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The Norwegian Coastal Current transports natural debris and plastic waste along
the Norwegian coastline. Deposition occurs in so-called wreck-bays and includes
floating debris, such as seaweed, driftwood and volcanic pumice, and increasing
amounts of plastics during the last decades. Deposition in these bays is controlled by
ocean currents, tidal movements, prevailing winds and coastal morphology. We have
compared soil profiles, analyzed the vegetation and inspected aerial photos back to
1950 in wreck-bays and defined three zones in the wreck-bays, where accumulation
follows distinct physical processes. Zone 1 includes the foreshore deposition and
consists of recent deposits that are frequently reworked by high tides and wave erosion.
Thus, there is no accumulation in Zone 1. Zone 2 is situated above the high tide mark
and includes storm embankments. Here, there is an archive of accumulated debris
potentially deposited decades ago. Zone 3 starts above the storm embankments.
The debris of Zone 3 is transported by wind from Zone 1 and Zone 2, and the zone
continues onshore until the debris meets natural obstacles. Plastic accumulation seems
to escalate soil formation as plastic is entangled within the organic debris Mapping and
characterizing the soil layers indicates that deep soils have been formed by 50 or more
years’ accumulation, while the pre-plastic soil layers are thin. The plastic soil forms dams
in rivers and wetlands, changing the shape and properties of the coastal landscape, also
altering the microhabitat for plants. This case-study describes an ongoing landscape
and vegetation change, evidently co-occurring with the onset of plastic accumulation.
Such processes are not limited to the Norwegian coastline but are likely to occur
wherever there is accumulation of plastic and organic materials. If this is allowed to
continue, we may witness a continued and escalating change in the shape and function
of coastal landscapes and ecosystems globally.

Keywords: macroplastic, Norwegian coastline, landscape changes, wreck bays, sea current

INTRODUCTION

Plastics are lightweight, durable materials made of synthetic polymers, and have become an
integrated part of modern society. Since mass-production of plastics began in the 1950s, the
production has increased rapidly and has now reached over 360 million metric tons per year
(Plastics Europe.com). Due to poor waste management, plastics are now omnipresent in the marine
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environment and have become of increasing scientific and
public concern. The occurrence of plastic in the oceans and
consequences for marine life have been reported since industrial
production commenced in the 1960s (e.g., Heyerdahl, 1971;
Kartar et al., 1973; Laist, 1987; Thompson et al., 2004, Thompson
et al., 2009; Pham et al., 2014). Plastic in beach sediments was
first reported by Merrell (1980) who observed the vast amount of
fishery related waste along a section of the Alaskan coast from
1972 to 1974 and remarked how the plastic was encapsulated
into the beach sediments and thereby covered by vegetation.
Now, approximately 70 years after the onset of industrial plastic
production, waste management is still unable to prevent plastic
from entering the marine environment (Thompson et al., 2004;
Ivar et al., 2009; Jambeck et al., 2015; Lebreton et al., 2017;
Borrelle et al., 2020; Napper and Thompson, 2020).

The Norwegian Coastal Current transports natural debris and
plastic waste from the North Sea region and Norwegian waters
northward along the Norwegian coastline (OSPAR, 2007; Thiel
et al., 2011; Cózar et al., 2017). Deposition of floating debris
typically occurs in so-called “wreck bays” (Eriksson et al., 2013).
These bays are largely unchanged over centuries, controlled by
ocean currents, prevailing winds, tidal movements and coastal
morphology. Originally, the floating debris included seaweed,
kelp, driftwood and volcanic pumice. Nowadays, plastic is a
substantial part of the debris. Plastic, as opposed to organic
materials, does not decompose and can therefore accumulate
where it is deposited. Thus, plastic accumulates along shorelines
that are not regularly cleaned, such as in remote and uninhabited
regions. The Norwegian coastline is more than 100 000 km long
and is sparsely populated, with the implication that cleaning
operations along the Norwegian coast until recently have focused
on inhabited areas, such as near settlements, in recreational areas
and near infrastructure. However, less accessible distal coves
and bays at uninhabited islands and on the mainland are rarely
cleaned and have accumulated debris for several decades.

We recently mapped a 70 km stretch of sparsely inhabited
coastline in southwestern Norway and found plastic in over 800
accumulation sites (Bastesen et al., 2020), suggesting that remote
areas along the southwestern coast of Norway are heavily polluted
with plastic. Here, we argue that plastic accumulation is not
only a concern for the affected wildlife that risk entanglement
and death by contact with macroplastic, or the generation of
microplastic that enters the ecosystem (Barnes et al., 2009). Based
on our observations, the plastic accumulation also changes the
physical properties of the soil and landscape, and thereby may
alter the physicochemical properties and the function of the
coastal ecosystems.

In this study, we focus on two locations that illustrate how
landscape changes may occur because of long-term accumulation
of marine plastic litter. This study aims to increase our
understanding of the ongoing and potential landscape changes
resulting from at least 50 years of plastic accumulation in coastal
regions. Our investigation of the soil and vegetation aims to
elucidate and describe the processes that started at the onset
of plastic production and accumulation. If the accumulation
continues, effects on soil and vegetation will be irreversible
without a severe and costly human effort. The cleaning process

itself may also be detrimental to the stability and resilience of
the ecosystem. In order to mitigate detrimental effects of plastic
accumulation, we need to understand the processes and speed at
which they operate and their biological effects (e.g., Laist, 1987).

Our investigation of the plastic accumulation and coastal
morphological changes encompassed three primary tasks. First
to document the geomorphic character of two wreck bays of
different physical properties; second to qualitatively map the
distribution of plastic litter on the surface, in the soil and
sediments according to a suggested accumulation/deposition
zone framework. And third, to describe and qualitatively analyze
the effects of plastic accumulation on the landscape development.

MATERIALS AND METHODS

Physical Factors Controlling Plastic
Accumulation in Western Norway
The coastline along Western Norway can be referred to as
rocky (Storlazzi and Field, 2000; Trenhaile, 2016) and consists of
glacially eroded crystalline rocks forming a rugged landscape with
a vast number of bays, coves and beaches. Sediments are mostly
glacial deposits and are under erosion (Mangerud et al., 2011).

Onshore accumulation of marine plastic is controlled by ocean
currents, tidal movements, wind and coastal shape. Important
geographical properties that control deposition include shape
and orientation of the bay, shoreline slope and substratum
(Haarr et al., 2019). Plastic accumulation in western Norway is
localized into bays and coves (Bastesen et al., 2020). Most plastic
waste accumulates in bays that are oriented toward the sea and
prevailing wind and current directions, and commonly above the
high tide mark. This is often a result of winter storm events.
Historical wind data from the period 2005-2018 (see1) shows that,
there were on average more than 25 events with moderate gale
(> 15 m/s), 8 events with severe gale (21–24 m/s), and 1.5 storm
events (> 25 m/s) annually. Winds are mostly from the SW, W
or NW direction.

Case Study of Two Wreck Bays in
Western Norway
Two sites (Figure 1) representing so called hot spots for
accumulation of marine waste were selected for the case study.
Case 1 is facing the open sea, whereas case 2 is facing a large fjord
basin that is open toward the outer coastline. The two sites are
somewhat different in terms of the energy-level that directs the
physical processes; however, both represent examples of exposed
and semi-exposed locations where plastic waste accumulates.

Case 1: Lisle Lyngøyna Island
Lisle Lyngøyna is an island located at the northern extent of
Øygarden municipality at the southwestern exterior coast of
Norway facing the North Sea (Figure 1). The area of the island
is 0.3 km2 (0.5 × 0.5 km). It has a narrow cove with a lateral
length of 100 m and width of 30 m facing the sea to the S-SW.
A freshwater pond is in the N-NE continuation of the cove. The

1https://klimaservicesenter.no/observations/
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FIGURE 1 | (A) Location of the two study sites in the NW part of the North Sea basin. (B) Lisle Lyngøyna aerial photo from (Norway in pictures). (C) Kolavika (aerial
photo from Norway in pictures).

bedrock in the archipelago consists of felsic gneiss (acidic). The
vegetation is classified as coastal heathland (Fremstad et al., 1991;
Hjelle et al., 2010), consisting of a mosaic of heather (Calluna
vulgaris) dominated vegetation, nutrient poor peatbogs and areas
of barren rocks. In some areas there is regrowth with shrubs
and trees. Coastal heathlands are cultural landscapes created and
managed through regular burning and mowing of heather, and by
grazing and browsing by sheep throughout the year. Historically,
the area has also been used for peat extraction (until the 1950s),
and remnants of peat carvings and irrigation channels are still
visible in the landscape.

Case 2: Kolavika Bay
Kolavika is a SW facing bay located at the northern shores of
the outer Hardangerfjord system. The bay is a pebble beach that
is 50 m wide and consists of reworked moraine material. The
sediment depth is unknown, and basement rocks crop out in the
middle of the bay. The valley is bordered by small hills and has
two small streams running toward the sea. Kolavika is part of
a nature reserve2, and is protected because of its characteristic
geology, nature types and biodiversity. The vegetation in the area
is coastal forest; both rich deciduous and pine forest types are
found there. They bay is surrounded by these vegetation types
but was itself until recently a plantation forest of Picea sitchensis.
Kolavika (kol = coal) was historically a location for charcoal
production from pine. Remnants of the coal production can be
observed in the substratum as a coal layer.

2https://lovdata.no/dokument/LF/forskrift/2014-12-12-1669

Equipment and Sampling
Pictures and Historical Images to Investigate
Landscape Changes
A DJI Phantom 4 pro drone was used to collect high resolution
images from flight heights of 20 m and 70 m using pre-programed
flight routes (DroneDeploy version 2018). Images was collected
during clear days in May and November 2018 for the Lisle Lyngøy
site and in November 2019 for the Kolavika site. Images were
processed by photogrammetric methods (Agisoft Photoscan 1.6.2
(Metashape); Westoby et al., 2012). Detailed orthomosaics and
digital terrain models were subsequently generated and used
in detailed mapping of the bays using the 3D visualization
software Lime (version 2.2.2) (Buckley et al., 2019), for detecting
plastic polluted areas, mapping of vegetation and analyzing
plastic-modified terrain morphology. In order to analyze the
evolution of the landscape, aerial images pre-dating the onset
of the plastic pollution was compared with images from the
present. This analysis was only performed at the Lisle Lyngøyna
since historical images was not accessible over the Kolavika
location. Aerial photos were provided by Norway digital and
included the series, Midthordland 2019 (orthophoto resolution
0.08 m); Midthordland 2004 (orthophoto resolution 0.08 m) and
Sotra-Fedje 1962 (orthophoto resolution 0.2 m) (©Kartverket,
Geovekst, Øygarden; Tysnes). The georeferenced images were
interpreted in ArcGIS (Esri version 10.1) by comparing the
coastline, and the shoreline of ponds and other recognizable
features. Observed landscape changes, such as increase in soil
thickness due to plastic accumulation were quantified by area
and volumetric measurement of the plastic waste using the 3D
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visualization software. An estimate of litter types and the amount
of litter on surface was given mostly within per cent ranges
based on inspections of drone photos. To quantify volumes of the
plastic contaminated soil in field, measurements such as average
depth of soil was multiplied with the surface area.

Sediment and Soil Stratigraphy
The soil layers were investigated first by using a metal rod
for measuring the thickness of the soil down to the bedrock
or sediment substrate. To characterize the 3D distribution of
plastic, and to elucidate the formation process of the plastic soils,
we retrieved full-length cores from the soil where possible. It
was challenging to retrieve cores from this substratum as the
plastic items and ropes were entangled and layered within the
soil. We attempted to core using a Russian Peat Corer and
cylinders with sharpened ends without success. Instead, we dug
small transects (soil profiles of ∼1 × 1 m) with shovels and
knives to describe the composition and layering of the substrate.
Soil cores (Tables 1, 2) were retrieved using serrated knives
(Figure 2E). The cores were wrapped in aluminum foil and
transported to the laboratory for detailed investigation of plastic
fragments. The bottom sediments in the pond at Lisle Lyngøyna
were sampled by a hand-held van Veen grab, deployed from
a small rubber boat. Also, we snorkeled the pond to describe
plastic distribution and littering at the bottom. At Lisle Lyngøyna
10 locations were studied whereas 6 samples were collected
for laboratory studies (Table 1). At Kolavika 5 locations were
studied and 2 full cores were successfully retrieved for laboratory
analysis (Table 2).

Vegetation Types
Mapping of vegetation in zones 2 and 3 was done in field with
a GPS-receiver in combination with aerial imagery. Dominant
and characteristic species were noted within each vegetation type.
We counted annual growth rings (dendrochronology) of ash trees

TABLE 1 | Samples collected at Case1 Lisla Lyngøya.

Sample Location
type

Zone Depth of
plastic*

Soil and plastic type

LL1 Soil core 2 70 cm Large plastic pieces, organic rich
nutritious soil

LL2 Inspection 3 No plastic peat/heather

LL3 Inspection 3 No plastic peat/heather

LL4 Inspection 3 No plastic peat/heather

LL5A Soil core 3 No plastic peat/Heather

LL5B Soil core 3 10 cm Small pieces (1–2 mm only found at
10 upper cm)

LL6 Soil core 3 25 cm Various plastic, tar lump in upper
part of sample, peat moss matrix

LL7 Soil core 3 60 cm Fragmented plastic found in entire
sample peat moss matrix

LL8 inspection 3 No plastic Fragmented plastic found in entire
sample peat moss matrix

LL9 Van Ween
grab

3 No plastic Sample bottom of pond silt and
clay (no visible plastic)

LL10 Soil core 3 35 cm Fragmented plastic found in entire
sample, peat moss matrix

TABLE 2 | Samples collected at case 2 Kolavika.

Sample Location type Zone Depth of
plastic

Soil and plastic type

KL1 Soil core 2 70 cm Mixture of macro plastic
pieces, beach pebbles and
three roots

KL2 Inspection 2 40 cm Mixture of macro plastic
pieces, beach pebbles and
three roots

KL3 Inspection 2 50 cm Mixture of macro plastic
pieces, beach pebbles and
three roots

KL4 Inspection 3 No plastic 20 cm soil over beach
pepple deposit scattered
plastic found on surface

KL5 Soil core 3 20 cm Fragmented plastic found in
upper soil layer

KL6 Inspection 3 30 cm Fragmented wind blown
plastic (bags and flakes)
found down to pebble base

that grew in the plastic infused soil on the beach in Kolavika. The
age of the oldest trees can be an indicator of when the plastic
accumulation started.

RESULTS

General Deposition Zones in the Studied
Beaches
Based on our qualitative analysis and on the results of Bastesen
et al. (2020) and Haarr et al. (2019), we suggest a general division
of deposition zones at beaches (Figure 3). We adhere to this
division when describing our results. We here define three zones
that can be recognized in wreck-bays, based on the natural
processes that impact the accumulation and deposition of debris.
These zones, although of varying shape and size among locations,
can be used to describe and understand their physical properties.

Zone 1 includes the upper littoral zone or foreshore, placed at
or immediately above the high tide mark; an area affected by high
energy, such as waves and tidal movements. The zone comprises
mostly non-vegetated to sparsely vegetated beach or bare rock
faces. The materials that deposit include seaweed, driftwood and
plastic debris. Characteristic for these zones is that materials are
only temporarily placed there and may be washed away or blown
to another location during storms or high tides.

Zone 2 is situated above the high tide mark and includes more
permanent deposits, or storm embankments. Deposits may often
comprise large items that only can be transported and deposited
by severe storms and storm surges. These embankments are
common morphological features in coastal bays of Norway and
may be referred to as so-called drift embankments (Carlsen
and Bär, 2016). During calm periods, such as the summer
seasons, the vegetation thrives on the nutritious substratum
(decomposed seaweed and kelp). The vegetation cover inhibit
erosion during storm seasons. This annual cycle of winter storm
deposition and summertime vegetation may form growth of
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FIGURE 2 | (A) Drone photo of the Zone 2 embankment that limits the pond from Zone 1. The profile that was used for measuring depth to basement rocks is
denoted. (B) Close up image showing the type and amount of marine litter on the surface. Note the water saturated surface and water protruding from the pond in
Zone 3. (C) Illustration of the depth profile through the embankment. Colored items illustrate plastic fragments of various sizes and types. (D) Photo of core taken in
central part of the storm embankment. Various items observed on the surface are denoted. Upper part comprises small fragmented plastic pieces embedded in
black organic rich soil, middle part consists of large and preserved marine litter, lower part consists of a base soil layer free from plastic. Colored pieces represent
pumice that may be of volcanic origin. (E) Coring technique by using a serrated knife. (F) Pieces of preserved packaging plastic found in the middle part of the core.
The Kellogg’s cornflakes packaging is dated 1973.

deposits accumulated over several decades. Soil profiles of Zone 2
may therefore constitute a chronological archive of accumulation,
which can be used for dating and stratigraphic investigation of
long-term plastic accumulation.

Zone 3 is defined as the zone above (and around) Zone
2. Zone 3 accumulates wind-transported debris, and continues
onshore until the debris meets natural obstacles, such as trees or
boulders. This debris represents a scattered selection of materials
and is to a lesser degree a chronological and layered archive of

accumulation. The extent of Zone 3 depends on the morphology
and physical properties of the area, such as ponds, vegetation,
rocks, coves or other shapes that either facilitate or prevent
wind transportation.

Case 1 – The Lisle Lyngøyna Island
At Lisle Lyngøyna, plastic litter covered a large area from
the inner part of the cove to approximately 120 m inland
(Figure 4). Large amounts of plastic items of considerable
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FIGURE 3 | Conceptual sketch of wreck bays based on observation in the two localities. Zone 1 foreshore deposition. Zone 2 backshore/storm embankment, Zone
3 area of dominantly wind deposited plastic.

size were also found in and along the shores of the pond,
demonstrating the high energy events that occur here and
lead to the deposition of plastic waste. Evidence of long-term
plastic accumulation was observed, and in some places the
entire edge of the pond was comprised of plastic entangled
into or overgrown with vegetation. In the following, landscape
characteristics and sediment stratigraphy are described in each of
the accumulation zones.

Lisle Lyngøyna Zone 1
Zone 1 was comprised of the shore and inner part of the cove
up to about 20 m inland from the high tide mark (Figure 5).
The area consisted mostly of barren rock faces, small tidal ponds
and small patches of grass (Figure 5). Plastic intermixed with
seaweed was accumulated into small depressions within Zone
1. The two drone images in Figure 5 illustrate the dynamics of
these depositions. The images were retrieved at different times,
May (Figure 5A) and November (Figure 5B) 2018. In November
the near shore part of Zone 1 was filled with plastic items
dominated by bottles. In May earlier the same year this same

spot was completely cleared. This gives an indication of the
accumulation rate and it also shows the dynamics of the lower
foreshore area and that more plastic is observed at winter season
compared to summer season. Plastic covered below 10% of the
surface. Several lumps of tar originating from bitumen/oil, were
attached to the rocks immediately above the high tide mark. In
some cases, plastic pellets were embedded in the tar. The thin
layer of soil beneath the scattered grass patches (Figure 5A),
were investigated by digging, revealing only a thin soil layer
without plastic.

Lisle Lyngøyna Zone 2
Zone 2 was adjacent to Zone 1, covering the area until the
beginning of the pond located approximately 30 meters from
the high tide mark. It was comprised of an 11 × 11 m (approx.
50–60 m3) storm embankment (Figures 2, 4), The embankment
surface was on average elevated 1.9–2.3 m above mean sea level
and had a characteristic flat surface.

Zone 2 typically had more and larger plastic items than Zone
1, such as buckets, containers, bottles, fishnets, ropes, pipes and
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FIGURE 4 | Map showing the plastic pollution in Lisle Lyngøyna and typical vegetation types. (A) Drone orthomosaic. (B) Map based on field work and image
interpretation.

FIGURE 5 | Zone 1 Drone photo of the cove area representative of Zone 1. (A) Photo taken in May 2018, note the clear area (red circle) (B) drone photo acquired in
November (winter) with a substantial increase in deposited waste. No cleaning had been performed in the area.
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plastic films (Figure 2B). Compared to zone 1, drone images and
ground investigations shows that in places more than 50% of the
surface are covered by visible plastic (Figure 2A). Plastics were
also embedded deeper in the soil and fully or partly overgrown
by vegetation, thus plastics were in fact covering close to 100%
of the surface, although not visible from aerial photos. In places
this resulted in a lumpy surface. We documented plants, such as
Hydrocotyle vulgaris, Scutellaria galericulata, Lychnis flos-cuculi,
and more nutrient-demanding species such as Iris pseudocarus,
Galeopsis sp., and Argentina anserine. The soil was between
0.3 to 0.7 m thick down to bedrock. Transects revealed an
irregular bedrock topography (Figure 2C). The embankment
thus smooths out depressions in the landscape. The water
level of the pond was at the same level as the embankment.
There was no visible outlet/stream from the pond, however
channels protruding from the pond extend into the embankment
(Figure 2A). During excavations of the embankment, the ditches
that were dug were filled rapidly with water.

Excavations, soil coring and steel probe profiling showed that
the soil from the embankment consisted of three main layers (Soil
core LL1, Figures 2D,E). The upper 5 cm consisted of organic
rich soil intermixed with macro plastic items that were partly
buried into the ground. The soil immediately underneath (5–
35 cm depth) was composed of dark brown soil with roots and
mostly fragmented plastics, small rope pieces and pellets. In this
section the soil to plastic ratio was around 80/20. Immediately
under this layer was a thick layer of water-saturated, soft mass
comprised of large plastic items and organic rich dark brown
soil. Litter included fishnets, ropes, plastic bags and packaging,
bottles, glass and pieces of wood, as well as smaller fragments
of plastic, pellets and expanded polystyrene beads. Characteristic
for this layer is the large amount of well-preserved plastic items,
such as food packaging from thick plastic film, containers of
detergents and personal care products. The packaging design
could be recognized on the items, indicating the production-
period (Figure 2F). Most of the items found had a typical design
belonging to the 1970-1990 period. This layer also contained half-
burned and melted plastics and some pumice rocks. This layer
consisted of a soil to plastic ratio of 30/70. Throughout Zone
2 this layer had thicknesses of 30–70 cm. The base-layer of the
embankment consisted of a black soil layer about 10 cm thick,
densely packed with roots, driftwood and pumice rocks. This
layer rests immediately on the basement rocks. In cores and in
samples investigated in field there was no plastic observed in this
layer (Figure 2D). This may be the original surface layer before
the onset of plastic accumulation that formed the embankment.

Lisle Lyngøyna Zone 3
Zone 3 was comprised of areas covered by windblown plastic.
The zone included the freshwater pond, its northern shores, the
bog surrounding the pond and the hills to the east and west of
the pond and bay, where windblown plastic items were found
in and among the heather and trees (Figures 4–6). The bog in
Zone 3 is a nutrient poor type and was dominated by various
peat mosses (Sphagnum sp.) and Trichophorum cespitosum,
Calluna vulgaris, Erica tetralix, Vaccinum uligonosum, Oxycoccus
palustris, Chamaepericlymenum suecicum and Potentilla erecta.

The drone photo in Figure 6a illustrates that the distribution
of plastic at the surface of the bog in the northern shore varies
considerably. From west to east there was a visible increase in
surface plastic debris. From 0-5% cover at the western side up to
50–100% cover on the eastern side. The litter was accumulated
in shelters/bays/edges facing SW, typically controlled by the
prevailing wind directions from the SW (Figure 6b). Items were
for example 10–50 L industrial containers, fish boxes, pieces and
objects of expanded polystyrene, baskets, bottles, and a litterbin
with labeling showing that it was of United Kingdom origin (long
transported). Larger pieces of plastic were also scattered on the
bottom of the pond.

Soil cores (Figure 6c) that were retrieved at the shores of the
pond revealed a large amount of plastic found deep into the bog
at the northern and eastern shores of the pond (LL6 and LL7),
whereas there was little to no plastic found in the deep section
at the western shore of the pond (LL5 A and B). The organic
content of the soil was dominated by peat moss (sphagnum),
on average about 40–50 cm thick and resting on a flat bedrock
surface (Figure 6d). The bedrock surface deepened at the NE part
of the pond to a depth of 70–100 cm.

The profiles from soil cores around the lake indicate that
plastics are present in the substratum whenever plastic is also
present on the surface. Cores retrieved at the western side of
the pond, LL5 A and B, were dominated by a thick layer of
peat and only 1 small visible plastic fragment was observed in
LL5B. With prevailing winds from the W-SW, no plastic litter
had accumulated on the western side of the pond but instead
accumulated at NE side of the pond. The LL5A core was 50 cm
deep from surface to bedrock and consisted of three peat layers,
where the upper 20 cm consisted of green sphagnum. The middle
part consisted of a lighter green, more large leaved sphagnum.
The lower part consisted of a 10 cm dark brown soil with roots
of wooden plants (heather). At the bottom, pieces of angular
pebble sized rock fragments were found. LL5B was retrieved 1
m from the edge of the pond and 5 m from LL5A. The core was
48 cm deep and included green sphagnum in the upper 10 cm.
At 10–30 cm below the surface there was a darker moss-like
sphagnum with abundant wooden roots throughout (heather).
Presence of such roots indicates that this site may previously
have been drier and covered by heather. The lower 10 cm
consisted of dark peat.

LL6 and LL7 were both collected near the NE part of the shore
(Figure 6c) where there was a high amount of plastic on the
surface. Sample LL6 (Figures 6c,d) was retrieved in an area with
mostly smaller plastic particles on the surface. The LL6 core had
a 5 cm layer of sphagnum at the top followed by a 15 cm layer
of brown moss and heather roots (Figure 6c). Plastics in the top
5 cm consisted of small pieces (< 1 cm) including nylon threads,
colored hard plastic, clear plastic foil and pellets. A tar lump was
observed at 15 cm from the top of core. The subsequent layer
was dark brown moss (17 cm to 38 cm in the core) with green
sphagnum and no plastic. The bottom 10 cm layer consisted of
dark soil without plastic.

The sampling site LL7 was at the deepest part of the bog where
there was a depression in the bedrock, and the core sampled
was 60 cm deep. Plastic was found in the upper 50 cm in a
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FIGURE 6 | Samples and field work in northern part of pond Zone 3. (a) Drone photo of a bog in the northern part of the pond. Note decreasing amount of surface
litter from east to west (the image is oriented NNW-SSE), subsurface soil core sample sites and profile (c and d) are denoted. (b) Close up drone photo of the NE
part of pond displaying the high amount of litter observed on surface. (c) Cores LL5, LL6, LL7 and LL10. Samples display clearly how plastic is incorporated into the
soil. (d) Profile based on the soil profiles and steel probe measurement.

matrix of large-leaved moss with a well-preserved green color.
The deeper layers of moss had no visible plastics. The base layer
consisted of a 10 cm thick layer of dark soil with the presence
of pumice rocks.

In the samples from LL10 (Figures 6c,d) on the eastern shore,
plastic was observed in the entire core, except for a gravel layer at
the base. The gravel was not possible to retrieve for lab inspection.
Several other shorter cores in the surrounding 5–10 m radius had
top layers containing plastic embedded in the moss, and lower
layers without plastic. However, it was difficult to retrieve the
cores from the bog due to the water content, depth and abundant

plastic litter. Most of these cores included plastic down to 30–
40 cm depth and had an underlying layer of black soil or gravel
with pumice rocks. Large macroplastic items were found down to
40 cm depths at several places.

The Pond in Zone 3
The prevailing south westerly winds have over time caused
aggregates of plastic in the inner northwestern part and at the
western side of the pond (Figures 6, 7). On the pond surface,
plastics were concentrated at the eastern and northern bank,
whereas on the western and northwestern bank, no plastic
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FIGURE 7 | (A) Comparing landscape features from historical images from 1962 and 2004 to current situation in 2019. (B) Shoreline comparison shows a pond
increase from 1962 to today. The increase is observed as 2–3 meter horizontal extension? along the eastern and northern shores. At western shores the horizontal
increase is less due to steep shore gradient. In Zone 2 where the pond is dammed by the embankment, shoreline has moved toward pond, indicating that the
embankment has increased in size since 1962.

was seen on the surface. A gradual increase in surface plastic
concentration was observed toward the east, where plastics
were gradually entangled and incorporated into the macrophytes
and peat moss, fully or in part covering the floating items
(Figure 7B). These “Green Plastic islands” behave as buoyant
floats of vegetation and plastic, and are clearly not attached to
the ground, but are thick and were in some cases stable enough to
carry an adult human.

The bottom sediments of the pond consisted of mineral clay
and coarse sand, probably a result of surface weathering and
marine deposits (sample LL9, Table 1). No plastic fragments

could be observed, and no large plastic items were caught in
the grab. The sediment layer was thin and was not sampled for
further core description. Divers observed large pieces of well-
preserved plastic sheets and tarpaulins on the bottom of the
pond, mainly in areas of macrophytic vegetation that trapped
the plastic among the stems. The species recorded in the pond
included: Menyanthes trifoliata, Comarum palustre, Sparganium
angustifolium, Hipporus vulgaris, Juncus articulatis, Nymphaea
alba, and Myriophyllum alterniflorum. Most of these species
grow in nutrient poor lakes, but the latter two also grow under
nutrient-rich conditions.
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Evidence of Landscape Changes
At Lisle Lyngøyna, aerial images show plastic debris on the
island dating back to 2004. The comparison of pond size and
outline on imagery from 1962 with later imagery (2004 and
2019) showed a change in pond shape and size from 1962 to
2004 and 2019 (Figure 7A). The 1962 image is black and white,
which challenge the discriminations between vegetated areas,
bedrocks and reflection from the sun. The resolution is too low to
identify marine litter/debris from 1962 (which normally would be
mainly driftwood). The shoreline of the pond was however clearly
detectable in the images, facilitating a detailed interpretation.
These images also indicated that a substantial part of the soil/peat
was extracted at the location north of the pond, this is seen as
sharp cuttings in the landscape (see Figure 7A). In the 2004 and
2019 images it is possible to observe plastic in the images, even
though it is vague in the 2004 images due to the resolution. The
shoreline trace of the three images shows an increase in pond
size from 1962 to 2004 and 2019. The increase is largest at the
flat bogs at the north and eastern shores showing a move of the
shoreline by 2.5–3 meters (Figure 7B). There is also an apparent
change in Zone 2 from 1962 to modern time. Although the image

quality in the 1962 images is not sufficient to conclude, there
seems to be a barren rock surface where the storm deposit (Zone
2) is placed today.

Case 2 - Kolavika Bay
Kolavika Zone 1
The gravel and pebble beach (1–10 cm pebble diameter) in
Kolavika made up Zone 1 (Figures 8, 9). It was dominated by
a belt of fresh seaweed at the high tide mark. The seaweed was
mixed with plastic items of recent date, such as plastic tobacco
(snus) containers, ropes, lids, plastic films, corks and smaller
items, such as packaging film. As is typical for Zone 1, the
sediment is mobile and shifts from season to season similar to
what was observed in Lisle Lyngøyna.

Kolavika Zone 2
This zone was made up of a 0.5 m high (on average), 48
m long and 2 to 8 m wide embankment consisting of large
quantities of plastic, soil and driftwood that lined the entire
width of the bay (Figures 8, 9). The embankment was terrace
shaped with a flat top and steeper (20◦) slope down toward

FIGURE 8 | (A) Map of the Kolavika location from high resolution drone images acquired in autumn of 2019. The map illustrates the distribution of deposits in zones
1, 2 and 3 (B) Profile from the shoreline and 50 meters onshore illustrating the soil thickness and plastic litter distribution in the substratum.
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FIGURE 9 | (A) Field photo of pebble beach and Zone 1 and Zone 2 deposits at Kolavika location. (B) profile section (sample KV 2), (C) typical well-preserved items
found in the storm embankment (Zone 2), (D) Sketch displaying the soil in Zone 2 with an ash tree growing in the plastic polluted soil.

the sea. The upper layer was comprised of organic matter with
a 5 cm layer of sand and clay, mixed with pieces of bark on
top. The sediment composition of this layer was similar to the
composition of sediments in the stream, which indicates that it
was deposited by the stream during a recent flood event. The
middle layer consisted of soil rich in roots, driftwood, beach
pebbles (rip-up clasts) and plastic fragments. Plastic was present
down to 90 cm depth in the embankment. We estimated that
the storm embankment consisted of 50/50 soil to plastic ratio
by volume. The pieces of plastic were often well preserved and
could be recognized in terms of purpose of use, labels and prints
(Figure 9B). In the bottom layer at 40-60 cm below the surface,
there were brittle, but well-preserved plastic toys with a typical
1960’s design (Figure 9C), plastic perfume containers, bottles
for liquid dishwashing detergent and candy wrappings with a
1960-1970 design.

The vegetation was dominated by a group of young European
ash trees (Fraxinus excelsior) (Figure 9A), a few specimens of
Alnus glutinosa in the eastern part and Plantago lanceolata, Lotus
corniculatus, Rubus nemoralis and Geranium robertianum in the

field layer. The moister parts of the upper, flat embankment were
dominated by Juncus bufonius, Cardamine amara and Triglochin
maritima.

The ash trees grew in the plastic soil, with roots surrounding
and penetrating plastic fragments. The tree diameter at breast
height varied between 17 and 57 cm. Based on tree ring counts,
many were under 20 years old and one was 55 years old. These
observations indicate that the trees started growing in the plastic
infused substrate after the onset of plastic accumulation.

Kolavika, Zone 3
Zone 3 in Kolavika started behind the storm embankment (Zone
2) and extended inland toward the NE to about 60 m from the
high tide mark (Figure 8). In general, a 30-50 cm thick layer
of soil covered a base layer of beach pebbles. The post glacial
rebound after the last ice age caused the beach zone to have
gradually been uplifted. The shoreline has consequently moved
gradually toward the SW, and beach sediments can therefore be
found under the soil some distance from the present shoreline.
The map in Figure 8 (dashed black line) illustrates where we can
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assume to find beach sediments under the soil layer, based on
the assumption that areas with a consistent 5–6◦ slope gradient
are remnant beaches. Zone 3 consisted mainly of a recently
clear-cut area. It was dominated by different species of herbs
and moss, such as Veronica officinalis, Mercurialis perennis,
Hylocomium splendens and Pleurozium schreberi on the drier
parts and Juncus bufonius, Cardamine amara and Triglochin
maritima on the moister parts and along the stream. Pieces of
plastic were scattered on the surface in Zone 3. Soil samples
(sample KL 5 and 6) contained about 90/10 soil plastic ratio.
Plastic was also found at a land-tongue of about 35 m in length
and 20 meter in width in a NE direction. The soil profile in Zone
3, 25 m from the high tide mark indicated that the upper 10 cm
mostly consisted of organic matter and included also clear and
colored plastic flakes from plastic bags, and expanded polystyrene
beads, all of which could easily be windblown to this position.
Fragmented hard plastics were also observed and could stem
from larger pieces that could be windblown, and later break up
or degrade into smaller pieces. Below this upper vegetated layer
pieces of plastic were found within the thin soil down to 20 cm
above the base layer of pebbles and gravel.

DISCUSSION

The sites described in this paper include two accumulation sites
for marine debris that have not been cleaned for several decades.
A general mapping of parts of the Norwegian archipelago
(Bastesen et al., 2020) indicates that such sites are common
along the outer archipelago, and likely all along the Norwegian
coastline where conditions are favorable for accumulation of
debris. Similar observations are also reported elsewhere in
the world (Merrell, 1980; Andrady, 2003), and likely share
some common features. To our knowledge no other studies
have investigated the potential long-term effect of plastic
accumulation on the development of the coastal landscape,
soil and vegetation, and the corresponding consequences for
coastal ecosystems.

Signs of Landscape Changes Due to
Plastic Accumulation
Table 3 summarizes the quantifiable landscape changes observed
at the two localities based on estimation from the field work
and from 3D model interpretation. Accumulation of plastic soil
is evident at both study sites. The accumulation has had a
profound impact on the surrounding soil generation, vegetation
and landscape, although with somewhat different consequences
for the landscape development at the two sites. At Lisle Lyngøyna
the historical images show that the pond increased in size,
which may coincide with the increased accumulation of plastic
in the storm embankment (Zone 2). At Kolavika, increased
plastic pollution caused the formation of an oversized drift
embankment. We estimated an increase in soil volume of
100–125 m3 at Lisle Lyngøyna and about 75 m3 at Kolavika
(Table 3). Both places can be described as typical hot spots
where ocean current, wind and landscape shapes are favorable for
accumulation of marine debris.

TABLE 3 | Quantification of landscape changes at the two case studies.

Changes in
landscape

Lisle Lyngøyna Kolavika

Bay shape Narrow rocky cove,
open sea setting,

Straight pepple beach
in an open

high wave wind energy cove, moderate wind
and wave

Width of bay 10 m 50 m (beach width) 150
m (bay width)

Volume of plastic debris 100–125 m3 50–75 m3

Estimated thickness
incease in storm
embankment

0,7 m 0,5 m

Change in water
level/damming

Damming of Pond -
40cm increase

Damming of streams
forming wetland

Soil-plastic ratio/area of
zone

Zonel 90/10 465 m2 90/10 150 m2

Zone 2 50/50 100 m2 50/50 100 m2

Zone 3 90/10 to 50/50
2000 m2

90/10 to 50/50
1350 m2

Landscape Changes in Lisle Lyngøyna
Based on the observations, a two staged evolutionary model of the
landscape changes at Lisle Lyngøyna can be sketched (Figure 10).

Stage 1 before1960: the landscape was managed heathland
(Fremstad et al., 1991). Peat was extracted from the northern
shores of the pond leaving a thin soil layer above the bedrock.
The pond level was below the flat bedrock surface leaving this
area mostly dry. The storm embankment at the cove (Zone 2)
consisted of driftwood and other organic materials. The deposit
level was about 5–10 cm thick and was kept stable by a balance
between deposition through storms, erosion and biodegradation.
Furthermore, driftwood may also have been harvested by local
farmers for firewood, reducing the amount of accumulation.

Stage 2 1960 to the present: A visible growth of the storm
embankment took place, and our hypothesis is that this was due
to an increasing proportion of plastic waste in the marine debris.
Plastic waste accumulated in the storm embankment, in the pond,
and at the shores of the pond. The plastic within the embankment
was not subjected to extensive fragmentation or degradation and
protected the organic material from erosion. Consequently, there
was an escalating growth of the storm embankment. Deposition
of plastic debris on high grounds took place during major storms.
An increased height of the embankment caused an elevation of
the threshold at the outlet of the pond and consequently the
pond level rose.

The cores and profiles at the northern shore (LL5, LL6, LL7,
Figure 6) of the pond showed that plastic is entangled into
the vegetation down to 40 cm below the surface. These plastic
fragments were found below the present pond water level (down
to 40 cm). Some items, such as pellets and tar were found at 20–
30 cm depth (Figure 6), these materials that are buoyant and
compact are less likely to be deposited by wind and more likely
deposited by water. Hence, the material must have been deposited
at the water surface of the pond. Since it is now present 20-30 cm
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below surface it indicates that the water level has risen gradually
during the period with accumulation of plastic. The assumed bare
land north of the pond was gradually flooded and overgrown
with peat moss (Figures 7, 10). The increased area of the pond
is opposite to a natural succession where ponds grow in with
vegetation and over time develop into bogs and finally forest.

The lack of aerial images from 1970 until 2000 makes some
uncertainties to the model, however observation of items in
the soil profile with the deepest items dating back to the
1970’s, support the idea that soil has been formed at least from
this time onward.

Landscape Changes in Kolavika
In Kolavika, the storm embankment consists of plastic, soil and
vegetation, and has formed a semi-impermeable plastic filled
barrier for the small streams running through the area toward the
sea. Although the streams percolated in part through the pebbles
at the base of the embankment, the area behind the embankment
was still saturated with water. This area experiences heavy rains
throughout all seasons, and poor drainage will therefore easily
lead to an increased water saturation. Plastic is causing an
increased barrier to ground water flow.

Soil Formation/Microhabitats
Observations of the deposits in the two locations also support
the impression that plastic debris increases soil formation
by forming a scaffold that binds the organic material and
protects the decomposing seaweed from being washed away
during the subsequent winter storms. The plastic will also
prevent evaporation and retain moisture in the soil and reduce
the exchange of gases through impermeable layers of plastic.

Together this may alter or change soil formation and soil
properties compared to plastic free conditions.

At Lisle Lyngøyna the soil layer is thicker in areas with plastic
than in areas without plastic. Moreover, the organic rich and
humid plastic soil may provide a favorable microhabitat for
some plants. Experiments have shown that microplastic alters
the structure and biophysical properties of soils with various
effects on plant growth, e.g., biomass above and below ground,
and changed growth (Boots et al., 2019; Rillig et al., 2019; Rillig
and Lehmann, 2020). Changing growth conditions in plastic
polluted soils can lead to change in competition among plant
species and eventually in their composition (Lozano and Rillig,
2020). In the vicinity of the Lisle Lyngøyna storm embankment,
we found some nutrient demanding species in an otherwise
nutrient poor environment (Figure 2). However, we cannot
exclude that their presence is due to natural nutrient rich
conditions caused by the accumulation of seaweeds in this zone.
In Kolavika, a similar build-up of a plastic-soil embankment
seems to be the main reason that ash trees have managed to
establish in an environment that otherwise would have been
unstable (Figure 9). The group of ash trees growing on the
storm embankments are evidently all younger than 55 years,
indicating that the trees started growing in the plastic infused
substrate after the onset of plastic accumulation. In this case
plastic contamination can have facilitated growth of trees that
normally would not have survived due to lack of soil for nutrients
and root attachment. In other words, seedlings and saplings
growing in a more permeable embankment on the pebble beach
would be vulnerable to droughts and erosion. We hypothesize
that the plastic accumulation has created sufficient stable, humid
soil masses and protective shelter for seeds to germinate and
permanently establish in the storm embankment.

FIGURE 10 | Model displaying the evolution of the Lisle Lyngøyna from the onset of plastic in the 1960s. See insets and text for explanation.
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Trends of waste in the soil profiles may reflect the amounts
of plastic and the historical development of plastic use and waste
generation. Investigation of the plastic layers may reveal sources,
as well as consumer patterns from the time of accumulation.
In this study we have tried to keep the location untouched
and we have therefore not removed enough to conclude if
there is a stratigraphic deposition following the principles of
the law of superposition. This law states that within a sequence
of sediments the oldest layer is at the base and the layers are
progressively younger upward in the sequence. At the storm
embankments a base layer pre-dates the plastic deposit should be
found in the base and gradually younger plastic pieces should be
found upward. Some trends can however be observed. At Lisle
Lyngøyna as well as in Kolavika, base layer of the storm deposit
(zone 2) seems to be plastic free, marine debris is wooden pieces
and pumice fragments. The latter would be the most persistent to
degradation. Volcanic pumice from nearby sources (Iceland) is
however Holocene age (older than 4000 years), pumice fragments
of this age is found scattered along the entire north Atlantic
(Newton, 2000; Larsen et al., 2014). It will therefore be of
great importance to geochemically compare the pumice found
in and below the plastic deposits, are these pumices redeposited
Holocene pumices or do they represent modern pumice from
a far distance source for instance the South Sandwich Island
eruption in 1962 (Risso et al., 2002)? Other similarities were
the common debris from the fishing and boat industry are
represented by ropes, fish nets, containers, aquaculture feed-tubes
and fish crates. The plastic industry is also represented, as plastic
resin pellets are commonly observed in all soil layers.

Physical fragmentation of the plastic litter is a severe problem
for the environment as this process generates microplastic and
such sites could therefore be considered sources of microplastic
(Thompson et al., 2004; Barnes et al., 2009). In some areas of
the field sites fragmented plastic is quite common, typically in
Zone 3 (sample LL7 Figure 6). After deposition, the plastic will
be exposed to UV-light and frost degradation at the surface,
that speeds up the degradation rate (Andrady et al., 2003). Some
items will be degraded quickly into smaller fragments, especially
thinner plastic items, such as plastic from bags or foil. In Zone 2 a
substantial part of the plastic observed in the soil was nevertheless
well preserved (Figures 2, 9). For example, the mid layer down
to 60 cm in the soil in the storm deposit at Lisle Lyngøyna and
Kolavika was composed of well-preserved plastic pieces from the
1970s and 1980s (Figures 2, 9). The good preservation could be
due to the polymer types used in plastic materials in the 1970’s
and 1980’s, or that the thicker plastic we find is more resilient
to weathering in the low intensity sunlight of Norway, while the
thinner plastics from the same time may already have fragmented.
The fast accumulation and burial in these zones may also protect
these plastic items from further physical degradation processes.

Man-Made Landscape Changes and
Restoration
It is important to consider the changes that have occurred
over the last decades in the coastal cultural landscape and how
humans use the coast. The coastal areas have been cultivated

and populated for centuries, and the resources offered by the
areas were valuable for the coastal population. It was common
to exploit driftwood for firewood and seaweed for fertilizer or
food for livestock. Peat was cut from bogs and burned for
heating (see example from Lisle Lyngøyna in Figure 7). We can
assume that Lisle Lyngøyna, Kolavika and many other wreck bays
were cleaned regularly to exploit these resources. This may have
influenced the way the storm deposits evolved, as some bays
may have been cleared annually for most loose material. After
1960 modernization caused a change in the way people lived
and these resources from the sea were left behind and allowed
to accumulate or degrade.

Cleaning operations are rarely complete when it comes to
the plastic buried in the soil after decades of accumulation
as it would require intensive efforts and resource. So far, we
lack knowledge about the effects of the plastic as well as from
disturbances caused by cleaning operations. Removing all the
plastic soil to restore the landscape to its “natural” state may
potentially cause more damage to the aquatic life in the pond,
the vegetation and inhabitants at the plastic contaminated sites,
and cause more immediate harm than if we were to leave it
and perform regular clean-ups to gradually remove emerging
debris and allow the changes to take place slowly. In cases
when the plastic has negligible impact on the ecosystem, we
can remove visible debris on the surface and restore recreational
value for humans. However, we should not automatically assume
that the plastic in the soil profile is of pressing concern to
conservation of ecological integrity. Decisions on abatement
measures that are not knowledge-based can lead to a waste of
conservation resources and in the worst case be harmful for the
ecosystem, e.g., by remobilization of buried contaminants or by
disturbing the ecosystem.

CONCLUSION

We have made the following observations that support the
hypotheses of landscape changes due to plastic accumulation:

(1) Plastic accumulation accelerates the formation of a thick
storm embankment by acting as a scaffolding for organic
deposits. This observation is supported by transects in
the deposition zone showing a 5–10 cm bottom layer of
compact and plastic-free soil with dense roots under a 40–
70 cm layer of organic rich and wet soil mixed with plastic
items. The soil and plastic items are distributed throughout
the soil, indicating that the soil was generated alongside the
accumulation of plastic.

(2) Aerial photos of Lisle Lyngøyna, indicate that the pond
has increased in size from 1960 to 2015, as opposed
to the natural succession where ponds grow in with
vegetation and over time develop into bogs and finally
forest over time. This suggests that plastic deposits and
newly generated plastic-rich soil can form dams and
prevent natural drainage of near shore wetlands and ponds.

(3) Our observation indicates that plastic accumulation caused
changes in the vegetation. This is supported by the soil
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profiles around the ponds and bogs including a base layer
with peat moss and heather overlain by a layer of peat
moss with incorporation of plastic fragments. This finding
indicates that the wet conditions leading to growth of peat
moss instead of heather co-occurred with the deposition of
plastic fragments. In support of this, we also see that plastic
fragments float in the pond before they are trapped and
deposited in the vegetation around the pond. The current
bog vegetation grows around the plastic fragments, and
over time, peat soil will overlay the plastic.

The observed accumulation and distribution patterns of
marine plastic debris and long-term changes to the structure
of soils, and the associated morphological development/changes
of the landscape should not be assumed to occur only along
the Norwegian coastline. This is likely a global phenomenon.
Wherever there is debris, tidal movement, wind and a potential
for accumulation it is likely that similar processes occur,
potentially leading to large changes to costal ecosystems around
the globe. The remedy is, first and foremost, to prevent and
mitigate plastic waste accumulation by better waste management
systems and frequent beach cleans. Such measures are likely far
more realistic and desirable than the complete cessation of the
use and release of plastic, although it is an enormous cleaning
job that will go on for decades, long after the input of plastic
to the ocean has stopped. Simply exchanging non-biodegradable
plastic with biodegradable polymers is not recommended by the
recent SAPEA report (Science Advice for Policy by European
Academies (SAPEA), 2020) due to risk of continuation of
the waste problem. However, biodegradable plastics may be a
solution for some applications with high risk of loss to the open
environment and where it is difficult or expensive to remove
it from the environment. Sound application of biodegradable
plastics designed for industrial composting is dependent on a
working waste management system, in the same manner as
conventional plastics.

Our results support that we have entered the
Anthropocene/Plastocene period whereupon layers of
mismanaged plastic debris is influencing the landscape, the
vegetation and geological processes and one day will be evident
in sedimentary records of the future.
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