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Experimental exposure of blue
mussel beds to soft and rigid
macroplastics in the winter
reveals litter entrapment

but no physiological effects
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Stréomstad, Sweden, ?Marine Ecology Department, GEOMAR Helmholtz Centre for Ocean Research
Kiel, Kiel, Germany

Macroplastic items like bags, bottles, and containers dominate marine litter, yet
their effects on habitats and ecosystems remain understudied. Blue mussels
(Mytilus edulis, Mytilus trossulus) form beds that support biodiversity and provide
important ecosystem services. The goal of this work was to investigate in an
experiment how planar plastic debris, rigid or soft, influences mussel aggregates
with regard to their structure and their physiological performance. Mussel
individuals were collected in the Kerteminde Fjord and were transferred to a
laboratory where they were allowed to form small aggregates on PVC plates (30
individuals each). During formation, half of the aggregates were polluted with
planar plastic litter of a defined type (soft PE bags or rigid fragments of PET
bottles) and amount, while the other half remained without incorporated
macroplastics. All aggregates were then deployed in the fjord for 14 weeks in
the winter 2020/21. Afterwards, we measured the cumulative filtration and
respiration rates, filtration-to-respiration ratios, condition indices, growth rates,
aggregate rugosities, and byssus strengths. Rigid plastics significantly enhanced
aggregate rugosity, while all physiological responses as well as byssus formation
remained unchanged. The latter might, at least partly, have been due to the fact
that we conducted the experiment in winter, when mussel metabolism is
substantially reduced. Notably, soft plastics were often concealed within
aggregates, and this was presumably caused by the movements of the
mussels. This finding suggests that mussel beds may act as sinks for plastic
litter, while soft and film-like litter items can be fully embedded in their three-
dimensional matrix.
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1 Introduction

Marine litter is a global environmental concern and has well
documented negative effects on marine organisms (de Carvalho-
Souza et al., 2018). Plastics constitute the majority of this litter,
while over 80% of the plastic litter that is at sea originates from
land-based sources (Landrigan et al (2020). Once in the ocean,
plastic items can remain unchanged for a long time or, when
environmental conditions promote this, gradually degrade from
macroplastics (>5 mm) into microplastics (5 mm to 0.001 mm) and
nanoplastics (< 0.001 mm; Blair et al., 2017; Gallo et al., 2018;
Wayman and Niemann, 2021). Plastic pollution is also widespread
in the Baltic Sea, where plastics make up approximately 70% of the
waste found along the shoreline (Gonzalez-Fernandez et al., 2021;
Helcom, 2018; Lenz et al., 2023; Narloch et al., 2022; Pirn et al,,
2023), while polyethylene (PE) is the most common polymer type
found in the Arctic/Northern Atlantic Oceans and the Baltic Sea,
where it has an average particle size of 2.66 mm (Héinninen
et al., 2021).

Along the coasts of Denmark in the Western Baltic Sea,
macroplastics can interact with a large number of mobile and
sessile benthic organisms, for instance with mussels from the
family Mytilidae. The blue mussel (Mytilus spp.) plays a vital
ecological role in the Baltic Sea (Commito et al.,, 2014) and one
region where it occurs in dense mussel beds is the shallow fjord
system of Kerteminde Fjord/Kertinge Nor (Jiirgensen, 1995;
Riisgdrd et al., 2008). This region is home to two morphologically
similar and hybridizing species, M. edulis and M. trossulus (Stuckas
et al., 2009), which both can form extensive, multi-layered, three-
dimensional mussel beds in subtidal habitats (Riisgard et al., 20065
Tsuchiya and Nishihira, 1985). These filter feeders retain particles
larger than 4 pm, primarily phytoplankton (Riisgird, 1991; Rouillon
et al., 2005), and by this couple the pelagic realm to the benthos.
Furthermore, they provide numerous ecosystem services including
shoreline stabilization, habitat formation, and bioremediation
through their filtering activities (Broszeit et al., 2016; Commito
et al, 2014; Ragnarsson and Raffaelli, 1999). Blue mussels also
contribute to nutrient cycling (Jansen et al., 2012; Prins and Smaal,
1994). Mytilus edulis, for instance, is recycling substantial amounts
of inorganic nitrogen and phosphorus annually in the Baltic Proper
(Kautsky, 1980; Prins et al, 1996). Beyond their outstanding
ecological role, mussels are important aquaculture organisms that
support local economies in many countries, e.g. Spain, Ireland, and
Canada (Cartier et al., 2004; Fernandez et al., 2015; Gonzalez-
Poblete et al., 2018; Lekang et al., 2003; Stirling and Okumus (1995);
Strohmeier et al., 2008; Taylor et al, 1992). Hence, given their
ecological and economic value, it is critical to investigate how
mussels are impacted by plastic pollution, to assess to what
extend it could threaten mussel health, fitness and physiological
performance. While harmful effects of microplastics on mussels,
such as a reduced filtration capacity, oxidative stress, and
neurotoxic impacts, are, at least under laboratory conditions, well
documented (Abidli et al., 2021; Avio et al., 2015; Farrell and
Nelson, 2013; Hamm and Lenz, 2021, Van Cauwenberghe et al.,
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2015; von Moos et al,, 2012), little is known about the impacts of
large-sized plastics, which cannot be ingested or inhaled by mussels.

Macroplastics are particularly prevalent in coastal areas
(Giindogdu and Cevik, 2019; Lechthaler et al., 2020), and can easily
be washed onto mussel beds in the intertidal or settle down on
subtidal mussel beds. Then, soon after arrival, mussels could attach
byssus threads to the litter objects and by this connect them
physically to the bed so that they are not washed away again easily
(Walkinshaw and Phelps, 2023; see anecdotal evidence,
Supplementary Figure S1). In the following weeks, months and
years, juvenile mussels could settle on these substrata and anchor
themselves to them. By this the litter could become a part of the three-
dimensional structure of the mussel bed. Although, this process has
never been documented in detail, there are numerous reports about
plastic debris, such as fishing nets, ropes and plastic bags, that were
found incorporated into mussel beds (Walkinshaw and Phelps, 2023;
see anecdotal evidence, Supplementary Figure S1), additional to
microplastic ingestion (Van Cauwenberghe et al, 2015; Woods
et al, 2018) that potentially comes from macroplastic entrapment.
Attachment strength in blue mussels is known to differ between soft
and hard substrates, i.e. mussels attach more strongly to the shells of
conspecifics than to substrates composed of sand (Christensen et al.,
2015). This suggests that the degree to which different types of
macroplastics become anchored within mussel beds may also
depend on the nature of the litter. This raises concerns about
potential physiological and structural effects of the plastics on the
mussel aggregates. In this study, we assessed how macroplastic debris,
specifically soft polyethylene (PE) bags and rigid fragments of
polyethylene terephthalate (PET) bottles, affect blue mussel
aggregates. Both materials are commonly found as marine litter
(Castro-Jiménez et al., 2019; Cressey, 2016; Depledge et al., 2013;
Galgani et al., 1995, Galgani et al., 1996, Galgani et al., 2000; Pasquini
et al,, 2016) and are globally abundant. The goal of this study was to
assess potential effects of two types of macroplastics (PE bags and
PET bottles) on the physiology and structure of blue mussel
aggregates. We hypothesized that macroplastic presence would
reduce mussel aggregate performance, and that the structural effects
would vary with plastic type, with rigid plastics causing greater
disruption than flexible films.

2 Materials and methods

2.1 Plastic materials and the experimental
design

To simulate different levels of plastic pollution, we defined
plastic loads relative to the surface area of each blue mussel
aggregate. In a pilot study, the shell surface area (A) of 55 Mytilus
individuals ranging from 15 to 25 mm in shell length was measured.
We did this with five mussel individuals per millimeter class. For
this, mussel shells were coated with watercolor paint and pressed
onto paper towels to create full shell imprints. These imprints were
then scanned, and surface areas were quantified using the polygon
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tool in Image] (Schneider et al., 2012). This enabled us to estimate
the total surface area of each individual mussel aggregate based on
its size composition. Relative to these surface area estimates, which
represent an important physical property of a mussel aggregate, we
defined plastic pollution levels using two types of transparent,
planar plastic materials: fragments of polyethylene (PE) bags and
of polyethylene terephthalate (PET) bottles. These materials were
used to create different levels of the experimental factor “Amount”,
which were the plastic litter loads per mussel aggregate. The level
“Low” was equivalent to 40% of the total shell surface area of the
aggregate, while the level “High” was equivalent to 80%. A second
experimental factor “Rigidity” considered the mechanical properties
of the plastic, with soft plastics represented by the PE bags and rigid
plastics by the PET bottles. Single bags and bottles were cut
according to the required, aggregate-specific surface area. In this
process, plastic bag fragments remained in one piece, while bottles
always had to be cut in two pieces because of their original shape. To
ensure ecological relevance, all plastic materials were pre-
conditioned by allowing natural biofilm formation. This was
achieved by submerging the plastics in the Kerteminde Fjord for
two weeks in November 2020 prior to the experiment. The
experiment followed a fully crossed two-factorial design,
combining the two levels of “Amount” (low, high) with the two
levels of “Rigidity” (soft, rigid), resulting in four treatment
high + soft,” and
“high + rigid.” Furthermore, we had an additional control group,

» » o«

combinations: “low + soft,” “low + rigid,
which were mussel aggregates without plastics. Each of the five
experimental groups had seven replicates, resulting in a total of 35
mussel aggregates.

2.2 Mussel collection and aggregate
formation

For this study, juvenile, postmetamorphic Mytilus spp. with
shell lengths ranging from 15-25 mm (aged< 1 year; Jacobs et al.,
2015) were collected from the subtidal in the inlet of Kerteminde
Fjord, Denmark (geographical coordinates: 55°26’59.6”N, 10°
39°40.0”E). These specimens presumably comprised individuals of
the species Mytilus edulis and Mytilus trossulus as they co-occur in
the fjord (Michalek et al, 2016). However, the exact species
composition of the collected individuals remains unknown, as
accurate species identification requires molecular analysis
(Katolikova et al., 2016). Kerteminde Fjord lies within the western
Baltic Mytilus hybrid zone, where populations are predominantly
M. edulis with varying introgression from M. trossulus along the
west- east cline of the Baltic Sea (Kijewski et al., 2019; Knobel et al.,
2021). However, no information about the species composition of
Mytilus populations in Kerteminde Fjord are available. The mussels
were collected in November 2020, when the mean water
temperature was around 11 °C (Supplementary Table S1).
Mussels were gently detached from hemp ropes by cutting the
byssus threads with scissors to prevent damage to the byssus gland.
Following collection, the mussels were transported within 30
minutes to the Marine Biological Research Centre in Kerteminde.

Frontiers in Marine Science

10.3389/fmars.2025.1676966

In the centre laboratory, the mussels were organized in 35 batches of
which each consisted of 30 randomly selected individuals.

Aggregation was initiated by placing the mussels onto grey
polyvinylchloride (PVC) plates (20 x 20 c¢m), which had been
roughened with 40-grit sandpaper to improve attachment. For
incorporating the plastic litter, mussels were arranged in a sandwich-
like structure: 15 mussels were placed directly on the PVC plate,
followed by the assigned plastic material, and then covered with the
remaining 15 mussels. In control aggregates without plastic (n= 7), all
30 mussels were simply layered on top of each other on the plate to
encourage dense aggregation. Once assembled, the plates were placed
horizontally in one of four indoor tanks (100 L each) and were left for
one week to allow the mussels to form stable aggregates. All tanks were
supplied with a continuous flow of seawater (150 L/min), ensuring
consistent environmental conditions and a steady food supply. During
this aggregation period, key water quality parameters were monitored:
ammonium concentration remained below 0.05 mg/L (JBL
Ammonium/Ammonia Test), pH averaged 7.0 + 0.5 (test strips),
temperature was 9.94 + 0.74 °C (measured with a YSI30), salinity
23.78 + 1.71 PSU (measured with a YSI30), and dissolved oxygen was
9.14 + 0.18 mg/L (WTW OxiCal®—SL). These conditions closely
resembled those in the field, due to the constant influx of seawater.
A light regime of 8 hours light and 16 hours dark was applied to
simulate the natural photoperiod of the season.

After one week, the mussel aggregates were prepared for field
deployment. Fence-like barriers made from plastic mesh were
attached to all four sides of each PVC plate to protect the
aggregates from mechanical disturbance and to prevent them
from sliding off the plates. The latter were kept in a horizontal
position using ropes tied to all four corners, secured by a centrally
attached weight. The prepared platforms were then attached to a
triangular metal rack, which was fixed to a jetty in the inlet of
Kerteminde Fjord at a depth of, on average, 1 m.

Field exposure took place between November 2020 and March
2021 (i.e. 14 weeks), with mussel aggregates deployed at sea between
23rd and 28th November 2020 and retrieved sequentially between
28th January and 2nd March 2021 (Supplementary Table S2). Due
to logistical constraints - only five aggregates could be processed per
day - both deployment and retrieval were carried out in stages. As a
result, the aggregates remained in situ for an average of 72.5 + 7.5
days (Supplementary Table S2), and the total experimental period
spanned 100 days, from the first deployment to the final retrieval.
Throughout the sea exposure period, temperature (°C), salinity
(PSU), and chlorophyll a concentration (ug/L) were recorded every
1-3 days using a handheld multiparameter system (YSI650 MDS).

The mussels fell within a 15-25 mm size range and the initial
dry weights of the mussel individuals were estimated by Equation 1:

DW, = 0.00144 % 12" (1)

, where DW,, denotes the initial dry weight, and L, the initial
shell length of the blue mussel.

This relationship was derived from a pilot study conducted in
November 2020, for which 33 mussels in the size range 15-25 mm
were collected from the same site. Their shell lengths and soft body
dry weights were measured after drying them at 180 °C for 24 hours.
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Then a linear regression model was applied to determine the
parameters of the above equation.

2.3 Response variables

In March 2021, following the in situ exposure period, all mussel
aggregates were retrieved from the field and transported back to the
laboratory for analysis. Upon arrival, the PVC plates were gently
rinsed with pre-filtered seawater (2 um pore size) to remove
microalgae, small invertebrates, and residual organic material
without disturbing the mussel aggregates.

2.3.1 Cumulative filtration rate

Filtration rates of blue mussel aggregates were measured using
the clearance method described by (Riisgard, 2001). Aggregates
were individually placed in the center of aerated tanks (volume: 8 +
2 L) filled with pre-filtered seawater (2 pm pore size). Water
temperature was maintained at 9.04 + 1.74 °C, consistent with the
conditions used for respiration measurements and closely matching
the ambient seawater temperature. To allow for thermal
acclimatization, mussel aggregates were left undisturbed in the
tanks for 25 minutes before the start of the measurements.
Following acclimatization, algal cells from a stock culture of the
cryptophyte Rhodomonas salina (initial concentration ~8000 cells/
mL) were added to each tank by injecting 241 + 118 mL of algal
suspension. The exact injection volume was calculated based on the
current algal concentration in the stock culture and the specific
water volume in each tank. Algal suspension was added twice: once
immediately after acclimatization and again 25 minutes later. Water
samples (10 mL) were collected at 5-minute intervals for a total of
55 minutes, starting two minutes after the first algal injection
(defined as ty). Sampling was performed using a pipette, drawing
water from just above the mussel aggregate. In total, 12 samples
were collected per aggregate: six before and six after the second algal
injection. Algal concentrations in these samples were measured
using an electronic particle counter (Elzone II 5390). The number of
open mussels, of which we assumed that they were actively filtering,
was recorded immediately after each sampling. To account for algal
cell loss not attributable to mussel filtration, a control tank with
filtered seawater but no mussels was included. This allowed the
assessment of background changes in algal concentration over time.

The filtration rate was determined from the slope of a linear
regression in a semi-In-plot using Equation 2 (Riisgard et al., 2014):

F=(Vxb)/n, (2)

where V denotes the seawater volume in the experimental tank,
b is the slope of the regression line in a semi-logarithmic plot and n
is the number of actively filtering blue mussels during the algal
depletion phase.

2.3.2 Cumulative respiration rate
To measure the cumulative respiration rate of each blue mussel
aggregate, individual aggregates were placed in sealed 34 L tanks
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filled with pre-filtered (2 um) seawater maintained at 9.04 + 1.74 °C.
Water within the tanks was gently mixed throughout the
experiment using two air stones to ensure uniform oxygen
distribution. After a 30-minute acclimatization period, dissolved
oxygen concentration was recorded every 10 minutes over a 90-
minute period using a WTW OxiCal®-SL oxygen probe.
Throughout the measurements, oxygen levels remained normoxic
(>8mgO, 1'; Seitz et al., 2003), with a mean of 10 mg O, I''+0.58
mg O, 1" during all measurements. Following each oxygen
measurement, the number of open mussels, which were assumed
to be respiring, was recorded, along with the water temperature. To
account for changes in the oxygen concentration unrelated to the
mussels, one additional sealed tank without mussels served as a
control. The respiration rate of each blue mussel aggregate was
calculated based on the slope of a linear regression of the oxygen
concentration over time and the number of open blue mussels using
Equation 3 (Tang and Riisgard, 2018):

R=(V xb)/n (3)

where V denotes the seawater volume in the tank, b is the slope
of the regression line in a semi-logarithmic plot and # is the number
of blue mussels that were open during the measurements.

Calculations were performed in R version 4.0.3 (R Core Team,
2020). Final respiration rates were corrected by subtracting the
background oxygen consumption observed in the control tank.

2.3.3 F/R - ratio

The F/R ratio reflects the volume of water filtered per mL of
oxygen consumed and serves as an indicator of filtration efficiency
in blue mussels (Riisgard et al., 2016). It is calculated by dividing the
filtration rate F by the respiration rate R. To express the F/R ratio on
a per-individual basis, the aggregate-level ratio was divided by the
number of mussels that were open and presumed to be actively
filtering during the measurements.

2.3.4 Bidimensional rugosity index

The spatial complexity of the blue mussel aggregates was
assessed using the bidimensional rugosity index (Gestoso et al.,
2013). To measure this, a flexible wire was gently laid across each
mussel aggregate along two diagonal lines, spanning the widest
dimensions of the aggregate (designated as C; and C,). The wire was
carefully bent to follow the surface contour of the aggregate as
closely as possible. After each measurement, the wire was
straightened, and the length of the bent segment was recorded.
Next, the endpoints of both diagonals were marked on the
underlying PVC plate, and the straight-line distances between
each pair of opposing corners (L; and L,), which were
representing the bidimensional projections of the aggregate base,
were measured after removing the mussels. Following the
measurement of all response variables, the number of mussels
that had remained per aggregate was counted, and their
combined soft body dry weight (DW) was determined. The
bidimensional rugosity index (BR) was then calculated by
Equation 4 as follows:
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%)/ﬂ, (4)

BR = (
LyxL,; n

where C; and C, are the lengths of the bent diagonals (aggregate
contour), L; and L, are the straight diagonal distances (aggregate
base), DW is the total dry weight of soft tissue and # is the number
of mussels in the aggregate.

Endolithic shell corrosion can affect a mussel aggregate’s
rugosity (Nicastro et al., 2022), but this has not been considered
in this study.

2.3.5 Byssus strength

Byssus strength was measured to assess how firmly individual
mussels were attached to their aggregate, what means either to other
mussels, the plastic litter, or the PVC plate or to combinations of
these substrata. A dynamometer was used to determine the
maximum force required to detach mussels from the aggregate.
To perform the measurement, a wire loop was attached to the
dynamometer and carefully fixed around an individual mussel. The
dynamometer was then pulled away from the aggregate at a 90°
angle until the mussel detached, while the peak force required for
detachment was recorded using the thrust ring on the
dynamometer. For each mussel aggregate, the byssus strength was
expressed as the mean force needed for the detachment of
individual mussels, providing a single average value per replicate
for statistical analysis.

2.3.6 Condition index

To assess the physiological condition of the mussels, the
condition index (CI) was calculated for each aggregate. For this,
first the shell length of each mussel within an aggregate was
measured and then the mussels were frozen at -20 °C. After
defrosting, the soft tissue was separated from the shell and dried
at 180 °C for 24 hours to determine dry body mass. Based on these
measurements, a mean condition index was determined for each
blue mussel aggregate using Equation 5 (Riisgard et al., 2014):

CI =DW/L? (5)

where DW is the mean dry weight of the soft bodies in an
aggregate and L is the mean shell length of the mussels in
an aggregate.

2.3.7 Growth rate

The growth rate (1) was used to estimate the daily increase in
the soft body mass of the mussels during the sea exposure period. It
was calculated using the following Equation 6 (Olesen et al., 1994):

DW, ]

k= {ln( DW, )] t (6)
where DW, is the final dry weight of soft tissue after sea

exposure, DW),, is the estimated initial dry weight before exposure

(calculated using Equation 1) and t is the length of the exposure

period. Multiplying 1 by 100 yields the daily percentage increase in

soft body mass. For statistical analysis, the mean individual growth
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rate was calculated for each aggregate by averaging the growth rates
of all mussels within the aggregate.

2.4 Statistical analysis

All statistical analyses were performed in R version 4.0.3 (R
Core Team, 2020). To estimate initial mussel dry weight from shell
length, a simple linear regression model was used, with dry weight
as the response variable and shell length as the predictor.

For response variables that followed a normal distribution, i.e.
filtration rate, respiration rate, F/R ratio, byssus strength, and
growth rate, two-way analyses of variance (ANOVAs) were
performed to evaluate the effects of the fixed factors “Rigidity”
(soft/rigid plastic) and “Amount” (low/high plastic load). For non-
normally distributed variables, i.e. the bidimensional rugosity index
and the condition index, generalized linear models (GLMs) with a
gamma error structure were applied. The assumptions of normality
and homoscedasticity in the residuals were tested using the Shapiro-
Wilk’-W test (Shapiro and Wilk, 1965) and the Fligner-Killeen test
(Dolby, 1976), respectively. To compare the control aggregates
without plastic with specific groups of the plastic-contaminated
aggregates, pairwise comparisons were performed using either
Student’s t-tests (Student, 1908; for normally distributed data) or
Mann-Whitney-U tests (McKnight and Najab, 2010; for non-
normal data). These comparisons were made between the control
group and four pooled treatment groups: (a) all aggregates with
rigid plastic, (b) all aggregates with soft plastic, (c) all aggregates
with a high plastic load, and (d) all aggregates with a low plastic
load. To account for repeated comparisons involving the same
control group, the significance threshold was conservatively set to p
< 0.01. Statistical tests were conducted in R version 4.0.3 (R Core
Team, 2020) by using the packages car, FSA, lattice and rcompanion
(Fox & Weisberg, 2019; Mangiafico, 2016; Ogle et al., 2015; Sarkar,
2001). Figures 1 and 2 were created using the plugin ScientiFig
(Aigouy & Mirouse, 2013) in Fiji (Schindelin et al., 2012) and
Figures 3, 4 and 5 in R version 4.0.3 (R Core Team, 2020) using the
packages ggplot2, Hmisc, cowplot, ggpubr, gridExtra, patchwork
and dplyr (Auguie, 2010; Harrell Jr, 2003; Kassambara, 2016;
Pedersen, 2019; Wickham, 2016; Wickham et al., 2023;
Wilke, 2015).

3 Results
3.1 Study organism

Prior to exposure in the Kerteminde Fjord (November 2020 to
March 2021), the blue mussels had a mean (+ SD) shell length of 20
+ 1 mm and an estimated dry weight of 21.5 + 2.2 mg. After the
exposure period, mussels had grown to a mean shell length of 26 + 1
mm, and their mean dry weight had increased to 64.44 + 8.34 mg.
One mussel aggregate was lost during deployment; however, the
number of mussels per aggregate remained stable throughout the
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FIGURE 1

Mytilus spp. aggregates on PVC-plates with (A—D) and without (E, F) incorporated plastic after sea exposure for 72.5 + 7.5 days. (A, B) low/high
amount of soft plastic (= PE bags), (C, D) low/high amount of rigid plastic (= PET bottles), (E, F) no incorporated plastic.

study, with an average of 29 + 1 individuals per aggregate after 72.5
+ 7.5 days of sea exposure.

All mussels remained associated with their assigned aggregates,
and the plastic debris added to them was consistently incorporated
into the three-dimensional structure of the experimental mussel
beds (Figure 1). However, the manner of incorporation differed
between plastic types. Mussels were attached directly to the rigid
plastic (PET) fragments and the pieces themselves were only
minimally relocated within the aggregates, while the soft plastic
(PE) debris was often transferred to the interior of the aggregates
and this commonly already happened within the seven-day-long
formation period (Luisa Kumpitsch, pers. obs.). Following
exposure, in 79% of the aggregates the soft plastic debris was
found crumpled and embedded inside the aggregates (Figure 2),
making them visually indistinguishable from the aggregates without
plastic. In some aggregates, mussels in the center of the aggregate
were almost completely enclosed by plastic bag pieces
(Supplementary Figure S2).

Frontiers in Marine Science

3.2 Environmental conditions during
exposure of mussel aggregates

The mean water temperature during 100 days of total sea exposure
from November 2020 to March 2021 was 6.1°C + 2.9°C, while the
mean salinity was 17.4 + 3.2 psu and the mean chlorophyll a
concentration was 3.2 pg 1" + 1.2 pg 1"'. Temperature peaks
coincided with chlorophyll a peaks and salinity showed fluctuations
between 9.4 PSU to 23.5 PSU (Figure 3).

3.3 Response variables

After five months of sea exposure, neither the type of plastic
debris (rigid/soft) nor the amount of debris (40%/80% of aggregate
surface area) had a significant effect on any of the physiological
response variables. Specifically, there were no detectable differences
in growth rate, filtration rate, respiration rate, condition index, F/R
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FIGURE 2

Mytilus spp. aggregates after sea exposure for 72.5 + 7.5 days. All aggregates contain soft plastic (= PE bags). (A—H) are showing the same aggregate,
respectively, while the picture on the left always shows the aggregate as a whole and the picture on the right the part in which the soft plastic (= PE

bag) was embedded. Arrows indicate the location of the plastic.

ratio, or byssus strength across the treatment combinations
(Tables 1, 2). In addition, pairwise comparisons between mussel
aggregates with and without plastic debris, as well as between
different debris types and amounts, revealed no significant
influence of any of these variables (Table 3).

Although, no effect of the plastic litter was observed, per capita
physiological responses varied substantially across individual
mussels in all groups (Figure 4). Filtration rates ranged from 0.11

Frontiers in Marine Science

to 1.72 L h™ ind™, with a mean of 0.81 + 0.46 L h™* ind™ across all
aggregates. A similar range of variability was found in respiration
rates, which span from 0.04 to 0.34 mg O, h™* ind™*, with a mean of
0.15 + 0.07 mg O, h™" ind™. Correspondingly, F/R ratios ranged
from 0.33 to 21.64 L (mg O,)™" ind™", with a mean of 6.9 + 4.99 L
(mg O,)" ind™.

The mean growth rate across mussels in all treatments was
0.015 + 0.002 d* ind™', equivalent to approximately 2% soft body
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FIGURE 3

The environmental parameters temperature (°C), salinity (PSU) and chlorophyll a concentration (ug/L™®) at the site where the blue mussel aggregates
were deployed were measured every 1-3 days in the period from the 23.11.2020 to the 02.03.2021 (= total exposure time in days).

TABLE 1 Influence of different types (rigid/soft) and amounts (low/high)
of planar plastic debris on the bidimensional rugosity index and the
condition index of blue mussels in aggregates that were exposed in
Kerteminde Fjord, Western Baltic Sea, from November 2020 to March
2021.

Source of
variation

Response

variable

Bidimensional rugosity index

Rigidity 1 7.48 6x107

Amount 1 0.04 0.85

Rigidity * Amount 1 1.56 0.21
Condition index

Rigidity 1 031 0.58

Amount 1 0.36 0.55

Rigidity * Amount 1 1.30 0.26

Results from two-factorial generalized linear models (GLMs) with gamma error structure.
Significant p-values are in bold. NB: df, degrees of freedom.

mass increase per day, with individual values ranging from 0.0126
to 0.0187 d™* ind™' (Figure 4). The condition index (CI) also
showed consistent values across all experimental groups, with a
mean of 3.51 + 0.41 mg cm™ ind™', ranging from 2.92 to 4.45 mg
cm® ind™ (Figure 4).

Byssus strength, measured as the force required to detach an
individual mussel, was on average 6.74 + 1.39 kgm-s? ind™, with
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values ranging from 4.2 to 10.2 kg:m-s™ ind™ (Figure 5). Again, no
significant differences were found across the treatment combinations.

In contrast to this, an effect of the plastic was observed when
considering the spatial complexity of the aggregates, which we
measured as the bidimensional rugosity index (BR). While the
overall mean BR across all aggregates was 4.19 + 2.3 (range: 0.84
to 9.82), aggregates with rigid plastic debris showed a significantly
higher rugosity (5.68 + 2.83) than those with soft plastic debris (3.35
+ 1.31; Table 1; Figure 5). However, no significant differences in BR
were found between aggregates with different amounts of plastic or
between aggregates with debris (pooled) and those without plastic
(Tables 1, 3).

4 Discussion

4.1 Mussel performance was unaffected by
the plastic debris

We found no significant effects of the macroplastic debris, regardless
of type (rigid/soft) and amount (40%/80% of aggregate surface area), on
any physiological performance metric that we obtained from the blue
mussel aggregates, ie. filtration rates, respiration rates, F/R ratios,
condition index, and growth rates. This suggests that the presence of
the debris in the aggregates did not impair physiological processes in
Mytilus spp. Hence, we did not get support for the assumption that the
presence of the planar plastic materials restricted the valve gaping of the
mussels and with this their capacity to filter and to respire. An effect on
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TABLE 2 Influence of different types (rigid/soft) and amounts (low/high) of planar plastic debris on the filtration rates, respiration rates, F/R-ratio,
byssus strength and the growth rates of blue mussels in aggregates that were exposed in the Kerteminde Fjord, Western Baltic Sea, from November

2020 to March 2021.

Response variable Source of variation Df SS F P
Filtration rate

Rigidity 1 0.27 0.85 0.46

Amount 1 0.11 0.57 0.50

Rigidity * Amount 1 0.11 0.56 0.57
Respiration rate

Rigidity 1 0.01 2.57 0.13

Amount 1 50x10™ 0.08 0.77

Rigidity * Amount 1 0.001 0.21 0.65
F/R - ratio

Rigidity 1 31.45 1.56 0.22

Amount 1 7.52 0.37 0.55

Rigidity * Amount 1 4.03 0.2 0.66
Byssus strength

Rigidity 1 4.64 2.40 0.14

Amount 1 2.10 1.09 0.31

Rigidity * Amount 1 0.87 0.45 0.51
Growth rate

Rigidity 1 20x10° 0.61 0.44

Amount 1 20x10° 0.89 0.36

Rigidity * Amount 1 20x10° 0.80 0.38

Results from two-factorial analyses of variance (ANOVA). NB: df, degrees of freedom, SS, sum of squares.

these performance traits could then have led to an altered condition
index and a diminished growth. The fact that we did not find any sign
for such an impairment could simply mean that the physical presence of
the plastic litter, although it was integrated into the three-dimensional
matrix of the mussel aggregates, did not restrict the mussels in any way.
A further assumption about the influence of the plastic on the mussels
was, that the close contact between the mussels and the plastic could
have led to a transfer of chemical substances, such as leachates, from the
plastic to the animals. The uptake of such compounds could then also
have altered their performance.

However, the results of our study do not necessarily give evidence
that there is no negative influence of large-sized plastic debris on
mussels. It is also possible that the timing of the five-month exposure
period attenuated the effects of the plastic. This is possible because the
experiment was run during the winter, when metabolic rates of Baltic
Sea mussels are low due to the reduced food availability and low
temperatures (Riisgard, 1991). Under these conditions, the exposure
was maybe too short for any plastic-related effects on the mussel
aggregates to manifest. Thus, while our data suggest no physiological
impairment, this outcome must be interpreted with respect to the
season in which the experiment was conducted. Moreover, this study
potentially used a mix of M. edulis and M. trossulus individuals and we
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cannot exclude that the two species reacted differently to exposure to
plastic debris. However, considering the many similarities between M.
edulis and M. trossulus with regard to their physiology and ecology
(Kautsky et al., 1990; Riginos and Cunningham, 2005; Tedengren and
Kautsky, 1986), we do not have reason to assume that a difference in
the way they responded, if it existed, was substantial. Additionally, in
hindsight, we view the use of PVC as a substrate for the mussel
aggregates as potentially problematic. In future studies that use a
similar approach, mussels should be placed on a natural kind of
substratum so that control aggregates would not be in contact with
plastics at all. Also, the roughening of the PVC plates for better mussel
attachment could have created microplastic particles that might have
affected the mussels.

4.2 Rigid macroplastics increased
aggregate spatial complexity

While most of the variables we measured were unaffected, the
macroplastic debris influenced the spatial complexity of the mussel
aggregates. Aggregates containing rigid plastic (PET) had a
significantly higher bidimensional rugosity than those with soft
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TABLE 3 Pairwise comparisons between blue mussel aggregates that were polluted with different types (rigid/soft) of planar plastic debris and
aggregates without plastic debris (control) for various response variables.

Response variable Source of variation Df

Filtration rate

Control - Plastic 32 -0.10 - 0.92
Control - High amount 19 -0.41 - 0.69
Control - Low amount - - 44 0.94
Control - Rigid plastic 18 -0.53 - 0.60
Control - Soft plastic 19 0.27 - 0.79
Respiration rate
Control - Plastic - - 66 0.23
Control - High amount 19 -1.12 - 0.28
Control - Low amount 18 -0.77 - 0.45
Control - Rigid plastic 18 -0.32 - 0.75
Control - Soft plastic 19 -1.38 - 0.18
F/R-ratio
Control - Plastic - - 103 0.73
Control - High amount 19 0.53 - 0.6
Control - Low amount 18 1.05 - 0.31
Control - Rigid plastic 18 0.36 - 0.73
Control - Soft plastic - - 59 0.48
Bidimensional rugosity index
Control - Plastic - - 63 0.19
Control - High amount - - 38 0.44
Control - Low amount - - 25 0.11
Control - Rigid plastic - - 22 0.07
Control - Soft plastic - - 41 0.58
Byssus strength
Control - Plastic 32 -0.24 - 0.81
Control - High amount - - 39.5 0.50
Control - Low amount 18 0.17 - 0.87
Control - Rigid plastic 18 0.41 - 0.68
Control - Soft plastic 19 -0.77 - 0.45
Condition index
Control - Plastic 32 0.26 - 0.80
Control - High amount 18 0.45 - 0.66
Control - Low amount 19 0.01 - 0.99
Control - Rigid plastic - - 50.5 0.94
Control - Soft plastic 18 -0.02 - 0.98
Growth Rate
Control - Plastic 32 - 0.87 0.39

(Continued)
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TABLE 3 Continued

Response variable

Source of variation

10.3389/fmars.2025.1676966

Growth Rate

Control - High amount 19 - 0.40 0.69
Control - Low amount 18 - 1.35 0.19
Control - Rigid plastic 18 - 0.43 0.67
Control - Soft plastic 19 - 1.20 0.24

Data from aggregates with plastic debris were pooled prior to the comparisons: Plastic - all aggregates with plastic debris, low amount - all aggregates with 40% plastic debris, high amount - all
aggregates with 80% plastic debris, soft plastic - all aggregates with PE bags, rigid plastic - all aggregates with PET bottles. Depending on the data distribution, comparisons were either done with

student’s t-test or with the Mann-Whitney-U-test. NB: df, degrees of freedom.
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Effects of soft (= PE bags) and rigid (= PET bottles) macroplastics in low (= 40% of the mussel aggregates’ surface area) and high (= 80%) amounts
on various physiological response variables in blue mussel aggregates that were exposed in the Kerteminde Fjord, Denmark, sequentially from 23.11.
to 28.11.2020 and retrieved from the 28.01. -02.03.2021. The control group were aggregates without plastic. The data points within each boxplot
represent the mean value for each aggregate. Boxplots show the median, the interquartile range and the non-outlier range. White dots are outliers.
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Effects of soft (= PE bags) and rigid (= PET bottles) macroplastic in low (= 40% of the mussel aggregates’ surface area) and high (= 80%) amounts on
two structural response variables in blue mussel aggregates that were exposed in the Kerteminde Fjord, Denmark, sequentially from 23.11.2020 to
02.03.2021. The control group were aggregates without plastic. The data points within each boxplot represent the mean value for each aggregate.
Boxplots show the median, the interquartile range and the non-outlier range. White dots are outliers.

plastic (PE). This effect goes back to the way the different materials
were integrated into the aggregate matrix by the activity of the
mussels. While the rigid plastics were too stiff to get deformed
during this process and for this reason partly protruded from the
aggregates, the soft plastic was completely drawn into their centers.
This probably happened because the mussels moved before they
formed a stable aggregate, and by that movement pushed the soft
plastic towards the center of their aggregate (Luisa Kumpitsch, pers.
obs.). This suggests that plastic litter can alter the architecture of
mussel aggregates in different ways, which depend on the size, shape
and physical properties of the litter such as its flexibility. This may
also have implications for the way associated organisms can use the
three-dimensional structure of mussel beds. Structurally complex
aggregates, such as the ones we created with the PET fragments,
may offer increased refuge space by providing protection from
predation for associated fauna such as polychaetes and crustaceans
(Crooks, 2002; Koivisto and Westerbom, 2010). Moreover, complex
substrates were found to have a stabilizing effect on mussel
aggregations, as attachment strength increases (Christensen et al.,
2015). It has been shown that invasive species can increase the
spatial complexity of mussel (Mytilus galloprovincialis) beds, and
this resulted in a more diverse associated macrofauna (Gestoso
et al, 2013). Structurally complex blue mussel aggregates offer
various habitats for mobile as well as sessile species by, for
instance, providing refuges from predation and spaces for
settlement (Crooks, 2002; Thompson et al, 1996). A change in
the spatial complexity of mussel beds could therefore alter the
composition and diversity of the associated macrofauna (i.e.
animals 0.5 mm - 50 mm in diameter; Watling, 2019).
Interestingly, spatially complex mussel clumps were found to
harbor lower abundances of macrofauna individuals than simpler
ones (Rumohr, 1990), but also to have macrofauna communities
with a higher evenness (Gestoso et al., 2013). However, when
mussel beds accommodate less macrofauna individuals,
bioturbation (i.e. the restructuring of sedimentary deposits),
oxygen penetration depth or organic matter remineralization in
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nearby sediments should be reduced (Aller and Aller, 1998;
Kristensen, 20005 Vopel et al., 2003). This indicates that structural
complexity can indirectly also determine the ecosystem services that
are provided by mussel beds.

Complex habitats allow resource partitioning, as they provide
spatial niches for organic matter (i.e. food) to accumulate (Schoener,
1974). Moreover, it has been shown that spatial habitat complexity
increases the ability of ecosystems to withstand disturbances, while this
stability is mediated by an interplay between different forms of self-
organization such as the aggregation behavior of mussels (Liu et al,
2014). Beyond the physical incorporation of plastic debris into mussel
beds, which comes with the risk of smothering and/or entanglement,
chemical leachates from the plastics can also affect mussels and
potentially also influence their aggregation behavior (Uguen et al,
2022, Uguen et al,, 2023). Since we did not identify or quantify any
leachates from the plastics that we used for the experiment, we have no
knowledge about to what degree they could have influenced the results
we obtained. However, even with this information, it would be difficult
to disentangle the chemical from the physical effects of the plastic
debris, unless one would separate these two influences from each other
in the design of the experiment. In summary, our findings highlight
that the physical characteristics of plastic debris can shape mussel bed
architecture in an ecologically relevant way, potentially influencing the
habitat value and the community composition of the associated fauna.

4.3 Mussel aggregates may act as
macroplastic sinks

In our experiment, in those aggregates that were contaminated
with soft plastic, the litter became fully embedded among the
mussels. This suggests that the mussels” aggregation behavior and
their movements before forming a stable aggregate with attaching
by their byssus threads could facilitate the incorporation of flexible
debris into the interior of mussel beds. Hence, they could act as
sinks for plastic debris in coastal environments. This could be
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facilitated by blue mussel post-larvae that settle on plastic debris
and grow to attached adults, forming a layer around the soft plastic,
which extends through the settlement of further post-larvae and
finally turns into a mussel bed that contains soft plastic inside.
Mpytilus edulis larvae have been shown to recruit and metamorphose
on plastic panels in the field, particularly under flow conditions that
reduce shear and when biofilms are present on the substrate
(Dobretsov and Wahl, 2008), which was achieved within two
weeks of field exposure of the plastic materials used in our study.
There are already studies that showed that mussel beds are sinks for
microplastics (Khan and Prezant, 2018; Santana et al., 2016), but so
far there is no evidence that they also accumulate large-sized plastic
litter. Hence, further surveys are needed to explore whether this
phenomenon exists in natural mussel beds and, if yes, how
widespread and persistent it is. Since blue mussel beds in
Denmark can reach extensions up to the size of square kilometers
(Laursen et al, 2010) and can persist for years with annual
recruitment of new larvae (Le Corre et al., 2013; Mainwaring
et al., 2014), these habitats could potentially accumulate
substantial amounts of soft plastic debris over time. As a mussel
bed grows, incorporated plastic would become increasingly buried
and therefore invisible from the outside. This also means that the
litter is shut off partly from the open water, which could slow down
the breakdown of the buried debris into microplastics, although it
will presumably not stop it. Abiotic processes that degrade macro-
into microplastics like UV radiation, heat or mechanic stress
(Zhang et al, 2021) might act less on macroplastics that are
embedded in a three-dimensional mussel bed. This, in turn,
means that leachates that emerge from macroplastics that are
degrading inside a mussel bed would be released more slowly
and, hence, over a longer period than if released directly into the
open water. Furthermore, the close contact between the mussels and
the debris could lead to the uptake of leachates and/or microplastic
particles that emerge from the latter by the mussels. This could
impair their health, since laboratory studies already showed that, for
instance, weathered polyethylene microplastics (32-43 pm)
accumulate in the intestine of the green mussel Perna viridis and
reduce their feeding rate (Hariharan et al, 2021). Furthermore,
leachates from virgin and weathered plastic debris have been shown
to affect embryo development in the brown mussel Perna perna
(Gandara E Silva et al., 2016), while leachates from PET, PS, PVC,
PP and CTR decreased gamete fertilization in the mussel Mytilus
galloprovincialis (Capolupo et al,, 2020). Moreover, a mussel’s
gonads, gametes and sex hormones can be affected by leachates
(Choi et al., 2022; Ciocan et al., 2020; Gonzalez-Soto et al., 2022;
Uguen et al., 2025), and this can threaten their reproductive output
and population survival.

In our study, we did not observe any effects of the incorporated
soft plastic on the physiological performance of the mussels.
Unfortunately, we did not verify whether its presence had an
influence on the associated fauna. Although, we did not observe
any effects, it is possible that the plastic bags that were pressed
together inside the aggregates impeded the flow of water through
the three-dimensional mussel matrix or filled cavities between
mussels that were then not available for animals that normally
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inhabit these interspaces. Furthermore, the soft plastic debris could
envelope individual mussels completely, cutting them off from
oxygen and food supply, and this could lead to the death of the
affected individuals. Such entrapment has been observed in this
study, as mussels in the center of some aggregates were almost
completely enclosed by pieces of PE bags. These individuals
survived, but did not grow during the experiment.

In South Africa, monitoring of a rocky shoreline revealed litter
entrapment (plastic bags, fishing line and other fibrous items) in
mussel beds (Weideman et al., 2020). There is evidence of the
entrapment of plastic debris in biogenic habitats also from another
benthic species: Macroplastic debris, particularly fishing line, was
found entrapped in colonies of the cold-water coral Dendrophyllia
ramea along Portugal’s Atlantic coast (Seixas et al., 2024). However,
despite this our knowledge about this phenomenon is limited.
Further research on macroplastic entrapment is relevant as there
are extensive mussel beds at coasts around the world (Valdivia et al.,
2014). They could contain unknown quantities of macroplastic
debris that potentially interfere with the ecosystem functions that
are normally provided by such beds and could also harm the
mussels that are living close to the litter.

4.4 Comparing the observed mussel
performance to reference values

Because this study introduces a novel, group-level assay for
assessing blue mussel performance, we benchmarked our
physiological metrics against values from the literature that were
obtained under comparable conditions. However, this comparison
is limited, as published data about the physiological performance of
mussels stem from single, isolated individuals rather than from
aggregates. With regard to filtration, single M. edulis with a length
of ~26 mm exhibited 1.22-1.80 L h™* ind™ in studies by Riisgérd
et al. (2014) and Tang and Riisgird (2018). These rates are 1.5-2
times higher than the ones aggregated Mpytilus spp. of the same
length showed in our experiment (average F = 0.81 L h™' ind™).
Actually, this value is closer to one that was observed for smaller
mussels (20.7 mm, 0.54 L h™ ind™) by Tang and Riisgard (2018).
This could be due to the low water temperatures that prevailed
when we did the measurements by the end of the winter.

For respiration rates, fed single individuals of M. edulis from the
Kerteminde Fjord in Denmark, which were ~2.5 times larger than the
ones we used, consumed 0.90 mg O, h™" ind™ in a measurement that
was done in December at a water temperature of 3°C (Tang and
Riisgard, 2018). In comparison to this, the mussels in our experiment
took up 0.15 mg O, h™ ind™. The condition index (CI) in wild M.
edulis from Morecambe Bay, England, fluctuated seasonally between
3.6 (post-spawning in June) and 7.8 mg cm™ ind™ in October (Dare,
1976), while the Mytilus spp. individuals in our experiment showed
an average of 3.51 mg cm™ ind™ at a size of 26 mm. This value is
slightly below the CI that was reported for similarly sized M. edulis
that were collected in Kerteminde Fjord in Denmark during the
winter (4.0-4.6 mg cm™ ind™'; Tang and Riisgird, 2018). The average
growth rates that we observed (1.5+1.2% d'ind " at 3.2+ 0.6 pgL™)
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were also lower than rates that were measured in Baltic Sea mussels
when similar chlorophyll a concentrations prevailed: 5.4 + 0.5% d*
ind? at 3.2 + 0.6 pg L' (Clausen and Riisgard, 1996). This
discrepancy may reflect the influence of the water temperature (8.5
£ 0.7°C in Clausen and Riisgard, 1996 and 6.1 + 2.9°C in our study).
In summary, these comparisons reveal that the physiological
performances that we measured at the aggregate-level are realistic,
but range at the lower end of what was previously observed for field-
collected, post-metamorphic mussels that were assessed under
winter conditions.

5 Outlook

In our study, rigid macroplastics increased the spatial
complexity of blue mussel aggregates, but did not influence the
physiological performance and the growth of the mussels. However,
the field experiment was done in winter when metabolic processes
are slow due to low temperatures. Follow-up studies should
therefore investigate the influence of plastic debris on Baltic Sea
mussel beds in summer, when mussels are more active, and negative
influences of the plastic debris on their performance are presumably
more likely to detect. Additionally, in situ investigations of natural
mussel beds should assess whether and how macroplastics are
embedded into their structure as well as what effects such an
entrapment can have on associated infaunal communities, the
hydrodynamics within a mussel bed or the concentration of
plastic leachates. Also alternating formation of the mussel bed
with plastic debris potentially changing its spatial complexity
should be examined, to see if any benefits of plastic entrapment
for the mussels or the associated fauna (e.g. protection against
predation or dislodgement) can be observed. This could, for
instance, be done by assessing mussel survival after exposing
aggregates that are contaminated with plastics to predators like
shore crabs. Plastic-contaminated mussel aggregates could also be
exposed to different flow regimes in order to compare mussel
dislodgement rates to plastic-free aggregates. Our study suggests
an experimental framework for assessing the structural and the
physiological responses to plastic debris in reef-building species and
highlights the need for further research on the consequences of the
pollution of marine benthic habitats with large-sized plastic items.
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