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Abstract

Plastic pollution (including microplastics) has been reported in a variety of biotic and abiotic compartments across the
circumpolar Arctic. Due to their environmental ubiquity, there is a need to understand not only the fate and transport of
physical plastic particles, but also the fate and transport of additive chemicals associated with plastic pollution. Further, there
is a fundamental research gap in understanding long-range transport of chemical additives to the Arctic via plastics as well as
their behavior under environmentally relevant Arctic conditions. Here, we comment on the state of the science of plastic as
carriers of chemical additives to the Arctic, and highlight research priorities going forward. We suggest further research on
the transport pathways of chemical additives via plastics from both distant and local sources and laboratory experiments to
investigate chemical behavior of plastic additives under Arctic conditions, including leaching, uptake, and bioaccumulation.
Ultimately, chemical additives need to be included in strategic monitoring efforts to fully understand the contaminant burden

of plastic pollution in Arctic ecosystems.
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Introduction

Plastic pollution, including microplastics (<5 mm), has be-
come of increasing concern in the Arctic. Plastic particles can
be transported to the Arctic via ocean currents, rivers and the
atmosphere (Cozar et al. 2017; references therein Halsband
and Herzke 2019; Bourdages et al. 2021); intra-Arctic path-
ways, e.g., sea ice, have also been shown (Obbard et al. 2014;
Peeken et al. 2018; Sun et al. 2020). Unlike most environmen-
tal contaminants studied to date, plastic material (includ-
ing microplastics) is a complex chemical matrix consisting
of the polymer, as well as additional compounds, intention-
ally added to the polymer material, or sorbed from the envi-
ronment (Fauser et al. 2022). Plastic additives can be metals,
organic, and/or inorganic compounds mixed into the plastic
polymer to give it desired characteristics or functions. Impor-
tant additives include plasticizers, flame retardants, UV stabi-
lizers, pigments, and antioxidants (Kiihn et al. 2020). To date,
there are over 10 000 different chemicals known to be used
as plastic additives throughout the manufacturing process
(Wiesinger et al. 2021). These compounds are generally mixed
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into plastic during production without any chemical bonds
to the polymers, which means that they can leach out of the
plastic, and into the surrounding environment (Hahladakis
et al. 2018). While the concern around most plastic pollution
has been the impacts from the physical plastics themselves
(Bucci et al. 2020), there is growing concern about plastic ad-
ditives and their environmental and health effects (Gallo et al.
2018; Campanale et al. 2020). Some plastic additives, for ex-
ample phthalates used as plasticizers, are known to be en-
docrine disruptors (Meeker et al. 2009; Barrios-Estrada et al.
2018). Further, a recent study showed serious effects of vari-
ous bisphenols on brain function in adult vertebrates at en-
vironmentally relevant concentrations (Schirmer et al. 2021).
Additionally, a recent review of metal additives from ingested
plastics in fish, suggests that some metals can be bioavailable
enough to present a potential risk to fish health (Catrouillet
et al. 2021).

While the monitoring of physical plastic pollution in the
Arctic (and globally) is in its infancy (AMAP 2021a), chemical
contaminants monitoring in the Arctic has been conducted
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for several decades (AMAP 2016, 2018). Details of these pro-
grams are defined nationally, but generally focus on inform-
ing food safety for Indigenous and northern communities,
as well as tracking trends in contaminants to inform regu-
latory processes. The monitoring of chemical contaminants
across the Arctic has been an important component of the
global contaminant monitoring effort, and has led to a foun-
dational understanding of the fate and effects of chemical
contaminants. The monitoring of organic contaminants in
the Arctic has a particularly close link to the Stockholm Con-
vention, a treaty of the United Nations Environment Program
(UNEP) which entered into force in 2004 and regulates persis-
tent organic pollutants (POPs) at the global level (UNEP 2020a;
Steindal et al. 2021). Under the Stockholm Convention, POPs
are defined as those compounds that are persistent, bioac-
cumulate, toxic, and can be transported over long distances.
Thus, data from remote locations in the Arctic have an im-
portant indicator function in the screening of POP criteria
for newly nominated compounds. In addition, Arctic moni-
toring data are used for effectiveness evaluations of the Stock-
holm Convention under the Global Monitoring Plan. Given
the multitude of chemicals added to plastic polymers, the
question arises whether their transport in or on a plastic par-
ticle can also be considered long-range transport (Andrade
et al. 2021). The compound UV-328—a phenolic benzotria-
zole (BZT) used as a UV absorber in plastics—was recently
proposed for regulation through the Stockholm Convention,
including the consideration that long-range transport could
take place with plastic particles (UNEP 2020D).

The monitoring of physical litter and microplastic in the
Arctic has been initiated in some northern regions, and im-
mediate baseline and time trend monitoring across the Arctic
has been recommended for biotic and abiotic environmental
media (AMAP 2021a; Provencher et al. 2022). To date, less at-
tention has been paid to the monitoring of plastic additives
in the Arctic (or any other region), which would improve our
understanding of complex transport, leaching, and uptake
processes. Those additives that are POPs are typically moni-
tored (e.g., polybrominated diphenyl ethers, PBDEs), but little
is known about other chemicals associated with plastic pollu-
tion. The goal of this paper is to review and discuss the state of
the science regarding plastic particles as carriers of chemical
additives to the Arctic and propose research and monitoring
priorities in Arctic ecosystems, and globally.

Fate and transport of plastics in the
Arctic

Most studies on the transport of plastics to remote loca-
tions, including the Arctic, have focused on the marine en-
vironment (Fig. 1). Ocean currents are important carriers of
plastic materials to the Arctic, through, for example, the
North Atlantic Thermohaline Circulation (Cozar et al. 2017),
wave-driven Stokes drift (Onink et al. 2019), and, on a more
local or regional level, by sea ice (Obbard et al. 2014; Peeken
et al. 2018). The characteristics of different plastic particles
including particle density, buoyancy, size, and the suscepti-
bility to biological processes such as biofouling, have an im-
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pact on their fate in the marine system. Given that ocean
currents are important vehicles for plastic transport to the
Arctic, these currents will concomitantly transport chemical
additives (Andrade et al. 2021).

There is also increasing evidence of long-range atmo-
spheric transport of plastic pollution to remote locations,
far removed from urban landscapes. Recent studies evaluat-
ing microplastics in snow from high alpine and sub-Arctic
locations in Europe suggest that airborne transport of mi-
croplastics to the Arctic takes place as well (Allen et al. 2019;
Bergmann et al. 2019; Napper et al. 2020). There is also evi-
dence of dry deposition of microplastic particles in the Arctic
as shown through the deployment of dry-dust collectors on
Baffin Island (Hamilton et al. 2021). However, it remains un-
clear whether precipitation or snow deposits are a good proxy
for deposition of airborne microplastics (Hamilton et al. 2022)
as precipitation can vary substantially in the Arctic, and is
increasing because of warming climate conditions (AMAP
2021b). Moreover, empirical data on microplastic circulation
through atmospheric pathways is lacking (PAME 2019).

Migratory animals can act as biovectors for the transport
of contaminants to the Arctic (e.g., Blais et al. 2005; Vorkamp
et al. 2018; Bourdages et al. 2021), and long-range trans-
port of contaminants by migratory species is a recognized
mechanism by the Stockholm Convention (Idowu et al. 2013;
UNEP 2020a). This occurs as migratory animals can ingest
prey, plastic particles, or refuse in more contaminated lo-
cations and carry associated pollutants in their guts or tis-
sues to the Arctic where the contaminants are then released
to the environment via excretion (e.g., guano; Bourdages
et al. 2021), or decomposition (i.e., when the animal dies).
While the Arctic is the summer breeding region to millions
of seabirds, and hundreds of thousands of mammals that
move in and out of the region annually, currently biota as
a vector to the Arctic is thought to be minimal for most con-
taminants compared to atmospheric and oceanic pathways
(Wania 1998; CACAR 2017). While biovectors are well studied
in both chemical contaminants and nutrients (e.g., Brimble
et al. 2009; Gonzdlez-Bergonzoni et al. 2017; Mosbech et al.
2018), only a handful of studies have examined how plastic
pollution may be moved from the marine environment to ter-
restrial sites via birds (Hammer et al. 2016; Bourdages et al.
2021; Grant et al. 2021; Hamilton et al. 2021).

Local sources of plastic pollution in the Arctic include
wastewater and land-based waste storage (Granberg et al.
2019; von Friesen et al. 2020; Herzke et al. 2021), sewage
and waste dumped from various types of ships (Gresvik et al.
2018), and lost fishing gear (Tekman et al. 2017), as also re-
viewed by PAME (2019). In addition, sea ice, glaciers, and
snow can be considered secondary microplastic sources (e.g.,
Obbard et al. 2014; Peeken et al. 2018; von Friesen et al.
2020). The relative importance of local and distant sources
of plastic pollution is poorly investigated in the Arctic. The
entrenched view of this sparsely populated region is that pol-
lution is imported from southern, more densely populated
regions (Macdonald et al. 2000), yet four million people in-
habit the Arctic region (Heleniak and Bogoyavlensky 2014),
and over 38 million people live in the watersheds that drain
into the Arctic Ocean (PAME 2019). Thus, infrastructure such
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Fig. 1. Environmental compartments where microplastics (circles) and plastic additives (squares) have been found in the Arctic.
Outer rectangles represent sources of microplastics and/or plastic additives to the Arctic.
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as wastewater treatment and waste management that is gen-
erally lacking in communities in the Arctic (Gunnarsdottir
et al. 2013; Granberg et al. 2020; Herzke, et al. 2021), is an
important consideration in understanding plastic pollution,
as contributions from these local sources and pathways alone
may be greater than anticipated.

Understanding transport pathways of plastic pollution is
critical for an effective management towards reduced pol-
lution. When investigating microplastic pollution in shal-
low coastal waters where land-sea or river-sea interactions
are strong, local land-based inputs can be specifically tar-
geted (e.g., Magnusson et al. 2016; Granberg et al. 2020;
Dahl et al. 2021; Herzke et al. 2021), and this also extends
to contaminants associated with plastics. Research studying
the contaminants found on plastic pellets in water bodies
in Brazil, Australia, and New Zealand suggests the contam-
inants found within each water body (e.g., dichlorodiphenyl-
trichloroethane (DDT), polycyclic aromatic hydrocarbons,
polychlorinated biphenyls (PCBs), hexachlorocyclohexane)
directly influence the contaminants identified on the plas-
tics (Verla et al. 2019); thus, acting like a passive sampler.
Similarly, plastic pellets on beaches were found to have ele-
vated levels of some contaminants linked with local activities

286

such as agriculture and coal burning in China (Zhang et al.
2018). Previous literature on contaminants and beached plas-
tic pollution has even recommended using plastic pellets as
a way to monitor POPs in the environment (e.g., Mato et al.
2001), and some programs have implemented this (e.g., Inter-
national Pellet Watch, www.pelletwatch.org). Thus, tracing
environmental plastic pollution upstream can provide impor-
tant information about sources and original use including an
integrated picture of associated chemicals.

Plastic materials as chemical vectors

Plastic particles can transport chemical additives in addi-
tion to environmental contaminants that may sorb to their
surfaces. Studying and tracking these chemicals in the en-
vironment is confounded by the fact that it is difficult to
retrieve information on additives due to intellectual prop-
erty protections instituted by manufacturers and (or) com-
plex trade processes. Furthermore, while additives can be
independently toxic (Fauser et al. 2020; Tian et al. 2021;
Catrouillet et al. 2021), it will be relevant to consider mix-
ture effects due to the commercial use of mixtures and the co-
occurrence of contaminants from the environment (Sithring
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et al. 2022). Plastic additives have been identified in biotic
and abiotic matrices for several decades, for example, UV-
BZTs in sediments in the eastern USA, with elevated levels of
plastic additives near point sources dating back to the 1960s
(Cantwell et al. 2015). Regarding the Arctic, additives previ-
ously used in plastics (e.g., PBDEs) but now regulated as POPs
have been part of monitoring programs for several years,
while studies on other plastic additives are limited (AMAP
2017).

Due to the environmental degradability of most additive
compounds (except for some PBDEs), the detection of these
chemicals in Arctic regions suggest plastic particles as a trans-
port vector (either oceanic or atmospheric; Andrade et al.
2021). However, these studies are limited in characterizing
the environmental fate of these plastic additives and their ex-
posure to wildlife, as they cover only few compounds and ma-
trices in disparate locations. Currently, there is no monitor-
ing effort in place to strategically and consistently evaluate
current-use plastic additives across the circumpolar North.
Due to their large environmental emissions, sources of chem-
ical additives associated with plastics (e.g., phthalates and
bisphenol A) are difficult to directly link to plastic pollution,
and uncertainty remains regarding the extent and mecha-
nisms of long-range transport of some chemical substances
used as additives. However, long-range transport of plastic
particles can also result in long-range transport of the chem-
icals contained within the particle.

The transport of plastic additives with migratory species
can take place via ingestion of plastic particles on migra-
tory routes. The ingestion of plastics (and consequently, plas-
tic chemical additives) has been studied in the Arctic in a
variety of wildlife species, including whales and a number
of seabird species, which can migrate over long distances
(Lusher et al. 2022). Independent of migratory behaviour, nu-
merous free-ranging Arctic vertebrates are likely regularly
exposed to plastic additives upon ingestion of plastic par-
ticles. To date, ingestion of plastic particles has been stud-
ied in over 50 seabird species (reviewed by Baak et al. 2020),
numerous Arctic fish (e.g., Arctic cod and capelin; see Kogel
et al. 2022), seals (Bourdages et al. 2020, Pinzone et al. 2021),
whales (Moore et al. 2020), polar bears (Russell 1975), and wal-
rus (Carlsson et al. 2021).

While POPs are regularly and widely monitored in wildlife
across the Arctic region (AMAP 2018; Rigét et al. 2019), only
a handful of studies have examined contaminants specifi-
cally in relation to plastic pollution and plastic additives. The
majority of published literature on current-use plastic addi-
tives in the Arctic has mainly focused on field observations of
seabirds and seals. These studies have examined substituted
diphenylamine antioxidants (SDPAs), UV-BZTs (Lu et al. 2019),
and phthalates (Padula et al. 2020). Several studies have ex-
amined legacy contaminants, such as PCBs and other POPs,
in relation to plastic ingestion by Arctic wildlife, mainly in
seabirds (Herzke et al. 2016; Provencher et al. 2018). For ex-
ample, while studies to date have not detected a relationship
between accumulated ingested plastics and PCBs and other
POPs in northern fulmars (Fulmarus glacialis, a seabird species
with particularly high levels of accumulated plastics), one
study found that fulmars with elevated plastic ingestion had
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greater variability in contaminant concentrations that might
be linked to exposure from plastic ingestion (Trevail et al.
2014). Studies from outside the Arctic indicate that less bio-
magnifying POPs, e.g., lower chlorinated PCB congeners, in
seabirds may be related to plastic particles as an exposure
source (Tanaka et al. 2019).

Beyond these field-based, observational studies in wild
free-ranging seabirds, there are few experimental studies
evaluating the movement of plastic additives from a mi-
croparticle to its surrounding environment. For example,
Kiihn et al. (2020), evaluated additives (e.g., plasticizers, an-
tioxidants, UV stabilizers, flame retardants, and preserva-
tives) in leachate from plastics in fulmar stomach oil under
realistic gut conditions. A subset of the target additives was
shown to leach into stomach oil, suggesting seabirds could be
susceptible to additive chemical exposure through plastic in-
gestion (Kiihn et al. 2020). More work has examined these pat-
terns in species outside the Arctic (Tanaka et al. 2013; 2015;
2020), and while the general biochemical properties are likely
the same, it is unknown if Arctic species have undergone sim-
ilar processes in the wild.

Studies have begun to evaluate the relationship between
plastic pollution and burdens of plastic related additives
in wildlife through observational field studies. Recently,
Siihring et al. (2022) evaluated the occurrence and patterns of
organic and inorganic chemicals associated with plastic pol-
lution in Arctic-breeding northern fulmars and black-legged
kittiwakes (Rissa tridactyla). They found higher levels of plas-
tic contamination and plastic additives in fulmars than kit-
tiwakes; fulmars also had higher plastic pollution levels and
subsequent contaminant burdens (Suhring et al. 2022). Fur-
ther, Lu et al. (2019) examined SDPAs and UV-BZTs in two
seabird species and ringed seals (Pusa hispida) in the Cana-
dian Arctic, based on the hypothesis that the species with
the highest reported levels of plastic ingestion (the north-
ern fulmar) would have the highest levels of plastics addi-
tives, as found by Siihring et al. 2022. However, Lu et al.
(2019) found that both northern fulmars and black-legged kit-
tiwakes showed similar levels of these additives but higher
hepatic concentrations of SDPAs than seals. Lu et al. (2019)
also found higher levels of UV-BZTs in ringed seals than in
the two seabird species examined. The differing patterns be-
tween the two plastic additive groups suggest that the pro-
cesses influencing plastic additive concentrations in seals and
seabirds are different. Therefore, species-specific ecology, ex-
posure, and metabolism are important factors in how plastic
additives are taken up by and possibly accumulate in Arctic
wildlife.

The findings by Lu et al. (2019) raise the question, how
ringed seals in the Canadian Arctic are exposed to plas-
tic additives. In a follow-up study, over 140 seals from
Nunavut (Canada) were examined for accumulated parti-
cles (Bourdages et al. 2021). However, no plastic particles
(above 425 um) were detected, unlike the results for seabirds
(Bourdages et al. 2021). Together, these findings suggest that
those species that ingest and accumulate the highest levels of
plastic pieces are not necessarily the same species that may
be accumulating plastic additives in their tissues (Fig. 2), al-
though further studies are needed to examine plastic addi-
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Fig. 2. Multiple hypotheses for the various exposure routes of plastic additives to Arctic wildlife using seals as an example.

Seals in Nunavut found to have negligible levels of accumulated ingested plastics,
but were found to have of plastic additives in their tissues: some hypotheses

Hypothesis 1 - Seals primarily ingest microplastics directly from the
environment, excrete the physical plastics (small enough to pass through the
digestive tract), but retain the additives in tissues

Plastic additives

Physical plastics

Fish may directly
ingest microplastics

Small planktivorous
zooplankton ingest
microplastics (carrying
additives)

Microplastics

passed to
predator

Hypothesis 2 — Seals primarily ingest microplastics
indirectly via prey, excrete the physical plastics (because
they are very small in the prey), but retain the additives

in tissues

tives and small size classes of plastic particles that may be
missed using conventional techniques for marine megafauna
(i.e., nanoplastics).

A growing number of studies suggest that microplastic in-
gestion in invertebrates may depurate already contaminated
tissues from pollutants (Gerdes et al. 2019; Heinrich and
Braunbeck 2020; Wang et al. 2019). Plastic particles with a
higher fugacity capacity than the surrounding tissues can ad-
sorb pollutants in the guts; thus, can result in a detoxifying
mechanism for the organism (Koelmans et al. 2013; Thaysen
et al. 2020). These findings complicate the view of microplas-
tics as vectors for chemical pollution. Further, the environ-
mental occurrence of these compounds is not widely studied,
and additional routes of exposure (e.g., prey and water) may
be relevant. These collective findings suggest that the biolog-
ical uptake of additive contaminants may not be straightfor-
ward but rather complex and species as well as compound
dependent. It also highlights that while it is meaningful to
combine monitoring initiatives for plastic pollution and plas-
tic additives, they should be also considered in the larger con-
text of the fate and effects of environmental contaminants.

Challenges, knowledge gaps, and ways
forward

Long-range transport vs. local sources of plastic

pollution
In the context of the Stockholm Convention and the ques-
tion whether the transport of plastic-associated chemicals via
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plastic particles can be considered long-range transport, it
will be essential to discriminate between local sources and
long-range transport. At present, this is a field of ongoing
research in the Arctic. Sources and transport pathways for
plastic particles to the Arctic are not well-understood, how-
ever, monitoring strategies have been proposed for source
and surveillance monitoring in the Arctic (AMAP 2021aq;
Provencher et al. 2022).

Several compounds previously used as additives in plas-
tics (e.g., PBDEs) are monitored in the Arctic, including
Arctic biota, and other compounds used as additives (e.g.,
organophosphate flame retardants, phthalates, siloxanes)
have been included in more research-oriented screening ini-
tiatives (AMAP 2017). However, their presence in the Arc-
tic environment does not give information about the trans-
port pathway (e.g., particle bound or as a free molecule; lo-
cal vs. long-range transport; Fig. 1). Understanding the rela-
tionship between sources, long-range transport, plastic emis-
sions, and additive concentrations in the environment is im-
portant for regulators, both regarding plastic pollution and
chemical management. As we begin to understand the global
emission of plastics, we also need to address regional emis-
sions of plastic pollution in the circumpolar Arctic. Transport
models for ocean currents and air masses are needed to fully
understand the extent to which each transport mechanism
contributes to the overall input of microplastics, as well as
their interactions. As an integrated part of understanding the
inputs of plastics to the Arctic, and the types of plastic most
commonly found, we should also address sources and trans-
port mechanisms of additive chemicals.
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Investigating the behavior of plastic additives:
leaching, uptake processes, bioavailability, and
biomagnification/dilution

Leaching of plastic additives to seawater can take place
while the plastic particle is transported with ocean currents
or rivers. Leaching can also take place in the gut of an ani-
mal after uptake of plastic particles. Thus, Arctic animals can
be exposed to plastic additives after direct uptake of plas-
tic particles and from the surrounding environment. Cur-
rent findings suggest that oily components in animal stom-
achs might favor the leaching of hydrophobic compounds,
compared to seawater (Tanaka et al. 2015; 2019); the transfer
of highly brominated PBDEs has also been shown (Rochman
etal. 2013; 2014). However, in instances where the concentra-
tion difference and subsequent fugacity gradient of a chemi-
cal favours movement from the tissue of an organism to in-
gested plastic particles, a “detoxification” effect is observed
(Koelmans et al. 2016); thus, potentially reducing the chem-
ical concentration present in an organism (Mohammed Nor
and Koelmans 2019; Heinrich and Braunbeck 2020; Thaysen
et al. 2020). Exposure processes are not understood in detail,
neither qualitatively nor quantitatively, and could be sup-
ported by targeted laboratory studies. A risk assessment of
plastic additives to marine organisms was recently reviewed
by Fauser et al. (2022), including detailed descriptions on the
current knowledge of leaching, uptake, and bioavailability
of chemical additives. However, the migration of chemicals
(e.g., leaching, adsorption/desorption) is slower in colder re-
gions due to temperature-dependent diffusion and partition-
ing processes; thus, a need to evaluate the behavior of plastic
additives under relevant Arctic conditions.

The chemical fingerprint of a piece of plastic is complex
and highly individual; plastic additives are a chemical mix-
ture and should be evaluated as such. New developments
in analytical chemistry, involving high resolution mass spec-
trometers, i.e., non-target and suspect screening, can enable
the screening of a broad range of compounds in a given sam-
ple, e.g., biota or plastics (Ballesteros-Gémez et al. 2016; Hajeb
et al. 2022). These techniques usually aim at identification
rather than quantification of chemicals and might also result
in a tentative identification, associated with a certain degree
of uncertainty (Schymanski et al. 2015). However, they can be
an important first-step tool in identifying specific chemicals
in a complex mixture and matrix.

Studies have begun to evaluate the components that make
up a plastic additive mixture and their potential toxicologi-
cal effects (e.g., tire leachate, Tian et al. 2021; Chibwe et al.
2021; McIntyre et al. 2021; Halsband et al. 2020). For exam-
ple, Chibwe et al. (2021) aimed to characterize the toxicity
and chemical mixture of organic chemicals affiliated with
tire particle leachate (Chibwe et al. 2021). Through various ex-
posures of tire leachate to fathead minnow (Pimephales prome-
las), higher proportion of toxic effects were observed when
dosed with 10-d leachate and unfiltered leachates. While the
authors were able to determine that benzothiazoles and aryl-
amines were correlated with toxic effects, there are many
other chemicals that could be contributing to the overall toxi-
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city (Chibwe et al. 2021); thus, further validating the complex-
ity of plastic additive mixtures. Often combined with non-
target screening techniques, effect-directed analyses use tox-
icity assays to determine whether a certain sample exhibits
a toxic effect. In step-wise approaches, the complexity of the
sample is reduced and candidates for an observed toxic ef-
fect are attempted to be identified. These approaches have
been applied to plastics to a limited extent (Schonlau et al.
2019) and offer possibilities of addressing toxicity and chem-
ical identification in a complex setting. Additionally, new ef-
fects monitoring tools can be used to determine contaminant
burdens across species. For example, Zahaby et al. (2021) de-
veloped a toxicogenomics approach (ToxChip) to understand
the contaminant burden of polycyclic aromatic compounds
and trace elements in seabird populations in the Baffin Bay-
Davis Strait Region of the Canadian Arctic Archipelago. This
ToxChip approach was created to identify/monitor avian pop-
ulations following oil spills—a concern in the BBDS region
as shipping traffic increases as a result of climate change.
Zahaby et al. (2021) determined contaminant burden in the
livers of thick-billed murres (Uria lomvia) and black guille-
mont (Cepphus grylle) but also successfully distinguished be-
tween the two distinct colonies of seabirds based on the
genomic expression of genes known to be associated with
contaminants exposure (Zahaby et al. 2021). Such novel ap-
proaches to effects monitoring are important in develop-
ing robust and consistent monitoring efforts across the pan-
Arctic that consider cumulative and interactive effects of con-
taminants mixtures, like plastic additives

When assessing the exposure, uptake, and effects of a pol-
lutant, time is a very important factor (Newman 2009) that
needs consideration. There is currently no clear consensus
on the retention time of ingested plastic in aquatic species
and it is likely variable based on particle morphology and
species-specific ecology. For example, it is estimated that 75%
of plastic in fulmars is expelled after 30 days, and all of it is
lost after 51-76 days (van Franeker and Law 2015). However,
estimates of wear rates suggest that retention time can be
far longer (Ryan 2015), potentially as much as 269 days (Ryan
and Jackson 1987). In a recent experimental study, a seabird’s
gizzard was simulated and a logarithmic increase in lead (Pb)
emitted from polyurethane foam was seen over time, with a
maximum reached at 220 hours (Turner and Lau 2016). Ad-
ditionally, Pb derived from microplastics has been shown to
be bioavailable to zebrafish post microplastic ingestion (Boyle
etal. 2020). Yet, when plastic additives have been investigated
in relation to plastic ingestion in ringed seals in the Cana-
dian Arctic, plastic additives in tissues were present (Lu et al.
2019), while plastic in the GIT was absent (Bourdages et al.
2020). Not only does this highlight the need to understand
retention time of plastic ingestion in nature, but also under-
scores the need to consider different exposure pathways and
species-specific ecology when assessing plastic additives in
nature (Fig. 2). Ultimately, field observations and monitoring
of plastic additives need to be combined with controlled labo-
ratory experiments to understand environmental fate as well
as toxicity drivers, mechanisms, behavior, and toxicokinetics
for this class of emerging chemicals of concern.
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Fig. 3. Schematic outlining the multiple contaminant classes monitored, observed, and not monitored in Arctic wildlife. OP,
organophosphorus; OCs, organochlorines; PCBs, polychlorinated biphenyls; PBDEs, polybrominated diphenyl ethers; PFAS, per-
and polyfluoroalkyl substances; HBCDs, hexabromocyclodecanes; PCNs, polychlorinated napthalenes; OPEs, organophosphate
esters; BZT-UVs, benzotriazole UV stabilizers; SDPAs, substituted diphenylamine antioxidants.

Trace elements and
metal

|

Chemicals NOT
affiliated with plastic
production / pollution

Chemicals sorbed to
plastic in the
environment

Chemicals that CAN be
affiliated with plastic
production / pollution

Chemicals derived from
Plastic production /
pollution

| brme L

i

U

e.g., BZT-UVs (e.g. UV-

e.g., OP insecticides,

‘ e.g., Hg, Zn, Cd, Pb ‘
Pyrethroids

‘ e.g., PCBs, PBDEs, PFAS ‘

328), SDPAs

e.g,
‘ phthalates

e.g., HBCDs, PCNs,
OPEs, Dechloranes

)

Monitored in Arctic

Wildlife

Prioritizing plastic additives for monitoring in
the Arctic

Plastic additives are an inherently complex mixture and
do not fit into a single category or class of chemicals. Not
only do these compounds range in function (e.g., plasticizers,
flame retardants, surfactants, etc.) and chemical structure,
they also range in their affiliation with plastic polymers. (Fig.
3). This poses an added challenge in parsing out persistent
chemicals that were once used in plastic production and re-
placed with structurally similar chemicals which might have
also similar physical-chemical characteristics and a similar
fate in the environment (e.g., brominated flame retardants;
BFRs; Vorkamp et al. 2019), and other additive chemicals af-
filiated with plastic production and pollution (e.g., phthalates
and UV-BZTs; Fig. 3).

While a variety of persistent chemicals once affiliated with
plastics are widely monitored in the Arctic (e.g., PBDEs), cur-
rent efforts provide no way to determine if these chemi-
cals were transported to the Arctic via plastics, or through
other established long-range transport pathways. However,
some studies do provide evidence for the transfer of chemi-
cals from plastics. For example, Neumann et al. (2021) iden-
tified decabromodiphenyl ether (BDE-209) in liver tissues of
northern fulmars that had plastics in their gastrointesti-
nal tract, but BDE-209 was absent in individuals that did
not have plastics in their stomachs. Similarly, Tanaka et al.
(2013) detected BDE-209 and BDE-183 in short-tailed shearwa-
ter (Ardenna tenuirostris) adipose tissue and in plastic in their
stomachs, but these additives were not found in their prey.
These results suggest that these contaminants are also trans-
ferred from ingested plastic, not only through trophic trans-
fer (Tanaka et al. 2013; Neumann et al. 2021), though some
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prey species can contain these contaminants (e.g., Fjeld et al.
2004 in Neumann et al. 2021). Tanaka et al. (2019) made the
point that within the group of POPs, individual compounds
that biomagnify less than others, might originate from plas-
tic particles, when detected in animals, for example, lower
chlorinated PCB congeners and BDE-209 (Tanaka et al. 2019).
This highlights the importance of considering multiple path-
ways of exposure, such as microplastics and diet, to under-
stand sources of more accurately and exposure to chemical
contaminants in the Arctic. Additionally, a variety of mod-
eling efforts estimating the transport scenarios of additives,
can assist in the evaluation of potential sources.

At this point in time, we have limited information on a
variety of plastic-associated contaminant groups relevant for
monitoring in the Arctic environment, such as, but not lim-
ited to, organophosphate flame retardants, PCBs, SDPAs, and
UV-BZTs, etc., in biota and/or abiotic media (e.g., Herzke et al.
2016; Provencher et al. 2018; Siihring et al. 2016; Lu et al.
2019; De Silva et al. 2020; Neumann et al. 2021; Siihring et al.
2021). PCBs and PBDEs are widely included in contaminant
monitoring programs of the Arctic (AMAP 2016; AMAP 2018;
Rigétetal. 2019; Wong et al. 2021). However, their presence in
Arctic matrices is not commonly studied in relation to plastic
pollution. Thus, a large knowledge gap remains on how plas-
tics may act as a transporter for these contaminants in the
Arctic. Consequently, at this stage, choosing one focal com-
pound may not be the best approach. Instead, a multi-faceted,
collaborative approach coupling contaminant and plastic pol-
lution studies appears to be the most efficient way forward.
In an event where co-sampling for multiple purposes can-
not occur, samples should be stored properly to allow addi-
tional uses and future evaluation. Interdisciplinary collabora-
tion among institutions at a Pan-Arctic scale can lead to sam-
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Fig. 4. (a) Graph depicting the ideal time to monitor and regulate contaminants in relation to environmental concentrations;
(b) Graphic depicting contaminant trends and relevant regulation timelines as it has occurred historically.
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ples being utilized for more than one purpose, cost-efficient,
and a more holistic view of these emerging issues. Given this,
it is important to reiterate the need for harmonized analyses
and reporting to ensure comparability across studies, as also
discussed by Provencher et al. 2022).

What about metals and other environmental
inorganic contaminants that might be

associated with plastic?

Plastic additives can also contain a variety of metals and
their salts, with a primary role as inert fillers, pigments, or
stabilizers (Murphy et al. 2001; Janssen and Spijker 2016).
These metal-based additives often include toxic heavy met-
als (e.g., arsenic, cadmium, lead; Turner and Filella 2021).
While studies have focused on metals adsorbing to plastic
through environmental exposure, there is growing concern
regarding metals as additives as they have been shown to be
more bioavailable than metals sorbed to the surface (Turner
and Filella 2021). Examining trace elements (e.g., metals) and
other environmental contaminants at the same time as plas-
tic chemical additives can be beneficial for multiple reasons.
As described for POPs, long-term monitoring programs have
been established in the Arctic to assess levels, trends and ef-
fects of metals and can be built upon to include other con-
taminants of concern (e.g., plastic additives). For example,
mercury has been monitored in the Canadian Arctic through
Canada’s Northern Contaminants Program (NCP) for the last
three decades. This program began in 1991 by obtaining base-
line data of Hg in a variety of environmental compartments
across Canada’s North, including freshwater, terrestrial and
marine biota, as well as in the atmosphere (CARCAR 2012).
These data have since been used to assess the sources, pro-
cesses and pathways of Hg in the Canadian Arctic (e.g., AMAP
2005), spatial and temporal trends of Hg in various environ-
mental compartments (e.g., Evans et al. 2015), and the im-
pacts of Hg on Arctic biota (e.g., Scheuhammer et al. 2015).
This program is ongoing, and thus provides an opportunity
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to include plastic additives, (including metal-based additives)
For example, since 1975, seabird eggs from Prince Leopold Is-
land have been sampled semi-regularly in the Canadian Arc-
tic for mercury contamination (Braune et al. 2016), but Hg
analysis does not use the entire sample, thus there is a po-
tential to use a portion of those samples to analyze plastic
additives, retrospectively (Bianchini et al. 2022).

Likewise, metals and other elements are included in other
nationally organized monitoring programs in the Arctic (e.g.,
Rigét et al. 2000; 2012), and mercury is regularly assessed
in a circumpolar context (AMAP 2021c). Using samples for
multiple contaminant evaluations can reduce the financial
costs of collecting samples in the Arctic (Mallory et al. 2018),
and also the number of organisms sampled and/or sacri-
ficed for science. Moreover, these long-term monitoring pro-
grams are continuously adapted to better assess the contam-
inant in question. For example, the findings throughout the
NCP’s monitoring of Hg in the Canadian Arctic have been
used to refine the research and monitoring priorities of the
program, thus a plastic additive monitoring program does
not have to start from the ground up; the lessons learned
from the NCP’s Hg monitoring program can be considered
when developing long-term monitoring programs for plastic
additives.

Combining research on plastic additives and other contam-
inants is also beneficial to assess the potential of cumulative
effects. While in vitro studies on the effects of plastic additives
are important to obtain a baseline understanding of a con-
taminant, exposure to only one contaminant is not the case
in the environment; there are a multitude of contaminants
that may have combined or cumulative effects on the organ-
isms or ecosystem in which they are present. Monitoring plas-
tic additives in combination with other contaminants of in-
terest can lead to an ecologically relevant view of contam-
inant exposure to wildlife (Siihring et al. 2022). Thus, using
samples to examine plastic additives as well as other contam-
inants can help us better understand the cumulative effects
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of these contaminants on organisms and their environments
and inform future effects monitoring.

When POP monitoring programs were established in the
Arctic, some POP concentrations (e.g., PCBs and DDT) were
already declining (Fig. 4). For others, such as perfluorooctane
sulfonate, increases and subsequent decreases of their con-
centrations in the Arctic have been documented, including
archived samples from the program’s environmental speci-
men bank (Rigét et al. 2013). Thus, building upon existing
monitoring programs can also allow archived samples to be
analyzed for plastic additives, retrospectively, provided they
are stored appropriately, and thus inform strategic decision
making. For example, a recent analysis of archived seabird
eggs in the Canadian Arctic found that overall contaminant
loads decreased since observed in the 1970s, except for when
taking into consideration plastic additives that have only
been examined within this program recently. The observed
elevation in contaminant load was due to high phthalate
concentration in a seabird egg as a small exploratory study
(Bianchini et al. 2022), suggesting properly stored archived
samples can be analyzed retrospectively for plastic additives
and thus provide insights to chemicals of emerging concern
(e.g., plastic additives) that may be increasing in real-time.
Thus, plastic additives studies should not only look to future
collections, but utilize past archived samples when possible
to help build a long-term understanding of additives in Arctic
biota.

Conclusions

For a holistic understanding of the effects of plastic pollu-
tion, we highlight a need to: (1) further evaluate transport
pathways of plastic additives to and within the Arctic as a
way to support ongoing discussions of plastics as a carrier
of additives and inform risk assessors and regulatory bod-
ies and (2) investigate the environmental and biological fate
of additives and effects through a combination of field ob-
servations and ecologically relevant laboratory experiments
(e.g., targeting direct and indirect exposure, leaching, bioac-
cumulation/magnification/transformation, and partitioning
processes). Furthermore, we recommend integrating plastic
additives into existing monitoring infrastructure in the Arc-
tic as we move toward a comprehensive and strategic moni-
toring effort of plastic pollution in the pan-Arctic.

The long-range transport of chemicals to remote areas like
the Arctic is one of four criteria for classifying a chemical as
a POP according to the Stockholm Convention. The transport
of additives with plastic particles might extend the current
understanding of long-range transport substantially. Further-
more, local pollution sources may be significant for the oc-
currence of plastic-associated chemicals in the Arctic. Plastic
particles can contain thousands of chemicals added for vari-
ous functions, including compounds that are potentially haz-
ardous for the environment and health. Unlike POPs that are
currently monitored in the Arctic, they include several per-
sistent and non-persistent compounds that have only been
addressed in the Arctic to a limited degree, in research rather
than systematic monitoring approaches. Recently initiated
monitoring programs for litter and microplastics focus on
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the physical particles, potentially creating a gap in address-
ing non-persistent chemicals present in plastic particles. An
important, not fully understood question, is the process of
leaching of chemicals from the particle into the surrounding
environment or into the gut of an organism after ingestion
and to what extent this chemical is bioavailable. Combina-
tions of laboratory and field studies, research and monitor-
ing approaches will be needed to close this gap and generate
a better basis to address the important question of long-range
transport of chemicals with plastic particles.

Robust monitoring programs exist in the Arctic that can in-
clude plastic additives as well as provide historical samples to
be analyzed retrospectively. Utilizing existing infrastructure
is crucial to understand historical and current plastic addi-
tive trends in the environment and to generate data across
the pan-Arctic for risk assessments and chemicals manage-
ment. Furthermore, physical plastic pollution and its chem-
ical additives are coupled in the environment but can differ
in transport routes, fate, and biological effects. Therefore, fu-
ture monitoring programs for litter and microplastics must
consider both the physical and chemical side of plastic pollu-
tion, and be designed to address a range of questions, includ-
ing quantity, pathways, fate, and effects.
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