
Science of the Total Environment 738 (2020) 140349

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Microplastic pollution in a rapidly changing world: Implications
for remote and vulnerable marine ecosystems
Alice A. Horton a,⁎, David K.A. Barnes b

a National Oceanography Centre, European Way, Southampton SO14 3ZH, UK
b British Antarctic Survey, NERC, High Cross, Madingley Road, Cambridge CB3 OET, UK
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Growing human influence in remote re-
gions is likely to magnify ecosystem im-
pacts.

• Remote ecosystems may be more vul-
nerable to harm by microplastics.

• Microplastics are a complex physical,
chemical and biological stressor.

• These areas provide key ecosystem ser-
vices and valuable resources.

• Research should consider multi-stress
impacts of microplastics with global
change.
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Ecosystems in remote regions tend to be highly specific, having historically evolved over long timescales in rela-
tively constant environmental conditions,with little human influence. Such regions are amongst thosemost phys-
ically altering and biologically threatened by global climate change. In addition, they are increasingly receiving
anthropogenic pollution. Microplastic pollution has now been found in these most remote places on earth, far
from most human activities. Microplastics can induce complex and wide-ranging physical and chemical effects
but little to date is known of their long-term biological impacts. In combination with climate-induced stress,
microplastics may lead to enhancedmulti-stress impacts, potentially affecting the health and resilience of species
and ecosystems. While species in historically populated areas have had some opportunity to adapt to mounting
human influence over centuries and millennia, the relatively rapid intensification of widespread anthropogenic
activities in recent decades has provided species in previously ‘untouched’ regions little such opportunities. The
characteristics of remote ecosystems and the species therein suggest that they could bemore sensitive to the com-
bined effects ofmicroplastic pollution, global physical change and other stressors than elsewhere. Herewe discuss
how species and ecosystemswithin two remote yet contrasting regions, coastal Antarctica and the deep sea,might
be especially vulnerable to harm from microplastic pollution in the context of a rapidly changing environment.

© 2020 Published by Elsevier B.V.
1. Introduction

Plastic waste has become a highly abundant and growing problem
across global environments, as a result of increasing plasticmanufacture,
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disposal and anthropogenic activities. Microplastics (plastic particles
b5 mm) in particular are highly dispersive, and have now caught both
scientific and public awareness (Hale et al., 2020; Horton et al., 2017).
Since the early 1970s we have been aware of the presence of
microplastics within the environment (Buchanan, 1971; Carpenter and
Smith, 1972). However, only in recent years have we become aware of,
and begun to investigate, the geographical spread, accumulation and
ecological implications of this persistent contamination (Thompson,
2015; Thompson et al., 2004). Although plastic pollution is most evident
near urban centres, there is growing evidence of microplastics reaching
remote and so called ‘pristine’ environments, including polar sea ice and
snow, deep sea sediments and remote alpine regions (Allen et al., 2019;
Bergmann et al., 2019; Peeken et al., 2018; Van Cauwenberghe et al.,
2013).

With increasing environmental microplastic concentrations there is
a higher likelihood of ecosystem exposure, and thus a higher chance of
interaction, ingestion and hazardous effects across food webs.
Microplastics have the potential to impact biota in a variety of different
ways. As with macroplastics and macrofauna, at this proportionally
smaller scale, microplastics can lead to the entanglement and physical
hindrance of organisms such as zooplankton (Ziajahromi et al., 2017).
If ingested, microplastics can lead to gut blockages and thus starvation
or reduced energy budgets (Cole et al., 2015; Wright et al., 2013). Fur-
ther, plastics are comprised of a cocktail of different chemicals, includ-
ing polymers, dyes and plasticisers, all of which may have toxic
properties (Rochman et al., 2019; Zimmermann et al., 2019). Oxidative
stress is a commonly observed response to microplastic exposure
(Jeong et al., 2017; Qiao et al., 2019; Yu et al., 2018). In addition to
chemicals, plastics can act as a vector for organism transport, which
thus could introduce non-native species and disease (Kirstein et al.,
2016; Reisser et al., 2014). Despite these potential effects it is important
to note that, with a few exceptions (Gray and Weinstein, 2017; Jemec
et al., 2016), the majority of laboratory studies have not found
microplastics to be inherently toxic with acute exposure. However, it
has been suggested that chronic sub-lethal harm to lower trophic or-
ganisms exposed over longer, more realistic environmental timescales,
could have knock-on effects for ecosystems, potentially leading to tro-
phic cascades (Botterell et al., 2019; Galloway et al., 2017). It is further
worth noting that such analyses are often based on species and ecosys-
tems that may be considered adaptable or geographically widespread,
such as those along temperate coasts.

To date, studies within remote regions have mainly focussed on
identifying the abundance, sources and accumulation patterns of
microplastics, although studies do exist which have foundmicroplastics
throughout remote foodwebs (Barnes et al., 2018; Jones-Williams et al.,
2020; Sfriso et al., 2020). The implications for which trophic levels, eco-
logical guilds, functional traits or taxa (e.g. species) are most sensitive
within ecosystems, or why, are not well understood. Are there reasons
to consider that isolated and remote ecosystems may be particularly
sensitive to microplastic pollution? Unlike elsewhere, remote biota
may be mainly native (i.e. have fewer non-indigenous species), en-
demic, and species considered representative of VulnerableMarine Eco-
systems (VMEs), but are typically poorly known. For example, of N1000
marine species recorded from the mid ocean archipelago of the South
Orkney Islands, all are native, more than half endemic to the Southern
Ocean, and many are VMEs (Barnes et al., 2009b).

Sensitive species can be defined as those which are highly specific
and range-restricted, with low adaptive capability and opportunity,
and are thus susceptible to local environmental changes and pollution
(Pearson et al., 1983). Biome-specific and range-restricted species are
the least likely to be able to adapt or migrate in the face of external en-
vironmental pressures (Malcolm et al., 2006).Within diverse communi-
ties, it is often the rare and geographically restricted species which are
key to supporting ecosystem function and processes. This is due to
their distinct functional traits, often complementary to other species
within the community, maintaining community resilience (Mouillot
et al., 2013). While examples of species that are sensitive to one or
more parameters exist across all environments, a greater proportion of
sensitive species within a community leads to a greater vulnerability
for the local ecosystem as a whole. Vulnerability for any group of organ-
isms can be seen as a combination of exposure, sensitivity to stress, dis-
persal ability, ecological resilience and resistance to stress, and adaptive
capability and opportunity (which includes effective population size
and distribution) (Berry et al., 2013). In some communities, themajority
of species have similar individual sensitivities in the form of very nar-
row climate envelopes, for example in terms of temperature (Peck,
2005). Such sensitivity can be compounded if, in the same region, few
taxa have high dispersal life stages, such as planktonic larvae (Peck
et al., 2006). Where whole communities are highly specific, the ability
of these populations to either adapt to rapid environmental changes,
or to migrate to avoid unfavourable conditions is reduced, such as in
the climate-stressed Southern Ocean (Morley et al., 2019). Amongst
the most vulnerable ecosystems are those which are geographically re-
mote, which until recently had little anthropogenic influence, and often
contain a large number of endemic and sensitive species. Here we dis-
cuss two remote, similarly constant and cold, yet still contrasting re-
gions: Antarctica and the deep sea. In comparison to the growing
research efforts on microplastics in other environments, these regions
have received little attention to date with respect to microplastic con-
tamination (Fig. 1).

2. Coastal Antarctica and Southern Ocean Islands

Environments around Antarctica can be considered globally impor-
tant in many different ways. Societally this has included harvesting
(whales, seals, fish, squid and krill), tourism (which continues to in-
crease), climate regulation (by acting as a major carbon sink for green-
house gases) and as a key area for Earth Systems science (for example,
pivotal in detection of ozone losses and sea level responses to climate
change). The Southern Ocean is also the ‘engine’ driving global heat
and oxygen distribution throughout the world's seafloor habitats, is
home to the largest concentration of endemic species and provides sea-
sonal food for a major proportion of global higher marine predators
(whales, seals and seabirds) (Griffiths, 2010; Macdonald and Wunsch,
1996).

As a result of anthropogenically-induced change, polar environ-
ments are changing at an unprecedented rate, and proportionally
much faster than other environments globally (Clark et al., 2015). This
includes air and sea temperature rises, wind strengthening, the extent
of marine ice, acidification and freshening, amongst others
(Bracegirdle et al., 2008; Shadwick et al., 2013). Physical change around
the polar regions to date has been extremely complex in both time and
space, especially in the SouthernOcean.Most obvious aroundAntarctica
has been drastic reductions in marine ice, in terms of glacier retreat, ice
shelf disintegration and, most recently, seasonal sea ice losses
(Parkinson, 2019). A growing research presence and tourism industry
also mean that direct anthropogenic impacts are increasing, in the
form of a growing number of visitors, permanent or temporary struc-
tures, pollution and vectors for non-indigenous species (Hughes et al.,
2020). Plastics are yet another of these diverse recent polar stressors.

It is clear that microplastics are present within Antarctica, both in
coastal waters and sediments. The fronts of the Antarctic Circumpolar
Current (ACC) form a strong, but not impermeable, barrier (Clarke
et al., 2005). A study of sea surface water around Antarctica found that
concentrations of floating plastics were an order of magnitude higher
in samples north of the Subtropical Front (STF) compared to those
taken south of the STF. This result thus suggests that the STF prevents
a large proportion of floating plastic particles from reaching the South-
ern Ocean (Suaria et al., 2020). Microplastic pollution has nonetheless
been detected at various locations around the Antarctic continent, at
comparable concentrations to those found in marine and coastal envi-
ronments in other locations (Munari et al., 2017; Reed et al., 2018),



0

1

2

3

2013 2014 2015 2016 2017 2018 2019 2020

N
um

be
r o

f P
ub

lic
at

io
ns

Year

a)                                Antarctica

0

1

2013 2014 2015 2016 2017 2018 2019 2020

N
um

be
r o

f P
ub

lic
at

io
ns

Year

b)                               Southern Ocean

0

1

2

3

4

5

6

7

2013 2014 2015 2016 2017 2018 2019 2020

N
um

be
r o

f p
ub

lic
at

io
ns

Year

c)                                 Deep sea

0

100

200

300

400

500

600

700

800

900

2013 2014 2015 2016 2017 2018 2019 2020

N
um

be
r o

f p
ub

lic
at

io
ns

Year

d)                               All publications

Fig. 1. Number of peer-reviewed publications on microplastics; data produced by searching on Web of Science (accessed 9th June 2020) using search by publication title for specific
regions: a) Antarctica (search term ‘(microplastic* OR nanoplastic*) AND Antarctic*’), b) Southern Ocean (search term ‘(microplastic* OR nanoplastic*) AND Southern Ocean’), c) deep
sea (search term ‘(microplastic* OR nanoplastic*) AND deep sea’), d) all publications (search term ‘microplastic* OR nanoplastic*’). Using these search terms there were no results for
Antarctica, Southern Ocean or deep sea before 2013, therefore these dates were also selected for fig. d) as a comparison.
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suggesting direct inputs to this region. The highest concentrations ob-
served can be linked to specific areas of anthropogenic activity such as
research stations, highlighting the relative importance of local sources
(Reed et al., 2018). This is especially the case for wastewater input to
coastal waters from ships and research stations, which is often un-
treated, or insufficiently treated (Hughes and Thompson, 2004; Waller
et al., 2017). However, such work mainly highlights localised hotspots
rather than background levels, which are equally important when con-
sidering chronic ecosystem exposure.

Recent studies showing that microplastics can be easily transported
by air to remote regions indicate that diffuse transport of microplastics
on air currents could act as a contributor to other remote areas, includ-
ing Antarctica, although to our knowledge this remains to be investi-
gated on this continent (Bergmann et al., 2019). In the case of
macroplastics, Barnes et al. (2018) observed a clear exponential year-
on-year increase in the number of items found on remote and isolated
beaches throughout the South Atlantic Ocean. Potentially a slightly dif-
ferent trend was observed by Waluda et al. (2020) who found that in
some locations number of items increased but mass decreased (which
could imply that plastics have degraded and fragmented in situ),
while in other locations number decreased but mass increased. This in-
dicates a complex temporal and location-specific relationship between
the mass and number of beached plastics. Plastics on beaches will ulti-
mately fragment to smaller components, including microplastics
(Fig. 2), thus contributing further to the microplastic burden in coastal
sediments and waters (Barnes et al., 2009a). It has been shown that
microplastics can further degrade to form nanoplastics (b1 μm)
(Enfrin et al., 2020; Lambert and Wagner, 2016). Analytical limitations
have thus far hindered the accurate measurement of nanoplastics
within the environment, although it is recognised that these are likely
to pose the greatest ecological risk. This is therefore a key area for future
research (Jeong et al., 2016; Shen et al., 2019; Sjollema et al., 2016).

There are good reasons to hypothesise that Antarctic communities
may be especially sensitive to microplastic pollution compared to
even range-restricted members of communities elsewhere (Waller
et al., 2017). These communities, as in most other remote locations,
have evolved in a context of long-term environmental consistency
(e.g. dark and/or cold), with little anthropogenic disturbance. Further,
in Antarctica, the context of environmental change is different (Peck
et al., 2006). For example, with sea temperature, a 1 °C increase in the
Southern Ocean as predicted within the next 50 years (IPCC, 2014)
would represent the biggest change for millions of years. North of the
ACC, 1 °C changes occur over hours, even in the Arctic (Peck et al.,
2006). Another contextual difference is the pace of change relative to
organism lifespans. Extremely seasonal food supplies and low tempera-
tures drive typically slow development, growth, time to reproduction
and generational turnover. Antarctic species are also considered to
have narrow temperature (and other condition) tolerances (Morley



Fig. 2. Drift plastics wash ashore at remote St Helena. They degrade within the environment to a variety of smaller sizes due to exposure to UV and leaching of additives, diversifying
potential influence on food webs (photo credit David K. A. Barnes).
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et al., 2019; Peck, 2005). With permanent human presence only
established on the Antarctic mainland within the last century, organ-
isms have had little time to adapt to the resulting rapid physical and
chemical changes to their environment. One key uncertainty is the
lack of knowledge about the types of habitats, the species occupying
these, and the physical and genetic links between isolated communities
within this region (Clark et al., 2015).

The Southern Ocean pelagic ecosystem hinges on a few key taxa, es-
pecially diatoms (e.g. Eucampia, Fragilariopsis, Pseudonitzschia, and
Thalassionema spp.) and Antarctic krill (Euphausia superba) (Waller
et al., 2017). While common and abundant throughout Southern
Ocean surface waters, endemic krill are nonetheless sensitive to envi-
ronmental changes (Atkinson et al., 2019; Rogers et al., 2020). Even
without considering plastic exposure, krill are anticipated to be
amongst the hardest-hit species in relation to changing environmental
conditions, specifically ocean acidification and sea ice loss (Morley
et al., 2019; Obryk et al., 2016). The latter, and raised temperatures,
they will have experienced in the last interglacial (120–140 kya) but
pH may approach levels not experienced for N50 million years (Orr
et al., 2005; Pearson and Palmer, 1999). Krill which have been exposed
experimentally to microplastics have not shown acute toxicity re-
sponses, but sublethal impacts could be important and are considered
a priority for investigation (Dawson et al., 2018a). These authors subse-
quently observed that the gastric mill of krill can degrade ingested
microplastics into nanoplastics. While in this instance the biological
consequences were not investigated, nanoplastics can be translocated
into tissues and thus this process may lead to greater retention and bio-
accumulation, with implications for trophic transfer (Dawson et al.,
2018b). Indeed within the environment, studies of gentoo penguin
and King Penguin scat have found high concentrations of microplastics,
inferred to be ingested via trophic transfer from krill (Bessa et al., 2019)
or from fish (LeGuen et al., 2020). Antarctic benthicmacroinvertebrates
have also been observed to ingest microplastics, with 83% of samples
containing microplastics, representing a range of species and feeding
habits. Filter feeders and grazers were shown to contain the highest
abundances (Sfriso et al., 2020). These studies highlight the widespread
ingestion ofmicroplastics by organisms at all levels throughout the Ant-
arctic food web.

Other than the above detailed studies, little is known about
microplastic impacts on Antarctic pelagic food webs, and even less is
known about their interactionwith continental shelf benthos. This envi-
ronment is particularly important because this is where the vast major-
ity of all described Antarctic species live, most of it endemics, rarities
and VMEs (SCAR-Marine Biodiversity Information Network). With
growing anthropogenic pressures, it is therefore critical that the com-
bined effects of microplastics with other local stressors in these areas
are sought to be better understood, such that mitigations, or even pre-
vention of release, might be achieved.

3. Deep sea

Like the Southern Ocean, the deep sea is far from sight but is globally
important. It is by far the largest habitat on Earth and is a major sink of
dissolved greenhouse gas, methane oxidation, nutrient regeneration,
fish stocks, energy reserves (oil and gas), key minerals and metals, as
well a source for new pharmaceutical compounds (Thurber et al.,
2014). Accessing some of these resources is highly contentious, none
more so than deep seafloormining in the high seas (i.e. beyond national
Exclusive Economic Zones), which seems likely to begin on a massive
scale imminently (Hylton, 2020).

The region encompassing Antarctica and the coastal Southern Ocean
is highly contrasting in characteristics to the deep sea: they experience
different degrees of connectivity, histories, sunlight and seasonality.
However, these environments do share some parallels. For example,
their biota are equally poorly known and show some similarities (e.g.
absence of reptiles, rarity of durophagus predators, presence of giant ar-
thropods and richness of polychaetes) (Moran and Woods, 2012). De-
spite this comparability, many of the biota are equally distinct, as the
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deep sea hosts few suspension feeders, nor vast zooplankton popula-
tions as found in Southern Ocean ecosystems.

Deep-sea ecosystems, here considered as N1000 m as defined by
Glover and Smith (2003) are, like much of Antarctica, far from hotspots
of human activity. Except for localised impacts of trawling and under-
water mining or drilling, and severe incidents such as oil spills, deep
sea environments are generally not subject to strong anthropogenic in-
fluences (Ahnert and Borowski, 2000; Glover and Smith, 2003). How-
ever, plastics seem to be an exception given their abundance and
easily-dispersed nature, with much of the ‘lost’ ocean plastic (N99%)
likely to have sunk away from the surface and towards the ocean depths
(Egger et al., 2020; Koelmans et al., 2017). Recent studies have shown
widespread evidence of macroplastic and microplastic pollution within
the deep sea, with evidence to suggest that plastics can rapidly reach the
deep ocean floor and have been present there for a number of decades
(Chiba et al., 2018; Courtene-Jones et al., 2020; Pham et al., 2014). In
fact, some plastics in the deep sea have been found fully intact decades
after deposition, without evidence of mechanical, chemical or photo-
degradation (Krause et al., 2020). With the increasing ‘plastic footprint’
of human society, the persistence of plastics, and in line with observa-
tions in other environments, deep-sea plastic contamination continues
to increase (Bergmann and Klages, 2012; Galgani et al., 1996). The
deep sea is recognised to be a significant sink for microplastics given
that if they reach sediments there, they are unlikely to resuspend and
disperse elsewhere (Pohl et al., 2020; Woodall et al., 2014). In fact,
some of the highestmicroplastic concentrations ever recorded (1.9 mil-
lion particles perm2) have been recently reported within deep-sea sed-
iments (Kane et al., 2020). It is likely that many deep-sea hotspots of
microplastics align with high biological productivity as these regions
will also correspond to thosewith high sedimentation of organicmatter
(Chiba et al., 2018; Kane et al., 2020; Pohl et al., 2020).

The accumulation of microplasticswithin deep-sea sediments, espe-
cially corresponding with deposition of detritus, has inevitably led to
benthic organism exposure and ingestion. Given that many deep-sea
species are sessile, with no pelagic life stage, they are unlikely to be
able to actively move from contaminated sites (Danovaro et al., 2017).
Ingestion of microplastics has been shown in a number of deep-sea
taxa representing a range of feeding mechanisms from detritivores to
predators, suggesting that plastic is both directly and indirectly ingested
(i.e. via trophic transfer) (Courtene-Jones et al., 2019; Courtene-Jones
et al., 2017). Despite the increasing volumes of plastic predicted to be
reaching the ocean depths, a study using historically-collected samples
found that although microplastic ingestion was evident across a range
of invertebrates, there was no significant variation in abundance within
organisms since the 1970s, suggesting a consistent level of ingestion
since then (Courtene-Jones et al., 2019). Given that concentrations
within local sediment, and thus exposure, have increased over this
time frame (Courtene-Jones et al., 2020), this could imply that maxi-
mum internal accumulationwas achieved even at very lowmicroplastic
densities (such as in the 1970s), for example due to slow gut transit
time.

The deep-sea environment is generally thought to be fairly homog-
enous, with N90% characterised by a muddy silty environment and
low productivity, despite hosting high biodiversity (Glover and Smith,
2003). However, analysis of deep-sea benthic samples across multiple
spatial scales suggests that this perceived homogeneity may be superfi-
cial and an artefact of sample paucity. Most species, genera and families
are spread extremely patchily, revealing that there probably are small
but considerable differences in habitat, which are very important to a
‘choosy’ biota there (Durden et al., 2015; Kaiser et al., 2007). Abyssal
plain environments are also punctuated by ‘island communities’ clus-
tered within isolated hotspots such as hydrothermal vents and subma-
rine canyons, hosting highly specific organisms with a lower diversity,
at high densities (Glover and Smith, 2003; Rogers et al., 2012). There-
fore, in order to better understand deep-sea organism exposure, we
need a greater understanding of the distribution and hotspots of both
benthic communities and microplastics, information we are currently
lacking.

As with Antarctic species, deep-sea species have adapted over
millennia to specific environmental conditions: in this case dark, consis-
tent temperatures and salinities, low food levels and high pressures, and
are highly vulnerable to environmental change (Ashford et al., 2019;
Danovaro et al., 2017). Deep-sea fauna are key to maintaining global
biogeochemical cycling, carbon sequestration, nutrient cycling and
thus primary and secondary productivity. Studies have shown that
deep-sea community functioning and efficiency are exponentially
linked to biodiversity, a relationship not seen in the majority of other
ecosystems, highlighting that a reduction in biodiversity could have se-
vere consequences for ecosystem functioning (Danovaro et al., 2008).
Also similar to Antarctic ecosystems, deep-sea organisms within com-
munities are characterised by slow growth and delayed and low levels
of reproduction, although primarily due to limited availability of food
(Glover and Smith, 2003). This low generational turnover could lead
them to be less resilient and adaptable to the influx of anthropogenic
contaminants including microplastics and any associated chemicals
(Peck, 2011).

One species that are extremely abundant within the deep sea (and
globally), yet sensitive to temperature shifts, are nematodes
(C. elegans) (Danovaro et al., 2017). Considering they have also been
shown to respond negatively to microplastic exposure with respect to
health and life history (Lei et al., 2018a; Lei et al., 2018b), nematodes
within the deep sea are likely to be sensitive to the combined effects
of microplastics and global climate change. However, with methods
only recently developing to enable analysis of the smallestmicroplastics
b50 μm(those thatwould be available for ingestion by nematodes), nei-
ther interaction nor harm of nematodes has yet been reported within
the environment (O'Connor et al., 2020; Song et al., 2015; Wiggin and
Holland, 2019). Corals occur in both deep sea and Antarctic systems
and, at least for coral species in warm waters, are known to ingest
microplastics and be demonstrably negatively impacted both in terms
of energy levels, growth and pathogen frequencies (Lamb et al., 2018;
Reichert et al., 2019).

There have been few experimental studies on deep-sea organisms
due to the extreme challenges of maintaining these organisms within
a controlled laboratory setting. This is primarily due to the fact that
these organisms cannot survive at the comparatively low pressures at
or near the surface (Danovaro et al., 2017). It is possible to carry out
in-situ experiments using experimental chambers deployed within
the deep sea (e.g. Witte et al. (2003)), however these are very costly
to implement and maintain. Where laboratory studies have been car-
ried out, these usually involvemicrobial communities rather than inver-
tebrates (Main et al., 2015). For deep-sea research, the difficulty of
access, specimen retrieval and experimentation, coupled with
interpreting the effects of multiple stressors, cannot be underestimated.
Long-termmonitoringmay be the best indicator of change in relation to
anthropogenic disturbance, although this can be difficult to attribute to
a specific cause. With a comparative ‘head start’ on microplastic expo-
sure research (Fig. 1) and some physical and biological similarities to
the Antarctica and coastal Southern Ocean, research on how deep-sea
species have been affected could help to inform future Antarctic re-
search in this field.

4. Microplastics contribute to multi-stress impacts

Within the environment, it is rare for one anthropogenic influence or
stressor to occur in isolation. Rather, stressors includingwarming, ocean
acidification, chemical and particulate pollution (to name a few) will
often co-occur as they often have a driver in common. For example, in-
dustrial or transportation activities leading to greenhouse gas emissions
will often also produce microplastics (and other pollutants) as a result
of these activities (Welden and Lusher, 2017). In the field of ecotoxicol-
ogy, it is well-recognised that different chemicals and substances will
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interact to produce toxicological consequenceswhich can vary from the
expected effects of combined exposure to those substances. This may
range from a chemical reducing or inhibiting the effect of another (an-
tagonism) to a chemical disproportionately enhancing the effect of an-
other (synergism) (Cedergreen, 2014; Jonker et al., 2005). These
effects may not be limited to chemical mixtures, and such interactions
have been suggested for microplastics in the presence of chemicals, or
combined exposure to different types of microplastics (Pacheco et al.,
2018; Ziajahromi et al., 2017). Plastics in themselves are complex com-
posites, and so can have both physical and chemical effects. Different
polymers and particle types may lead to different toxicity responses,
or may have no toxic effect, and sowider conclusions on toxicity cannot
be made based on exposure to one microplastic type alone (Rochman
et al., 2019).

Due to the complexities of defining, handling and identifying
microplastics as a pollutant, the ability to collect reliable and conclusive
ecosystem-scale data fromboth laboratory experiments and field-based
observations has thus-far been limited. For this reason, inferences have
primarily been made based on individual species responses, and the
possibility or likelihood of subsequent knock-on effects. In contrast,
for climate stress, assemblage and community-scale effects are already
being reported, with responses including life span, activity timing and
duration, migration (range shift and compression), bleaching (coral
reefs) and changes in species abundances and interactions (IPCC,
2014; Morley et al., 2019).

While both climate stress and microplastics may impact on similar
physiological processes, their effects can be contrasting. For example,
Kratina et al. (2019) highlight that increased temperatures generally
lead to increased metabolism, while microplastics can reduce metabo-
lism. This opens up questions about their interactive effects, with their
research showing that combined temperature increases and
microplastics led to an overall reduction in metabolism (Kratina et al.,
2019). This implies that microplastics produce the dominant negative
effect at higher temperatures, and thatmicroplastic impacts can be tem-
perature dependent. The relative importance of microplastics as a
stressor, and their contribution to multi-stress impacts through interac-
tions with other stressors, is further complicated by the variety of local
species responses to the same change in a givenparameter, such as tem-
perature. Even species which are similar in terms of functional traits,
guilds, trophic positions and taxonomic affinities, can respond differ-
ently to a small sea temperature increase (Ashton et al., 2017). De-
creased oceanic pH (associated with increasing CO2 concentrations)
and microplastics are both associated with similar effects, including
negative effects on survival, growth and reproduction (Kroeker et al.,
2010). Combined effects are generally more significant than these
stressors in isolation, with more significant negative effects seen at
low pH and high microplastic exposure concentrations (Wang et al.,
2020). These studies highlight that climate-related stressors have the
potential to exacerbate the negative ecological effects of microplastics,
decreasingorganism resilience and thus enhancingmulti-stress impacts
(Fonte et al., 2016; Jaikumar et al., 2018; Kratina et al., 2019;Wang et al.,
2020). However, these studies (as most do) focus on single species.
What is much-needed is not only data on a greater diversity of species
and communities, but also on species within assemblages or commu-
nity settings (i.e. in situ), to examine microplastic effects on changing
interaction strengths (e.g. altering the outcomes of competition or pre-
dation). These would help in making predictions of the combined ef-
fects of these stressors at the ecosystem scale.

In addition to direct impacts, there are indirect ways in which
microplastics may affect ecosystems. For example, primary production
can be affected both by climate change and microplastics, for example
by altering algal growth and reproduction, or inhibiting photosynthesis
(Mao et al., 2018; Sjollema et al., 2016; Wu et al., 2019; Zhang et al.,
2017). This could lead to consequences for primary consumers and
thus the whole trophic web (Shen et al. 2020). This may be especially
significant in Antarcticwaters inwhichmost of the foodweb are heavily
dependent on seasonal primary production. Therefore it is critical that
we assess not just the effects of microplastics under currently realistic
environmental conditions, but also under predicted future conditions
under the current scenarios of global climatic change (Convey and
Peck, 2019).

The theory of microplastics acting as a ‘Trojan Horse’ facilitating the
bioavailability of externally-associated chemical contaminants appears
to be polymer and chemical-specific and is not always well-supported
(Horton et al., 2020; Horton et al., 2018; Koelmans et al., 2016). How-
ever, the plastics themselves do contain chemicals that can cause toxic-
ity, including plasticisers and dyes (Zimmermann et al., 2019). Further,
microplastics are rarely released into the environment alone. For exam-
ple, where there are wastewater inputs to the environment,
microplastics will be input with detergents and sewage pathogens
(Ram and Kumar, 2020). Especially widely-used in Antarctica, personal
protective equipment (PPE) will usually be made from synthetic
polymer-based fabrics, often treated with water repellents such as
per/polyfluorinated compounds (PFCs), and flame retardants such as
polybrominated diphenyl ethers (PBDEs). Regardless of their binding
to each other, the co-occurrence of these contaminants has implications
for their toxicity. Gutt et al. (2015) andRogers et al. (2020) both attempt
to understand the implications of many simultaneous stressors on the
Southern Ocean and how biota will respond, but plastic is considered
little in either.

5. How to assess change?

Two of the most remote global environments are now on the front-
line of rapid change. Environmental change and ecosystem responses
can be assessed through a combination of two key approaches: observa-
tions vs experimental studies. Field surveys and time-series monitoring
enable assessment of microplastic abundance, accumulation, fate, and
organism ingestion within the natural environment, and how this is
changing with time. For example, sediment cores can reveal how re-
cently, rapidly and extensively microplastics have accumulated, but
not any effect they may be having on ecosystems. Analysis of the
microplastic abundancewithin faunal samples fromhabitats of different
exposure histories (for example with increasing distance from
retreating glaciers or human activities) could show the relative uptake
by differing taxa, functional traits, ecological guilds and trophic levels.
It is key that surveys are undertaken using quantitative, randomised
and statistically robust sampling designs. Linking such data to other en-
vironmental variables (temperature, salinity, UV light, climate, sedi-
mentation, productivity, and especially proximity to human activities
such as research activities, tourism and resource exploitation) will aid
detection of subtle, complex and interacting influences.

Experimental exposure studies can be carried out within a con-
trolled field or laboratory setting under varying environmental condi-
tions (e.g. different temperature, pH and light conditions). These
studies allow identification of responses and underlying biological
mechanisms, to enable anunderstanding of specific individual and com-
munity responses to microplastics. Such studies are especially valuable
as they can be used to investigate responses under the different envi-
ronmental conditions and additional stressors that may be encountered
now or in the future, thus developing predictive capacity. However, it
should be borne in mind that due to the highly-specific environments
inhabited by these organisms, experimental studies may be very diffi-
cult to implement. This may be easier for Antarctic organisms where
the shallower habitats close to research stations are accessible by
humans and thus in situmesocosm studies could be implemented or or-
ganisms successfully transported to an experimental facility. Deep sea
environments are far less accessible and organismsmuchmore difficult
to maintain outside of their natural environment. In situ, these ecosys-
tems could only be manipulated using remotely-operated machinery,
making such research challenging and expensive. It is primarily the spe-
cific functional traits of an organism, such as metabolism, feeding
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ecology and morphology, that will influence its sensitivity (Baas and
Kooijman, 2015; Baird and Van den Brink, 2007). Traits-based sensitiv-
ity analysis of specieswith comparable traits frommore accessible envi-
ronmentsmay go someway to aid in theprediction and extrapolation to
wider species-level effects in remote deep-sea or Antarctic ecosystems.
Where possible, combining data from observational and experimental
studies in these regionswill enable a greater understanding of the actual
exposure and interactions of individual species and communities with
microplastics, and the potential for short and long-term ecosystem-
scale effects.

6. Long-term implications and outlook

Despite increased societal awareness and efforts at waste reduc-
tion and remediation, in line with the increasing production and dis-
posal of plastics, microplastic pollution is likely to increase within
remote (and wider) environments for some time. A number of effec-
tive reduction and recycle campaigns are being put in place for some
products, however much progress is required. Public attention
(which is often brief) is spread amongst a growing diversity of seri-
ous environmental issues and for most people, making the ‘right’
choice must be balanced with making the easiest or most economi-
cally viable choice.

The spread, abundance and incorporation of microplastics into food
webs have been widely documented, but the nature of their impact on
populations, species and communities is still largely obscure. Despite
the vastly different environments that they inhabit, shared characteris-
tics of Antarctic and deep sea species (slow growth, low metabolism,
low reproductive rate, reduced dispersal capabilities and sensitivity to
change)mean thatmany species are unlikely to be able to adapt quickly
and are therefore threatened by environmental change andpollution.Of
course other remote environments will have different characteristics
entirely, for example tropical coral reefs, which are not characterised
by low temperatures, lowmetabolism or slow growth, but have equally
specific requirements and are similarly sensitive to current climactic
changes, especially with respect to temperature and pH (Hoegh-
Guldberg et al., 2007). Given the increasing abundance and distribution
of microplastics within the environment, this is an additional stressor
that is largely being overlooked in remote environments (Fig. 1) and
must be considered when assessing ecosystem resilience in our rapidly
and drastically changing world.

Given the wide and growing array of serious environmental
stressors, it is unlikely that microplastics are, or will be, the most signif-
icant environmental threat now or into the future. Yet, there is nonethe-
less evidence to suggest that the presence of microplastics alone may
cause harm, or that the combination of microplastics with other envi-
ronmental stressors may pose unpredictable hazards. While environ-
mental concentrations are currently generally lower than those that
cause harm to organisms, due to the persistence and continued input
of plastics, concentrations are likely to continue to increase for some
time into the future (Adam et al., 2019). Going forward, it is important
to understand which types and forms of (micro)plastics are the most
hazardous to ecosystems, and the mechanisms of harm. Linking the
abundance and distribution of microplastics to human activities will
aid efforts to reduce or avoid use, and thusmitigate effects. This is espe-
cially the case for remote environments where anthropogenic activities
are low compared to more populated areas, but where contamination
may have more significant ecological effects and thus interventions
may have greater impact.
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