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A Manipulative Field Experiment to
Evaluate the Impact of Discarded
Plastic Bags on Shallow Vegetated
Benthic Communities

Kaire Torn*, Georg Martin, Tiina Paalme and Greta Reisalu

Estonian Marine Institute, University of Tartu, Tallinn, Estonia

Coastal regions are biologically active areas with significant ecological and
socioeconomic values. These regions are increasingly being affected by marine litter.
The impact of macro-sized marine litter on biomass and net primary production of hard
and soft bottorn communities was investigated by using a manipulative field experiment.
Plastic bags were used to mimic the disturbance caused by litter to benthic vegetation
and fauna. The experiment was carried out on a soft substrate community dominated by
sago pondweed Stuckenia pectinata (L.) Boerner and bladder wrack Fucus vesiculosus
L. as a foundation species of a hard substrate. A rapid negative impact of the plastic
bag cover on vegetation biomass of soft-bottom community was detected, while the
impact on the biomass of hard bottom vegetation was non-significant. Plastic bag cover
substantially reduced the net production rates of hard substrate species Fucus and the
biomass of associated zoobenthos. The difference in net production rates of Stuckenia
with and without plastic cover was negligible.

Keywords: marine litter, macroplastic, benthic ecology, photosynthetic production, coastal areas, disturbance,
benthic vegetation, zoobenthos

INTRODUCTION

Pollution of the oceans in the world by anthropogenic litter has become a serious global
environmental concern. Macroplastic enters the marine environment through both marine (e.g.,
fishing, shipping, aquaculture, and tourism) and land (e.g., industry, sewage, tourism, and coastal
littering) sources (Napper and Thompson, 2020). Plastic constitutes the major component of litter
found in the marine environment with most of that comprised of single-use plastic such as bags
and bottles (Castro-Jiménez et al., 2019; Rothéusler et al., 2019). These plastic materials are known
to decompose slowly or not at all (Barboza et al., 2019; Napper and Thompson, 2019).

Typically, plastic waste initially floats on the sea surface as it consists of light polymeric material.
Only a minority of plastic that floats along shorelines will eventually wash ashore. In contrast, the
majority of plastic objects float until they either become too heavy from biota growing on their
surface or because they become waterlogged resulting in sinking (Hammer et al., 2012). Thus, up
to 70% of all floating plastic objects are believed to eventually settle onto the seafloor (Green et al.,
2015; Weber et al., 2018).

Due to their wide distribution and long-term persistence within the environment,
macroplastic affects biota in several ways. The most common threats come in the form
of ingestion, entanglement, the formation of artificial substrates, the release of toxic
substances, and the promoted transmission of alien species (de Carvalho-Souza et al., 2018;
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Angiolillo and Fortibuoni, 2020). Awareness of the problem
is greatest in regard to the suffering of seabirds, fish,
turtles, and marine mammals by entanglement or ingestion of
litter. However, we currently have limited knowledge on the
implications of marine litter for the much less “charismatic”
species and groups, e.g., invertebrates, that typically escape the
public perception but by no means play a less important role
in marine ecosystem function (Bergmann et al., 2015; Buhl-
Mortensen and Buhl-Mortensen, 2018).

The majority of studies with the effect of marine litter
have focused on coral reef habitats (de Carvalho-Souza et al.,
2018; Angiolillo and Fortibuoni, 2020) as well as deep-sea areas
(Consoli et al., 2018, 2020; Canals et al., 2021). Marine litter
can cause direct damage to the fragile branches of many corals
(Mulochau et al., 2020), as well as increase the risk of disease
(Lamb et al., 2018). Thereby, such factors can lead to a reduction
in ecologically important coral cover (Edward et al, 2020).
Furthermore, the accumulation of plastic litter and fishnets is
reported for many deep areas (Fabri et al., 2014). Discarded
fishing gear can cause the entanglement of numerous benthic
organisms (e.g., fishes, sea urchins, crabs, and turtles) (van den
Beld et al., 2017; Beneli et al., 2020; Stelfox et al., 2020), and
ingestion of macrolitter by demersal fishes is reported (Valente
et al., 2020). Such factors often lead to the death of an organism
(Hammer et al., 2012).

To date, information about the effect of macrolitter that has
on shallow coastal region benthic communities and habitats
remains poorly understood and probably underestimated (Green
et al,, 2015; Angiolillo and Fortibuoni, 2020). The few mesocosm
experiments that have utilized seagrasses have shown the increase
of the intraspecific and interspecific competition (Balestri et al.,
2017), reduction of the cover of vegetation, as well as the
vulnerability of seagrasses to sedimentation where plastic bags
are buried in the sediment (Menicagli et al., 2021). Furthermore,
in situ experiments have only demonstrated the effect of
macrolitter on benthic fauna of soft-bottom habitats. As such,
increased cover by plastic litter has been shown to change
the structure of benthic communities (Katsanevakis et al.,
2007; Green et al, 2015) and prolong food searching time
for gastropods (Aloy et al., 2011). However, we could not
find any literature references of assessments of the impact
of macrolitter on species or habitats of coastal rocky shores
(Barboza et al., 2019).

The aim of this study was (1) to evaluate experimentally the
response of benthic communities to the disturbance caused by
plastic bag cover in shallow coastal areas and (2) to compare the
resilience of hard and soft bottom communities. We predicted
that the disturbance would have a noticeable effect on the
production and biomass of benthic vegetation.

MATERIALS AND METHODS
Study Area

The field experiment was conducted in shallow, tideless, semi-
enclosed Koiguste Bay, northern Gulf of Riga, NE Baltic Sea
(58.3713°N, 22.9820°E). Koiguste Bay is characterized by a

wide coastal zone with both a diverse bottom topography and
composition of macrophyte communities. Most of the bay is
shallower than 3 m with a maximum depth of 7 m. Within the
bay, a soft sediment bottom prevails with the presence of boulders
and stones increasing toward the open-sea area. Depending on
the water exchange between the Gulf of Riga and the open Baltic
Sea, salinity in Kdiguste Bay ranges from 5 to 7 PSU. During the
experiment, the observed salinity of seawater ranged from 5.5 to
5.8 PSU. The experimental area was located in a sheltered part
of Koiguste Bay. The presence of marine macrolitter originating
from outside the experiment was not observed in the area while
conducting the study.

Experimental Setup

The manipulative experiment was carried out from June to
October 2018 in Koiguste Bay (58.3711°N, 22.9817°E). To
evaluate the response of benthic communities to the disturbance
caused by marine litter, the experimental setup comprised of
areas covered with plastic bags, which was contrasted with
undisturbed natural areas as controls. Light blue McLean waste
bags, which were made of HDPE material, thickness of 16
microns, with dimensions of 56 x 60 c¢m, and capacity of 35 L,
were selected. Reinforcement carcass (mesh size 15 x 15 cm) was
used to keep the waste bags on the bottom (Figure 1). The setup
simulated real-world conditions were limited water exchange and
reduced light conditions under plastic bags.

The experiment was carried out on a soft substrate community
dominated by the angiosperm Stuckenia pectinata (L.) Boerner
and perennial brown macroalga Fucus vesiculosus L. as a
characteristic species of a hard substrate. Both species are
common and widespread throughout Baltic Sea coastal regions.
Sago pondweed, S. pectinata, is the most frequent soft substrate
species in Estonian coastal waters (Kotta et al, 2014) and
plays an important role in structuring invertebrate community
patterns (Maarse et al, 2021). Bladderwrack, F. vesiculosus, is
a major community structuring species localized on the hard
substrate in shallow sheltered or moderately exposed areas
(Wikstrom and Kautsky, 2007).

The experiments were conducted on sheltered, smooth
seafloor that comprised of the soft substrate (sand with mud), ata
depth of 0.7 m. Specimens of Fucus were collected from the close

FIGURE 1 | Soft substrate community covered by plastic bag after 1 month of
exposure (left) and biofilm on plastic after 2 months of exposure (right). The
amount of loose sediment covering the bag varied daily dependent on current
hydrodynamic conditions.
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FIGURE 2 | Temporal variation of average light availability [photosynthetically active radiation (PAR)] and temperature under the plastic cover and without cover
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vicinity of the experimental site, in the outer area of Kdiguste Bay
(58.3611°N, 22.9946°E) where hard substrate prevails at depths
of 1-1.5 m. Attached Fucus individuals of a similar thallus size
were collected with the attached stone and associated epifauna,
packed underwater, and transported to the experimental site.

Experimental plots were arranged as four transects (12 plots
in each). The distance between each transect line was kept
to 3 m as a minimum. Along with two of the transect lines,
experimental plots (size 60 x 60 cm) with plastic bag cover above
the community (respectively, dominated by Stuckenia or Fucus)
were installed. For both communities, respective transect lines
without plastic cover served as controls. The distance between
each of the individual plots along a transect was at least 0.5 m. For
both communities, the sampling design included the following
two factors: disturbance by plastic (plots covered with plastic film
and control plots without cover) and time of sampling. Each plot
was sampled only one time. In total, four sampling series were
conducted with an interval between each series of 1 month. For
each treatment, three sampled plots served as replicates.

At each plot, biomass and primary production were measured.
Biomass samples of the soft substrate community were collected
within a 20 x 20 cm area. Fucus thalli were detached from stones
in the laboratory. Samples were stored in deep frozen (—18°C)
until analysis. In the laboratory, all species were identified to the
species level. The dry weight of the species was obtained after
drying the individuals at 60°C for 2 weeks.

The temperature was measured continuously using a General
Oceanics thermologger set to measure at 4-h intervals and
positioned above the seabed within the natural community and
below the plastic cover. The rest of the environmental variables
were measured once per month. Light reduction by the plastic
cover was recorded using an Odyssey photosynthetically active
radiation (PAR) logger. PAR was logged every minute for 2-
3 h in three replicates with both uncovered loggers (controls)
and loggers covered with plastic removed from the experimental
plots prior to sampling. Oxygen concentration on the sea bottom
was measured with an OptiOx optical dissolved oxygen sensor
connected to a SevenGo DO meter (Mettler Toledo, Columbus,
OH, United States), and pH values were measured with a Mettler
Toledo InLab Expert Pro-ISM electrode.

Photosynthetic Production

Measurements

The net photosynthetic rate of Fucus and Stuckenia was measured
in triplicate using 600 ml glass bottles filled with seawater from
the study site. Bottles individually containing ~0.5 g dry weight
of disturbed and undisturbed plant material were incubated
in situ at a depth of 0.7 m. Bottles without plant material
served as controls. The hourly net production rates (mg O;
g dry weight™! h™!) were calculated from the differences in
oxygen concentrations, measured over the incubation period
(2-3 h). The dry weight of specimens was determined after
drying at 60°C for 48 h. Throughout the experiment, the PAR
(wmol m~2 s71) at the incubation depth was measured using an
Odyssey PAR logger.

TABLE 1 | Results of factorial ANOVA on the individual and combined effects of
disturbance by plastic cover (presence vs. absence) and time (July, August,
September, and October) on the biomass and abundance of benthic communities.

Hard substrate Soft substrate

df MS F P MS F P

Vegetation biomass

Disturbance 1 47.044 2337 0.1546 19.541 80.899 0.0000
Time 3 6.840 0.340 0.7971 2498  10.342 0.0005
Disturbance x Time 3  9.852  0.489 0.6967  0.681 2.820 0.0722
Intercept 1 735.064 36.509 0.0001 48.614 201.267 0.0000
Zoobenthos biomass

Disturbance 1 0931 11.121 0.0067 0.028 0.564 0.4636
Time 3 0447 5342 0.0163 0.153 3.117  0.0556
Disturbance x Time 3  0.064  0.765 0.5373  0.028 0.577 0.6382
Intercept 1  6.890 82.344 0.0000 1.367  27.894 0.0001
Zoobenthos abundance

Disturbance 1 72912 2.643 0.1323 1237604 5.827 0.0281
Time 3 178666 6.476 0.0087 676777 3.186 0.0523
Disturbance x Time 3 29921 1.085 0.3959 253689 1.194 0.3435
Intercept 1 1603249 58.113 0.0000 4 667 544 21.976 0.0002

Significant effects are marked in bold (p < 0.05).
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FIGURE 3 | Total biomass of vegetation and zoobenthos and the number of zoobenthos individuals under the plastic cover and without cover (control) for both hard
and soft substrates. Values are means + SE.

Statistical Analyses

The results of the field experiment were statistically
analyzed separately for hard and soft substrates using the
factorial ANOVA. Prior to the analyses, the normality and
homoscedasticity of the data were checked using Shapiro-Wilk
and Levene’s tests accordingly. The effect of factors, ie., (a)
disturbance with two levels: under plastic and control and (b)
sampling time with four levels: July, August, September, and
October (except for PAR: five levels, i.e., including additional
data on measurements in June), on the dependent variables
(i.e., vegetation biomass, zoobenthos biomass, zoobenthos
abundance, zoobenthos species richness, net primary production
of Fucus and Stuckenia specimens, PAR, temperature, and
oxygen concentration), was tested. Zoobenthos abundance was

defined as the number of specimens and the species richness as
the number of taxa. Effects were considered to be statistically
significant at p < 0.05. When significant differences among main
factors or their interactions were found, subsequent multiple
comparisons of the means were performed using Tukey’s
HSD post hoc test. Statistical analysis was carried out using
STATISTICA (TIBCO Software Inc., RRID:SCR_014213) version
10.

RESULTS

During the course of the experiment, the surface of the
submerged plastic bags formed a biofilm reducing light
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TABLE 2 | Results of factorial ANOVA on the individual and combined effects of
disturbance by plastic cover (presence vs. absence) and time (July, August,
September, and October) on the net primary production.

Hard substrate Soft substrate

df MsS F p MS F p
Disturbance 1 12567 29.453 0.0001 0.669 0.249 0.6266
Time 3 8050 18.867 0.0000 9.537 3.554 0.0477
Disturbance x Timing 3 0.483  1.132 0.3678 0.375 0.140 0.9342

Intercept 1 109.141 255.792 0.0000 547.731 204.119 0.0000

Significant effects are marked in bold (p < 0.05).

penetration. At the commencement of the experiment, the
plastic covering reduced PAR by 12%, after a one month
period PAR decreased 55%, after 2 months 75%, after 3 months
79%, and finally by 95% compared with the simultaneous PAR
measurements without cover (Figure 2). Temperature, oxygen
concentrations, and pH levels were not significantly different
beneath the plastic compared with the control. However, a
temperature increase of 0.5-2°C was recorded for the plots
covered by plastic during the summer months for more than 40%
of the measurements taken.

On the soft bottom, the total biomass of vegetation was
remarkably lower beneath the plastic bag (Table 1 and
Figure 3). In July, August, and September, statistically significant
differences between the vegetation biomasses under the
plastic covers and control series were found (Tukey’s HSD,
p < 0.05). Although the biomass of hard bottom vegetation
appeared to be lower beneath the plastic cover after a 3-
month period (Figure 3), the observed differences between
covered and not covered vegetation were statistically not
significant. The biomass of zoobenthos was affected by the
plastic cover only on hard substrate (Table 1 and Figure 3).
On the soft bottom, the abundance of macrozoobenthos was
significantly lower beneath the plastic cover compared with
uncovered samples throughout the experiment (Figure 3).
Gammarid amphipods and larval stages of the Chironomidae
were the most abundant taxa for both soft and hard bottom
communities. Species richness of macrozoobenthos in disturbed

communities did not show a distinct difference when
compared with that of undisturbed communities (ANOVA,
p > 0.05).

Across the entirety of the experiment, the net production
rates of Fucus were remarkably lower under the plastic cover
(Table 2 and Figure 4). The most significant differences in
the net production rates measured beneath the plastic cover in
relation to the control were detected in October (Tukey’s post hoc
test, p < 0.05) (Figure 4). At the same time, based on visual
estimations, the covered specimens were in poor condition, when
contrasted with the undisturbed specimens which had newly
formed fronds. The difference in net production rates between
disturbed and control specimens of Stuckenia was negligible.

DISCUSSION

For the first time, the effect of plastic bag disturbance on
both soft and hard bottom vegetation and their associated
fauna was evaluated under the same environmental conditions.
Based on our results, both hard and soft substrate communities
are sensitive to littering with the level of effect depending
on the structure of the underlying community. In shallow
areas, macroplastic tends to accumulate in vegetated habitats
rather than in unvegetated ones (Cozzolino et al., 2020).
Therefore, in our case, the impact on the whole community
including that of macrovegetation was studied. To simulate
real-world conditions (plastic bags entangled between rocks
or partially buried in sediment), the bags were secured on
top of developed communities with mature vegetation present.
This allowed for partial water exchange and the movement of
benthic invertebrates.

Our study demonstrates that plastic litter can have a
substantial impact on benthic community structure and function
within the marine environment. A rapid negative effect of the
plastic bag cover on the biomass of soft-bottom vegetation was
detected. In contrast, no statistically significant impact on the
biomass of the hard bottom community from plastic coverings
was observed. The biomass of zoobenthos was affected by the
plastic cover only on the hard substrate. Plastic bag cover
did not affect the species richness of macrozoobenthos, and
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FIGURE 4 | Net primary production rates of Fucus vesiculosus and Stuckenia pectinata. Values are means + SE.
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although, it did decrease the species abundance found in soft
substrate communities. A covering of plastic bags was observed to
significantly reduce the net production rate of the hard substrate
species F. vesiculosus, while the difference in net production
rates between specimens of S. pectinata with and without plastic
cover was negligible.

Floating plastic bags eventually settle to the seafloor, and
thereafter, they are trapped by rocks or buried partially or
completely in sediment. Settled marine litter has an impact on
the community below it through both shading, which affects light
conditions, and smothering effects. The biomass of the annual
species Stuckenia with its tender thalli decreased significantly
after 1 month of plastic cover, while the effect of plastic cover
on primary production was negligible. However, the effect on the
perennial Fucus with its sturdy thalli was exactly the opposite.
Contradictory effects of the disturbance on biomass can be
explained by the growth strategies of the species. The growth
rate of the perennial species is low, while annual species must
grow fast as a consequence of the short vegetative season in
high latitudes. Decreased light conditions and the prevention
of growth toward the water surface due to the physical plastic
barrier inhibited the growth and biomass gain of the Stuckenia
community beneath the cover. In addition, a similar effect caused
by light reduction on the growth of new shoots has been recorded
for eelgrass Zostera marina L. (Eriander, 2017). Although the
negative effect on Fucus biomass was statistically non-significant,
due to the limited number of replicates, a difference (healthy
vs. partly decayed thalli) could be detected visually following
3 months of smothering.

In plots exposed to covering by plastic, the net primary
production values for Fucus decreased more than two times
compared with that of undisturbed conditions. In general,
limited light availability causes plants to reduce their growth
and ultimately disappear from the area. However, it has
been previously reported that soft-bottom angiosperms and
charophytes are able to adapt to reduced lighting conditions
with no significant decline in their primary production rates
(Marquardt and Schubert, 2009; Ochieng et al., 2010; Kovtun-
Kante et al., 2014). Such findings are supported by the results
presented in this study.

It is known that different coastal environments have different
plastic trapping efficiencies (Harris et al., 2021). As a result,
the impact of littering is considered to be greater on the hard
substrate whereby rocky bottoms retain more litter than soft
bottoms (Melli et al., 2017).

An analog manipulative experiment was carried out in a
coastal area to investigate the effect of plastic bag coverage on
infauna and microphytobenthos. For this, plastic was anchored
firmly to a pure mud-flat sediment seafloor (Green et al., 2015).
Plastic bag cover reduced the number of individuals and had
no effect on the species richness of the benthic fauna on a
shore near Dublin, Ireland (Green et al.,, 2015). Such a finding
is similar to the one found in this study further validating the
results. The decrease in observed zoobenthos abundance was
most probably caused by the major change in the structure of
the plant community as the film cover flattened it down. The
effect of biomass loss and limited water movement cannot be fully
excluded. In contrast, an increase in the number of species in

littered soft bottom areas was demonstrated by Katsanevakis et al.
(2007) and Song et al. (2021). The increase of species richness was
found to be caused by the litter, which provided refuge for mobile
species and substrate for sessile species (Katsanevakis et al., 2007;
Clemente et al., 2018; Santin et al., 2020). However, a shift in
species composition cannot be considered as a positive effect of
marine litter on biota, as it affects the structure and functioning
of the whole community (Kiessling et al., 2015).

In the soft substrate, plastic bags may be completely buried
in the sediment. Studies utilizing mesocosm experiments have
demonstrated that plastic bags buried in marine sediment can
affect the growth of marine plants. For example, when plastic
bags were buried in sediment, Mediterranean seagrass growth
was observed to decline, leading to a reduction in competitiveness
with invasive algae, increasing the vulnerability of seagrass to
exclusion (Menicagli et al., 2021). Additionally, the changes
in the geochemical parameters (reduced porewater oxygen
concentrations and pH levels) of sediment were described by
Balestri et al. (2017). In our case, the limited water exchange
was possible below the plastic cover, thus, nullifying said effect.
We measured water temperature, oxygen concentrations, and
seawater pH, observing only minor increases in temperature
below plastic cover while other parameters remained identical
when compared with untreated locations.

The awareness of the potential threat posed by marine litter to
the Baltic Sea is currently growing. However, the abundance of
marine litter is lower compared with the North or Mediterranean
Seas (Kammann et al.,, 2018; Rothéusler et al., 2019). Marine
litter, in combination with other anthropogenic stressors (e.g.,
eutrophication and climate change), represents a substantial
additional challenge to marine biodiversity (Werner et al,
2016). In the Baltic Sea, several species living near the limit of
their salinity tolerance are at especially high risk of decline or
extinction under additional cumulative pressures (Torn et al,
2020). Previously, a decrease in abundance and distribution
of the perennial Fucus and an increase of filamentous algae
coverage was observed in the Baltic Sea (Torn et al., 2006; Maarse
et al, 2020). The replacement of slow-growing species with
opportunistic ones has also been observed under the influence
of litter (Akoumianaki et al., 2008; Angiolillo and Fortibuoni,
2020). Marine litter also offers opportunities for the dispersal of
invasive species by providing artificial substrate for colonization
and transport, and thereby, invaders may outcompete native
species (Mantelatto et al, 2020; Teng et al., 2021; Wilson
et al., 2021). Fucus is the major habitat-forming species on
the hard substrate in the Baltic Sea (Wikstrom and Kautsky,
2007). Therefore, any additional pressure on Fucus or other
foundation species can cause drastic changes throughout the
entire coastal ecosystem.

Coastal regions are biologically highly active areas with
significant ecological and socioeconomic values. Shallow coastal
areas and beaches are becoming increasingly impacted by marine
litter (Scotti et al., 2021; Zalewska et al.,, 2021). In addition
to its impact on biota, marine litter affects the human quality
of life, particularly in coastal areas (Hardesty et al., 2015).
Plastic constitutes the largest proportion of marine litter overall
(Pham et al., 2014). As single-use plastic bags are one of the
most consumed items globally, appropriate measures must be
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taken to reduce their release into the environment (UNEP
(United Nations Environment Programme), 2020). In general,
the options to reduce the impact of single-use plastic bags on
the environment are to ban their use, adopt plastic bag taxes,
and increase public awareness surrounding the issue. An efficient
waste management and recycling system must be in place to
prevent plastic bags from ending up in the sea (UNEP (United
Nations Environment Programme), 2020). To date, single-use
plastic bags bans and/or plastic bag taxes are in use as a regulatory
measure in many countries worldwide (Xanthos and Walker,
2017; Knoblauch et al., 2018).

Member States of the European Union are required to
ensure environmentally sound waste management in order to
prevent and reduce marine litter from all sources. Therefore,
in 2021, single-use plastic and oxo-degradable plastics will be
banned in the European Union. In Europe, the objective of the
European Strategy for Plastics is to ensure that all plastic packages
in the Union market are reusable or easily recyclable (EU,
2019). Another powerful legislative instrument within Europe
is the Marine Strategy Framework Directive (EC, 2008). This
directive designates marine litter as one descriptor of the Good
Environmental Status (GES). As such, the abundance of litter
and the impact it has on biota needs to be assessed by the
Member States of the European Union in order to describe
human impacts on the marine environment. The implementation
of the Directive has promoted a significant increase in the amount
of monitoring as well as the number of studies dedicated to
marine litter. This has made it possible to take appropriate
measures in less littered areas, such as the Baltic Sea, before the
accumulation of the problem.

CONCLUSION

Based on our results, the primary production rate of hard
substrate communities in shallow coastal systems is sensitive to
littering by plastic, while in soft-bottom communities, the impact
is expressed as the reduction in vegetation biomass. This study
also provides evidence that habitat forming perennial species,
due to particular threat from marine litter, can lead to the
changes in the functioning of coastal shallow-water ecosystems.
Thus, in temperate shallow coastal areas, the nature and scale
of the impact of plastic litter on marine biota is dependent on
the habitat and given coastal morphology of an area. As such,
these factors should be taken into consideration when planning
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