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• Estimates of future secondary micro-
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pared to literature.

• Simple methodology for sampling and
analysis of plastic induced soil.
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Marine plastic litter is ubiquitous and knowledge about its impact on coasts, openwaters, the deep-sea, and the biota
found in those habitats is increasing. However, studies of how it affects terrestrial environments such as islands are
not as common. Over time, macroplastics in marine, as well as terrestrial environments, will fragment into
microplastics. A toxic level of microplastic is defined by characteristics of the specific organisms and the habitat it
affects, but also of the plastic itself. Plastic litter is being collected from wilderness areas through beach-cleanups
by volunteers, schools and professionals. A question that needs to be addressed is whether macroplastic that is
partially weathered and buried under vegetation should be taken out of the topsoil layer or left untouched to further
degradewith the risk of negative impacts on soil organisms or removed from the topsoil layer. A quantification of the
amount of plastic foundwithin the topsoil layer is therefore of great interest. In this study, a surveywas conducted in
spring/autumn 2020 at Mausund and Froan landscape conservation area in Frøya municipality, Norway (N63°).
Thirteen samples of vegetated soil from above the storm tide limit from eight remote and uninhabited islands
were collected, quantified and analyzed, and the results showed high amounts of plastic. Potential future concentra-
tions of microplastic in the samples if left untouched are estimated, based on a formula from existing literature.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
ilde.ervik@ntnu.no (H. Ervik),
tnu.no (C. Hellevik).
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1. Introduction

Micro- and macroplastics are ubiquitous. They are found in deep
water sediments, in Arctic organisms at low trophic levels (Bergmann
et al., 2017; Obbard et al., 2014; Knutsen et al., 2020), within indoor and
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outdoor air (Gasperi, 2018), tap water (WHO, 2019), animals throughout
the food web (GESAMP, 2015; Hasnat, 2018) and in the terrestrial envi-
ronment in general (Chae and An, 2018; Malizia and Monmany-Garzia,
2019; Accinelli et al., 2020). As most areas of our planet show traces of
plastics,more research is encouraged (Puskic et al., 2020). Plastic is an im-
portant material in modern societies and we are not yet ready to move
beyond the plastic age (Andrady and Neal, 2009). Worrying examples
of plastic entering nature, causing potential risks for living organisms
are being observed. It is important to quantify howmuch plastic is in na-
ture and compare these results against known toxic levels in the litera-
ture. Limited numbers of studies on the concentration and effects of
microplastics in terrestrial environments have been conducted so far
(Chae and An, 2018; Qi et al., 2020). Lenz et al. (2016) calls for environ-
mental realistic laboratory toxicity studies.

In this empirical study, microplastic items in nearshore soil and peat
are counted, weighed, classified and the ratio between the amount of
macroplastics and soil is calculated as percentage of total soil samples.

In addition, this article discusses how much microplastic the
macroplastic found is likely to be fragmented into in terms of weight
and number of particles if left to further degrade.

Macroplastics are defined in this paper as plastic particles greater
than 5 mm in size; whereas microplastics are particles under 5 mm
(GESAMP, 2015). Extreme hotspot concentrations of micro- and
macroplastic in soil are normally characterized as sites in proximity to
harbors, public areas, or dumpsites. In the context of this study, our re-
search question is whether remote uninhabited islands in Norway show
similar concentrations of plastics as hotspots areas.

This studywas initiatedwhen one of the authors of this article heard
unusual sounds, while walking across remote islands along the Norwe-
gian coast, in the area of Frøya and specifically Mausundvær and Froan
landscape conservation area. It turned out to be plastic bottles and
other forms of marine plastic litter washed off and buried underneath
a layer of grass. The grass was turned upside down and the litter was re-
vealed in surprisingly high quantities. The same trend was found in
nearly all nearshore areas of the islands explored. In this study, eight
Islands were randomly selected, and 13 soil samples in total were col-
lected. Two of those were taken as reference samples, approximately
100 m from the shoreline, as they were expected to contain small con-
centrations of macroplastic.

The aim of this study is to (I) document how much macroplastic is
found in the soil samples (II) document the types of plastic buried in
the soil samples, and (III) estimate the quantity and weight of
microplastics the macroplastic can be fragmented into if left to further
degrade.

Experiences from low-cost sampling techniques, as a reliable meth-
odology for research on plastics in soil are shared and discussed. Results
are discussed in relation to existing literature on the toxicity of
microplastic for the biota inhabiting soil and peat. Predictions of how
much secondary microplastic the macroplastic will generate each year
and how this will affect the biota are presented. We are also categoriz-
ing the types of macroplastics found.

Finally, the paper discussesmacroplastic in relation to beach cleanup
operations and other management implications, where it is today ques-
tionable how deep into the vegetation plastic should be removed or left
to further degrade.

1.1. Theoretical background

In this chapter, we present theory from the literature on the effects
of macroplastic on terrestrial vegetation, the rate of degradation from
macro- to microplastic, and how soil organisms might be affected by
both macroplastic, and secondary microplastic.

1.1.1. Weathering and chemical leakage of plastic polymers
Each plastic polymer has its specific decomposition rate. For instance

studies of LEGObricks, found acrylonitrile butadiene styrene (ABS) to be
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persistent in the marine environment for about 100–1300 years, with
3–40% breakdown by weight in an estimation of ±40 years (Turner
et al., 2020). Loakeimidis et al. (2016) found polyethylene terephthalate
(PET) bottles to radically change their FTIR-signature and lose
functional groups after 15 years in the marine environment. On the
other hand, Müller et al. (2001) estimated the lifetime of PET to be
from 16 to 48 years based on kinetic models.

Degradation rate is dependent on, amongst other factors, polymer
type, object thickness, environment, temperature, UV-radiation, physi-
cal abrasion, adhering biofilms and fungi. Estimating the total time of
degradation from amixture of plastics is therefore difficult if not impos-
sible and estimated degradation rate in a marine environment cannot
be directly compared to plastic buried in soil. Based on a literature re-
view, Chamas et al. (2020) estimated the half-life of seven common
polymers in buried soil (amongst other environments) to vary from
0.19 years for the polymers ‘Others’ (described as ‘biodegradable plastic
bags’) to 4.6 years for low-density polyethylene (LDPE), 250 years for
high-density polyethylene (HDPE) e.g. plastic bottles, to >2500 years
for PET, PE and poly vinyl chloride (PVC) and to 5000 years for HDPE
(pipes). The distinction between ‘pipes’ and ‘bottles’ relates to the thick-
ness of the object rather than the polymer composition.

Macroplastic concentrating in beach sediments is foundbyNakashima
et al. (2012), to be a pathway for heavy metal contamination; however,
the amounts measured in the study are not found to exceed US Environ-
mental Protections Agency regulations in terms of annual leakages.
Massos and Turner (2017) analyzed the elements Cd (cadmium), Pb
(lead) and Br (bromine) in plastic pellets and plastic fragments, collected
in SWEngland. Themaximumconcentrations of Cd, Pb andBr foundwere
3390 μg g−1, 5330 μg g−1 and 13,300 μg g−1, respectively.

In black food packaging, recycled from electronic and electrical
waste, the following pollutants are found: brominated flame retardants
(BFRs), Sb (antimony), Cd, Cr (chrome), Hg (mercury) and Pb (Turner,
2018). Colorants are associated with plastic containing metal sub-
stances (Groh et al., 2019). So-called pyroplastic is likely to be found
in near-shore sediments. Pyroplastic is plastic deformed by heat, nor-
mally a result of low-temperature fire (Suyadi and Manullang, 2020;
Menicagli et al., 2019).

1.1.2. Vegetation
When searching the terms ‘macroplastic intitle:vegetation’ in Google

scholar and ‘macroplastic vegetation’ in webofscience.com and BASE-
search.net, we found a total of nine studies (Suyadi and Manullang,
2020; Helcoski et al., 2020; Menicagli et al., 2019; Ding, 2021; Yao,
2019; Cozzolino et al., 2020; Ryan, 2020; Perez et al., 2018; Tramoy,
2019). Two of these studies are directly relevant to this case, as they in-
vestigate possible correlations between plastic abundance and vegeta-
tion health and development. Mangrove vegetation were found by
Suyadi and Manullang (2020) to be negatively affected by plastic with
statistically significant negative correlations (p= 0.05) between plastic
abundance and mangrove tree density, tree height, mean tree diameter
and density of seeding. Likewise,Menicagli et al. (2019) found that plas-
tic chemical leachate negatively affected seeding and germination in
sand dune vegetation.

1.1.3. Sediment and soil-dwelling organisms
Plastic is found in most wild animal species investigated (Machado

et al., 2017; Rezania et al., 2018; Hasnat, 2018; GESAMP, 2015). Bivalves
(Ennucula tenuis and Abra nitida) exposed to environmentally realistic
concentrations of plastic (PE particles) experience a decrease in energy
reserves and protein content. The severity of the effect increases with
particle size (Bour et al., 2018). Bour et al. (2018, p. 655) also found a
significant ‘dose-dependent decrease in total energy’, not dependent
on particle size of the microplastic exposure. Wright et al. (2013)
found the same trend with significant decreases in energy reserves in
lugworms (A. marina) exposed to Unplasticized Polyvinyl Chloride or
rigid Polyvinyl Chloride (uPVC). Bour et al. (2018) used concentrations
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of 1, 10 and 25 mg/kg in their four-week exposure study, while Wright
et al. (2013) used higher values of 1% and 5% (w/w). The same trends
were found in exposure studies (20 μm polystyrene for 24 h) of Marine
Copepod (Calanus helgolandicus) (Cole et al., 2015).

Microplastic pollution is proposed as a possible emerging contami-
nant with potential threats to terrestrial ecosystems by Machado et al.
(2017); however, their study mainly focuses on soil-dwelling inverte-
brates, fungi and plant pollinators. Plastic is also part of what the
Stockholm Resilience Centre qualify as ‘novel entities’ when describing
the introduction of chemical pollution into the environment as one of
the 9 planetary boundaries (Steffen et al., 2015). There is a lack of data
so that it cannot be determined whether this boundary has yet been
crossed (Steffen et al., 2015).

Soil invertebrates (E. crypticus (earthworm), F. candida (family of
Isotomidae – six leg, arthropods) and P. scaber (common rough
woodlouse) are foundby Salonen et al. (2020) to be affected by exhibiting
changes in energy reserves and feeding activitywhen exposed to concen-
trations corresponding to 0.062–28% (w/w) of polyester fiber (average of
760 μm ± 200 μm length of fibers). They did not find significant differ-
ences inmortality or reproduction of springtails, but they found a 34% de-
crease in feeding activity compared to the control sample for 1.5% (w/w)
polyester short fiber exposure. E. crypticus responded with negatively
altered reproduction for all concentrations of long fibers except 0.06%
(w/w) making this a No Observed Effect Concentration (NOEC).

Earthworms Lumbricus terrestris were exposed to concentrations
ranging from 7 to 60% of PE plastic mixed with plant litter (food for the
L. terrestris) by Lwanga et al. (2016), which corresponds to a total of 1
to 15% (v/v) of the whole soil sample. At levels of 28 and 60% of
microplastic concentrations (5 and 15%w/w); however, themortality be-
came 8 and 25% respectively and a significant weight loss was found
when they were exposed to 28% microplastic-litter mix. In contrast,
Prendergast-Miller et al. (2019) conducted an exposure study - using
polyestermicrofiber - alsowith L. terrestris. They used 0.1 to 3% (w/w) ex-
posure (for 35 days) and found no evidence of increased mortality, but a
significant (p < 0.001) dose-dependent increase of the biomarker metal-
lothionein (mt-2). Prendergast-Miller et al. (2019) also found that
L. terrestris did not avoid microplastic particles, and that plastic present
in the soil altered its burrowing behavior. Thismeans that terrestrial plas-
tic might alter key ecosystem services such as soil mixing provided by,
amongst others, L. terrestris.

2. Methods

2.1. Sample collection

The samples were taken on the 3rd of March, 5th of June, 12th of
August, 9th and 11th of September 2020. Coastal renovators, who are
professional cleaners, had cleared large areas in the archipelago on the
outer coast of central Norway. The 11 soil samples were taken from
areas where a lot of marine litter has accumulated over time, but has
been cleaned at the surface. The Islands and sampling sites within the
archipelago were randomly selected, on the western side of these
islands at siteswith aminimum of 30 cm soil (Fig. 1 and Supplementary
material, S1). The sites were vegetated and located just above the
storm-tide level. We looked specifically at the amounts and types of
plastic buried under the vegetation.

Most of the samples were collected down to the bedrock, i.e. 27–33
cm depth. We sampled 27 l of soil at each of the 13 locations, including
the vegetated topsoil layer. Each sample was dug out and cut with
knives. The sites are shown on a map in Fig. 1, and the coordinates are
provided in the Supplementary material, S1.

All the equipment was rinsed a minimum of three times with dis-
tilled water, and finally with ethanol. The soil samples were excavated
using small shovels and knives.

It was not possible to extract traditional core samples due to the
presence of fishing and aquaculture ropes as well as other macroplastics.
3

All the samples were therefore taken as onemixed sample of the topsoil-
layer down to 33 cm. For a number of sites, this meant digging to the
bedrock. This methodology for research on plastics in soil is low-cost
and because large volumes (27 l) are analyzed, sources of error that affect
the results are limited.

2.2. Sample preparation

The samples were preserved in polypropylene (PP) boxes. Each box
has the capacity to hold 27 l. Sampling was standardized by filling each
box completely with soil and plastic.

Formost of the samples, macroplastic was separated from the sample
the day after collection. Some samples were stored in a freezer at−24 °C
for two weeks prior to sorting and weighing.

2.3. Classification

Macroplastics were weighed in grams (weight uncertainty ±2 g) per
27 l and the ratio betweenmacroplastics and soil was calculated as a per-
centage. The types of plastic present in the soil samples were also
recorded.

In addition, an estimation of microplastic amounts resulting from
the decomposition of themicroplastic found was calculated. The uncer-
tainty in number of grams, is not visualized further into the extrapola-
tion. This decision was taken due to the high uncertainty related to
this calculation, and the fact that the level of uncertainty does not
change the overall trend.

After the soil and macroplastics were weighed, the plastics were
sorted by product category. The categories were inspired by Haarr et al.
(2020) but adjusted to our data. The categories were ‘commercial prod-
ucts’ divided into ‘Commercial ropes’, and ‘Not ropes’; “Private (‘on the
fly’) and Household items”, ‘Pyroplastic’ (Ehlers and Ellrich, 2020) and fi-
nally ‘Other items’ (Haarr et al., 2020). It is possible that some of the ropes
are non-commercial; however, Haarr et al. (2020) argue that as the great
majority are used commercially, it is the most logical way of classifying
ropes. The great majority of ‘other’ items was impossible to classify due
to their degree of decomposition. Some sources in the literature give the
size of the macroplastic found. Based on experience with sample collec-
tion, sorting, and analysis, we concluded that these estimates were not
relevant, due to the instability of the plastic litter in nature. As an example,
a bucket could be counted as one piece ofmacroplastic of 35 cm size, or, if
it is breaking apart while sampling, should it be counted as e.g. 150
pieces? The size of theplastic items is thereforenot reported in this article.
A selection from each sample/site was further analyzed to identify the
type of plastic (polymer) with a Raman Spectrometer (Figs. 2 and 3).
The randomly selected pieces gave a picture of which polymers were
found in each sample/site (Fig. 5).

2.3.1. Proportion of plastic vs. soil
Each of the 11 samples, with soil and plastic, and the two reference

samples, which were blind tests with only soil (number 8 and 13) were
weighed and turned upside down on a clean table. One of the samples,
before sorting are visualized in Fig. 4. Before handling the sample in the
laboratory, sorting out and examining visible plastics, three samples
were taken out of their glass jars; weighed, dried at 60 degrees for 48 h,
then weighed again.

Themacroplastic was also dried in a drying cabinet at amaximum of
50 degrees for 5 days and nights. Theweight of the soil andmacroplastic
before and after drying was used to calculate wet weight vs. dry weight
and the results are given in gramand percent ofmacroplasticwithin 27 l
of soil and plastic (Table 1).

2.3.2. Plastic product type and color
From each sample, the macroplastic items were sorted by product

type. As previously mentioned, the categories were 1) Commercial
ropes, 2) Commercial, not ropes, 3) Private & Household, 4) Pyroplastic



Fig. 1. Map of the sampling area and sampling sites in Central Norway. Layout: Jakob B. Cyvin, 2021.
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and5)Other items (Fig. 2). The color of eachproductwas also determined
and these results are presented in the Supplementary material, S2. The
basis for this is that different inorganic pollutants give different colors,
and there are indications of color-dependent ingestion of macroplastic
by birds (Groh et al., 2019; Holland et al., 2016; Turner, 2018).

2.3.3. Raman spectrometer
A total of 113 macroplastic items (17% weight) were analyzed with

i-RamanPlus 532HPortable Raman Spectrometerwith a laser operating
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Fig. 2. Proportions of macroplastics found for all sites except control sites (8 and 13) for the f
items’, ‘Pyroplastic’ and ‘Other’ items. Classification inspired by Haarr et al. (2020).
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at 785,1 nm. The libraries used in these analyses were: Raman Polymers
& Polymer Additives Librarywith 3412 spectra and Raman Dyes, Pigments
& Stain Library with 1364 Spectra. Raman Spectrometers have a weak
signal formaterials that are dark in color, thinwalled plastics andno sig-
nal for black materials. Blends with different concentrations of paraffin
and polyethylene give different properties to these plastic items (Chen
and Wolcott, 2014). Plastic items of known polymer composition were
analyzed with the Raman Spectrometer before the plastic items from
this study for quality control. Quality indices of at least 80% match
6 7 8 9 10 11

ght based on categories.

Series4 Series5 Series6

ollowing categories ‘Commercial, ropes’; ‘Commercial, not ropes’; ‘Private and Household



Fig. 3. Polymers (plastic samples) analyzed with a Raman Spectrometer. The categories
are 1) unknown, 2) medium density polyethylene (MDPE), 3) polypropylene (PP) and
4) polystyrene (PS).
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with the librarywere selected as approvedmatches. This value is vital to
distinguish between ‘approved’ or ‘disapproved’ scanning. The plastic
items analyzed were randomly selected from each of the each of the
soil samples one to twelve (except number 8), i.e. 11 samples. The
amount of material scanned (weight) is visualized in Fig. 2.

In addition to the analysis using a Raman Spectrometer, the plastic
was also examined visually; results are described in Section 3.3.

2.3.4. Estimates of future secondary microplastic levels
In the result section, we are presenting estimates of weight and fu-

ture projections of the number of secondary microplastic particles,
due to further weathering of the macroplastic currently found in the
soil samples.

The equation used for estimating number of futuremicroplastic par-
ticles is as follows:

m
v

� �
∗ d ¼ estimated number of MP

particles
kg

with density
0, 93g
cm3 :
Fig. 4. Sample number 3 before
Photo: Jakob B. Cyvin.
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Whenm= (grams of macroplastic in the sample/kg of total sample),
v = volume of one microplastic particle with the diameter of 100 μm
which equals 5.24 ∗ 10−7cm3, and d = 1.07 (density = 0.93 g/cm3).

It is important tomention that some of the fragments are likely to be
washed out of the soil, and it is unclear whether all macroplastic that is
degrading, will go through themicro- and nanoplastic stages or if some
of the mass will undergo the change back to the basic elements of car-
bon, hydrogen and oxygen (Chamas et al., 2020). The projection of fu-
ture mass of the microplastic is based on basic extrapolation, with 500
years of half-life as a reference (Chamas et al., 2020). These estimates
are rough and need validation.

3. Results and discussion

The main results from this study comprise of a quantification of
macroplastics in the soil samples and a characterization of the type,
color and weight of plastic items in each soil sample.

In addition an estimate of the future number ofmicroplastic particles
produced through theweathering of themacroplastic currently found is
provided, based on a formula from the literature. The plastic litter found
is classified into broad categories (see Section 2.3.2) and its polymer
composition is presented.

3.1. Macroplastic quantification and estimation of future microplastic con-
tent in soil samples

The percentage of different types of plastic based on weight is pre-
sented in Fig. 2. The results show that the majority is made up of com-
mercial ropes, with a high proportion of ‘other’ items, where it was
not possible to identify the original object. An example of these objects
is a high number of plastic films, and fragmented pieces of hard plastic.

Pyroplastic was found in all the samples analyzed. The sources of the
pyroplastic found are not known: Sources, composition, chemicals and
properties should be further investigated.

Percentages of macroplastic within the soil samples are presented in
Table 1. Estimates of future microplastic concentrations per kg of dry
soil are also presented in Table 1 as number of particles. The decision
to communicate mass and number of particles is based on existing
literature; as both number of particles/(weight/volume) for sediment
sorting out macroplastic.



Table 1
Results of the analysis of soil samples. Total weight (soil and plastic) g/27 l, % of plastic in
each sample and estimated number ofmicroplastic particles after degradation. The uncer-
tainty associated with the weighing process is ±2 g.

Sample
ID

Total dry
weight in
grams (soil
and
plastic)/27 l

% of plastic
in samples
dw
plastic/dw
total
weight
sample

Estimated number of
MP particles/kg with
density 0,93 g/cm3.
Spheres of 100 μm in
diameter. Medium
density PE

Estimated number of
MP particles/kg/year
with ‘half-life land’
(buried) of 500 years.
Spheres of 100 μm in
diameter. High density
PE. Based on Chamas
et al. (2020)

1 13,200 28.19% 575,789,069 1,205,438
2 8800 37.05% 756,640,452 1,829,434
3 10,600 29.66% 605,785,762 1,323,690
4 12,000 72.67% 1,484,006,547 2,868,746
5 22,500 11.87% 242,471,698 511,427
6 10,500 22.92% 468,040,623 1,924,990
7 10,700 6.71% 137,073,050 325,296
9 11,000 15.92% 325,139,179 651,411
10 7000 12.97% 264,990,108 683,736
11 12,300 3.60% 73,552,294 86,746
12 13,700 25.99% 530,757,965 1,060,998
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(e.g. Claessens et al., 2011; Knutsen et al., 2020; Brown et al., 2011), and
mass/(volume/weight) are presented in the literature for exposure
studies (Lee et al., 2013; Bour et al., 2018; Cole et al., 2015; Salonen
et al., 2020).

Sample 1,2,3,4,5,6,7,9,10, 11 and 12 show a wide range of variation
in the proportion of plastic, but all soil samples except one (ID: 11)
were highly infiltrated with plastic (Table 1). After sorting the soil for
13 samples (including two reference samples at the top of the islands
which are not presented in Table 1), and a total of 351 l of soil, only 4
earthworms (Lumbricus terrestris)were found.Without control samples
from the same elevation, it is difficult to determine how many soil or-
ganisms ‘should have been there’. However, it seems surprising to find
so few in the topsoil layer. Further research is needed to investigate
whether this is a trend in plastic-ridden topsoil or an isolated case.

Microplastic concentrations in the soil is so far not estimated, but
based on Chamas et al. (2020), and an estimate of linearity in time-
dependent weathering from macro to microplastic, it is predicted that
the macroplastic found will correspond to between 7.35 × 105 and
1.4 × 109 microplastic particles (estimates based on 100 μm spheres)
per kg dry soils each year when estimating a half-life of 500 years
(Table 1). Within each sample of 27 l of soil, this corresponds to
1.5–35%microplastic of theweight in 35 years, with 3.5% in sample 4 al-
ready in 50 years. Existing microplastic concentrations in the samples
are not included in this estimate.

Nakashima et al. (2012) and Massos and Turner (2017) found
microplastic and plastic fragments to leak chemicals and heavy metals.
In relation to ourfindings of up to 70%plastic in the soil, further research
is needed to determine whether these soils are also getting contami-
nated by similar chemicals.

3.2. Macroplastic analysis with Raman Spectrometer

The different polymers detected with the Raman Spectrometer are
presented in Fig. 3. Supplementary materials (S3) shows a selection
with six spectra, from the scanning of samples 3a, 2a2, 3h, 5e, 5l, 7a.
These are 6 of 113 analyzed samples.

The vast majority of our 113 objects analyzed with a Raman Spec-
trometer, were found to be made up of medium density polyethylene
(MDPE) and unknow plastics. Polypropylene (PP) and polystyrene
(PS) were also recorded. It is not surprising that PE dominates, as PE is
the most widely used plastic in the world (Andrady, 2015).

Some plastic fragments showed paraffin on one side and polyethylene
(PE) on the other side. For fragments such as these, the result was pub-
lished asMediumDensity Polyethylene (MDPE), after visual examination.
6

It was not appropriate to assess whether there were significant differ-
ences between the 11 locations where the samples were taken.

One possible explanation for the result unknown being dominant is
that the plastic items analyzed were weathered and depolymerized.
The plastic samples analyzed had possibly previously been at sea and
buried in soil for many years. Chamas et al. (2020) explain the degrada-
tion at the surface of the plastic fragments with mass loss and depoly-
merization. Plastic products will, after being carried by ocean currents,
washed against rocks, and buried in terrestrial environments for a
long time, being exposed to UV radiation and temperature differences,
quickly become brittle and there will be changes in the polymer surface
with visible cracks, cavities and surface degradation (Chamas et al.,
2020). These processes affect the time it takes for fragmentation and
degradation. A library of degraded plastics is oneway to increase the re-
liability of the spectroscopy analysis.

3.3. Visual examination of macroplastic

Macroplastics were found in 11 of the 13 soil samples. As
abovementioned, the plastic was sorted out from all sites except control
sites (8 and 13) for the categories described in Section 2.3.

Fig. 4 (Sample 3) shows the plastic fragments before separation from
the soil. In sample 3, ropes and single fibers degraded from ropes were
the main findings. In sample 10, a lot of thin-walled plastic and ropes
were found. Fig. 5 shows the amount of macroplastic from sample 10
and the randomly selected fragments from the same sample which
was then analyzed with a Raman Spectrometer.

Multiple rope fragments and thin-walled plastic itemswere isolated
from the 11 soil samples after visual inspection. The results from the
Raman Spectrometer analysis of the rope fragments appeared as ‘un-
known’. The supplier states that i-Raman plus has a weak signal for
thin-walled plastic sheets and no signal for black materials. This is not
to say that it is not plastic. All fragments extracted from the sample
were visually identified as plastic by three different scientists. The re-
sultswere ‘unknown’ on 56 of the 113 samples. The high number of ‘un-
known’ results is explained by Chamas et al. (2020) by the degree of
weathering which makes the plastic material difficult to analyze. The
change in plastic structure gives weak or no Raman signal. The
microplastic items found in this study (Tables 1 and 2) are expected to
further fragment into high numbers of microplastic particles (Chamas
et al., 2020), which will with high probability surpass concentrations
of microplastic known to cause damage to the local biota (Salonen
et al., 2020; Lwanga et al., 2016; Prendergast-Miller et al., 2019).
Macroplastic itself is found to cause changes in the morphology of the
vegetation (Suyadi and Manullang, 2020; Menicagli et al., 2019) and
we were interested to know if this is the case also for the vegetation
that is covering the western islands of Norway. Samples 1–4 and
samples 6 and 12 have particularly high concentrations of plastic
(Table 1). The low numbers of invertebrates found during sorting is
alsoworthmentioning. The results of the polymer composition seem in-
congruous (Fig. 3), due to very high levels of medium density PE com-
pared to e.g. sea bottom sediments. However, it is natural that plastic
types with lower polymer numbers should be the ones washing up on
beaches as they will have a density lower than water and be floating
at the surface. Our results show that the western side of the islands on
the coast of mid-Norway is highly polluted down to at least 30 cm
below the surface. Already after 50 years, the levels of microplastic
within the soil, created by the weathering of the macroplastic present,
will reach values higher than 1–3% of the soil by weight (Table 2) at
multiple sites investigated. When comparing these levels to toxicology
studies presented in the introductory chapter, we conclude that these
are likely to negatively affect the local biota (Wright et al., 2013; Bour
et al., 2018; Cole et al., 2015; Salonen et al., 2020; Prendergast-Miller
et al. (2019). The biota is likely to be affected through altered soil prop-
erties from thepresence ofmacroplastics as physical obstacles, and from
secondary microplastics, due to their toxicity, leaching of heavy metals



Fig. 5. The totality of macroplastic items found in sample number 10 (to the left) and the pieces that were randomly selected for analysis with a Raman Spectrometer (to the right).
Photo: Hilde Ervik.
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and even the creation of future plastic induced rocks such as
plastiglomerates (De-La-Torre et al., 2021) or plastic exposed to heat
called pyroplastic (Ehlers and Ellrich, 2020). The samples were taken
in areas with waste visible at the surface, but not specifically within
spots visually found to be hotspots. We can therefore not say that
these results are an overrepresentation of reality and can only wonder
how representative these levels of pollution are for the West coast of
Norway as a whole.

4. Concluding remarks and directions for further research

On the western side of the remote islands of Mausund and Froan
landscape conservation area, in Frøya municipality Trøndelag county,
Norway, we found concentrations of microplastic ranging from 3 to
72% (dw/dw) in soil samples from vegetated areas above the tide
limit. The majority of the samples investigated should, based on its
amount of plastic be characterized in the same category as hot spots.
Ropes made up most of the plastic items found. MDPE-plastic domi-
nated the composition of polymers. The number of future microplastics
is dependent on the polymer thickness and on the surface area of the
plastic when sedimented. UV-degraded plastic coming from the sea
will have started theweatheringprocess and its half-life timewill there-
fore be lower (Table 1). More research is needed to determine the cur-
rent polymer composition of existing macro vs. microplastic and
possible correlations between plastic concentrations and vegetation
density, health, and biodiversity. The prediction that ‘there will be
more plastic than fish in the world's oceans by 2050’ is a highly cited
(e.g. Naidoo and Glassom, 2019; Jovanović, 2017; McNeish et al.,
2018) example of a similar extrapolation based on estimates with
high levels of uncertainty (Jambeck et al., 2015; Jennings et al., 2008;
World Economic Forum, 2016), but with an important message as
long as it is used correctly.
Table 2
Projectedmicroplastic concentrations. Percentages of microplastic (d.w/d.w) and estimates are
life durations of 50, 100, 200, 300 and 500 years. Uncertainty from weighing process: ±2 g.

Sample
ID

Gram of macroplastic
(±2 g)/27 l of soil
(one sample)

% microplastic
in 50 years

% microp
in 100 ye

1 981 1.47% 2.95%
2 870 2.24% 4.47%
3 1520 1.62% 3.23%
4 1038 3.51% 7.01%
5 219 0.63% 1.25%
6 682 1.25% 2.51%
7 173 0.40% 0.80%
9 235 0.80% 1.59%
10 376 0.84% 1.67%
11 40 0.11% 0.21%
12 410 1.30% 2.59%
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The literature presented in this paper leads to the idea that there is a
high probability for valid correlations between plastic abundance and
the health of the terrestrial biota within the remote geographical sites
of Mausund, Norway. Due to the small amount of research found
through the literature review, it is difficult to advise whether sediments
like the ones presented in this paper should be cleaned or left for further
degradation. To resolve this dilemma, more research is needed about
the possible causal correlation between soil health, the health of biota
and macro and microplastic concentrations, and the effects of disrup-
tion during beach-cleanups. Are there any thresholds where cleaning
should be conducted or not conducted given the concentration of plastic
within the soil?

Another point to consider is that over a timespan of thousands of
years, there is a high probability that islands off the coast of Norway
will experience fire, especially due to human factors (Bleken et al.,
1997). Pyroplastic (Ehlers and Ellrich, 2020) and plastiglomerates can
be created during fires (De-La-Torre et al., 2021), with possible leaching
of chemicals into the soil. The concentrations found in this study would
probably create layers of plastiglomerates, transforming the soil proper-
ties fundamentally. It would be interesting to find out whether the total
plastic concentrations found in this study are representative for the area
and whether this affects the soil biodiversity. EDNA is a possible tool for
investigating whether there is a correlation between macroplastic con-
centration and biodiversity. The finding ofmultiple pieces of pyroplastic
in all samples is of great interest, and its source, fate and impact should
be further investigated. We are asking the question of whether these
samples are an exception or the rule, within the plastic-soil layer of
the western island of Mausund landscape conservation area.

The method used for digging soil samples, sorting, weighing and
drying is simple and robust for sampling terrestrial soil, useful for uni-
versities, citizen scientists, schools and researchers with limited re-
sources who want to investigate the relations between soil and plastic.
based on theweathering rates provided by Chamas et al. (2020). Estimates based on half-

lastic
ars

% microplastic
in 200 years

% microplastic
in 300 years

% microplastic
in 500 years

5.89% 8.84% 14.73%
8.94% 13.41% 22.36%
6.47% 9.70% 16.17%

14.02% 21.03% 35.05%
2.50% 3.75% 6.25%
5.01% 7.52% 12.53%
1.59% 2.39% 3.98%
3.18% 4.78% 7.96%
3.34% 5.01% 8.36%
0.42% 0.64% 1.06%
5.19% 7.78% 12.96%
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Other factors not considered here, such as number of biological taxa,
water infiltration or microplastic concentration can easily be incorpo-
rated in future studies.

We are recommending more research in this field, so as to properly
advise beach cleanup volunteers and professionals on the proper course
of action when it comes to macroplastic removal from terrestrial envi-
ronments. We also raise the question of bushfires, and the implications
for soil quality when plastic is present.
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