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Abstract

Few studies have been published on the occurrence and distribution of microplastics (MPs) in invertebrates from the Arc-
tic. We still need to develop harmonized methods to enable good comparison between studies taking into account recovery
rates, size ranges, shapes, and polymer types. Here, we review studies on MPs in invertebrates from the Arctic and present
suggestions on sampling protocols and potential indicator species. Since information on MPs in Arctic invertebrates is vastly
lacking, we recommend to at least include suspension feeding bivalves like mussels in monitoring programmes to function
as indicator species in the Arctic. Mussels have also been suggested as indicator species for MP monitoring in coastal regions
further south. Although we recognize the challenge with particle selection and egestion in mussels as well as the relatively
low concentrations of MPs in Arctic waters, uptake levels seem to represent recent exposures. More research is needed to un-
derstand these selection processes and how they affect the bioaccumulation processes. Future research should include studies
on whether different functional groups of invertebrates have different exposures to MPs, e.g., if there are differences between
sessile versus motile species or different feeding strategies. More knowledge on monitoring strategies for pelagic and benthic
species is needed.
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Résumé

Peu d’études ont été publiées sur la présence et la distribution des microplastiques (MP) chez les invertébrés de I’Arctique.
Il est encore nécessaire de développer des méthodes harmonisées pour permettre une bonne comparaison entre les études
en tenant compte des taux de récupération, des gammes de tailles, des formes et des types de polymeres. Les auteurs exam-
inent ici les études réalisées sur les MP dans les invertébrés de I’Arctique et présentent des suggestions sur les protocoles
d’échantillonnage et les espéces indicatrices potentielles. Puisque les informations concernant les MP dans les invertébrés
de ’Arctique sont largement insuffisantes, ils recommandent d’inclure au moins les bivalves se nourrissant en suspension,
comme les moules, dans les programmes de surveillance afin qu’ils servent d’espéces indicatrices dans I’Arctique. Les moules
ont également été suggérées comme espéces indicatrices pour la surveillance des MP dans les régions cotiéres plus au sud.
Bien que I'on reconnaisse le défi que représentent la sélection et ’éjection des particules dans les moules ainsi que les con-
centrations relativement faibles de MP dans les eaux arctiques, les niveaux d’absorption semblent représenter des expositions
récentes. Des recherches supplémentaires sont nécessaires pour comprendre ces processus de sélection et la facon dont ils
affectent les processus de bioaccumulation. Les recherches futures devraient inclure des études visant a déterminer si les dif-
férents groupes fonctionnels d’invertébrés sont exposés différemment aux MP, par exemple, s’il existe des différences entre les
espéces sessiles et les espéces mobiles ou selon des stratégies d’alimentation différentes. Des connaissances supplémentaires
sur les stratégies de surveillance des especes pélagiques et benthiques sont requises. [Traduit par la Rédaction]

Mots-clés : Arctique, microplastiques, invertébrés, présence, surveillance

Arctic Science 00: 1-11 (2022) | dx.doi.org/10.1139/AS-2022-0004 1



https://orcid.org/0000-0003-0794-2212
https://orcid.org/0000-0003-0539-2974
mailto:bjorn.grosvik@hi.no
http://dx.doi.org/10.1139/AS-2022-0004

Arctic Science Downloaded from cdnsciencepub.com by UNIVERSITETSBIBLIOTEKET | BERGEN on 12/05/22
For personal use only.

‘Canadian Science Publishing

Introduction

Discharges of litter and microplastics (MPs) are of increas-
ing concern to the world oceans. This also includes the Arctic,
as litter and MPs have been reported on the seafloor (Buhl-
Mortensen and Buhl-Mortensen 2017; Grosvik et al. 2018),
in sea water (Lusher et al. 2015; Tekman et al. 2020; Mar-
tin et al. this issue), in sediments (Bergmann et al. 2017;
Tekman et al. 2020; Martin et al. this issue), in sea ice (Obbard
et al. 2014; Peeken et al. 2018), and in snow (Bergmann
et al. 2019). Widespread transport, and occurrence, of lit-
ter and MPs in the Arctic also raise concern on how litter
and MP pollution may affect the ecosystem. Several reports
have documented uptake in stomachs of seabirds (e.g., north-
ern fulmars) (Trevail et al. 2015), in fish (Kogel et al. this is-
sue) but less so for invertebrates. It is important that the
methods applied allow for good comparison between stud-
ies, preferably using harmonized methods whereby the dif-
ferences in approaches can be quantified. More knowledge is
also needed related to indicator species to obtain better un-
derstanding on uptake, regional differences, possible trends,
and threshold levels. Such information can also provide in-
dications of ecosystem health and informed advice for the
management of possible impacts and results of mitigation
efforts.

Coupled to information on how different polymer types,
shapes, sizes, and concentrations may affect selected species
and life stages in controlled laboratory experiments, envi-
ronmental concentrations may be used in exposure studies
to enable risk assessments (Kogel et al. 2020). Many labora-
tory studies, however, use unrealistically high exposures (e.g.,
Setdld et al. 2014; Cole et al. 2013, 2016). This may reflect en-
vironmental MPs concentrations when comparing hotspots
such as city harbours and estuarine environments but not for
remote offshore sites (e.g., Gomiero et al. 2019; Brite et al.
2020). Furthermore, most laboratory investigations expose
organisms with round, emulsion polymerized plastic beads,
rather than degradation products—plastic fragments and fi-
bres, which are prevalent in the environment. These stud-
ies function as “proof of concept” but have their limitations
when deducing the fate and effects of MPs in nature (Phuong
et al. 2016). More information is therefore needed on which
sizes, shapes, and polymer types can pose problems for in-
vertebrates under realistic exposure situations. Results from
field collected animals show that the size of ingested particles
varies between species and is distinctly influenced by the size
of preferred food items (Desforges et al. 2015; Botterell et al.
2019). This has been verified in an experimental study where
it was also observed that species ingested particles in the size
of their natural preys, whilst no clear selection related to the
shape of the particles could be observed (Lehtiniemi et al.
2018).

Recognizing these shortcomings, it is useful to establish
recommended indicator species for different parts of the food
web, both from the water column and the benthic fauna for
species representative of the Arctic ecosystems. The objec-
tives for this work are to sum up knowledge on uptake and
occurrence in pelagic and benthic invertebrate species from
the Arctic and advice on sampling and analysing methods

and relevant species when planning future MP monitoring
in the Arctic.

Summary of information to date

There are only a handful of studies that quantify and char-
acterize ingestion of plastic by Arctic marine invertebrates
(reviewed by Collard and Ask 2021). Here, we conducted a lit-
erature review to expand upon the results of Collard and Ask
(2021). Articles were included if they reported original data of
MPs in any invertebrate species. Article types included peer-
reviewed journal articles as well as scientific and technical
reports. This search resulted in 12 articles and reports dis-
cussed by species group below, together with selected find-
ings on these groups on the distribution, uptake, and effects.
An overview of invertebrate groups and sample sites within
the Arctic is shown in Fig. 1 and Table S1.

Pelagic invertebrates

The pelagic zone harbours a plethora of planktonic inver-
tebrate species. These organisms show limited mobility, al-
though many show patterns of diel vertical migration, such
as copepods. Planktonic invertebrates have different types
of feeding habits or life stages and some change life stages
or change feeding habits as they develop from larva to ju-
venile and adult. When feeding, some species are more se-
lectively picking out food items compared to others. Many
benthic or sessile invertebrates have pelagic mobile larvae
such as various crabs, echinoderms, and molluscs. Important
processes connecting the pelagic and benthic realms includ-
ing the shredding of gelatinous houses (appendicularians), re-
lease of exopolymeric substances (EPS), and sinking or sedi-
mentation of faecal matter and dead organisms. These pro-
cesses function as vectors for the transport of MP from sur-
face to deeper waters and the sea floor.

Crustaceans

The ability of zooplankton to ingest MP has been demon-
strated in several laboratory experiments (reviewed in
Galloway et al. 2017 and Villarrubia-Gémez et al. 2018). There
are three main calanoid copepod species, C. finmarchicus, C.
glacialis, and C. hyperboreus (Berge et al. 2012). The effects
of 20 um polyethylene (PE) spheres on these three species
were investigated by Rodriguez-Torres et al. (2020), showing
a low impact at environmentally relevant concentration (200
MPs L~1), while observing increased egg production rates at
higher concentrations (20 000 MPs L~1). Cole et al. (2019)
found that nylon fibres (10 x 30 pm) can affect prey selectiv-
ity in C. finmarchicus and that both nylon fibres and granules
(10-30 um) caused earlier moulting (50 000 MPs L~!). Labo-
ratory exposures with polystyrene (PS) particles in the size
range 1.7-31 um induced gut blockage and increased gut re-
tention times leading to reduced feeding function (Cole et al.
2013), as well as reduced fecundity linked to the physical dis-
turbance caused by the presence of plastic in the digestive
tract (PS particles, 20 um; Cole et al. 2015). Particle concen-
trations in these two studies were extremely high compared
to what is normally found in the environment, 4 x 10° and
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Fig. 1. Locations of existing sampling for microplastics (MPs) in invertebrates in the Arctic Monitoring and Assessment Pro-

gramme (AMAP) region.
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75 000 MPs L1, respectively. As an example, water concentra-
tions of MP > 11 um in the area around the HAUSGARTEN ob-
servatory in the Fram strait ranged between 0 and 1.3 MP L~}
(Tekman et al. 2020). Vroom et al. (2017) observed that both
PS spherical particles (mainly 15 pm, but also 30 pm) and
fragments (<30 um) were ingested by C. finmarchicus but did
not observe any effects on survival (50 000 and 500 000 MPs
L~1). PS particles are widely used in laboratory experiments,
although a variety of different polymer types have been ob-
served in field studies. C. helgolandicus, a species common
to the North Atlantic, has been shown to ingest spheres, fi-
bres, and fragments of different types of polymers (PE, nylon
66, and polyethylene terephthalate; PET) in exposure studies,
leading to changes in feeding behaviour and selectivity for
feeding on algae (exposure: 100 000 MPs L) (Coppock et al.
2019).

Several field studies have shown uptake of MPs in crus-
tacean zooplankton under natural conditions. Two pelagic
species, the calanoid copepod Neocalanus cristatus and the eu-
phausiid shrimp Euphausia pacifica, were analysed for their
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content of MPs in a field study carried out in the Northeast
Pacific Ocean, and the coastal waters of Southeast Alaska and
British Columbia (Desforges et al. 2015). In N. cristatus, a total
of 25 MPs were detected in 960 analysed individuals, and in
E. pacifica 24 particles in a total of 413 analysed individuals.
Reports from regions outside the Arctic also report on low MP
concentrations often not surpassing 0.1 particles/individual
animal, e.g., from the Southern China Sea (Sun et al. 2017;
Amin et al. 2020), Yellow Sea (Sun et al. 2018a), East
China Sea (Sun et al. 2018b), and Bohai Sea (Zheng et al.
2020).

Huntington et al. (2020) reported the presence of MPs in
zooplankton from the Eastern Canadian Arctic. The zoo-
plankton samples were collected by trawling and analysed in
bulk. In 18 out of 20 samples (~90%), MPs were observed and
the mean abundance was 3.5 + 4.0 pieces/g wet weight of zoo-
plankton. The concentrations were unrelated to upstream ur-
ban populations and were suggested by the authors to be the
result of long-range transportation. Recent reports highlight
the importance of long-range transport of MPs to the Arctic
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by ocean currents (Huserbrdten et al. 2022) and atmospheric
transport and deposition (Evangeliou et al. 2020; Dong et al.
2021) emphasizing the need to understand how this can im-
pact Arctic ecosystems in the future.

Tunicates

Appendicularians are a group of pelagic tunicates with
worldwide distribution (Fenaux et al. 1998). Due to their
gelatinous filter “house”, a structure used to capture and
concentrate food from water, these free-swimming tunicates
are efficient grazers on pico- and nanoplankton (Vargas and
Gonzdlez 2004). Additionally, their production of faecal pel-
lets and house aggregates is important for vertical flux of or-
ganic material in the oceans including the Arctic (Acuia et al.
2002; Turner 2015).

Oikopleura vanhoeffeni, O. labradoriensis, and Fritillaria borealis
are three common cold-water appendicularian species that
are also found in arctic waters (Choe and Deibel 2008; Deibel
et al. 2017; Hop et al. 2019). Uptake of plastic beads in labo-
ratory exposures has been well studied in several appendicu-
larians, including O. dioica (Bedo et al. 1993; Ferndndez et al.
2004; Conley and Sutherland 2017), F. borealis (Fernandez
et al. 2004), 0. vanhoeffini (Deibel 1988; Deibel and Lee 1992),
Stegasoma magnum (Alldredge 1981) and the giant larvacean
Bathochordaeus stygius (Katija et al. 2017). These studies show
that appendicularians readily capture and ingest small MP
and submicron particles. There is little data on levels of
MPs in field-sampled appendicularians, and analysis can be
challenging since these organisms have very short intesti-
nal passage times (Ferndndez et al. 2004) and replace their
houses up to several times a day (Deibel 1988). However, anal-
ysis of faecal pellets and house aggregates can be a viable
method for detection. MPs have, for example, been observed
in discarded house aggregates from Bathochordaeus spp. in
Monterey Bay (California, USA) (Choy et al. 2019). To our
knowledge, there are no studies on MPs in tunicates in the
Arctic.

Role of zooplankton in transport of

microplastics

Marine aggregates can be an important vector, mediating
the vertical flux of MPs. Although having been much explored
in relation to carbon flux in world oceans, the mechanisms
and efficiency of this process in relation to MPs are not well
understood (Kvale et al. 2020). MPs have been shown to be
captured, ingested, and incorporated into faecal pellets of dif-
ferent species (Cole et al. 2016; Wieczorek et al. 2019), ap-
pendicularian houses (Choy et al. 2019), and phytoplankton
aggregates (Long et al. 2015; Mohlenkamp et al. 2018). In-
corporation of MPs in aggregates can increase the sinking
velocity of the particles compared to sinking rates as free
particles (Porter et al. 2018). Exposures with very high MP
concentrations in laboratory studies have indicated a possi-
ble decrease in the sinking speed of the faecal pellets com-
pared to pellets without plastics (Cole et al. 2016; Wieczorek
et al. 2019). MP-laden buoyant faecal pellets have, to our
knowledge, not been observed in the field. A likely expla-
nation for this is that exposure concentrations are much

lower in nature than in the experiments and many other
types of particles than MPs are present for selectively feeding
zooplankton.

The degree of transfer and bioaccumulation of plastic-
associated toxic substances, such as persistent organic pollu-
tants (POPs), to zooplankton and fishes is an active area of re-
search, but evidence is currently limited (Lohmann 2017). The
mass of natural organic material to which POPs absorb sur-
passes the plastics and MPs (Koelmans 2015). In a study from
the South Atlantic Ocean, several hydrophobic organic con-
taminants were analysed 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 poly-
brominated diphenyl ethers (PBDEs), used as flame retardants
(Rochman et al. 2014).

The melting zone of the Arctic Sea ice is an important part
of the Arctic ecosystem with high productivity and biodiver-
sity. Because the Arctic Sea ice has been reported to con-
tain high concentrations of MP particles (Obbard et al. 2014;
Peeken et al. 2018; von Friesen et al. 2020), ice-associated zoo-
plankton should be targeted when aiming to monitor fate
and effects of the sea-ice-associated MP (von Friesen et al.
2020).

Benthic invertebrates

Benthicinvertebrates are either sessile (physically attached
to one place) or mobile, and live either epibenthically (on the
surface) or infaunal (in sediments). They display a range of
feeding strategies and feeding modes and many species can
switch between them as required. Benthic invertebrates can
be filter feeders, benthic deposit feeders, conveyor belt feed-
ers, and predators. They can filter feed with an internal ap-
paratus (e.g., feeding basket) like sessile tunicates (e.g., Ciona
intestinalis) or by constructing a filtering mucus net like bur-
rowing polychaetes (e.g., Arenicola marina). Like pelagic in-
vertebrates, benthic invertebrates may be selective or non-
selective feeders. The living and feeding habits (the func-
tional group association) of a species will jointly have a great
impact on an organism’s exposure to MPs.

MPs sink to the seafloor when the polymers have densities
greater than seawater (Woodall et al. 2014; Kowalski et al.
2016; Erni-Cassola et al. 2019), by being weighed down by
biofouling (Kaiser et al. 2017; Rummel et al. 2017), or by be-
ing incorporated into marine snow (Porter et al. 2018; Zhao
et al. 2018). Because of this, benthic fauna feeding on set-
tling particles or sediments constitutes a relevant matrix for
monitoring MP pollution (GESAMP 2019). Fang et al. (2018) re-
ported MPs in 11 species of benthic invertebrates (including
starfish, shrimp, crab, whelk, and bivalves) sampled from the
Bering and Chukchi Seas. They found averages of 0.02-0.46
pieces/g wet weight or 0.04-1.67 pieces per individual. The
greatest concentration appeared at the northernmost site in
the Chukchi Sea, implying that the sea ice and the cold cur-
rent represent possible transport media for MP ingested by
benthic fauna and pointing to transfer mechanisms similar
to those implied by the research carried out in the Fram Strait
by Peeken et al. (2018). In many of these studies, microfibres
were the most common MP form found.
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Bivalves

Actively filter-feeding species like bivalves have been sug-
gested as candidate sessile and semi-sessile organisms for
monitoring the uptake and effects of MP particles in seawa-
ter and sediments (GESAMP 2019). Blue mussels (Mytilus edulis)
have been suggested as a global bioindicator of coastal MP
pollution in temperate waters due to their wide distribution,
ability to show recent exposures to MPs and tissue response
pattern after exposure to high concentrations in laboratory
experiments (Li et al. 2019). Mussels have been shown to in-
dicate differences between sites with large differences in MP
pollution pressures (Brite et al. 2018). Although we recognize
the challenge with particle selection and egestion in mussels
(Woods et al. 2018; Ward et al. 2019), as well as the relatively
lower concentrations of MPs in Arctic waters, uptake levels
seem to represent recent exposures (Li et al. 2019). More re-
search is needed to understand these selection processes and
how they affect the bioaccumulation processes. Until now,
mussels are the best harmonized indicator species currently
available, with many researchers applying comparable meth-
ods (Li et al. 2019; Dehaut et al. 2019).

Several field-collected mussels have been shown to con-
tain MPs (Brdte et al. 2018; von Friesen et al. 2020). Intertidal
blue mussels collected in Iceland contained on average 1.3
MP particles per individual (Halldérsson and Guls 2018). Blue
mussels collected at different sites near Sisimiut in Green-
land contained on average 6 + 5 MP items per individual
with greater concentrations closer to wastewater outlets and
dumping sites (Granberg et al. 2020).

Blue mussels are, however, rarely found in the higher
Arctic (e.g., Svalbard, Northern Greenland, Canadian Arctic)
and “substitution species” with comparable feeding strate-
gies should thus be used, e.g., the Greenland smoothcockle
(Serripes groenlandicus), or the wrinkled rock-borer (Hiatella arc-
tica) (Brdte et al. 2020; Granberg et al. 2020; Teichert et al.
2021).

MP content has been analysed in samples of the suspen-
sion feeding bivalve, Greenland smoothcockle (S. groenlandi-
cus), and collected in Kongsfjorden and Rijpfjorden, Svalbard.
Of the individuals collected, 69% contained one or more MPs
with an average of 1.2 + 1.1 particles per individual (von
Friesen 2018). In Arctic rhodolith beds at Northern Svalbard,
H. arctica was found to contain from 1 to 184 MPs per bivalve
(Teichert et al. 2021).

Crustaceans

Preliminary studies have shown that approximately 20% of
snow crabs (Chionoecetes opilio) in the Barents Sea contained
MPs in their stomachs, although chemical polymer identifi-
cation was not used in this study (Sundet 2014). Snow crabs
(whole animals) from the Chukchi Sea contained 0-0.06 MPs
per individual and fragments were observed most frequently
(Fang et al. 2021). Amphipods (Gammarus setosus) collected
in the Kongsfjorden-Krossfjorden system, Svalbard, Norway,
contained very few anthropogenic microparticles (2 £+ 2 per
individual) and no difference was detected among sampling
sites, regardless of proximity to possible sources (Granberg
et al. 2020).
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Echinoderms

Deep-sea starfish (Hymenaster pellucidus) from the Rockall
through (>2200 m depths) Great Britain contained 1.6 &+ 0.4
MPs per g ww (Courtene-Jones et al. 2017). The starfish Asteria
rubens had highest levels among 11 benthic species from the
Chuckchi and Bering Seas (Fang et al. 2018). The mean abun-
dances of MP uptake by the benthos from all sites ranged
from 0.02 to 0.46 items per g ww or 0.04-1.67 items per in-
dividual (Fang et al. 2018). Starfish (Ctenodiscus crispatus) from
the Chukchi Sea was reported to contain 0.1-1.4 MPs per in-
dividual (Fang et al. 2021).

Recommendations

Sampling

Local conditions should be considered when sampling in-
vertebrates from the field. For example, sampling mussels
from suspended ropes/lines in the aquatic environment may
result in higher levels of ingested MP derived from the sub-
strate. Therefore, the habitat of any benthic invertebrates
must 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 (i.e., when possible, power analyses should be con-
ducted for each species at a given site or area). Directly after
collection, invertebrates should be rinsed with seawater to
remove debris, with filtered (0.2 pym) milliQ water, and subse-
quently stored covered in aluminium foil, and lidded in pre-
rinsed glass jars. All samples should be stored frozen (—20 °C)
and dark until MP extraction and analysis. Swift handling
or freezing after collection prevents sample loss through or-
ganisms expelling material from their guts or ingesting plas-
tics in another environment than where they were collected.
Open containers or wet filters accommodated on pre-cleaned
Petri dishes to control for air dust during sampling should
be provided. It is important that all sampling methods are
reported, including QA/QC precautions taken in the field
(e.g., sampling blanks, recording clothing colour during sam-
ple collection; Huntington et al. 2020; Brander et al. 2020;
Cowger et al. 2020). Clothing (100% cotton) and (or) clothing
with minimal shedding, or easily identifiable fibres should be
worn during sample collection and processing.

Recommended metrics that should be reported
To ensure data are comparable across studies, various met-
rics should be reported. At a minimum, the species, loca-
tion (including latitude and longitude coordinates), date of
sampling (day, month, and year), sampling method, sample
size (number of individuals per site/location), depth of col-
lection, size of specimens (average and range), and specimen
weight (per individual or pooled) should be included. How-
ever, to assess whether data can be compared across studies,
and to ensure methods are reproducible for future research,
more information should be reported. Further recommenda-
tions are presented in the Arctic Monitoring and Assessment
Programme (AMAP) monitoring guidelines (AMAP 2021).
For sample collection, it is important to provide as much
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information as possible on the method (e.g., type and size
of net used, sampling depth, etc.) to ensure replicability for
future spatial or temporal comparisons. Sampling depth is
important to report because some species can be distributed
across the water column, and the depth of the sample may
influence the abundance of MPs in that species. Finally, it
is also important to report the sample size of each species
and each site, and where possible, ensure that samples sizes
are adequate for spatial and temporal comparisons of MP
abundance. The minimum sample size will change depend-
ing on the species and region, thus statistical power analyses
should be conducted when possible. Specimen size, weight
(total weight and soft weight), and tissue analysed should be
reported, as well as other metrics depending on the species
examined (e.g., season, sex, spawning status, moulting stage,
and condition index).

For MP collection, extraction, and analysis, it is crucial to
report all methods and metrics to assess comparability across
studies and to ensure that methods are reproducible for fu-
ture research. This information should include equipment
used, QA/QC procedures followed during each step of the pro-
cess, detection limits, and measured uncertainty. For extrac-
tion methods, both filter type and pore size must be reported,
as these directly influence the size of MP particles that can be
detected (AMAP 2021).

For the abundance of MPs, it is important to report both to-
tal (particles per individual) or relative (particles per gram of
wet weight and dry weight) abundance of MPs and the weight
of organism, to enable comparison with other studies. It is
also important to ensure that abundances (mean, standard
deviation, minimum, and maximum) are reported for each
species at each site, not just as overall abundances. For ex-
ample, Gebruk et al. (2021) reported the mean frequency of
occurrence of MPs across species, but data for each specific
species and site are lacking. Fang et al. (2021) are a great ex-
ample of how total and relative MP abundance can be pre-
sented for each species and site, making it easier to compare
to future research. If there are many species and (or) sites,
we recommend including this information in supplementary
materials.

Finally, in terms of MP characteristics, it is important to
report as much information as possible on the MP parti-
cles. This should include the colour and particle category
for larger particles where this can be determined (fragment,
foam, sheet, fibre or other), size (length and width), and mass
per tissue weight. These metrics should include mean, stan-
dard deviation, and minimum and maximum values for easy
comparison. Additionally, polymer type should be reported
in a standardized way; thus, we recommend following meth-
ods described in Primpke et al. (2017) and Primpke et al. (this
issue).

Extraction

Size and weight measurements and preparation for extrac-
tion should take place in a clean laminar air flow cabinet
to avoid airborne MP contamination. There are several tis-
sue digestion protocols used for invertebrates (reviewed in
Lusher et al. 2017, 2020). For example, a gentle and effective

digestion protocol based on commercial porcine pancreatic
enzymes has been developed specifically using Arctic bivalves
(von Friesen et al. 2019). This method will not dissolve chitin,
which may be an issue with some invertebrates, e.g., cope-
pods, and a modified approach is recommended for terres-
trial isopods (Kallenbach et al. 2021). Potassium hydroxide
(KOH) is another option and has been successfully used for bi-
valves (Gomiero et al. 2019; Brite et al. 2018, 2020). General
recommendation of protocols should await a process of in-
ternational harmonization, whereby comparability in modi-
fications of methods can be quantified. The most important
factor when selecting a digestion method is to control for and
keep MP degradation and loss at a minimum, while remov-
ing at best the organic matter fraction (i.e., tissue and other
particles) to facilitate further MP analysis.

Quality assurance and quality control

In general, systems for quality assurance and quality con-
trol (QA/QC) need to be developed. Overall, QA/QC for any
invertebrate studies should have sampling blanks and lab-
oratory blanks to account for background contamination
throughout collection, extraction, and analysis, especially for
microfibres (see review by Brander et al. 2020).

Recommendations for species representing

different parts of the ecosystem

Given the lack of harmonized protocols for monitoring in
many species and the diversity of species found across the
pan-Arctic, the primary recommendation is to focus on sus-
pension feeding species like bivalves, e.g., M. edulis, S. groen-
landicus or H. arctica that can contribute to the monitoring
of MPs in the environment, and in future studies, to exam-
ine the effects in relation to ecosystems and human health.
Field sampling in the Arctic may often result in a collection
of other species than expected due to large areas covered and
variations in the species distribution. In this case, it is impor-
tant to keep what is collected for MP analysis and record the
species’ functional group identity.

As a first level, we recommend long-term monitoring on
the widely available suspension feeding bivalves, e.g., Mytilus
sp. or S. groenlandicus. We recognize that size ranges studied
are important for uptake and will depend on which methods
and instruments are available, although we recommend that
the polymer types are chemically identified, for example, by
ATR-FTIR for particles >300 um.

As a second level, we recommend quantifying particles 10—
300 um, and if possible, of lower size, in all invertebrates ex-
amined. It is important to develop knowledge to advise on
other benthic or pelagic species with different feeding strate-
gies like predator, scavenger, deposit, or suspension feeder.
Candidate species to consider include annelids, sea cucum-
bers (Holothuroidea), Calanus copepods (e.g., C. glacialis or
C. finmarchicus), Gammaridae (e.g., Gammarus cetosus), shrimps
(Pandalus spp.), and krill (Euphausiacea).

As a third level, and for future research, we recommend
investigating whether different functional groups of inver-
tebrates have different exposures to MPs, e.g., if there are
differences between sessile versus motile species or due to
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different feeding strategies. We need more knowledge on
sampling and monitoring strategies regarding pelagic or ben-
thic species, e.g., ice-associated zooplankton, pelagic snails
(Pteropoda spp.), tunicates, and crabs (e.g., snow crab).

Challenges with regards to filter-feeding

organisms

Marine invertebrates, both pelagic and benthic, are con-
stantly filtering a multitude of particles, provoking the de-
velopment of strategies to reject particles of low nutritional
value from actual food items. Many organisms are reported
to be selective regarding the uptake of MPs and egest parti-
cles as faeces and pseudofaeces, and therefore their suitabil-
ity as indicator species have been questioned, e.g., by Ward
et al. (2019). Such selection processes may affect the bioaccu-
mulation processes and may lead to variation in MP counts
between species and among individuals within the same site
(Setdli et al. 2016; Gomiero et al. 2019; Piarulli et al. 2019;
Brite et al. 2018, 2020). More knowledge of such selection
processes regarding size, shape, and polymer type is needed
to evaluate bioindicator species for monitoring.

How to study effects?

Several of the effects observed in laboratory studies with
MP exposure are on the sub-organismal level (such as oxida-
tive stress responses, change in gene expression, etc.; Du et al.
2020; Kogel et al. 2020; Vdzquez and Rahman 2021).

Histological studies combined with Nile red staining may
demonstrate whether MPs are translocated over cell mem-
branes and whether histological changes, e.g., inflammatory
responses or lysosomal membrane destabilisation can be ob-
served, e.g., as reported by von Moos et al. (2012).

Transcriptomic technologies such as real-time quantitative
PCR (RT-gPCR) and RNA sequencing (RNA-seq) are widely uti-
lized methods in laboratory studies to compare transcrip-
tomic responses (changes in gene expressions) to stressors
as, for example, MPs (LeMoine et al. 2018) or change in en-
vironmental factors such as ocean acidification (reviewed in
Strader et al. 2020). RNA-seq allows for a genome-wide anal-
ysis of the transcriptome of the organism and can provide a
deeper understanding of the processes and pathways affected
by MP exposure. However, such methods are dependent of se-
quenced genomes, and we still lack such tools for most of the
relevant invertebrates in the Arctic.

Data from RNA-seq analysis can either be mapped to a ref-
erence genome/transcriptome, or it can be used to assemble
a de novo transcriptome which the data are then mapped
to (Conesa et al. 2016). While available annotated transcrip-
tomes for zooplankton as a group are still sparse (Lenz et al.
2020), de novo assemblies exist for several species of the Arc-
tic, such as C. finmarchicus and C. glacialis (Lenz et al. 2014;
Bailey et al. 2017). Increasing the number of reference tran-
scriptomes from Arctic organisms can be a useful way for-
ward to address responses to pollutants and other environ-
mental stressors.

By carefully comparing transcriptomic data from animals
in laboratory experiments with data obtained from animals
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in the field, it can be possible to better understand iffhow
organisms are affected by MP pollution in nature.

Synergy with other Arctic monitoring projects

or sampling networks

Knowledge on how food webs in the Arctic may be affected
by MP exposure depends on the knowledge on sources, trans-
port, and fate. It is therefore important to collaborate and
exchange knowledge on occurrence from the other compart-
ments studied, e.g., sediment, water, fish, birds, and mam-
mals. Strategies and methods for approaching such assess-
ments are presented in the parallel manuscripts in this spe-
cial issue, specifically water and sediments (Martin et al.
this issue), fish (Kogel et al. this issue), birds, and mammals
(Lusher et al. this issue).

Many communities in the Arctic harvest bivalves regularly
(e.g., mussels and clams). Community-based monitoring sam-
pling programs should be developed to collect bivalves of in-
terest for monitoring levels of ingested MPs. This would also
provide samples for effects from plastic contaminants for fu-
ture studies.

Existing monitoring programs on biological resources and
pollutants are already in place for some regions including
sampling of sediments and biota making it easy to include
sampling for analyses of MPs. The joint Norwegian—-Russian
ecosystem survey in the Barents Sea performed annually in
August to October includes sampling of several fish species,
shrimp, and sediments for contaminant monitoring. Floating
debris and macrolitter as bycatch in trawls are recorded. MPs
are collected from manta trawls from some of the stations
(van der Meeren and Prozorkevich 2021). The Norwegian En-
vironmental Agency has recently initiated a monitoring pro-
gram in Norway for measuring MPs in coastal areas, rivers,
and lakes making use of already established sampling from
other national monitoring programs to use such resources in
an optimal way.

Conclusion

In this paper, we have reviewed studies on MPs in inverte-
brates in the Arctic and made suggestions on sampling proto-
cols and indicator species. We have primarily recommended
that suspension feeding bivalves as indicator species in the
Arctic since mussels are widely used and recommended as
an indicator species for MP monitoring in coastal regions fur-
ther south. Although we recognise the challenge with particle
selection and egestion in mussels, uptake levels seem to rep-
resent recent exposures, although we need more research to
understand these selection processes and how they affect the
bioaccumulation processes.

We also recommend including species with other feeding
strategies like predators, scavengers, and deposit feeders. Fu-
ture research should include studies on whether different
functional groups of invertebrates have different exposures
to MPs, e.g., if there are differences between sessile versus
motile species or due to different feeding strategies. We need
more knowledge on sampling and monitoring strategies
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regarding pelagic or benthic species, e.g., ice-associated zoo-
plankton, pelagic snails, tunicates, and crabs.
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