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ABSTRACT

Increasing trend of littering of coastal areas and marine environment is recognized globally. In the
European Union, 80-85% of marine litter is plastic, among which single-use plastic (SUP) products
represent 50%. The study confirmed that the primary source of SUP items on urban beaches of Tallinn,
Estonia, is direct littering by beach visitors. The level of littering is highly dependent on the intensity
of beach use. In total, 1492 macrolitter items per 100 m of beach length were registered at urban beach
Russalka, while remarkably lower values were registered at semi-urban beach Kakumée. The most
frequently found SUP items at urban beach were cigarette butts, followed by various packages and
sweet wrappers. To assess how quickly the fragmentation of selected SUP products takes place in the
natural environment, field experiments were carried out. The degradation of disposable paper plates,
biodegradable plates and biodegradable waste bags was studied in two terrestrial (open-air vs. buried
in soil) and two marine (submerged in seawater above sediment vs. buried in sediment) treatments.
The experiment showed that the degradation of biodegradable SUP items is limited in natural environ-
ment and varied depending on the character of the material of the product and the environment it was
exposed to. The studied biodegradable plates had the fastest degradation rate (4 months) and the loss of
material was the highest during the first months. In open-air conditions, the degradation process was the
slowest. For the biodegradable plastic bags, noticeable decomposition took place only in the seawater
above sediment; in other environments, the degradation was slower. Therefore, to decrease the impact
of plastic, instead of using biodegradable material, the guidance of consumers toward reducing, reusing
and recycling of plastic should be promoted.
Keywords: Baltic Sea, beach litter, biodegradable products, discarded macrolitter, disposable plastic,
marine debris, plastic pollution.

1 INTRODUCTION

Both terrestrial and marine environments are facing an increasing trend of littering, with
plastic being the main component of anthropogenic litter [1]. Accumulation of plastic debris
is most visible in coastal marine ecosystems like beaches and shallow nearshore seabed. In
the European Union (EU), 80-85% of marine litter is plastic, among which single-use plastic
(SUP) products compose 50%. SUP products include a diverse range of commonly used
consumer products that are discarded after having been used once for the purpose for which
they were provided. These products are rarely recycled and are prone to becoming litter. SUP
products are therefore a particularly serious problem in the context of marine litter as they
pose a severe risk to marine ecosystems, to biodiversity and to human health [2].

The production and use of biobased and/or biodegradable plastics are rising globally [3].
SUP is a difficult material to manage as it is usually not easily degraded under common
waste management practices. In the context of mitigating the negative effect of the use of
plastic, it seems to be more attractive to use biodegradable polymers. The SUP products
(both non-degradable and biodegradable) often end in the marine environment, which is not
an optimal media for biodegradation as the necessary conditions for full degradation are not
met (e.g. low temperature and oxygen-level conditions present in marine environment) [4].
Although degradation under laboratory conditions vs. degradation under natural conditions
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vary greatly [5], there is only a small number of studies investigating the fate of macrolitter
in nature [6], especially in the marine environment [7]. Studies performed in an artificial
environment could be used to test the stability of a material and are not suitable for describing
the effect of complex environmental conditions.

Describing the distribution of most common litter items in coastal areas is needed to
effectively fight against littering of the marine environment. The topic of marine litter is
included in the Marine Strategy Framework Directive developed by the EU to manage and
protect the marine environment across Europe more effectively as one of the 11 descriptors
of Good Environmental Status. The EU requires the member states to ensure that the com-
position and amount of litter in the sea area are at levels that do not cause adverse effects
on the biological communities. Therefore, litter shall be monitored along the coastline and
sea area and information on the source and pathway of the litter shall be collected where
feasible [8]. Although the number of articles on marine litter has increased in recent years,
there is limited information available on the composition and quantities of beach litter in
the northern Baltic Sea [9].

Littering the environment is a great concern on both local and global levels. In order to
make changes, an integrated approach is needed, including knowledge of e.g. human behav-
iour, material science, global economy and ecology. Current study expands our knowledge
of the distribution of litter in the coastal area of NE Baltic Sea and the durability of SUP
products both in the natural terrestrial and marine environment. The aims of this study were
to (1) quantify and identify the composition of SUP and macrolitter in urban and semi-urban
coastal areas, (2) evaluate the influence of human activity on beach littering and (3) assess the
degradability of single-use products under different environmental conditions. We hypoth-
esized that natural conditions occurring in coastal zone (both terrestrial and marine environ-
ment) are not suitable for full degradation of biodegradable products.

2 MATERIAL AND METHODS
2.1 Occurrence of SUP

The abundance and composition of macrolitter were studied at the two sandy beaches:
Russalka and Kakumie (Fig. 1). Both studied beaches are located in the Estonian capital
city Tallinn, which has a population of about 446,000 inhabitants. The beach cleaning
activities on both beaches are irregular and take place mostly during the summer season.
To have the longest possible litter accumulation period beforehand and have least effect
from cleaning activities, our sampling was performed before cleaning events in spring,
May 2020.

The studied beaches are very different in terms of human activity. Urban beach Russalka
is in the vicinity of residential areas with large apartment buildings and a population of over
100,000 inhabitants. Due to the promenade and other leisure facilities, the Russalka area
is highly visited all year round. The coastline is especially popular as a beach walk area.
Although widely used, the beach lacks public toilets. The Russalka beach is 1 km from the
regular ferry lines and active ferry harbour. Kakumie Peninsula is an area of private houses
with a population of 2,000. Outside of the summer season, the beach is mostly visited by
locals and could be classified as a semi-urban beach.

Sampling followed the OSPAR beach monitoring guidelines [10]. The standard monitoring
area of the OSPAR methodology is 100 m long and the width of the monitoring area extends
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Figure 1: Location and the main facilities of the studied beaches. Sampling transects are
marked with red line, 1 — seafront promenade, 2 — seating areas, 3 — sport facilities,
4 — children playground and 5 — parking lot.

from the waterline to the beginning of the vegetation. In this area, all the litter objects are
counted and determined. The beach width ranged between 15 and 25 m in both sites. The
minimum size of the longest side of the coastal macrolitter is set at 2.5 cm. This size also
includes bottle caps and majority of cigarette butts [11].
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2.2 Degradation of SUP

In situ degradation experiment was carried out between June 2018 and April 2019 in K&i-
guste, Saaremaa Island, Estonia. The local climate features four seasons of near-equal length.
Monthly average air temperatures varied from 20.3 °C in summer to —1.9 °C in winter (State
Weather Service data). Environmental data are given in more detail in [12].

The following disposable items were tested in a degradation experiment: 1) paper plate (15
cm in diameter), the main material is cellulose with a thin layer of polyethene, 2) biodegrad-
able plate (15 cm in diameter) and 3) biodegradable waste bag (capacity of 6 L). The last two
products were labelled as 100% biodegradable and compostable.

The dry weight of each product was measured prior to the experiment. Each item was
placed into its own mesh bag with a mesh size of 4 x 4 mm. The used mesh size allowed the
passage of invertebrates during the experiment. All mesh bags were labelled before closing.
Three replicate samples for every three products were used to investigate each of the environ-
mental conditions. Each sample bag was sampled only one time.

The degradation rate of the assessed products was tested in two terrestrial (open-air, buried in
soil) and two marine (submerged in seawater above sediment and buried in sediment) environ-
ments. The degradation experiment was conducted in these environments as in coastal areas litter
may be easily trapped either in sea or land — e.g. light litter items are easily transported inland by
the wind and change of water level and these litter items may stay on the ground or get buried
within sediment and organic material (leaves, grass, etc.). A terrestrial setup was performed in a
mowed lawn in Kdiguste (58.3733°N, 22.9818°E) where humus-rich garden soil prevails. Field
experiments in marine conditions were conducted in shallow, semi-enclosed Kdiguste Bay, north-
ern Gulf of Riga, NE Baltic Sea (58.3714°N, 22.9816°E). Bottom substrate of the location was
fine sand with mud (90% and 10%, respectively), water depth with normal water level was 0.5
m. The distance between terrestrial and marine experimental plot was 250 m. Sample bags were
anchored in place for each of their associated environmental conditions. The buried samples were
covered with a 5-10 cm thick layer of soil or sediment.

The samples were removed from the experimental sites 2, 3, 4 and 10 months after instal-
lation. The samples were packed separately and transported into lab for further analysis. The
material was removed from the bag, cleaned gently and dried at room temperature to constant
weight. Weight loss was used to quantify the extent of degradation. Results were expressed as
the percentage of remained dry weight of material compared to initial weight.

The results of the degradation experiment were statistically analysed using the factorial
ANOVA. The effects of factors (type of products, sampling time, and test environment) on
the loss of weight were tested. Tukey’s HSD post hoc test was used to analyse the differences
between groups.

3 RESULTS
3.1 Occurrence of SUP

A total number of 1,492 macrolitter items per 100 m of beach length were registered at urban
beach Russalka; 75% of litter was composed of plastic. Glass and ceramic formed 17%,
metal 3% and processed wood 2% of the material. Other materials (chemicals, rubber, paper,
textile and food waste) each accounted for less than 1%. Altogether, 67 items were found at
semi-urban beach Kakumie, plastic formed 73% of that, followed by processed wood (21%).
Only single items of other materials (metal, paper and food waste) were found.
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Table 1: SUP waste composition and proportion collected from Russalka and Kakumie

beaches in May 2020.
Russalka Kakumie
SUP items Items/100  Percentage  Items/100  Percentage
m of beach among SUP, m of beach among SUP,
length % length %
Cigarette butts 481 63.2 3 16.7
Plastic packages 87 114 10 55.6
Sweet wrappers 85 11.2 0 0
Plastic bags 25 33 0 0
Sanitary items 25 33 2 11.1
Take-away (drink, food) containers 24 3.2 0 0
Bottle caps and rings 13 1.7 2 11.1
Bread bag closure 10 1.3 0 0
Tableware, cutlery, and straws 9 1.2 0 0
Other items 2 0.3 1 5.6

At Russalka beach, SUPs formed 51% of all collected litter items (761 out of 1492) and
68% of all collected plastic items (761 out of 1114) (Table 1). The rest of the plastic items
were mostly fragments of film and plastic, whose origin could not be identified. The most
frequently found SUP items were cigarette butts, followed by various packages and sweet
wrappers. At Kakumde beach, the percentage of SUP products among plastic was lower; 27%
of all collected litter items (18 out of 67) and 37% of all collected plastic items (18 out of 49)
(Table 1). Plastic packages were most often found.

3.2 Degradation of SUP

The results of the experiments showed that degradation rates varied both between the mate-
rial of the products and tested environments (ANOVA, F' = 4.6, df = 18, p <0.05). Amongst
all tested materials, degradation was highest when the products were submerged in seawa-
ter above sediment, where 83-100% of the material was decayed at the end of the experi-
ment (Fig. 2, Tukey HSD test, p < 0.05). The remarkable loss of mass took place during
the first 3 months (Fig. 3). The next tested environment that promoted the degradation was
terrestrial and buried in soil, and degradation was slowest when products were exposed
to open air. In open air, the maximum weight loss was 17% after the 10-month exposure
period.

When comparing the materials, the biodegradable plates showed the maximum degradabil-
ity (Tukey HSD test, p < 0.05). The biodegradable plates had completely disappeared from
the mesh, while plates were buried in soil in terrestrial environment or laid above sediment
in marine environment (Fig. 2). Paper plates showed comparable values while submerged in
seawater above sediment but had remarkably lower loss while buried in soil (Tukey HSD test,
p < 0.05). Biodegradable bags showed the lowest degradation rates in all environments. The
weight loss of the bags was below 20% in three tested environments (Fig. 2).
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Figure 2: Average weight loss + S.E. of three SUPs in different environmental conditions at
the end of the experiment (10-month exposure period). Columns indicated by the
same letter did not differ significantly (Tukey HSD test, p > 0.05).
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Figure 3: Average loss of weight of three SUPs exposed to marine environment above sediment.

4 DISCUSSION
The study showed that the primary source of SUP items on urban beaches is direct litter-
ing by beach visitors. The level of littering was dependent on the intensity of the beach use.
Plastic products and fragments formed up to 75% and SUP items up to 51% out of all litter
items. The experiment showed that the ability of degradation of biodegradable SUP items is
limited in natural environment and varies depending on a product’s material composition and
the environment it is immersed in. The degradation of the biodegradable bags was remark-
ably lower compared to the other materials under consideration. The greatest loss of material
was observed for biodegradable plates buried in the soil and in the sea above sediment; full
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decomposition took place within 3-4 months. Additionally, standard paper plates displayed a
higher rate of degradation when compared to biodegradable bags.

The most popular beaches and urban beaches are under high anthropogenic pressure by
littering and thus having a huge negative impact on the environmental quality of marine
ecosystems [13], [14]. The effect of litter on the different components of the environment is
very complex. Macrolitter is reported to be harmful for wildlife by entanglement or inges-
tion of litter [15]. Once plastic materials are discarded in the environment, both chemical
degradation (initiated by heat and UV radiation) and physical degradation (mainly caused by
mechanical stress in the environment) occur [7]. The risk of ingestion by biota increases with
the degradation of the macroplastic into a microplastic. As a result, the organisms are affected
by the release of hazardous chemicals [15].

It is reported that locally manufactured products may form over 90% of litter at urban
beaches, while remote beaches receive 30% or less of local litter [16]. The number of litter
items per 100 m of popular tourist areas or urban beaches may vary from hundreds to thou-
sands [17], [18]. In the Baltic Sea, the northern Baltic Sea (Gulf of Finland, Bothnian Sea and
northern Baltic Proper) is considered as the most littered region. Based on data from eight
countries, 258 litter items per 100 m in urban and 169 items in semi-urban beaches have been
reported [19]. Compared to Baltic Sea averages and data from the current study, the abun-
dance of litter was more than five times higher at urban beach Russalka and two times less at
semi-urban beach Kakumie. Maximum; 20 items per 100 m coastline on average was agreed
as an acceptable amount of litter indicating good environmental status of assessment unit by
EU member states. The complete absence of beach litter cannot be expected as unintentionally
lost items and existing litter occurs [20].

Plastics used only once (plastic bags, packages, cutlery and straws) are significant sources
of marine plastic pollution [21]. The most frequently occurring SUP products in beach litter
items on Baltic Sea scale are attributed to eating, drinking or smoking activities, such as
food wrappings, bottles or lids, as well as plastic pieces of different sizes [19]. Contrarily, in
areas with limited access, higher proportion of products with higher buoyancy (e.g. pellets,
foam and bottles) can be found [22], [23]. Similar to other easily accessed coastal areas in
Europe [24], cigarette butts and plastic packages were found most often both at Russalka and
Kakumie beaches. The remarkably large number of cigarette butts in the beach suggests that
people’s awareness of the harmful effects of filters on marine life is still low.

It is widely known that litter begets litter [25], [26], [27] and, in the fight against littering,
environment-responsible behaviour is one crucial aspect [28], [29], [30]. The social pressure
to condemn littering is rising both on global and local levels, and the altruistic behaviour as
such is rising (e.g. World Cleanup Day and Nordic Coastal Cleanup, [31], [32]). Both altruis-
tic and self-interest behaviours are positively associated with pro-environmental behaviours
[33], [34]. The differences in litter amount and composition in our studied beaches can be
partly explained by the different behaviours of beach visitors. Kakumée beach is a small
beach-for-all with a strong local community feeling, and the regular everyday visitors clean
the beach from litter items during most of their visits. What Kakumée beach is facing cur-
rently most is the litter from remote areas (blown by the wind from the terrestrial part or car-
ried by the waves from the marine environment); the on-sight direct littering by beach users
has significantly decreased (though not fully disappeared). As for Russalka beach, the public
feels more that it is the responsibility of the municipality to keep it clean, and there is no core
group to take care of the tidiness of the beach. Also, the lack of dustbins and nearby public
toilets explains the amount and composition of litter in Russalka beach.
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Whereas the use of plastics cannot be completely avoided, there should be an increasing
focus on reducing, banning or recycling SUP products. Various biodegradable materials have
been developed to reduce the negative effects of SUP. Unfortunately, there are limitations
to developing plastic materials that decompose rapidly and completely under natural envi-
ronmental conditions while maintaining their properties for a suitable duration in consumer
products [34].

Unfortunately, there is a widespread opinion that biodegradable plastic material is some-
how more environmentally friendly than other plastics. It is commonly forgotten that this
biodegradable or compostable plastic should be utilized under industrial standards, which
are not accessible for common households. Hence, the proper decomposition in natural envi-
ronment is not feasible as the required conditions are not met. Therefore, labels for dispos-
able biodegradable products should include information about the degradation conditions, as
well as the material and additives used. In the current study, biodegradable products showed
the variable degradation speed depending on the product and material (ANOVA, p < 0.05).
Surprisingly, biodegradable plastic bags showed remarkably low rates of degradation. Only
when submerged in seawater above sediment, the biodegradable bags lost about 80% of their
material during the study period. The decomposition rate is directly dependent on the type of
the material — in another study, the compostable plastic bags have been shown to decompose
in seawater within 3-5 months [7].

Amending legislation to reduce the use of plastic bags in some countries in Europe began
in the 1990s and has since expanded [21]. However, their production and global use are
expected to continue to rise [36]. Therefore, new strategies need to be implemented to mini-
mize the use of SUP, and these must be done in hand with environmental education. It must
be stressed out that biodegradable and/or compostable plastics require separate sorting and
treatment options. As biodegradable products are described as environmentally friendly, there
is also a risk that the use of biodegradable SUP products may endorse littering behaviour.

5 CONCLUSION

Although increasing attention is being paid to the seashore and marine littering, it is still
a growing problem. In the studied beaches, 73-75% of marine litter was plastic, among
which SUP products represented 68% at urban beach and 37% at semi-urban beach. The
most common SUP found were cigarette butts, plastic packages and sweet wrappers. At pre-
sent day, the use of biodegradable materials does not solve the problem but adds another
topic of discussion in regards to the pollution of the environment. Degradation under natural
conditions does not meet the requirements of defined industrial standards for biodegradation.

Degradation of tested SUP materials depends on the character of environmental forcing
these materials are experiencing. In our study, the fastest degradation occurred when tested
materials were placed on the seafloor. Second degradation rate was measured in treatment
where the material was buried in soil on land. Simple open-air treatment resulted in only
17% of the material lost in 10-month experiment. There were significant differences in deg-
radation speed among different biodegradable materials exposed to the same environmental
conditions. Therefore, to decrease the impact of plastic, instead of using biodegradable mate-
rial, the guidance of consumers toward reducing, reusing and recycling of plastic should be
promoted.
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