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Abstract

problem in Nordic marine habitats.

This paper examines a number of specific, practical recommendations to advance knowledge and move towards
evidence-based solutions to microplastic (MP) pollution in the Nordic marine environment. The paper approaches
the subject of MPs holistically, emphasises the knowledge gaps and challenges in answering pressing questions,
discusses the limitations that so far have prevented these questions from being solved, and suggests approaches for
answering them. The Nordic context is chosen due to the global importance of its ecosystem that is threatened by
MP pollution, exacerbated by climate change. The research questions discussed pick up knowledge gaps identified
in attempts to answer the most pressing questions of our time regarding marine MP pollution and are applicable to
some or all seas of the Nordic region, from the Baltic and North Seas in the south to the Arctic in the north.

The research questions relate to sources, sinks and transport of MPs, and how food webs are potentially impacted in
Nordic marine environments. In addition, we point out the relevance for stakeholders expected to use the emerging
knowledge. Through this exercise, using concrete examples, we aim to invite discussions on how a concerted effort
by the Nordic countries can bring MP research to a higher level of understanding needed to address the MP pollution
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Introduction

In line with increasing global plastic production, plastic
waste emissions have also increased substantially [21].
These include microparticles<5 mm [43], mostly from
degradation of larger plastic litter. Microplastic (MP)
research has expanded rapidly in recent years, including
studies on the occurrence and possible impacts of MPs
in the Nordic countries and the Arctic [111, 73, 159].
MPs have been found in all parts of the Nordic marine
environment from sea ice, sea water, coastal sediments
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and beaches to deep-sea sediments, as well as ingested
by invertebrates and seabirds [142, 154, 17, 53, 103, 107,
65, 186]. As plastics often include additives, individual
monomers, and other associated chemicals [72, 55], the
widespread occurrence of MPs may also introduce unde-
sirable chemicals to the marine environment.

In this paper, we have assembled some unanswered
research questions relevant for the Nordic marine
environment and defined as key to the progression
of the scientific field. The research questions are a
result of a workshop in the NordMar Plastic network
(https://nordmarplastic.com) where attending experts
from the Nordic countries were asked to put forward
relevant questions in their respective field of expertise
and to provide argumentation for why the questions
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are important, what the current state of knowledge is,
how the questions could be addressed and who would
be interested in the results. The questions were subse-
quently grouped (Table 2) as relating to “Sources, sinks
and transport” and “Exposure and potential impacts”.

The motivation for and objective of this paper was thus
to identify knowledge gaps for MPs in the Nordic region,
explain their significance and provide suggestions how to
address them.

These suggestions include conceptual and practical
considerations, experimental and modelling approaches,
as well as field surveys and monitoring. Current chal-
lenges in reaching a higher level of understanding of MPs
in the Nordic marine environment are identified, and
recommendations to overcome existing obstacles pre-
sented. The focus is on the marine environment of the
Nordic ecoregions from the Baltic Sea and North Seas in
the south to the Barents Sea and the Arctic Ocean in the
north. Features that are unique to the regions are high-
lighted and pinpoint the challenge(s) for the selected
research questions in the specific ecoregion.

The Nordic marine environment

The Nordic marine environment comprises the seas sur-
rounding the Nordic countries (Fig. 1), including the
Norwegian Sea, Greenland Sea, the Norwegian, Swedish
and Danish sectors of the North Sea, as well as the Baltic
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Sea. It also includes the Arctic Ocean, Barents Sea, Ice-
landic waters and North-East Atlantic Ocean (Fig. 1).

The Baltic Sea (Table 1) is a brackish semi-enclosed
shallow sea with many islands and a diverse coastline
[115]. The input from the surrounding nine countries
has resulted in that the Baltic Sea is one of the world’s
most impacted seas regarding chemical pollution [44,
99, 78]. For MP emissions to the Baltic Sea, urban sew-
age water pathways are important [165]. Model calcula-
tions of emissions of polypropylene (PP), polyethylene
(PE) and polyethylene terephthalate (PET) MP particles
from land-based sources in the Baltic Sea indicate that in
semi- or enclosed water bodies, such as bays and lagoons,
the highest MP accumulations are found on the shores.
These systems function as sinks for MPs and thus pro-
tect the open Baltic Sea from MP pollution. Most MPs
are therefore not transported over long distances but are
washed ashore soon after their emission [166].

The Baltic Sea is connected to the North Sea via the
Danish straits and Oresund (Table 1) and the Baltic Sea
current transports pollution into the North Sea. The
North Sea is a shallow sea, encompassing the unique
ecosystem of the Wadden Sea [46, 90]. It is surrounded
by one of the most industrialised areas of the world
with large rivers like Elbe, Thames and Rhine/Meuse
discharging into the sea [146, 155, 133]. Results of MP
quantification in the River Elbe show higher abundance

Greenland
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Fig. 1 Topography of the Nordic Seas with a schematic representation of the large-scale surface currents in the region. The map was produced
with “‘ggOceanMaps” [184] by using Norway's IMR's GeoServer [93] and [105] for ocean currents
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Table 2 Overview of research questions
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Section name Research question

Sources, sinks and transport

How do oceanographic dynamics determine transport and fate of MPs in the Icelandic waters?

What sampling designs will best capture spatial and temporal MP distribution patterns in Nordic marine

systems?

Is it possible to determine the relative contribution of MPs from long distance and local sources in the Arctic?

Is the movement of microplastics in the sea a new type of long-range transport of chemicals, including trans-

port to the Arctic?
Exposure and potential impacts

How do MP particles move through the Nordic marine food webs?

What are the chemical and immunotoxicological biomarkers of MP exposure in the economically important

Baltic herring?

What are the biological effects of MPs in the Nordic environment?

in the sediment compared to water samples and that the
amount of particles varies significantly between sam-
pling sites [164]. The North Sea is highly polluted with
MPs where the central North Sea seems to contain the
most MPs [140]. Water currents entering the North Sea
run along the Swedish west coast and northward along
the Norwegian coast into the Norwegian Sea [163].
The Swedish west coast receives both MPs and floating
marine litter from the southern Atlantic with the Jutland
current, and these shorelines are thus hotspots for plas-
tic pollution [170]. The weathering and fragmentation
of beached plastic constitutes are an important, but yet
unquantified, source of MPs to the surrounding sea. The
Norwegian Sea (Table 1) covers more than 1.1 million
km? along the Norwegian coast transferring warm saline
waters from the Atlantic to the Arctic Ocean [85, 87].
Sea-based MPs source categories relevant to the Nor-
wegian Sea include maritime coatings, maritime traffic,
ports, marinas and shipyards, decommissioning activi-
ties, land-based industry, fisheries, aquaculture, petro-
leum-related activities, as well as other offshore activities
[125]. Simulated transport of MPs between different
marine water bodies in the Norwegian Sea has shown
that MPs in seawater on the continental shelf will tend
to stay there during winter. However, during summer the
winter transport barrier disappears, which allows MPs
to spread beyond the shelf [20]. The simulations also
showed that the Norwegian Sea is unlikely to become a
sink for macro- and microplastic. The North-East Atlan-
tic (Table 1) differs from other ecoregions by being dis-
tant from land, making it less influenced by coastal and
terrestrial processes [88]. However, much of the coastal
area within the North-East Atlantic is densely populated,
highly industrialised or intensely used in agriculture
[147]. Geostrophic circulation and currents bring high
levels of plastic debris to the ecoregion from land-based
and maritime sources. This has created a garbage patch in

the North-East Atlantic. High amounts of MPs are found
in such locations, particularly in the centre of the gyre.
The fate of MPs created in such patches, is unknown
[143]. The levels of MPs in the North-East Atlantic Ocean
are largely undocumented [126]. The Iceland and Green-
land Seas (Table 1) are, together with the Norwegian Sea,
the main connection between the North Atlantic and the
Arctic Ocean [19]. There are two main ocean currents in
this area, the East Greenland Current (moving south) and
the Greenland Sea Gyre (counter-clockwise circulation).
High levels of MPs have been detected in the Greenland
Sea Gyre, which seem to contribute to the MP pollution
in the surface waters in this ecoregion [96].

The Barents Sea (Table 1) surrounds the Polar Basin
and connects the Norwegian Sea, the Arctic Ocean, and
the Kara Sea. Oceanic conditions in the Barents Sea and
the Arctic Ocean are influenced by the influx of Atlantic
waters [86]. A significant environmental threat to these
ecoregions is the retreating ice cover, opening new sea-
scapes for anthropogenic activities possibly affecting pol-
lutant levels and biodiversity [97, 86].

Approach to identify research questions

A group of experts with state-of-the-art insight into the
current research and policy needs regarding MPs in the
Nordic marine environment participated in a workshop
organised by the NordMar Plastic network (www.nordm
arplastic.com). This workshop addressed knowledge
gaps with regards to MPs in the Nordic marine environ-
ment, including potential policy relevance of current
research needs. The discussions were condensed to a set
of key scientific questions. Intentionally, the approach
was kept broad, and no ranking of research priorities
was performed, to account for the diversity in expertise
present at the workshop. The experts were asked to sup-
port their prioritised research issue with argumentation
why the question is important, what the current state of
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knowledge is, how the question could be addressed and
who would benefit from the results. Discussions at the
workshop aimed to describe specific research questions
with little overlap, but with complementary character.
The research questions were divided into two catego-
ries addressing either “Sources, sinks and transport” or
“Exposure and potential impacts” (Table 2).

Research questions

Sources, sinks and transport

How do oceanographic dynamics determine transport

and fate of MPs in the Icelandic waters?

The total stock of MPs in the world oceans is a complex
mix of particles that stem mostly from various land-
based sources associated with human societies [58].
When in the open waters, the distribution of MPs is pri-
marily influenced by ocean currents [36] with areas of
accumulation in the world oceans (e.g., ocean gyres), at
the surface at least, where MPs can reside for a long time
[181, 182].

The circulation of water in the Nordic Seas (Fig. 1) can
be described as a large-scale loop with the convective
overturning of Atlantic water in higher latitudes [136].
The Nordic Seas have interior gyres over the Norwe-
gian, Greenland and Icelandic Sea basins [112] and, to a
lesser extent, in the Barents Sea [119]. Higher abundance
of MPs has been found in the Greenland Sea Gyre com-
pared to an adjacent area outside the gyre [96] and a sim-
ilar situation has been proposed for the Barents Sea Gyre
[181]. These gyres do contribute to deep water formation
[112] and thereby advection of MPs, from local and dis-
tant sources to the ocean floor in the Nordic Seas.

A modelling study [122] found that downward vertical
advection played a key role in sinking of small spherical
nanoplastic particles (<1 pm), predicting that for smaller
particles the movement of the medium has a larger effect
than the particle’s buoyancy, since very small particles in
water are more affected by viscous forces than inertial
forces as is already a well-established fact for other par-
ticles in oceanographic and marine biological science
[82, 185]. So even positively buoyant MPs can become
entrained (stay submerged) once transported to deeper
waters [94], and get carried with deep or intermediate
water currents. This adds to the level of complexity that
simulation models of drifting particles in the ocean col-
umn have to take into account.

An understanding of particle transport in the water
column and near the ocean floor is complex and not as
well documented as horizontal transport at the ocean
surface [113, 34]. Furthermore, knowledge on ocean
currents and smaller scale perturbations such as eddies,
fronts and turbulence is necessary [180]. However, bot-
tom-water circulation processes control sedimentation
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and create hot-spots for MPs in mounds of sediment on
the ocean floor [101]. The sediments in the oceans have
been proposed as a sink for MPs [193] and further sug-
gested by Bergmann et al. [17] and Tekman et al. [176]
after revealing high abundance of MPs in sediment near
Spitzbergen. How and where sedimentation or entrap-
ment of MPs in seabed occurs has been reviewed by
Harris [77] but empirical data is still lacking. Weber and
Ghaffari [192] states that MPs deposition can also occur
on the shelfs and shallow banks in the open ocean due
to ocean swells that form because of weather storms.
There are indications that MPs in Icelandic sediment are
concentrated near the Iceland-Faroe Ridge [124], which
is possibly a low energy area of sediment deposition,
i.e., where MPs might be sequestered. Large contourite
deposits are found on the ocean floor in the Icelandic
basin south of Iceland, on the Norwegian basin along the
continental margins and west of Spitsbergen [156, 162].
These areas of sedimentation might be areas of interest
to study MP accumulation. Because of the patchiness of
MPs in sediments, more knowledge on bottom topogra-
phy and oceanographic processes and increased effort in
modelling is necessary to guide targeted MP sampling in
these areas.

Simulation of MPs transport and sedimentation of MPs
in well-characterised current regimes can visualise hot-
spots or accumulation zones which in turn may guide
sampling efforts in intermediate to deep waters and sedi-
ment. A three-dimensional hydrodynamic model [123]
was used in studying fish-egg drift [27] within the area
of influence of the inflowing Atlantic water to the Nor-
dic Seas, and this could also be applied to simulate MPs
transport. The North Icelandic Irminger Current is a
continuation of the Gulf Stream that branches off from
the Irminger Current and flows to the north of Iceland
where it divides further and interacts with coastal and
polar water [100] (see Fig. 2). This inflow of Atlantic
water seems to dictate the outflowing North Icelandic Jet
within an overturning loop completed in approximately
one year [152].

The well-researched flow of Atlantic water to the North
Icelandic shelf [100], its outflowing counterpart [152],
the mixing of different water masses and the known
point sources of MPs [168], provides a model system to
study how oceanographic conditions drive the trans-
port of MPs in Icelandic waters. Gaining this knowledge
would broaden our understanding of how oceanographic
dynamics determine the transport and fate of MPs in
the Nordic marine environment. Answering this ques-
tion would provide information to enable authorities
and researchers to develop targeted actions to decrease
sources of MPs and could be used as the basis for a
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Greenland

[184] by using [123] for ocean currents

Fig. 2 The North Icelandic Irminger Current is a continuation of the Gulf Stream. It branches off and flows to the north of Iceland where it divides
further and interacts with coastal and polar water. Abbrevations: EGC—East Greenland Current, IC—Irminger Current, NIIC—North Icelandic
Irminger Current, NIJ—North Icelandic Jet. Solid lines: surface currents, dotted lines: deep currents. The map was produced with “‘ggOceanMaps”
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monitoring programme to evaluate the impact of these
actions around Iceland and other regions as well.

What sampling designs will best capture spatial

and temporal MP distribution patterns in Nordic marine
systems?

Most studies begin their discussion of 'sampling methods’
for MPs at the level of the environmental sample itself,
how to obtain it (sampling gear, volume), and which
method is most appropriate and reliable to correctly
quantify the number of MPs in it (laboratory quantifica-
tion and identification). This can be a sample from the sea
surface, the water column, the seafloor sediment, beach,
or a marine organism. How the total number of samples
was decided upon, however, and how sampling stations
should be distributed along geographical and temporal
scales in a specific target area, is rarely discussed. Sam-
pling strategies are often restricted to either the sea sur-
face (Manta net), a single depth (underway sampling or

systems on ships) or the bottom (sediment grabs), or a
preferred organism (e.g., blue mussel, Arctic fulmar).

To establish concentration maps of MPs and inform
regional extrapolations and numerical models of MP dis-
tributions from limited field sampling, better sampling
designs (how much, how often, how many, how deep?)
need to be developed to enable predictions and test miti-
gation scenarios. It is known that different sampling tech-
niques (e.g., bulk pump samples versus volume-reduced
Manta net samples) will produce different results in
terms of measured MP concentration per volume sea
water [174]. Similarly, chosen mesh sizes and/or indica-
tor organisms will target certain size spectra or types of
MPs [35]. Here, these differences will be ignored, as they
will eventually be eliminated when standardised, or at
least harmonised, techniques will be agreed upon and
be used consistently in monitoring approaches [59, 3].
High numbers of replicates reduce MP abundance vari-
ation within sample location or timepoint [35, 174], and
a minimum of 5 replicates has been recommended to
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reduce this variation [174]. Small volumes are suitable to
determine the smallest MPs, as very fine mesh sizes can
be applied to target particles <10 pm [35]. This may be
useful in locations with high contamination levels, but
restricted space for sampling, such as harbours and ports
[39], or near point sources, such as wastewater outlets or
marine installations, but requires a sufficient number of
samples per area and total depth to account for possible
spatial variation.

A number of papers present MP distributions at
regional scale [127, 167, 37, 68], while others attempt to
pinpoint local sources [172, 125, 171], or identify MP sig-
natures of oceanographic domains [75], but no system-
atic analysis of regional patterns and trends exists for the
Nordic Seas.

Studies that map and characterise MP distribution
patterns are scarce in relation to the vast ocean areas
contaminated with MP to various degrees. Knowledge
of local sources is often restricted to local reports (e.g.,
Sundt et al. [172], Lusher and Pettersen [125], while
modelling studies cannot be based on realistic extrapo-
lations of measured MP concentrations and gradients
[76, 189]. Research efforts tried to simplify this complex-
ity by concentrating the focus on the most likely envi-
ronmental compartments where MPs may accumulate
or be abundant: sea surface waters were targeted with
Manta net sampling in the earliest studies, as low-density
plastics are buoyant and expected to float in the upper
centimetres of the water column [42]. With the realisa-
tion that certain combinations of physical properties of
MP, oceanographic dynamics (How do oceanographic
dynamics determine transport and fate of MPs in the Ice-
landic waters?), and biological processes will make MP
sink, even those with low density, sediments were sug-
gested as a better alternative. Soft-bottom habitats were
hence sampled with grabs or dedicated MPs sediment
samplers [80], as all MPs were expected to sink to the
seafloor eventually [193]. Another alternative discussed
as suitable MPs distribution indicator is biota known to
ingest MPs, e.g., bivalves [117], fish [129], or seabirds
[41], where stomach contents collected along latitudinal
or other gradients may give indications of MP pollution
trends. This, however, does not fully represent MP distri-
bution in the entire marine environment,important com-
partments (e.g., most of the subsurface water column) are
left out, and snapshot sampling conducted in one place
at one point in time may neither be representative of
different seasons, nor across a larger area, i.e., scales of
spatio-temporal variation in MP distributions are largely
unknown. A high-resolution modelling study of MP fibre
distribution in an Arctic fjord upon release from a single
wastewater point source revealed that within 100 h MP
fibres distributed very differently in the fjord depending
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on their physical properties (here density). While light,
low-density fibres were transported out of the fjord
within a few tidal cycles, heavy fibres deposited on the
seafloor of the inner fjord and accumulated there [79].
Although this needs verification through ground-truth-
ing from actual sampling, it shows the fast pace of MP
distribution changes in a relatively small area, as well as
the importance of hydrodynamics for local accumulation.
A meta-analysis of existing studies of MP distributions
should be conducted with a view to designing sampling
strategies that take horizontal and vertical variation in
MP distribution and potential drivers of these distribu-
tions into account, or — where such information is miss-
ing to date—adopt existing sampling strategies for other,
well studied marine particles (e.g., plankton, marine
snow, sediment, benthos) [131, 173]. Mapping of exist-
ing data and identification of drivers of MP particle dis-
tribution across the Nordic Seas may provide a regional
picture of MP pollution gradients that can facilitate the
development of suitable sampling designs [59, 3]. Rather
than using static station transects or grids, choosing
more flexible sampling approaches that take e.g., topog-
raphy, depth, or volume of the targeted water body and
abiotic and biotic drivers of MP distribution into account
may be beneficial to resolve spatial patterns. We thus
suggest the following considerations prior to sampling:

l. Spatial factors

1. Definition of scale: it is expected that for a basin-
scale or latitudinal study fewer sampling points and/
or large volume underway sampling at larger distance
intervals will be adequate [104], as they represent
water bodies with relatively low MP abundances and
more uniform MP signatures, after advection, dilu-
tion, convection and vertical mixing processes have
taken place upon entry into the marine environ-
ment. Indeed, a recent study concludes that modelled
marine MP concentrations across the Arctic Medi-
terranean are at a ‘saturation equilibrium’ reflecting
decades of MP advection [84]. Near point sources,
such as wastewater outlets [79] or harbours [39] etc.,
small scale local sampling with a finer resolution of
sampling points is required due to steeper MP gradi-
ents away from the source(s), while input from rivers
and estuaries, as well as metropolitan cities, and anal-
ysis of MP distribution in mesoscale oceanographic
features (e.g., eddies) will benefit from sampling at an
intermediate spatial scale.

2. Analysis of coastal use in the target area: along the
Scandinavian coasts various MP sources have been
identified, ranging from offshore installations for
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oil and gas, aquaculture installations to commercial
and industrial activities onshore. The distribution of
these sources along the Nordic Seas coastline can
guide sampling efforts similar to the approach by
Jang et al. [95].

3. Based on the above, sampling schemes should
endeavour to discern local input of new MP emis-
sions from ’background contamination’ arriving
with long-range transport or long-term exposure
at location, e.g., based on the proportions of weath-
ered versus pristine MP [22], specific MP-watermass
signatures, see also Is it possible to determine the
relative contribution of microplastics from long dis-
tance and local sources in the Arctic?, and estimates
of local MP displacement and transport [79].

4. Gradients perpendicular to the coastline from
land to ocean habitats (beach, intertidal to offshore;
estuary to offshore) near likely emission sites will
uncover sources from plastic production/usage/
disposal sites on land (direct input to the sea or
through river transport).

5. Stratified sampling throughout the water column:
Sub-surface processes are not captured by surface
or sediment sampling alone, while the water column
encompasses most of the ocean volume and thus a
major proportion of the MP pollution. Many pelagic
organisms may be exposed in sub-surface layers. A
recent modelling study shows differential behaviour
of MPs with different densities [79], and biofouling
and other physical processes will determine the verti-
cal position of MP (degradation, aggregation, biofoul-
ing, viscosity, etc.), see also How do oceanographic
dynamics determine transport and fate of MPs in the
Icelandic waters?.

Il. Temporal factors

1. Tidal cycles and oceanographic features: Locations
with significant tidal ranges need frequent sampling
at different tides to resolve transport and deposition
patterns relating to the tides at daily and monthly
intervals.

2. Recurring features or events: Meteorological
and biological seasonal events may have significant
impact on MP transport and distribution. These may
include e.g., prevailing wind directions and storms,
especially near the surface and possibly against the
prevailing current regime, versus stratified periods
during calm, stable weather, seasonally changing
biota assemblages (e.g., phytoplankton blooms or
jellyfish aggregations), or particulate organic matter
(POM) input from land. Human interventions such
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as singular inputs from shipping (lost load) or tour-
ism (littering from cruise ships or coastal attractions)
could also fall into this category.

Answering this question will be useful for both design
of field research and monitoring purposes, since better
sampling designs will be essential in the planning of both
research projects aiming to better understand MP distri-
bution, transport, and trends, as well as monitoring pro-
grams with the goal of demonstrating mitigation measure
success over time.

Is it possible to determine the relative contribution

of microplastics from long distance and local sources

in the Arctic?

Little is known about the origin, fate and mechanisms
driving the distribution of Arctic marine MP pollution
[148, 159]. Because the Arctic is sparsely populated and
remote, the entrenched view has been that pollution is
not generated there but transported to the Arctic from
more densely populated and industrialised regions [130,
50]. This fate is true for many persistent chemical pollut-
ants, however some of the most locally polluted sites of
the world can be found within the Arctic [1, 66]. Because
these sites (e.g., abandoned mines, oil drilling sites and
military installations) are impossible to decontaminate
and restore, they are often left and forgotten and some
are even protected as cultural heritage sites today [66].
These and e.g., current industrial waste and discharges
as well as waste and wastewater from local communi-
ties constitute important local pollution sources of both
chemicals and plastics in the Arctic [69, 186, 79].

Based on the idea that Arctic pollution has an exter-
nal origin, the main approach to investigate sources
of plastic pollution in the Arctic has been to study the
long-range transport of MPs via water- and recently air
currents using modelling tools [181, 114, 49, 120]. To
test the models, measurements of marine plastic pol-
lution have been conducted in strategic offshore areas,
like the Fram strait [16, 176], and where water masses
meet or slow down [127, 37, 103, 83]. Another reason for
studying plastic pollution in offshore areas is that Arctic
marine research often is carried out from large research
vessels unable to travel in shallow coastal waters. This
has most likely created a bias in our current knowledge
on the sources of MP pollution in the Arctic. When it
comes to coastal plastic pollution, great efforts have been
made to map and investigate marine debris on Arctic
beaches [153, 15, 109, 183] and attribute beached plas-
tic litter items to sources and countries of origin [52].
Less attention has been given to shallow coastal waters
where land-sea or river-sea interactions are strong and
local land-based discharges can be specifically targeted.
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Although local sources and pathways, e.g., rivers [177,
57, 197], wastewater effluents [132, 64, 186, 79], garbage
dumping sites [65], and industries [68, 128] may contrib-
ute significantly to marine plastic pollution in the Arctic
we have little knowledge about the quantity and quality
of plastic pollution originating from them. One approach
to distinguishing different sources can be to measure typ-
ical signatures of MPs in a given water mass [127, 135].
MP compositions have been observed to differ between
water masses, sediment types and environmental matri-
ces where, e.g., sea ice contains more fragments [150,
102, 186] than seawater, which is often dominated by
fibres [127, 186, 120, 159]. Beach sand contains a higher
proportion of fibres (90%) than both tidal (49%) and
estuarine (57%) sediments [77]. In an extensive study,
Yakushev et al. [197] investigated MP pollution in sur-
face and subsurface waters at varying distance from the
plumes of the Great Siberian Rivers. The authors con-
cluded that marine-borne (remote source) and river-
borne (local source) MPs had distinctly different physical
(size, morphology, weight) and chemical (polymer type)
characteristics, making the different water masses statis-
tically distinguishable from each other. Lusher et al. [127]
reported up to a tenfold difference in MP concentrations
between water masses originating from the Atlantic and
Polar seas, respectively. The concentrations and composi-
tion of MPs (sizes, morphological features, polymers) in
different environmental matrices depend on intrinsic fac-
tors of the MPs as well as on external abiotic (e.g., hydro-
dynamics, temperature, salinity, concentration of other
particles) and biotic (e.g., biofouling, species composi-
tion, season) factors [195, 77, 13]. The “fate pathway” of
MPs is key to linking MP composition of a matrix to its
source.

The composition and quantity of marine MP pollution
should be characterised as close to the source as possible,
e.g., in wastewater effluents, run-off from garbage dump-
ing sites, polluted beaches, ice edges etc. It is important
to identify the sources feeding into the pathways where,
e.g., the river is a pathway carrying the MPs originating
from various sources, i.e., products and processes, to the
sea. Understanding the type of MP pollution generated
by various products or processes is thus also important
and existing information from other parts of the world
may be a good starting point here. Different water masses
appear to carry the MP signature or “fingerprint” of their
origin [127, 95, 186, 197] and their distribution should
thus be mapped to provide a comprehensive picture of
MPs fate related to source. Oceanographic parameters
(temperature, salinity, pigments, and other tracers) char-
acteristic of, e.g., Atlantic, Pacific, riverine or Polar water
masses should be measured simultaneously to support
interpretation of origin and movement. This work can

Page 9 of 19

preferably lead to the construction of MP fingerprint
libraries characteristic of specific sources or origins. If it
is possible to link the MP fingerprint to a specific source
or origin, emission responsibility and mitigation efforts
can be identified, which in turn will enable managers and
policy makers to implement measures to restrict pollu-
tion. This would be important information for e.g., indus-
tries, municipalities, regions, and countries. Answering
this question is central to guiding management actions
and introducing effective policy measures to reduce
marine microplastic pollution. This question is also appli-
cable to other regions but may be region-specific due to
the presence of unique sources.

Is the movement of microplastics in the sea a new type

of long-range transport of chemicals, including transport

to the Arctic?

The long-range transport of chemicals is one of four cri-
teria for their classification as persistent organic pollut-
ants (POPs) according to the United Nations Stockholm
Convention, the others being persistence, bioaccumula-
tion and (eco)toxicity [178]. The presence of chemicals
in remote areas of the Arctic has served as an indicator
of long-range transport in the risk profiles for candidate
POPs. Many POPs are semi-volatile organic compounds
and mainly transported to the Arctic in the atmosphere
[190, 63]. However, for some compounds, such as f-HCH
and perfluorooctane sulfonate (PFOS), the transport
with ocean currents is the primary pathway [118, 199].
Vector-based transport of chemicals, for example with
migratory animals, is well-known and recognised in the
Stockholm Convention [178, 187]. Plastic litter and MPs
are also known to be transported over long distances
[143], and with them the chemicals that are added to
plastic polymers to obtain and ensure certain function-
ality, as also recently addressed by Andrade et al. [5].
Additives include, but are not limited to, plasticisers,
flame retardants, antioxidants and UV-stabilisers, lubri-
cants and colorants [72, 5]. UV-328 is a substituted phe-
nolic benzotriazole used as a UV absorber in plastics and
other products. It was recently proposed as a candidate
for the Stockholm Convention, including a justification of
its long-range transport via plastic particles [179]. If the
transport of chemicals with a plastic particle is regarded
as long-range transport, it will likely apply to multiple
chemicals. Therefore, it is important to characterise it
better, qualitatively and quantitatively, for plastic parti-
cles as abundant vectors.

The occurrence of litter and MPs in the Arctic can be
related to ocean, riverine and atmospheric transport
from distant sources, as well as to emissions within the
Arctic region itself [148], as discussed in more detail in
Is it possible to determine the relative contribution of
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microplastics from long distance and local sources in the
Arctic?. The presence of ice which temporarily retains
MP particles, is also of significance for the transport
within the Arctic [142, 150].

As discussed in Is it possible to determine the rela-
tive contribution of microplastics from long distance
and local sources in the Arctic?, the transport pathways
of MPs to and in the Arctic and the relative importance
of local and distant sources is not well-understood. Fur-
thermore, limited information is available on the iden-
tity and amount of chemicals present in different types
of plastic material. Some information is proprietary
knowledge, but due to complex trade structures, infor-
mation may generally be difficult to retrieve. Given the
long lifetime of plastic materials, a relatively large time
span will have to be covered, potentially including chemi-
cals that have been taken off the market in recent years.
In addition to additives, unreacted monomers from the
production process can be left in the plastic polymers
[121]. Furthermore, the content of chemicals in a plas-
tic product is likely to change over time, as an effect of
equilibration processes, but further influenced by the
physical, chemical, and biological weathering of the plas-
tic particle. As weathering proceeds, affecting the struc-
ture of the particle, it presumably favours the leaching of
chemicals. However, leaching rates likely depend on the
physical-chemical properties of the chemical, i.e., they
differ between chemicals and between plastic materials,
as well as on environmental conditions. Because of these
knowledge gaps, a quantitative description of the long-
range transport of chemicals with microplastic particles
is challenging, involving a number of assumptions [5]
Actual measurements of chemicals in plastic particles are
sparse, in particular for the Arctic, as recently reviewed
by Fauser et al. [56].

Closing the current knowledge gaps would require
more knowledge of the amount of microplastics in the
Arctic, their sources and transport pathways to the Arc-
tic, their content of chemicals and influences of weath-
ering on chemical contents. This information should be
derived from measurements in combination with mod-
elling approaches describing MP transport, as discussed
in What sampling designs will best capture spatial and
temporal MP distribution patterns in Nordic marine
systems? and Is it possible to determine the relative con-
tribution of microplastics from long distance and local
sources in the Arctic?. As a first step, polymer-specific
occurrence data on MPs in the marine environment of
the Arctic are required, primarily in the water phase as
the main medium for long-range transport of MP. How-
ever, understanding the role of the atmosphere and the
cryosphere in the transport and accumulation of micro-
plastics in the Arctic needs more research and should
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be considered to the extent possible, for example as out-
lined by Hamilton et al. [74]. While monitoring of litter
and MPs in the Arctic is being initiated [3], quantitative
data will likely be patchy and limit the geographical scope
of addressing this question. Secondly, source apportion-
ment is needed to distinguish between locally emitted
plastics and long-range transport, as also discussed in
Is it possible to determine the relative contribution of
microplastics from long distance and local sources in the
Arctic?. The modelling of transport pathways, based on
known source areas and oceanographic models, would be
helpful in discussing to what extent microplastic particles
are emitted locally or more likely to be transported from
long distances [189, 138].

While more and more studies address chemical addi-
tives and other residues in plastics in the environment,
knowledge of chemicals in plastics is still and chal-
lenged by the large number of potential additives [72].
In addition to data collection from producers or trade
organisations [55], new non-target or suspect screen-
ing techniques in analytical chemistry could provide
indications of the presence of chemicals in plastic parti-
cles [8]. These approaches typically aim at an identifica-
tion of chemicals, rather than a quantification for which
an analytical standard of a known concentration will be
required. Again, qualitative approaches appear more
achievable than quantitative approaches. If the identity of
a chemical is known and an analytical standard is avail-
able, targeted quantitative methods can be established,
but will require method development and validation as
microplastics are not yet an established environmental
matrix in analytical laboratories. We therefore also rec-
ommend further developments in analytical chemistry,
with a view to identifying, possibly via non-target screen-
ing approaches, and quantifying additives and other
residuals in plastic particles, including quality assurance/
quality control (QA/QC) measures.

While the chemical analysis of microplastics from Arc-
tic samples would provide data on the chemical content
in situ, it would be helpful for qualitative as well as for
quantitative assessments to better understand the leach-
ing of chemicals from the plastic material over time, as
recently discussed by Fauser et al. [56]. Focused labora-
tory studies under controlled conditions are recommend-
able for a better understanding and description of this
process. Better knowledge of the effect of weathering on
the chemical content of additives in plastics, and their
leaching behaviour, would also improve the possibilities
of modelling these processes and thus, enabling extrapo-
lations in time and space. Finally, following, if possible,
a quantitative description of the long-range transport of
selected chemicals with microplastics to the Arctic, it
would be relevant to compare these with model outputs



Jensen et al. Microplastics and Nanoplastics (2022) 2:22

describing the long-range transport of well-known POPs
[63], to assess the significance of this transport pathway.

Answering this question is of high importance for poli-
cymakers in the context of reviewing POP properties of
UV-328 under the Stockholm Convention. Furthermore,
the ministers of the Arctic States stated in the Fairbank
Declaration “growing concerns related to the increas-
ing levels of microplastics in the Arctic” and “welcome
the work on Chemicals of Emerging Arctic Concern,
addressing new potential persistent organic pollutants
and other pollutants” [6]. Important stakeholders that
would benefit from this type of study are also local and
indigenous communities in the Arctic whose food safety
should be ensured through early recognition of potential
new sources of contaminants [4].

Exposure and potential impacts

How do microplastic particles move through the Nordic
marine food webs?

Knowledge on mechanisms controlling uptake of MP
particles of different size and shape categories from the
surrounding environment into organisms and poten-
tial subsequent egestion is important when assessing
exposure to MPs. If the uptake rate is greater than the
rate of elimination, MPs bioaccumulate, with potential
health and fitness implications for the individual and
possible upscaling effects through populations and eco-
logical communities. Knowledge of trophic transfer of
MPs from primary consumers (e.g., copepods) to higher
trophic levels in the marine food web (biomagnification)
is important for assessing health risk to top predators and
for performing assessments of food safety of commer-
cially important marine species (e.g., fish, shrimps, shell-
fish) What are the biological effects of MPs in the Nordic
environment?.

MPs have been found in the different trophic levels
from micro- and macro-algae, benthic and pelagic inver-
tebrates and fish to top predators, such as seals [127, 24,
141, 148, 25, 110, 137, 151, 198]. Biofilms on the MP sur-
face can increase the uptake of MPs [188] in filter feeders,
but some filtering organisms, e.g., bivalves separate MPs
from food and can egest them as faeces or pseudo-faeces
[194, 191]. Egested MP particles can be packed together
with organic material in faecal pellets [32] and may be
taken up by other organisms in the food chain. As dis-
cussed in Is the movement of microplastics in the sea a
new type of long-range transport of chemicals, includ-
ing transport to the Arctic? , the emission of plastics to
the marine environment can lead to leaching of chemi-
cals to seawater or, after uptake of a plastic particle, in
the gut of an organism (What are the biological effects
of MPs in the Nordic environment?). A recent literature
review supports that bioaccumulation of MPs occurs in
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organisms within different trophic levels, while this is
less clear for bioaccumulation of associated chemical
additives [137]. A recent study demonstrates the plasti-
ciser bis(2-ethylhexyl) phthalate (DEHP) to be present in
blubber of marine mammals from the Norwegian Arctic
[160], however, the sources could not be clearly identi-
fied and were more likely to be related to plankton inges-
tion than to exposure to plastics [23, 161, 11, 144]. Some
laboratory studies supported trophic transfer, although
the unrealistically high doses used warrant more studies
to evaluate such processes under more environmentally
realistic conditions [137]. Many studies have been pub-
lished on uptake of MPs in the Nordic marine food web
[23, 161, 11, 144], while knowledge on bioaccumulation is
missing and if this leads to biomagnification [54, 141, 62].
Observations from field-based studies report that MP
particles are located within the gastrointestinal tract [62],
but appropriate methods to target the smallest particles
that are able to be assimilated and pass over membranes
are only now emerging [61].

One key species in the food webs of the Nordic Seas are
copepods of the genus Calanus channelling nutrients and
lipids to a range of higher trophic organisms feeding in
pelagic water, including fish larvae, pelagic fishes, baleen
whales and birds [14]. C. finmarchicus is the dominating
species in the North Sea, the Norwegian Sea and the Bar-
ents Sea, while C. glacialis is dominating in Arctic waters
and C. helgolandicus more abundant in southern parts of
the North Sea.

Exposures to high concentrations of MPs (75-100 MPs
mL™1) have shown decreased reproductive output of the
copepods due to competitive ingestion of microalgae and
MPs [31, 33]. Although these concentrations are higher
than what is expected as environmentally realistic, nega-
tive energetic effects at the individual level may be antici-
pated in highly contaminated areas. At early life stages,
some fish larvae are known to be highly sensitive to nan-
oplastics and MPs [30, 149, 196]. However, information
is lacking on threshold levels of toxicological effects for
Calanus species and fish larvae of e.g., herring, cod, and
other important fish species from the different ecore-
gions in the Nordic seas (Table 1 and What are the bio-
logical effects of MPs in the Nordic environment?). Such
information is needed to be able to perform risk assess-
ments for key species in the food web and the function-
ing of trophic chains in the different regions. Controlled
exposure studies that cover uptake in zooplankton and
fish larvae of the most important species in the main
ecoregions of the Nordic Seas would give information of
trophic transfer and would be valuable input for model-
ling such processes and evaluate possible impacts at a
larger scale.
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Answering this question would lead to improved risk
assessments on which levels of MPs that may give toxico-
logical effects and affect ecosystem function and services.
We believe such knowledge would lead to advice-focused
actions to reduce discharges. It would benefit stakehold-
ers responsible to ensure good environmental status and
food safety at national and international levels (EFSA,
ICES, OSPAR, EU, AMAP and national authorities), in
addition to NGOs and the public in the Nordic countries.

What are the chemical and immunotoxicological biomarkers

of microplastic exposure in the economically important Baltic
herring?

Since the 1970s, experts in the field of ecotoxicology
have become increasingly aware of the adverse effects of
environmental contaminants on the immune systems of
animals. Baltic herring (Clupea harengus membras) is a
secondary predator known to consume microplastic in
its diet [144]. Not only does herring play a key ecologi-
cal role in the Baltic Sea, it is also a commercially impor-
tant fish species for human consumption. Amongst the
adverse effects from uptake of MP particles, especially
fibres and nanoparticles, and their accumulation in fish
organs (e.g., gills), immunotoxicological responses to MP
exposure need to be considered.

The analytical techniques for detection of nanoparti-
cles of plastic have only recently started to become avail-
able after years of ongoing development [10, 29, 28]. The
low micron and submicron particle sizes are relevant for
immunotoxicological studies because these are the most
bioavailable and may interact with the immune system
cells of the fish. The new mass spectrometry-based tech-
niques, and combinations of electron microscopy and
Raman or atomic force microscopy, among others, are
pushing the detection limits of MPs in tissues and target
also the nanometre size ranges that have eluded most of
the microplastics research to date [9].

Indications of immunotoxic responses to MP uptake in
fish exist [67, 48], but immunotoxicity has not yet been
studied for Baltic herring, even though fish immunology
is an established field [157]. Innate immune responses
and immunosuppressive effects of various environmental
contaminants on fish have been the subject of study (241
publications reviewed in Rehberger et al., 2017 [157] and
the techniques, including the analysis of immunotoxic-
ity biomarkers, such as antioxidant activity and antibody
formation, are available to test MP effects. It is important
to understand both the risks to the fish itself, the risks
associated with secondary poisoning, i.e. the indirect
exposure through contaminated food (e.g., in seals feed-
ing on fish containing MPs) and the potential risks to
humans as consumers of Baltic herring, including poten-
tial immunotoxicological effects in both.
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Mechanisms of particle and fibre toxicity involve, e.g.,
oxidative stress and inflammation [70]. Plastic particle
pro-inflammatory effects, i.e., an altered or exaggerated
inflammation response, have also been shown, although
not for the Baltic herring [169]. Regarding MP loads in
fish tissue, only few studies are available, e.g., that of
Ribeiro et al. [158], who found 0.3 mg plastic per gram
tissue in sardines. More is known about large particles
present in the gut contents of fish, giving an indication
of the exposure and/or distribution of large particles. A
recent review, covering close to 100 publications between
1972 and 2019, reported plastic ingestion in wild marine
fish from all over the world for 65% of the 494 exam-
ined species [134]. The rate was similar (67%) for com-
mercially important fish species [134]. However, various
method-related biases were noted, for example related to
sample sizes and detection methods, and immunotoxi-
cological effects are not usually evaluated in studies on
plastic in gut content.

Any study of plastic particle effect should measure both
the internal exposure (tissue abundance/concentration,
near the site of toxic action) and immunotoxicological
biomarkers, such as antioxidant activity and antibody
formation [157].

Part of the necessary work is to analyse samples of fish
collected in the field, to establish MP concentrations in tis-
sue down to the low nanometer particle sizes. The analysis
should establish MP presence in wild fish tissues in terms of
exposure per monomer and/or polymer type, as described
above. The immunotoxicological part of the study, i.e.
the measurements of biomarkers of immunotoxicity in
response to MP and nanoplastic exposure, would take
place in the laboratory using established assays from the
fish immunotoxicology field [157]. This field work would
ideally be supported by studies of dose—response-relation-
ships under controlled laboratory conditions. Answering
this question is crucial for ecological risk assessment of
MPs and nanoplastics. The aspect of transfer of MPs up in
the food chain and potential human exposure and associ-
ated effects also ties into the questions of biomagnification
discussed in How do microplastic particles move through
the Nordic marine food webs?. Answering this question
would be important for scientists, policy makers as well as
risk assessors to e.g., set toxicologically relevant maximum
levels for MPs and nanoplastics in seawater and seafood to
qualify for good environmental status [139].

What are the biological effects of MPs in the Nordic
environment?

Biological effects of MPs have been shown in multiple
marine and freshwater species as reviewed by Bucci et al.
[26], Haegerbaeumer et al. [71] and Kogel et al. [110].
Commonly reported effects include reduced individual
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and population growth, behavioural alterations, oxida-
tive stress, inflammation, immune responses, hormonal
regulation, aberrant development, increased rates of cell
death, and altered lipid metabolism [71, 26, 110].

As discussed in Is the movement of microplastics in
the sea a new type of long-range transport of chemicals,
including transport to the Arctic? and How do micro-
plastic particles move through the Nordic marine food
webs?, an exposure to MPs can go along with an expo-
sure to MP-associated chemicals. In addition to direct
exposure through ingestion of a plastic particle, indirect
exposure can take place via leaching of chemicals from
plastics to the environment and subsequent uptake with
water or prey [56]. Current evidence suggests that hydro-
phobic chemicals leach into seawater to a minor extent,
while leaching to oily substances in the gut of an animal
could be a significant process [175]. However, ubiqui-
tous hydrophobic chemicals are also taken up with prey,
described as secondary poisoning in What are the chemi-
cal and immunotoxicological biomarkers of microplastic
exposure in the economically important Baltic herring?.
According to Miller et al. [137], the uptake of chemicals
from the environment, including the food chain, seems
to be a stronger contributor to bioaccumulation of these
chemicals than the direct exposure to plastic-associated
chemicals. Effects and risks associated with an exposure
to chemicals should be separated from effects and risks
associated with the exposure to MPs alone [106].

MPs can be considered an emerging contaminant in
the Arctic and Nordic environment [2, 73]. Low tem-
peratures such as those of the Arctic and Nordic marine
environments are known to affect physical-chemical
properties of contaminants [106] as well as biological
processes, usually lowering solubility and degradability
of compounds. Environmental fate processes, e.g., leach-
ing of chemicals from a plastic particle, might have to be
adjusted for cold regions. Further, the majority of labo-
ratory exposure and effect studies have been performed
at temperate temperatures and might thus not be trans-
ferable from temperate to cold regions. Experimental
studies also tend to use high concentrations of MPs for
short exposure times, which does not correspond to real
environmental conditions [71, 26, 110]. As such, very lit-
tle information is available on whether relevant environ-
mental concentrations of MPs such as reported by Beiras
and Schonemann [12] and Everaert et al. [51], can pro-
duce physiological responses in biota during long term or
chronic exposure [38, 12].

There is hence a need for exposure and effect studies
on North Atlantic organisms under realistic MP con-
centration scenarios. When conducting exposure stud-
ies great care should be taken to simulate environmental
conditions in the laboratory and use representative MP
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types (e.g., size, polymer, and weathering state), prefer-
ably in the medium that organisms were collected from.
Creating turbulence in the exposure tanks may induce
more realistic MP distributions than static set-ups.
Aggregation of MPs should also be taken into account
as it affects encounter rates, where increased dilution
reduces aggregation [145]. Potential interactions of MPs
with natural particles [116] are little studied, i.e., if and
how they aggregate and whether this leads to a decrease
or increase in exposure and/or toxicity [7].

Marine biota thrive in an environment filled with
particulate matter and have adapted means to prevent
unwanted particles from entering their bodies (e.g., selec-
tive feeding), facilitate their excretion in faeces, or exhibit
internal isolation (e.g., pearl formation). To answer
whether MPs are causing effects in Nordic marine biota,
there is a need to study interactions of local marine biota
with both naturally occurring and synthetic particles on
the physiological level. The first step would be to identify
which species or specific life stages are sensitive to MPs
through biological endpoints such as reproductive suc-
cess, oxidative stress, or aberrant behaviours reducing
fitness, to differentiate between the effects of natural par-
ticles and MPs. In this respect, it is important to consider
that physical properties of MPs such as polymer type,
shape and condition (weathering state, electrical charge,
chemical composition) appear to be important factors in
biota-particle interactions [71, 26, 110]. Such an experi-
mental approach could build on already available litera-
ture (reviewed by Besseling et al. [18] and Bucci et al. [26]
and be applied for species that are currently known to be
exposed to MPs in the Nordic environment (see How do
microplastic particles move through the Nordic marine
food webs?). The results could provide threshold levels
for selected MPs and species in Nordic environments.
Answering this question would lead to a better under-
standing of the risks that MPs pose to Nordic marine
ecosystems. Knowledge gained would thus be important
for formulation of ecological risk assessment in the Nor-
dic regions by discriminating specific MPs as stressors
and identifying relevant endpoints.

Conclusion

To prepare this paper experts in the field of MP
research were gathered to identify Nordic sea-specific
knowledge gaps and unanswered questions (Table 2)
regarding MPs in the Nordic marine environment
(Fig. 1 and Table 1). The experts reviewed state-of-
the-art knowledge from the Nordic regions as well
as other regions to formulate suggestions on how to
approach the knowledge gaps, and/or recommenda-
tions (Fig. 3) for the next steps in Nordic MPs research.
Concrete examples were put forth to invite discussion
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on how a concerted effort by the Nordic countries can
bring MP research to a higher level of understanding
needed to address the MP pollution problem in Nor-
dic marine habitats. From this exercise it is evident
that there is a need for further studies to describe the
current situation more accurately (i.e., the extent of
MP pollution and associated chemical pollution in the
Nordic Seas and expected environmental problems)
to try to predict the future. Funding of such studies
and international collaboration of research groups is
key to develop the Nordic MPs research field further
and for building a better foundation for policy mak-
ers and risk assessors to take decisions. The knowl-
edge acquired from answering the research questions
raised within this paper can be used as a basis for
guidance of management actions and introduction of
effective policy measures, based on risk assessments,
to reduce marine MP pollution. Although the relative
importance of local and distant sources is not well-
understood, the amount of plastic being released into
the Nordic marine environment is underlining the

importance to reduce MP emissions, both locally and
from long-range transport. If it is possible to link the
MPs to a specific source or origin, emission responsi-
bility and mitigation efforts can be identified, which in
turn will enable managers and policy makers to imple-
ment measures that can restrict pollution. Even though
there are mitigation actions ongoing, such as EU’s ban
on single use plastic (Directive (EU) 2019/904), more
actions are needed and further emphasis on research
is called for, especially on instrumentation, toxicol-
ogy and ecotoxicology and risk assessment. The Nor-
dic countries have a long history of collaboration and
could use this as a strength, combining infrastructure
and knowledge to further focus on MP research, which
could produce approaches with global applicability.
The Nordic Council of Ministers could build on this
strong cooperation e.g., with formation of a Centre of
Excellence on plastic research, ensuring funding for
broad Nordic plastic research and thereby strengthen-
ing the Nordic research cooperation as well as coop-
eration internationally.
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