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Plastic litter in the ocean has gained significant attention over recent decades,
with much of the focus on microplastics. However, macroplastic litter is
prevalent in marine environments, and while its effects on single organisms is
well documented, its effects on community-level biological structures remain
poorly understood. This study investigates the impact of macroplastic litter—
specifically polyethylene film (shopping bags) and nylon filament (fishing line)—
on Mytilus galloprovincialis aggregates and their associated fauna in the Ria de
Vigo, NW Spain. Using a fully factorial experimental design, 30-mussel
aggregates were assembled incorporating plastic litter in different abundances
and were deployed in situ for 4 weeks. After this time, physiological responses
(respiration and filtration), structural complexity (rugosity index), particulate
matter retention, body condition index (BCI), and associated mobile faunal
diversity were measured. Mussels in the High/Filament treatment showed an
18% lower respiration rate and a 65% reduction in filtration capacity compared to
controls, while the Low/Filament treatment reduced filtration by 40%. No
significant effects were found on BCI, particulate retention as well as on the
diversity and composition of the associated macrofauna. Interestingly,
aggregates with low plastic content exhibited a slightly higher structural
complexity than those with high amounts of plastic. This study highlights that
macroplastics can subtly alter the functionality of mussel beds without
dramatically affecting the diversity of the associated fauna. These insights
underscore the need to assess physical interactions of organisms with plastic
litter also at the community level.
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marine litter, mussel beds, benthic communities, structural complexity, functional
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1 Introduction

Although plastics have brought numerous benefits to our society
with wide-ranging applications in sectors such as construction,
medicine, and food preservation (Cole et al., 2016), their
widespread use has also led to significant environmental challenges.
Plastic pollution has emerged as a major environmental concern
across marine ecosystems, with production and disposal rates
continuing to rise globally, making plastics a pervasive and harmful
presence in the world’s oceans. Macroplastic litter (items > 5 mm)
include common materials such as e.g., fishing lines, nets, packaging
films, originates from both terrestrial and marine sources (Galgani
etal, 2015; Li et al,, 2016), and is widespread and persistent, with the
potential to impact organisms not only individually but also at the
community and ecosystem level.

Most marine plastic litter originates from land-based sources,
which are not exclusively associated with urban areas. They comprise
also landfills and beaches worldwide, most notably from developing
regions with extensive coastlines and large, coastal populations (e.g.,
SE Asia) (Galgani et al,, 2015; Jambeck et al., 2015; Li et al., 2016).
Improper waste transportation and inadequate burial in landfills can
result in a breach into the environment. One example are plastic bags
and films, which are easily wind-blown. Furthermore, litter from land
is often transported to the seas via rivers and waterways and this is
facilitated by extreme weather events (Galgani et al, 2015). As a
result, large quantities of plastic litter, ie., an estimated 14 million
tons, enter the oceans each year (IUCN, 2021). Ocean-based sources,
fishing industry, shipping activities and aquaculture add to this, while
litter from both origins can drift through the ocean for long time
spans and often settle in both intertidal and subtidal areas (GESAMP,
2021; Green et al., 2015).

Approximately 70% of the plastic litter entering the ocean is
thought to settle in benthic habitats, where it can accumulate and
interact with resident organisms (Hammer et al., 2012; Green et al.,
2015; Consoli et al., 2019; Costa et al., 2021). In these environments,
macroplastic items can physically alter habitat structure, provide
novel substrate for colonization, obstruct feeding or respiration of
benthic organisms, and influence biogeochemical cycles by affecting
sediment oxygenation (Barnes et al., 2009; de Carvalho-Souza et al.,
2018). Yet, despite the widespread presence of macroplastics in
benthic systems, most studies have focused on organism-level
effects such as ingestion and entanglement, particularly in large
vertebrates (Li et al.,, 2016; Wilcox et al., 2016). Far fewer studies
have investigated how macroplastic litter influences community
structure or ecosystem functioning (Rochman et al., 2016), but see
e.g., Katsanevakis et al. (2007); Green et al. (2015) and Giindogdu
et al. (2017), who showed positive as well as negative effects of
plastic debris on benthic assemblages. The positive influence was
due to the provision of additional habitat, while detrimental effects
emerged from the smothering of organisms. In particular, the effect
of macroplastic on faunal assemblages in intertidal and shallow
subtidal habitats is still poorly studied and should be investigated to
a greater extent. This is because these communities are often
associated with habitat-building species that form long-living
biogenic structures and fulfil important ecosystem services.
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One example for such a species is the Mediterranean mussel
Mpytilus galloprovincialis (Lamarck 1819). It is a widespread and
ecologically important species in intertidal and shallow subtidal
coastal environments, where it acts as a habitat engineer by forming
dense aggregations. Mussel beds stabilize shorelines, attenuate
storm surge by dampening wave action, sequester carbon, transfer
nutrients, clarify water, act as sediment traps, facilitate primary
production by increasing the biomass of benthic microalgae and
provide refuge and feeding grounds for diverse macrofaunal
assemblages (Thiel and Ullrich, 2002; Commito et al., 2014; Engel
et al., 2017; Paquette et al, 2019). When detached from their
conspecifics, mussels quickly move and clump together by
extending their foot and pull closer to nearby mussels (Commito
et al., 2014). This spatial self-organization behaviour creates non-
random bands and patches in coastal areas. Living in these patches,
which are formed in response to the local density of conspecifics
and food availability, offers benefits like protection against waves
and predators and provides good substrates for juvenile mussels.
However, when intraspecific competition becomes intense,
periphery mussels can get dislodged and then commonly move to
less crowded adjacent clusters (Paquette et al., 2019; van de Koppel
et al., 2008). These behavioural and structural characteristics make
mussel beds a suitable model system to explore the broader
ecological consequences of macroplastic pollution in benthic
habitats. Macroplastic litter, such as films and filaments, can
interfere physically with mussel aggregates by entangling or
covering individuals), potentially restricting valve movements,
altering water flow, and disrupting feeding and respiration
(Weideman et al., 2020; Uguen et al., 2024; Vilke et al.,, 2024). In
addition, plastics integrated into mussel clumps may change the
three-dimensional structure of aggregates, thereby modifying
habitat complexity and influencing associated faunal communities.

This study was conducted in the Ria de Vigo, NW Spain, a
coastal embayment influenced by seasonal upwelling, which drives
high primary productivity and supports diverse benthic
communities. The Ria de Vigo is internationally recognized as
one of the most productive estuarine systems in Europe and
represents one of the main hotspots for mussel aquaculture,
accounting for a substantial share of European mussel
production. Beyond its economic importance, the area is subject
to multiple anthropogenic pressures—including intensive shipping,
aquaculture, fisheries, and urban inputs—that increase the risk of
plastic litter entering the system. These characteristics make the Ria
de Vigo an ecologically and socio-economically relevant setting to
address the vulnerability of Mytilus galloprovincialis assemblages to
macroplastic pollution.

We investigated how different amounts of marine plastic litter,
represented by two different shapes, affect the physiological
performance of M. galloprovincialis aggregates and the
composition of their associated macrofaunal communities. Based
on previously mentioned considerations, we hypothesized that (i)
the presence of plastics would reduce mussel physiological
performance (respiration, filtration capacity, and body condition)
due to physical obstruction and stress responses, and (ii) the
incorporation of plastics into mussel aggregates would alter
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Experimental M. galloprovincialis aggregates with plastic film before (A) and after (B) 4 weeks of sea exposure; and with plastic filaments before

(C) and after (D) 4 weeks of sea exposure.

aggregate complexity, particulate matter retention, and the diversity
and composition of associated macrofaunal communities. We
further expected the magnitude of these effects to depend on both
the shape (films vs. filaments) and the amount (low vs. high) of
plastic litter, with filamentous material causing stronger
interference due to its entangling nature. By focusing on
responses at both individual and community levels, this research
aims to address critical knowledge gaps in our understanding of
macroplastic impacts on benthic ecosystem structure and function.

2 Materials and methods
2.1 Study site and experimental design

Mussel individuals (Mytilus galloprovincialis) were collected
from the outer Ria de Vigo, transferred to a nearby laboratory
and used to create 35 experimental aggregates that consisted of 30
mussels each. For this, mussels were subjected to a one-week
laboratory aggregation phase followed by a four-week sea
exposure phase. The aggregation phase was necessary to allow
mussels to form stable aggregates under controlled conditions,
ensuring that all treatments started with cohesive clumps of
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similar size and structure. Without this preliminary step, mussels
collected individually from the field would have required variable
times to re-attach and reorganize in the sea, leading to uncontrolled
differences among treatments. Once aggregates were established,
they were exposed in situ for four weeks to evaluate the effects of
plastic litter under natural environmental conditions. The plastic
debris used in the study included two types that are commonly
encountered in marine environments: film-like shopping bag
fragments and fishing line, which represents a filamentous type of
litter (Figure 1). While films have the potential to fully cover solitary
organisms or parts of colonies and by this cutting them off from
food, gas and light supply, filaments can lead to, for example,
entanglement and provoke the restriction of body movements. The
shopping bag material was composed of polyethylene polymers and
selected to be thin, milky white, and semitransparent, closely
resembling typical consumer bags while minimizing potential
confounding effects that go back to colour or excessive thickness.
The fishing line was a colourless nylon monofilament with a
diameter of 0.3 mm, representative of widely used commercial
lines. To ensure comparability, both plastic types were chosen for
their similar thickness and lack of colouration, thus potential
differences between groups should go back to the film-like or
filamentous nature of the debris. Beyond morphology, the two
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plastics differ in density and behaviour in water, which can
influence their interaction with benthic organisms. Polyethylene
has a density of ~0.91-0.96 g cm?, slightly less than seawater, giving
it moderate buoyancy that allows thin films to float or suspend near
the water surface and drape over mussel aggregates. Nylon
monofilament has a density of ~1.14 g cm?, slightly denser than
seawater, so filaments tend to sink slowly or remain suspended
depending on hydrodynamic conditions, often becoming entangled
within the three-dimensional structure of the aggregates. Both
plastics are flexible and resistant to rapid degradation over the
experimental timeframe, ensuring consistent exposure. These
physical traits, combined with differences in buoyancy and
settling behaviour, help replicate the ecological dynamics of film-
like versus filamentous plastics in natural environments.

2.1.1 Experimental phases
2.1.1.1 Aggregation phase

Mpytilus galloprovincialis individuals were collected from the
rocky intertidal zone at low tide on seven non-consecutive days
between October 13 and 24, 2020. Mussels were carefully detached
by cutting their byssus threads with nail scissors to prevent damage
to the byssal glands. Individuals measuring 3.5-4.0 cm shell length
(measured with callipers) were selected for the experiment. Each
day 150 individuals were collected and transported to the CSIC-IIM
climate chamber in plastic containers within 20 minutes. Soft
epibionts were removed from their shells using a kitchen sponge,
while barnacles were scraped off with a knife. Single mussels were
randomly assigned to one of the four treatment combinations or to
a control group in which mussel aggregates were not contaminated
with plastics. The exact shell length of every single individual was
measured to calculate the total surface area (i.e. the sum of all
mussel shell surfaces) of the resulting aggregate. This allowed us to
relate the amount of plastic material that was added to a biologically
important property of the aggregates. We assumed that the total
surface area of an aggregate is positively correlated with the space
that is available for associated fauna and for the particulate matter
retained within the aggregate. The amount of plastic material added
to each mussel aggregate was therefore standardized relative to the
total shell surface area of the aggregate. Plastic items (films or
filaments) were then added to achieve predefined “Low” and “High”
plastic treatment levels. This approach ensured that the
experimental exposure mimicked environmentally realistic
densities of macroplastic litter while maintaining comparability

across treatments.
Filament, Fishing line(cm)

= (Total mussel surface areaxX) /(2*7t+r)

Film, Plastic bag(cm2 ) = (Total mussel surface area+X) /2

where r is the radius of the fishing line, X represents the amount
of plastic material added, with values of 0.4 for the “High” plastic
treatment and 0.2 for the “Low” plastic treatment level.

Mussel aggregates with the corresponding plastic material were
housed on 200 * 200 * 3 mm PVC plates roughened with 60-grit
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sandpaper to promote attachment (Figure 1). The aggregation
phase lasted seven days at an average temperature of 17°C under
a 12 h light:12 h dark photoperiod. During this period, mussels
attached to each other, to the plastic material, and to the PVC
carrier plates via byssus threads. Tanks were cleaned and the
seawater was fully exchanged daily. For the first 2-3 days,
aggregates were inspected daily and mussels that migrated to
plate edges were repositioned to ensure a cohesive clump formation.

2.1.1.2 Sea exposure phase

Following the one-week aggregation phase, mussel aggregates
were deployed into the subtidal from a marina jetty in the Ria de
Vigo (42°14°01”N, 8°44°34”W). Deployments occurred every other
day from October 20 to 31, 2020, with five aggregates submerged
per day at a depth of 1.5 meters and maintaining a 2-meter spacing
between them to avoid inter-aggregate interactions. Each platform
was suspended horizontally in the water column by securing four
corner ropes to a central rope affixed to the jetty. A brick
counterweight was connected beneath each platform via a rope
and zip tie to stabilize the setup against water movement.
To prevent dislodgement from wave action, plastic grids (160 *
30 mm; mesh size: 0.5 * 0.5 mm) were attached to the plate edges.
To minimize biofouling, the experimental fencing was cleaned
weekly via snorkelling using a kitchen sponge. This duration was
selected as a compromise between ecological relevance and
experimental feasibility: it was long enough to allow detection of
physiological and structural responses of mussel aggregates to
plastic litter, while still short enough to minimize uncontrolled
colonization by external fauna that could obscure treatment effects.
Additionally, this four-week period corresponds to the time
required for optimal byssus filament secretion, which typically
reaches near-asymptotic levels after several weeks, ensuring
proper attachment and stability of the mussel aggregates. After 4
weeks of exposure, aggregates were retrieved in the same order as
deployed, with five collected per day on non-consecutive days
between November 18 and 28, 2020.

2.2 Measured responses and sampling
protocols

On each retrieval day, the mobile fauna and the total particulate
matter content were sampled and analysed during the following
days, while the filtration and respiration measurements were
performed immediately.

2.2.1 Total particulate matter and mobile fauna
sampling protocol

During retrieval, a snorkeler cut the zip-tie to detach the brick,
and each plate was placed in a sealable submerged box to retain the
mobile fauna. On the jetty, fauna that dislodged from the aggregates
during handling was collected from the water inside the box by
filtering it through a 500 pm mesh. Then, the plate was cleaned
around the aggregate with a sponge that was rinsed through a
500 pm mesh to recover fauna. Each aggregate was rinsed
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thoroughly with 1 L of 1.2 pm-filtered seawater to collect the total
particulate matter (TPM), and this rinse water was filtered for TPM
analysis. Remaining fauna was dislodged by inverting and gently
agitating the aggregate in filtered seawater, then filtered and
preserved. All steps were completed within one hour. Aggregates
were transported in individual tanks for immediate filtration and
respiration assays; TPM samples were refrigerated, while mobile
fauna samples were preserved in 70% ethanol at room temperature
(20-25°C) prior to identification.

2.2.2 Total particulate matter analysis

Each of the 1 L FSW samples we took per aggregate was
homogenized and split into two 500 mL subsamples. The
supernatant from one subsample was then filtered through two
pre-weighed 2.7 pum glass fibre filters (Whatman) to prevent
clogging. Filters were rinsed with 30 mL of distilled water to
remove salts. Settled material from the same subsample
was poured into a pre-weighed aluminium boat, rinsed
with distilled water, and weighed. Filters and boats were dried at
80°C for 24 h until constant weight. Salt content in the settled
material was estimated from the residual seawater volume (e.g.,
0.01 L *35¢g L™ =0.35 g). This approach may underestimate total
salt, as salts associated with particles were not accounted for, but the
correction was small and applied consistently across replicates,
ensuring comparability. Salt content was then subtracted from the
dried mass to yield TPM, which was summed across filters and
settled material, then multiplied by two to account for subsampling.

2.2.3 Physiological performance of M.
galloprovincialis
2.2.3.1 Mussel filtration and respiration rates

Upon arrival in the laboratory, mussel aggregates were
acclimated for 2 hours to let handling stress fade away before
starting the measurements. Filtration capacity was assessed by
quantifying the clearance rate, defined as the volume of water
cleared of suspended particles per unit time. To this end,
Rhodomonas lens cells (~7 pm diameter) were added to each 9 L
aquarium to reach an initial concentration of ~30,000 cells mL™,
which is well within the optimal range for continuous filtration in
Mpytilus spp (Riisgard and Randlov, 1981). Each aggregate was
visually inspected to ensure that >50% of the individuals were
actively filtering (i.e., open valves) before the measurements began.
The water bodies inside the aquaria were homogenized using
submersible pumps to ensure an even cell distribution. Cell
concentrations were monitored with a PAMAS $4031 GO WG
particle counter, focusing on the 5-7 um size class to capture
variability in Rhodomonas cell size. Measurements were taken
every 3 minutes over a 12-minute period via an inlet tube
positioned ~4 c¢cm below the water surface and 1 ¢cm above the
aggregate. A daily control (blank) consisting of an aquarium with
only a PVC plate was included to account for cell sedimentation.
Filtration rates (F, L h™') were calculated following Riisgard et al.
(2014):

F =Vxb

Frontiers in Marine Science

10.3389/fmars.2025.1677044

where V is the aquarium volume (L) and b is the slope of the
linear regression on a semi-logarithmic (In-transformed) plot of cell
concentration over time, reflecting the exponential decrease in
particle density during filtration. Finally, clearance rate was
standardized per g of aggregate dry weight.

Following filtration measurements, mussel aggregates were
allowed to rest for 30 minutes prior to respiration assessments.
To minimize handling stress, the same aquaria and the same
volumes of seawater were used throughout all measurements,
maintaining residual concentrations of microalgae that helped to
ensure that the mussels remained open during subsequent oxygen
measurements. During the resting period, water in each aquarium
was bubbled with air to reach oxygen saturation. Each tank was
sealed with an airtight PVC lid fitted with an opening for insertion
of a Hach HQ40d multi oxygen probe, thereby functioning as a
closed chamber during the 30-min monitoring periods. Oxygen
exchange with the atmosphere was considered negligible over this
short timescale. Oxygen concentration (mg O, L) was recorded
~4 cm below the water surface and ~1 cm above each aggregate
every 5 minutes for 30 minutes (= 7 measurements). After light-
phase measurements, aquaria were re-aerated for 30 minutes before
repeating the procedure in complete darkness to quantify net
oxygen production (NOP) by epibionts and phytoplankton that
were present in the aquaria. An additional control tank (mussel-free
aquarium) containing only empty shells was run concurrently to
account for background oxygen uptake by microbial films; any
oxygen decline measured in this control was used to correct
respiration rates. Respiration rate (R, mg O, min™') was
calculated from the slope (b) of oxygen decline over the 30-
minute period, multiplied by the aquarium volume (V) following
Tang and Riisgard (2018):

R=bxV

Only dark-phase measurements were used for respiration rate
calculations, as NOP was negligible. To standardize respiration
rates, each aggregate’s R value was normalized to a body dry weight
of 1 g using an allometric correction (Babarro et al.,, 2000; Prieto
et al.,, 2020), accounting for size-related differences in metabolic
rate:

Y_STD = (1/W_EXP)\b xY_EXP

Where Y_STD and Y_EXP are the standardized and
experimental respiration rates, respectively, W_EXP is the
experimental dry weight of the aggregate (g), and b is the
allometric scaling coefficient (0.75 for respiration).

2.2.4 Body condition index

Following all measurements, mussel aggregates were detached
from the PVC plates and frozen at —20°C for at least 24 h to ensure
100% mortality. Shell length of each mussel was re-measured, and
six individuals per aggregate (three from the centre and three from
the periphery) were dissected to assess within-aggregate variation in
BCI. This approach accounts for the fact that an individual’s
position within the aggregate strongly influences its access to
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TABLE 1 Influence of the amount and the shape of macroplastic litter
on the total particulate matter accumulated within Mytilus
galloprovincialis aggregates during 4 weeks of exposure in the sea.

a) Source of o))
208 SS df F

variation p Contrast P
Control vs

Shape 0.86 1 1.06 031 104 | 0.82
All
Control vs

Amount 042 1 0.51 048 . 54 0.74
High
Control

Shape x Amount 058 1 | 071 o041 ONFOYS T g9y
Low
Control vs
. 54 0.74
Film
Control vs
. 50 0.97
Filament

Results from ANOVA (a) and from contrast analyses (b) between the control group and all
treatment combinations pooled, between the control group and the levels of the factor
“Amount” (averaged across the levels of “Shape”) and between the control group and the
levels of the factor “Shape” (averaged across the levels of “Amount”). Significance level after
applying the Bonferroni correction: < 0.01. Results from Mann-Whitney-U tests (b).

food, which in turn affects its BCIL. The soft tissue was dried at 80°C
for 24 h until constant weight. BCI was calculated as the ratio of soft
tissue dry weight to shell length cubed. Average BCI and standard
deviation were calculated from the six replicates per aggregate.

BCI = W/L?

Where W = soft tissue dry weight and L = shell length (Riisgdrd
et al., 2014).

2.2.5 Structural complexity and community-level
effects
2.2.5.1 Aggregate complexity

The bidimensional rugosity index (BR), used to quantify the
structural complexity of mussel aggregates, was adapted from the
method described by Gestoso et al. (2013). Garden wire was used to
trace two orthogonal axes along the base of each PVC plate (L; and
L,), following the flat surface beneath the mussel aggregate to avoid
disturbance and accurately capture the plate’s true base dimensions.
The same axes were then contoured across the top surface of the
mussel aggregate (C; and C,), from one corner of the PVC plate to
the opposite, following the aggregate’s shape. The lengths of the
contoured wires (C,, C,) and the flat base wires (L;, L,) were
measured using a ruler. Since the flat base dimensions (L;, L,)and
the normalization factor m (number of mussels per clump) was
constant across aggregates, the final bidimensional rugosity index
(BR) was calculated as:

BR = (C, x C,)/DW

Where C, and C, are the contoured lengths (cm) along each
axis across the aggregate, and DW is the dry weight (g) of the
aggregate. Thus, BR expresses rugosity normalized by biomass,
integrating both surface irregularity and aggregate mass.
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2.2.5.2 Mobile fauna processing and identification

Mobile fauna samples were stored in 70% ethanol at room
temperature (20-25°C) prior to identification. Samples were
processed sequentially according to collection order. Under a
dissecting microscope, organisms were separated and grouped at
higher taxonomic levels (e.g., order) and stored individually in 70%
ethanol in Eppendorf tubes. Identification to the lowest possible
taxonomic level was conducted using both dissecting and
compound microscopes, referencing established taxonomic guides
(Hayward et al.,, 1999; Campbell, 2009; Holdich and Jones, 1983;
Pleijel and Dales, 1991). Abundance of each taxon was recorded.
Biodiversity comparisons between treatment combinations were
performed using species richness and Shannon diversity index.

2.3 Statistical analysis

Statistical analyses were performed in R (v4.0.3; R Core Team,
2020) using RStudio as the integrated development environment.
Two-way ANOVAs were used to assess the influence of plastic
amount (2 levels: High and Low) and shape (2 levels: Filament and
Film) on each response variable. For non-parametric data (e.g.,
respiration), Scheirer-Ray-Hare and Mann-Whitney-U tests were
applied. PERMANOVA was used to analyse differences in
community composition, using the function adonis2 in the vegan
package with significance set at p < 0.05. The adequacy of the
ANOVA models was verified by inspecting the residuals for
normality and for homogeneity of variances using plots and
diagnostical tests (Shapiro-Wilk’s-W test and Fligner-Killeen test,
respectively). Furthermore, we used Bonferroni-corrected, single
degree of freedom contrasts to test for differences between the two
treatment levels, either pooled or averaged across the levels of the
respective other treatment level, and the control group.

3 Results
3.1 Accumulation of particulate matter

There was no significant effect of the macroplastic litter on the
accumulation of TPM inside the mussel aggregates (Table la;
Figure 2). Contrast analyses did not show any significant
differences between the control group and all other experimental
groups pooled (Table 1b).

3.2 Physiological performance of M.
galloprovincialis

Respiration rates of mussel aggregates were not significantly
affected by plastic “Shape” or “Amount” (Table 2a; Figure 3A).
However, contrast analyses indicated that most treatment
combinations differed from the control group, with the “High/
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FIGURE 2

Amount of total particulate matter retained within aggregates of
Mytilus galloprovincialis contaminated with macroplastic litter after 4
weeks of exposure in the sea. Each sampling unit of 30 mussels was
aggregated with or without macroplastic litter in low or high
amounts (20% and 40% of the total aggregate surface area,
respectively) before exposure. The plastic litter items were either
films (shopping bags) or filaments (fishing line). In each treatment
combination and in the control group n=7. Boxplots show medians,
interquartiles and non-outlier ranges.

Filament” aggregates showing the strongest reduction (18% lower
oxygen consumption). Filtration rates were marginally influenced
by plastic “Shape” (Table 3a). Aggregates containing filamentous
plastics had markedly lower filtration than controls, with reductions
of up to 65% in the “High/Filament” group and 40% in the “Low/
Filament” group (Figure 3B). In contrast, film treatments showed
filtration values closer to those of the controls. No significant effects
of plastic “Shape” or “Amount” were detected for the body
condition index (BCI) (Table 4a; Figure 3C).

TABLE 2 Influence of the amount and the shape of macroplastic litter
on the respiration rates of Mytilus galloprovincialis aggregates after 4
weeks of exposure in the sea.

a) Source of b)

variation Contrast

Control vs
Shape 3.57 1 0.03 | 0.85 All 158 | 0.01

Control vs
104.14 1 0.99 | 0.32 84 0.01

A t
moun High

Control vs
57.14 1 0.54 046 74 0.07

Sh A t
ape X Amoun Low

1
Qontro Vs 79 | 002
Film

Control vs
R 79 0.02
Filament

Results from Scheirer-Ray-Hare (a) and from contrast analyses (b) between the control group
and all treatment combinations pooled, between the control group and the levels of the factor
“Amount” (averaged across the levels of “Shape”) and between the control group and the
levels of the factor “Shape” (averaged across the levels of “Amount”). Significance level after
applying the Bonferroni correction: < 0.01. Results from Mann-Whitney-U tests (b).
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3.3 Structural complexity and community-
level effects

Aggregate rugosity showed a marginal influence of plastic
“Amount,” with lower complexity in high-plastic treatments
(Table 5a; Figure 4A). Neither Shannon diversity (Table 6;
Figure 4B) nor species richness of the mobile fauna (Table 7;
Figure 4C) differed significantly among treatments. Similarly,
PERMANOVA did not detect significant differences in
community composition between control and experimental
groups (Table 8; Figure 5).

4 Discussion

The effects of macroplastic litter on individual marine
organisms are well documented, but community-level impacts
remain poorly understood. Our study provides experimental
evidence that macroplastics can alter both the physiological
performance and structural organization of M. galloprovincialis
aggregates, with potential consequences for their ecological role as
habitat formers in coastal systems. We examined the effects of
macroplastic litter, which occurred in two shapes and two
abundances, on M. galloprovincialis aggregates, with a focus on
their performance and the associated faunal community in the Ria
de Vigo. Mussel aggregates containing a low amount of plastic
exhibited the highest complexity, suggesting that small amounts of
plastic can be integrated into the aggregate structure by the activity
of the mussels in a way that enhances habitat complexity relative to
plastic-free mussel aggregates. However, structural formation
appeared to be constrained by high plastic loads. Furthermore, a
significant reduction in the mussels’ respiration rates was observed
in aggregates exposed to plastic litter, and, similar to this, mussel
aggregates that contained large amounts of plastics, in particular if it
was fishing line, showed a decline in their filtration capacity. These
percentage changes highlight the biological relevance of filamentous
plastics in impairing mussel physiological performance.

At the individual level, mussels exposed to filamentous plastics -
particularly at high abundances -showed reduced respiration and
filtration rates. These effects likely stem from physical interference,
as filaments can entangle gills or mantle cavities, restricting valve
movement and reducing water flow through the feeding apparatus,
thereby limiting oxygen uptake and food transport. Contact with
plastics may also trigger behavioural and physiological stress
responses, such as prolonged or more frequent valve closures,
further reducing water circulation and gas exchange. Chronic
exposure could elevate metabolic costs associated with
maintaining gill ciliary activity against obstructive debris,
decreasing energy available for feeding and growth. These
findings align with previous work demonstrating that mechanical
constraints and reduced valve opening lower pumping and
respiration rates in bivalves (Jorgensen et al, 1988; Tang and
Riisgard, 2018). Despite these effects, overall filtration capacity
remained comparable to values reported in the literature
(Lassoued et al., 2019, 2021), indicating that mussels retain much
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FIGURE 3

Respiration (A) and filtration (B) rates and body condition index (C), of aggregates of Mytilus galloprovincialis contaminated with macroplastic litter

after 4 weeks of exposure in the sea. See Figure 1 caption for details.

B Low High Control
Ta
=
2
.
c
g
82
g
0
Filament Film Filament Film No plastic
Shape

of their feeding ability even under plastic exposure. Despite these
effects, no significant differences were found on the accumulation of
particulate matter in the aggregates, on the body condition index of
the mussels, or on the diversity and composition of the
associated macrofauna.

At the structural level, aggregate complexity was highest in
treatments with low amounts of filamentous plastics, suggesting

TABLE 3 Influence of amount and shape of macroplastic litter on the
filtration rates of Mytilus galloprovincialis aggregates after 4 weeks of
exposure in the sea.

that mussels can incorporate or reorganize around small debris
during self-assembly, enhancing habitat heterogeneity. By contrast,
high plastic loads—whether filaments or films—reduced aggregate
complexity, likely because excessive debris constrains mussel
mobility and the ability to form cohesive three-dimensional
structures. Filaments often remained entangled or were gradually
pushed out, whereas films were more easily integrated into the

TABLE 4 Influence of amount and shape of macroplastic litter on the

body condition index of Mytilus galloprovincialis aggregates after 4
weeks of exposure in the sea.

a) Source of o) a) Source of b

) Sou ss df F | p | © ) Sou ss )

variation Contrast variation Contrast
Control vs Control vs

Shape 9.15 1 4.11  0.05 137 | 0.11 Shape 0.02 1 0.12 | 0.73 121 = 0.36
All All

Amount 013 1 o006 og1 Controlvs 65 | 025 Amount 001 1 | 005 o Controlvs 59 | 044
High High

1 1

Shape x Amount 490 1 220 o015 Controbvs 72 0.09 Shape x Amount 004 1 024 03 Conmolvs 62 034
Low Low
Control vs Control vs
i 64 0.28 R 60 0.45
Film Film
Control vs Control vs
) 73 0.07 R 61 0.33
Filament Filament

Results from ANOVA (a) and from contrast analyses (b) between the control group and all
treatment combinations pooled, between the control group and the levels of the factor
“Amount” (averaged across the levels of “Shape”) and between the control group and the
levels of the factor “Shape” (averaged across the levels of “Amount”). Significance level after
applying the Bonferroni correction: < 0.01. Results from Mann-Whitney-U tests (b).
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Results from ANOVA (a) and from contrast analyses (b) between the control group and all
treatment combinations pooled, between the control group and the levels of the factor
“Amount” (averaged across the levels of “Shape”) and between the control group and the
levels of the factor “Shape” (averaged across the levels of “Amount”). Significance level after
applying the Bonferroni correction: < 0.01. Results from Mann-Whitney-U tests (b).
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TABLE 5 Influence of amount and shape of macroplastic litter on the
rugosity index of Mytilus galloprovincialis aggregates after 4 weeks of
exposure in the sea.

b)
Contrast

a) Source of
variation

SS df

F p

Control vs

0.07 1 All

Shape 0.32

Control vs

47.5
High

Amount 0.94

Control vs
Shape x Amount v 26

Low

Control vs

38,5 | 045
Film

trol
Control vs 35 032

Filament

Results from ANOVA (a) and from contrast analyses (b) between the control group and all
treatment combinations pooled, between the control group and the levels of the factor
“Amount” (averaged across the levels of “Shape”) and between the control group and the
levels of the factor “Shape” (averaged across the levels of “Amount”). Significance level after
applying the Bonferroni correction: < 0.01. Results from Mann-Whitney-U tests (b).

aggregates, highlighting how plastic morphology mediates
structural effects. This pattern resembles a threshold effect, where
small disturbances can be accommodated or even enhance
heterogeneity, while larger inputs hinder aggregation dynamics.
The presence of plastic also had a small but statistically
significant effect on the shape of the mussel aggregates and on
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FIGURE 4

Rugosity index (A) and Shannon index (B) and species richness (C) of the mobile fauna of aggregates of Mytilus galloprovincialis contaminated with
macroplastic litter after 4 weeks of exposure in the sea. See Figure 1 caption for details.
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their spatial complexity. The two plastic materials we used in this
experiment, i.e., shopping bags and fishing line, are among the most
plastic litter objects found in the ocean (Barnes et al., 2009; Galgani
et al, 2015; Green et al., 2015; Geyer et al., 2017; Consoli et al.,
2019);. High amounts of plastic, whether film or filament, resulted
in a lower aggregate complexity, which was similar to the
complexity of the control group. This was likely because plastics
in large amounts restricted mussel movements severely and with
this also the capacity to include or exclude the litter from the
aggregate. This observation that mussel aggregates in the
experimental groups with films integrated the litter into their 3D-
structure is also intriguing and warrants further investigation in
future studies.

Interestingly, mussel aggregates seemed to tolerate high litter
loads and film-like plastics better than filamentous material and low
amounts of litter: The aggregates of the ‘Low/Filament’ group
showed the most complex 3D-structure. This was presumably
because the mussels did not exclude the filamentous material
from the aggregates by their activity, while plastic films were
easily isolated from or fully integrated into the aggregates by
mussel movements. Actually, mussels in the two ‘Filament’
groups were enmeshed in the fishing lines that we added and
could not at all remove them. The impact of filaments that were
added in rather small amounts on structural complexity resembled
a ‘pebble in the shoe’—a subtle yet persistent source of disturbance.
These results reinforce the idea, also reported in field surveys
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TABLE 6 Influence of amount and shape of macroplastic litter on the
Shannon index of the mobile fauna that was associated with the Mytilus
galloprovincialis aggregates after 4 weeks of exposure in the sea.

b)
Contrast

a) Source of

. SS df
variation

Control vs
Shape 0.06 1 0.99 0.32 All 112 | 0.58

trol
Amount 014 1 24 o3 conmolvs 62 036

High

Control
Shape x Amount 004 1 067 041 L;m roLvs 50 097
W

Control vs

62 0.33
Film

Control vs
. 50 0.94
Filament

Results from ANOVA (a) and from contrast analyses (b) between the control group and all
treatment combinations pooled, between the control group and the levels of the factor
“Amount” (averaged across the levels of “Shape”) and between the control group and the
levels of the factor “Shape” (averaged across the levels of “Amount”). Significance level after
applying the Bonferroni correction: < 0.01. Results from Mann-Whitney-U tests (b).

(Galgani et al., 2015; Consoli et al., 2019), that the morphology and
abundance of macroplastics critically influence their ecological
impact in benthic systems. Therefore, our study underscores the
relevance of studying macroplastic-organism interactions at
sublethal levels and calls for the inclusion of macroplastics in risk
assessments for coastal benthic habitats.

Behavioural interactions with plastics may also influence
physiological and structural outcomes. Mussels can use their
muscular foot to reposition themselves or manipulate nearby
objects (Bayne, 1964; Schone, 2001), which could explain why the
Body Condition Index (BCI) was slightly lower in the ‘High/Filament’
group. Movement of debris may lead to either incorporation or
exclusion of plastics from aggregates, depending on object size, shape,
stiffness, and location, and suggests that mussel beds could act as
sinks for planar plastic litter in natural settings.

TABLE 7 Influence of amount and shape of macroplastic litter on the
species richness of the mobile fauna that was associated with the Mytilus
galloprovincialis aggregates after 4 weeks of exposure in the sea.

a) Source of b
) Sou ss df F ) w
variation Contrast
Control x
Shape 3359 1 3282 008 105 | 0.79
Amount 635 | 1 062 04 COMOIXloosh 06s
High
1
Shape x Amount | 573 1 056 | 056 _ontoIx 4950 | 1
Low
Control x
! 5950 0.5
Film
Control x
! 4550 0.82
Filament

Results from ANOVA (a) and from contrast analyses (b) between the control group and all
treatment combinations pooled, between the control group and the levels of the factor
“Amount” (averaged across the levels of “Shape”) and between the control group and the
levels of the factor “Shape” (averaged across the levels of “Amount”). Significance level after
applying the Bonferroni correction: < 0.01. Results from Mann-Whitney-U tests (b).
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TABLE 8 Influence of amount and shape of macroplastic litter on the
composition of the mobile fauna associated with the Mytilus
galloprovincialis aggregates after 4 weeks of exposure in the sea.

Source of variation SS df F Jo)

Shape 0.03 2 0.37 0.93
Amount 0.10 1 0.68 0.81
Shape x Amount 0.07 1 0.87 0.54

Results from PERMANOVA.

Despite these physiological and structural effects, we observed no
significant changes in the accumulation of particulate matter, species
richness, or diversity of associated macrofauna over the four-week
experiment. Explanations for the absence of an effect are a) that the
plastics did not alter the structure of the aggregates in a way that
would have led to a change in the composition of the associated
communities and/or b) that the accumulation of particulate matter,
which could serve as food for at least some components of the fauna,
also remained unaltered by the litter and/or c) that community-level
responses to macroplastics often require longer durations to develop
(Barnes et al., 2009; Green et al., 2015), reflecting the short duration of
the exposure. Species richness in our experiment (19-22 taxa per
aggregate) was lower than in other mussel beds (e.g. Gestoso et al.
(2013) found 53 taxa in Galician mussel beds, with the barnacle
Elminius modestus as the dominant species, while Chintiroglou et al.
(2004) documented 37-100 species seasonally appearing in mussel
beds in the Thermaikos Gulf, which were mostly polychaetes and
crustaceans). A potential limitation of this study is the relatively short
experimental duration (4 weeks), which may have constrained faunal
colonization and the development of associated communities. Many
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FIGURE 5

Composition of the mobile fauna associated with Mytilus
galloprovincialis aggregates that were contaminated with
macroplastic litter after 4 weeks of exposure in the sea. Each
sampling unit of 30 mussels was aggregated with or without
macroplastic litter items in low (black) and high (green) amounts
(20% and 40% of the total aggregate surface area, respectively)
before exposure. The plastic items differed in shape, consisting of
films (plastic shopping bags), represented by an “X" or filaments
(fishing line), represented by a “-". In each treatment combination,
and in the "No plastic” group, n=7 (blue circle).
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macrofaunal species colonize benthic habitats gradually, and longer
exposure periods might be necessary to capture the full extent of
community responses to plastic litter. While our results provide
valuable insights into the initial physiological and structural
effects of macroplastics on mussel aggregates, caution is warranted
when extrapolating to longer-term ecological impacts. Therefore,
these longer-term studies are needed to capture community-
level responses.

Taken together, our results indicate that macroplastics act as
subtle but persistent stressors at both individual and aggregate
levels. Filamentous plastics, even at low abundances, can impair
physiological performance and affect aggregation dynamics,
whereas film-like plastics are better tolerated and may become
incorporated into the three-dimensional structure. These findings
emphasize that plastic morphology and abundance critically shape
ecological impacts in benthic systems.

Our findings underscore the need to consider macroplastics in
risk assessments of coastal benthic habitats. Given the economic
and ecological importance of M. galloprovincialis beds - particularly
in the Ria de Vigo - these changes could affect habitat stability,
biodiversity, and ecosystem services such as water filtration and
nutrient cycling. Although observed effect sizes were moderate,
longer exposure periods could amplify these impacts. Future
studies should investigate long-term implications of structural
modifications induced by plastic litter in biogenic benthic habitats
such as mussel beds, oyster reefs, seagrass meadows, and macroalgal
stands and should assess the effects of these modifications on
habitat stability and ecosystem services.
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