Polyethylene based HDPE, LDPE, and copolymers with a major PE fract
Polypropylene based PP copolymers with a major PP fraction
Polystyrene based PS copolymers with a major PS fraction
Polyamide based All types of PA like the various nylons
Polyurethane based All types of PUR

Polymeth (ester)acrylate based All types of PM(estenA

Polyester PET, all other types of polyesters

ABS ABS

Polycarbonate PC

Rubbers, sealing Other rubbers, like EPDM

Rubbers, automotive TWP

Paint/varnish particles If separate fronPM(R)A

Ethylenevinyl acetate

Cellulose acetate and similar

Nitrile rubbers

Natural rubber derivatives

PAN
Polyfluorinated polymers e.g., PTFE
Polychlorinated polymers e.g., PVC, chlorinated PE, various chlorinated polym

Silicone rubbers and coatings

Other plastics e.g., PEEK

Other rubbers

Other microlitter materials
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4.4 Modeling

AUTHORS: PETER MURPHY, ILKA PEEKEN, STEFANO ALIANI, AND MATS HUSERBRATEN
4.4 1Introduction

The redistribution and accumulation of marine litter and microplastics (MP) in the environment including
in the Arctic, ae affected by the general atmospheric and oceanic circulation patterns. Modeling the
movement and fate of marine litter can help us to better understand, and eventually address, its presence
and impacts. Modeling the flow of marine litter into the Arctis lthe potential to help identify and

guantify sources, whereas modeling the movement and fate of marine litter within the Arctic can help
identify geographic areas and marine litter types. That being said, modeling litter and MP in the Arctic
comes with pecific challenges.

Ocean general circulation models (OGCMSs) solve equations to model ocean movement in horizontal and
vertical dimensions and provide the surface currents layer that is used as the basic framework to simulate
debris transport.

The modelsvork best when initialized with actual data on starting conditions for debris quantity,
concentration, and behavior. Observed data on litteVddre negligible if compared to the immensity

of the ocean, but even more scant if we consider oceanogdgihitrom remote and harsh environments

like the Arctic. Given the sparsity of observations, numerical simulations can be used to both fill in the
gaps between these observations and to test hypotheses about how plastic particles behave in the ocean
(van Sbille et al., 2020), especially when improved by satdlideked drifters (Maximenko et al., 2012)

or with data assimilation technigues (Anderson et. al, 1996). Circulation models exist for the Arctic
although generally at lower resolution, and themigtinued effort to develop higher resolution

circulation models in the region, such as those developed for the European Arctic by the EU project
FixO3 with Frontiers in Arctic Marine Monitoring (FRAMttp://www.fixo3.eu/observatory/fra/

One notable challenge for modeling marine litter in the Arctic is the presence of sea ice, which might act
both as a barrier for larger plastic items (Cozar et al., 2017), but also as a transport vehicle of MP

(Obhard, 2018; Peeken, 2018; Tekmann, 2020). Modeling for these processes began several decades ago,
particularly to study the redistribution of various pollutants and contaminants in polar regions (Pfirman et
al., 1997; Rigor and Colony, 1997; Korsnes et2(Q2). However, plastic litter is a different contaminant
because it has so many different properties in terms of size, shapes, and buoyancy, and thus it is much
more difficult to use previous applications (van Sebille et al., 2020).

Given the large rtare of plastic litter, the emphasis to date has been on oceanic modeling of plastic
pollution. More recently, studies have shown that airborne plastic pollution can occur. This airborne
deposition has mostly been studied in cities to date, including titiean (Abbasi et al., 2019), Europe
(Allen et al., 2019; Dris et al., 2015, 2016, 2017; Catarino et al., 2018; KlelRisciter 2019; Vianello

et al., 2019), China (Cai et al., 2017; Liu et al., 2019), and over the Pacific Ocean (Liu et al., 2019b).
Recent studies in remote regions, including the Arctic, suggest that atmospheric deposition of MP,
especially fibers, can occur outside of major urban centers, with MP likely from remote sources
(Ambrosini et al., 2019; Bergmann et al., 2019; Geilfus.e®8all9; Evangeliou et al., 2020). Integration
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of modeling for airborne input &P is an area of future development because there are technical
challenges in coupling air and ocean models, as well as data limitations in the quantification of MP input
spatally and temporally.

4 .42 Efforts todate

The majority of modeling work on marine litter movement and pathways has been done outside the
Arctic. Recently, the various process$kat govern the movement plfastic litter in the global ocean were
summarized in a review by van Sebille ef 2020. Advection of plastic litter into the Arctic Ocean by the
pathway of the thermohaline circulation was modeled by Cozar, 20al7. In the suArctic and Arctic
Regions, modeling to date involves the heatking of litter from OSPAR beaches (Réhrs et al., 2020).
Two- and threedimensional simulations of particle transport trajectories have been used to identify
different pathways for various polymer types (Tekmann et al., 2020). By applyiigtaekmodyamic

model with the backtracking of the siea floes, it was possible to elucidate the incorporation of various
polymer types during the sé@e growth (Peeken et al., 2018). Although efforts using Lagrangian
techniques to model the accumulation zonese#ice and the ocean suggest no real accumulation of
plastic litter in the high Arctic (Vrie019), by applying the Nucleus for European Modelling of the
Ocean (NEMO), Mountford anéllorales Maqued&021 did show a projected increasing accumulation
ove time on the scale of several decades. In addition, they were able to show that, in regions of winter
convection, floating plastic can be drawn down significantly through mixing and downwelling processes.
For any sedace monitoring, basic model approaclsesh as sei&e backtracking (Krumpen et al., 2016)

are essential to determine the-ggaorigin and thus find the source of the plastic pollution.

Emerging broadirea modeling efforts, such as those through Tracking of Plastics in Our Seas (TOPIOS;
http://topios.orgy/ would allow for improved investigation and assessment of marine litter into the Arctic
via the marine environment. However, currently this is not the primary focus of this initiative.
Additionally, thee are no largscale modeling efforts for atmospheric deposition of MP; in part because
there are very limited data on how MP act within the atmosphere, and on how those would couple with
modeling for oceanic transport of MP.

4.4 3 Difficulties or challenges

Oceanicmodeling

Currently, the coupling between air and water is generally well understood, however, when adding ice to
the modeling efforts several new scenarios arise. It is likely that proposed modeling approaches for
marinelitter in the Arctic would focus first on modeling the particular environmental conditions for the
Arctic Ocean (e.g., large freshwater input) without sea ice, and later adapt them to the Arctic including
the added complexity of sea ice. Additional mauglof seaice movement could assume debris

entrapped or entrained within the ice. Modeling the debris/litter interactions duringtneeak likely

be very challenging. The complex rheology of ice (which behaves as a viscous liquid under one condition
and as a rigid body under other conditions) makes this task even more difficult. Thus, one of the key
challenges identified is the ability to include the influence of sea ice in the modeling of marine litter. As
mentioned, this challenge exists at multiigheels: litter can become frozen into the sea ice and be
transported, but it can also remainemtrained and be degraded mechanically by sea ice aickdaiata

23¢


http://topios.org/

AMAP Litter and Microplastics Monitoring Guidelines

(Dawson et al., 2018). Entrainment processes are quite complex and demand vesgampticesses,
which need to be interlinked with largeale processes such as main oceanic currents and atmospheric
forcing. Additionally, debris movement or transport may be influenced biceempact on ocean
conditions, by freshening of the ocean surfager, and by producing strong density gradients. This is in
combination with the influence of large riverine inputs that already produce a fresher surface ocean
compared to the world ocean.

Freshwater modeling

There is also a lack of modeling fioeshwater inputs of litter and MP into the Arctic region. Freshwater
inputs of litter and MP to the Arctic remain unknown, and pathways for litter and MP from oceanic and
freshwater sources are needed to ensure mitigation efforts can be focused awd. dfiger systems

have been identified as one of the key conduits o
oceans, transporting between 1.15 and 2.41 million tons of plastic annually to marine ecosystems
(Lebreton et al., 2017), but similg to the oceanic case, these modeling efforts are limited to lower

latitudes. Although rivers are undoubtedly one of the major pathways in moving plastic from terrestrial to
marine environments, little data are available on MP concentrations in naitlegsn(or in freshwater
ecosystems in general), and on how these systems may be acting as conduits for MP pollution to northern
marine environments. Therefore, to add to our understanding of freshwater sources, sinks, and circulation
of litter and MP, pr{ects that focus on monitoring within watersheds and water bodies that flow into the
Arctic should be prioritized.

Atmospheric modelig

As the study of MP in the atmosphere expands, there will be increased efforts to model MP movement

and behavior in thisnvironmental compartment. This will be an important component of understanding

the flux of MP potentially into and out of the Arctic. Importantly, many chemical contaminants travel to

the Arctic and become trapped o0t hTehries bpehceanuosnee noofn tnha
not, apply to MP, or apply differentially depending on polymer, size, and shape of the MP. Given the

diverse nature of MP, more work is needed to understand the basic behavior of MP in air currents before
largescale modelingan take place.

4.44 Dataneededcanddatagaps

Different approaches, and consequently different source data, are needed to model the general circulation
and associated transport of litter and MP in the ocean and air. Because modeling techniquee pfake u
wide range of supporting elements, we recall here some major data sources used for modeling: drifters,
satellite data, and oceanographic time series from fixed platforms.

Drifters

Drifter data are assimilated in ocean models to test them ageahsiata, improve accuracy of models, or

to force models. The early source of information about surface currents wg@gstamped drifting

cards released at sea and mailed back to scientists upon retrieval in some parts of the ocean. After the
1970s; t became possible to track drifting buoys, or
currents of all oceans have been measukedide program of drifters release has been running in the
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Arctic for some time, and position and velocigtal have been analyzed from ocean drifters in many
areas (Mensa et a018; Proshutinskgt al., 2019).

At present, drifter data are commonly available online and are a part of the general databases of ocean
data about the Arctic (Bayankina et 017; Zweng et al., 2018). A repository collecting ocean data is
available from the Arctic Data Committegtfs://arcticdc.org/ and the International Arctic Buoy

Programme (IABP) also contains data from a netvedibuoys, with an average of 25 buoys in service at
any time. In addition, the IABP maintains a network of drifting buoys to provide meteorological and
oceanographic data for rei@ine operational requirements and research purposes including suppert to th
World Climate Research Programme (WCRP) and the World Weather Watch (WWW) Programme.
These data are permanently archived with the NSF Arctic Data Center and are also available through the
IABP website. NOAA@NSIDC maintains these pages in cooperation AR to promote the use of

these data and provide descriptive information that may be difficult to find elsewhere.

Satellite

Satellites provide real time, global, high space, and time resolution observations of key oceanographic
variables that are ess&itto constrain ocean models through data assimilation (Le Traon et al., 2015).
Oceanographic relevant data, e.g., altimetry and sea surface temperature (SST), can be assimilated in
models, but a peculiar feature in the Arctic is sea ice, whose preseartevant for debris transport and
accumulation. Satellite derived data can provide key information about ice cover, formation, and
properties. A set of repositories are available from NASAW.nasa.goyor from the @pernicus

program [ttps://www.copernicus.eu/gn

Time series

Many oceanographic arrays have been deployed in the Arctic, especially after the most recent
International Polar Year (20€2009). Starting from theeminal work by Aagard and GreismaA75,

many papers described the exchange of mass between the northern part of the oceans and the Arctic.
Many studies are related to climate change but information about water masses exchange is relevant for
marine liter studies as well. A summary of the current state of information on fluxes between oceans and
Arctic can be found through the ASOF international working grbitipg://asof.awi.dég/

Dataecosystemmap

In thefuture, finding tools and structures to combine and interlay data has the potential to improve

modeling efforts and outputs. The Arctic Data Committee (ADC) has produced a map of the Arctic data
management fiecosystemo or dintenatoralrAste Scdenca Coonmittee i n e d
(IASC) and the Sustaining Arctic Observing Networks program (SAON). It is a concept map, indicating
projects, services, and relationships, as well as a geographic map indicating locations.

The map effort wastarted during the first meeting of the ADC in Potsdam, Germany, November 2014
and is an ongoing activity. A prototype database and visualization tool has been developed and is
scheduled for release sodritps://arcticdc.org/products/dad@osystenmap). Many data useful for
modeling litter in the Arctic can be downloaded from this site.
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In addition to these existing data sources, modeling subject matter experts identified further data that
would be necessary or helpful to improve the modeling of mdittee movement within and into the
Arctic, including:

1 Ocean currentsi additional and higher resolution data on ocean currents within and into the
Arctic, particularly at the inflow and outflo gateways, as well as data on behavior in relation
to freshwater inflow.

1 Seaice characteristicsi general behavior, formation and melt, changes from eér to
seasonal ice, etc. with special focus on their interactions with marine litter and marine
plastics.

1 Ocean surface winds and waveis additional and higher resolution data on ocean surface
conditions, as well as potential changes in the climate system that may affect the frequency,
severity, and behavior of storms.

Additional data on the generattbavior of marine litter also would be important, including plastic
degradation and density changes over time due to biofouling, especially in Arctic conditions.

Additionally, specific information on the interaction between marine litter and seaakeling how and
under what conditions litter is entrained and thus transported within sea ice. Some limited work on
general behaviors has been done, but primarily outside of the Arctic, and no specific studies on plastic
behavior in sea ice were identifie8pecific litter fragmentation rates as a function of ice formation rates
would also be essential.

4.45 Long-termbenefits

Although existing modeling capabilities in the Arctic are limited, in the long term, a more developed
modeling approach could pridle valuable insights into debris pathways within and into the Arctic,
behavior of debris within the Arctic, and the relative influx and impact of locébrngrange sources.

A more developed modeling approach could also help to identify and pggo#iticular monitoring sites

or an overall monitoring siteelection strategy by giving a clearer picture of likely areas of deposition for
different types of marine litter. These monitoring sites, in combination with modeling data, could help
elucidate he relative contribution and role of local debris introduction versusramge debris sources
because these differentiations are often challenging based on the commonality of many items and the
degradation of material over time. Those lsagge sourcesould also include atmospheric inputs of MP
(Bergmann et al., 2019), which could be better understood in terms of their relative contribution to marine
litter and MP loads in the Arctic through modeling.

As previously identified, there is relatively lgtHata or understanding of the relative influence or
contribution of riverine litter input to the Arctic, though it is known to be a significant driver in other
areas. Improved modeling would help address this gap and inform prioritization of monitm#agusd
also mitigation actions.

Prognostic modeling at multiple timescales could also be very valuable in particular with the increasing
use of Arctic resources for hydrocarbons, fishing, tourism, and other uses, by showing the potential litter
distribution patterns under different future scenarios both in terms of litter inputs as well as forcing
dynamics.
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4.5 Synergies with other researahdamonitoring programs
AUTHORS: JENNIFER PROVENCHER, TANJA®GEL, AND KATRIN VORKAMP

A wide range of monitoring and research programs are taking place throughout the Arctic. Most Arctic
countries have established national contaminant monitoring progviima focus on organic

contaminants and/or metals in biota and air that feed into the circumpolar AMAP assegsments

AMAP, 2017; Rigét et al., 2019Additional monitoring efforts taking pta in the Arctic, but not specific

to the Arctic, address seafood safety with a focus on maximum limits set by the EU and report the levels
of legacy contaminants to food safety authorities (Jushamn et al., 2011, 2013a, b; Maage et al. 2017). As
well, seveal Arctic species are monitored for populat{ery., Irons et al., 2015and water is monitored

for pH, temperature, salinity, GOnitrogen, algae growth, and radioactivity (Skjerdal et al., 2017). Sound
contamination is also monitored in some regions (Tyack etQ#l1)2To minimize extra costs for litter

and microplastics (MP) monitoring, synergies with existing programs and infrastructure may be sought.

There are advantages and limitations to implementing new monitoring programs on existing frameworks.
Given thatwork in the Arctic is logistically challenging and expengivMallory et al., 2018)there is a

need to maximize the usefulness of sample collections. By collecting samples for litter and MP
monitoring alongside other programs, supporting data and iaf@m(i.e., environmental and biological
parameters) could be used for several purposes. The availability of additional information may also allow
a broader set of questions to be addressed in relation to the fate and effects of litter and MP. Fyrthermore
the existing monitoring programs (for contaminants or populations) are based on considerations of the
statistical power needed in terms of sample sizes to describe trends in ffRigisttat al., 2019)Thus,
experiences gained from contaminant monitoring regarding the naturaloraifathe Arctic

environment can be a relevant starting point for similar evaluations in the context of litter and MP
monitoring although transport and accumulation processes are likely to differ.

Limitations in using existing frameworks fonplementing new monitoring objectives may result from

the fact that litter and MP pollution can differ from the pollution with chemical contaminants in terms of
sources, transport pathways, degradatol/or environmental accumulatiochman, 2015)Thus,
specifically optimized strategies and designs may be needed for littfRasempling and monitoring to
account for these differences in environmental fate.

Additionally, litter and MP monitoring should ideally have a coenp@ntary citizerscience component
because there are several ways in which citizen scientists can contribute to monitoring litter, and to date,
these citizen scientists have not played a large role in existing monitoring programs in most regions in the
Arctic.

4.5.1Includinglitter andmicroplasticanonitoring in ongoing contaminant monitoring programs

Some of the existing contaminant monitoring programs in the Arctic are briefly presentedenttbes

covering abiotic and biotic matrices. They in@ual suite of initiatives that collect samples, determine
contaminants in the environment, and contribute to the circumpolar AMAP assessments, such as those on
persistent organic pollutantBietz et al., 2013; Rigét et al., 201®) several existing programs on biotic

and abiotic compartments, there is potential for including litter and MP monitoring, as the following
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example illustrates: in the Canadian Arctic, seabirds baea collected under the Northern

Contaminants Program for contaminants monitoring since the 1970s. Seabird eggs and individuals are
collected with local Inuit community members and are then used to track trends in concentrations of
legacy and emerging ctaminants over tim@_etcher et al., 2010; Braune and Letcher, 2013; Braune et
al., 2014a, h)Since 2008, seabirds collected under this program have also been used to monitor plasti
pollution (Poon et al., 2017; Provencher et al., 2018; Lu et al., 26b@)seabirds, sampling for litter and

MP was particularly easy to add to the existing program because carcasses were already being collected to
study the livers, the typical tissues examined for contaminants. During the dissections in communities, it
was easy to remove and sample the entire gastrointestinal tract (GIT) specifically for litter and MP
analysigProvencher et al., 2013Jhe removal of the intact GIT is aligned with the recommended
protocols for seabird monitorin@rovencher et al., 2018nd thus provides standardized metrics for

global comparisonéProvencher et al., 2017)

4.5.2Includinglitter andmicroplastics monitoring in other typesmiograms

In addition to theontaminanfocused monitoring programs, there are a variety of other opportunities for
collecting samples that can provide information on litter and MP in the region. For example, fishery
managemenrbased programs are being used in Canada and Norwaleict fish samples for litter and

MP assessments. In the Canadian Arctic, fisheries monitoring programs have collected samples of Arctic
char Galvelinus alpinusfor litter and MP assessmenB Hamilton, personal communication

Additionally, some res@rch programs can collect ntarget species, e.g., bycatch in fisheries, for litter

and MP monitoring. This has been applied in Arctic Canada where seabirds accidentally caught by
fisheries(Northern Fulmard-ulmarus glacialis Anderson et al., 2018)ave been examined for ptics

(Mallory et al., 2006)In Norway, ecosystem cruises, which contribute to the population monitoring of
seafood fish species for sustainable catch, now house manta trawling equipment for plastic in water and
plankton, and they also record macroplastic observaf®mssviketal., 2018)

Ships of opportunity can also be used to survey litter on the surface of the water via cruises. Mallory et
al., 2021reported floating litter throughout the Canadian Arctic as partséatird surveys aboard ice
breaking vessels. Based drsaa surveys covering 263,543 km of marine survey transects, anthropogenic
debris was observed floating in marine waters from the southeastern coast of North America into the
Canadian Arctic, north to ~78° N. Over this region, 1,266 pieces of floatints dedre observed, of

which 74% were plastics (Mallory et al., 2021). Such data collection may help fill in knowledge gaps in
regions where only a few vessels transit each year.

Communitybased monitoring can contribute to monitoring litter and MP irAticéic region. For

example, Norwegian northern minke whaBalaenoptera acutorostrajdunters report their plastic litter
observations to researchers. In Canada, Indigenous hunters are collaborating with research teams to
contribute samples from subsiste harvests for litter and MP work, including ringed sgalsa

hispidg Bourdages et al., 202Meluga(Delphinapterus leucaMoore et al., 202Q)and walrus
(Odobenus rosarus underway in Nunavut]. Provencherpersonal communicatignindigenous
knowledge platforms like the SIKU program in northern Canattpg://sikuatlas.ca/index.htjrand

other communitybased programsould be expanded to include litter observations.
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There may also be opportunities for industry and tourism operators to contribute to litter and MP
monitoring. For example, Mallory et a2021 used a rapid shoreline survey technique aboard a tourism
cruise ship to survey shoreline litter. This study sought to implement a variety of methods used to study
plastic debris in the marine environment of Arctic Canada andGresinland, where there are limited

data currently. In this study, coastal debris wasidated by plastic pieces (73%), but also metal (8%),

glass (8%), processed wood (7%), cardboard (2%), and cloth (< 1%), thereby helping to understand what
litter is found in the region (Mallory et al., 2021). These numbers reflect other Arctic obsesvation

which plastic dominated marine litter observations in the upper 60 m depth (86.4 + 16.5% by weight)

over a sevetyear study period (@svik et al., 2018). These types of rapid assessments should be
considered to gain knowledge about litter and MRe@ians where data are minimal.

4.5.30ngoing monitoring programs

Given that litter and MP are ubiquitous and have been found in nearly all environmental compartments in
the Arctic (e.g., snow, ice, water, sediments, beaches, the sea floor, zooplsiktdrds, and

mammals), it would be advisable to engage with ongoing monitoring programs to ensure efficient use of
samples and resources. Additionally, benefits accrue in learning from past experiences and exploring
multi-purpose uses of supporting @at

Future sampling can be carried out in collaboration with existing programs that are already in place
(Figure4.8) andsampling (i.e., collection method or species) can be implemented across most of the
Arctic without additional need fanfrastructure or technology development

Possibilities for synergies will be further explored in the AMARer and Microplastics Monitoring
Plan, which will accompany the monitoring guidelines.
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Figure 4.8Locations of current chemical contaminants (atmosphere deposition, ice and snow,
invertebrates, fish, sediments, and water), litter (via beaches), and population (seabirds, fish, and
mammals)nonitoringprograms in the environmental compartments exaniméte AMAP Litter and

MicroplasticsMonitoring Guidelinesn which current monitoring could be augmented to include

additional metrics to collect information on litter and MP alongside existing contaminant monitoring
programs. Points are jittered to praveverlap and make the symbols visible to demonstrate the spread of

the data.
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5.0 Future Work for AMAP

The currenMonitoring Plan is envisagesk part of a phased approach to work on litter and microplastics
(MP). The Monitoring Plan has been based on the best available knowledge at the time of writing, and it
is recognized that future work should focus on otheraspd litter and MP in the environment (i.e.,
contaminants and biological effects), and should revisit technical guidance and monitoring plan
recommendations on a regular cycle to maintaitogate, evidencbased decision making. Reviewing

and updatin@re important because this topic is under considerable development, therefore the documents
must be reviewed at regular intervals.

2019202171 Technical guidance and monitoring plan development for litter and
microplastics

This first phase focuses solain the monitoring of litter and MP in the Arctic, to create a framework that
countries can use to implement harmonized litter and MP monitoring to ensure that spatial and temporal
trends may be assessed in the future. The Monitoring Plan is part afsthidéise, which also includes
detailed monitoring guidelines.

Future worki Gap analysis and review of the effects from litter and microplastics with a
focus on chemical contaminants from plastic pollution

Following the monitoring framework in phase2D{32021), a review and gap analysis have been

proposed on the state of knowledge of known effects of litter and MP, including entanglement of biota

and ingestion of plastic. This phase will also address plastic as a vector for chemical contaminents and i
biological effects. Although the first phase will have focused strictly on monitoring the physical presence
of plastic pollution, this next phase of the work will focus on the chemical contaminants of litter and MP
and their effects. Litter and MP areth particulate and chemical contaminants, thus this effects project

will include both the chemical contaminant effects and the potential negative effects on ecosystems due to
the particulate nature of plastics (i.e., vectors for introduced species,nmdlions, clogging of digestive

tracts, effects on metabolism).

Future worki Updating the AMAP Litter and Microplastics Monitoring Guidelines and the
Monitoring Plan

It is recognized that there is a great deal of work underway to develop methodsan telassessing

plastic pollution in the environment, specifically for MP and nanoplastics. For example, although MP and
nanoplastics in consumed wild speciesd tissues i s
methods available that detewinoplastics in wild tissue samples. Research and method development are
underway, and new advances are expected in the next two to five years given the large range of projects
being carried out. Therefore, it is recommended that the AMAP Litter and ptastcs Monitoring

Guidelines and Monitoring Plan be revisited and revised on div@gear cycle to update

recommendations and align them with emerging research findings.

Future worki Trend monitoring assessment

The third phase ofieldwlNM&Ate é&aming and &/nthegize dll viailable material on

the spatial and temporal scales similar to other-teng trend assessments under AMAP. Ideally, this

work will be done once monitoring programs have been put in place for severalsiagrtha

framework developed in phase 1. This third phase will hopefully conduct an initial trends assessment and
also identify gaps in monitoring programs that should be prioritized to achieve a better understanding of
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trends. This third phase may alsalide some power analyses of current data to address questions
around the frequency of sampling for any datasets available at the time.

Future worki Effect monitoring assessment

The fourth phase of the project will be a trend assessment of the knewts &fbm litter and plastic

pollution and any trend monitoring in plastierived contaminants. Any new effects information will be
incorporated.

Trawlnet on shoreline.
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