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Abstract

Microplastics are ubiquitous in the marine environment and studies on their effects on benthic filter
feeders at least partly revealed a negative influence. However, it is still unclear whether the effects of
microplastics differ from those of natural suspended microparticles, which constitute a common

stressor in many coastal environments. We present a series of experiments that compared the



effects of six-week exposures of marine mussels to two types of natural particles (red clay and
diatom shells) to two types of plastic particles (Polymethyl Methacrylate and Polyvinyl Chloride.
Mussels of the family Mytilidae from temperate regions (Japan, Chile, Tasmania) through subtropical
(Israel) to tropical environments (Cabo Verde) were exposed to concentrations of 1.5 mg/L, 15 mg/L
and 150 mg/L of the respective microparticles. At the end of this period, we found significant effects
of suspended particles on respiration rate, byssus production and condition index of the animals.
There was no significant effect on clearance rate and survival. Surprisingly, we observed only small
differences between the effects of the different types of particles, win.h suggests that the mussels
were generally equally robust towards exposure to variable conr~n.~*0ons of suspended solids
regardless of whether they were natural or plastic. We conc: de, tnat microplastics and suspended
solids elicit similar effects on the tested response variables, ar.d that both types of microparticles

mainly cause acute responses rather than more per is’ert carry-over effects.

Keywords: Mytilidae, microplastics, effects, estr.n, natural microparticles

1. Introduction

Microplastic particles are smz'ler ti.an 5mm and ubiquitous in the marine environment today
(Eriksen et al., 2014; W :ng ~nd Wang, 2018). They occur from urbanized and polluted coastal areas
(Zhao, 2015) to remote ar.. pristine ecosystems (Horton and Barnes, 2020) including the deep sea
(Cunningham et al., 2020) and polar regions (Waller et al., 2017).

In recent years, evidence has accumulated that microplastics are a threat to a wide range of marine
organisms including benthic invertebrates (reviews by Anbumani and Kakkar, 2018; Foley et al., 2018;
Haegerbaeumer et al., 2019). Benthic filter-feeding mussels, in particular, are prone to ingesting
microplastics because of their feeding technique (Gongalves et al., 2019), with negative effects such
as the inflammation of epithelia, decreased feeding rates, oxidative stress and impaired larval

development commonly reported (Balbi et al., 2017; Gonzalez-Soto et al., 2019; Green et al., 2017;



von Moos et al., 2012; Woods et al., 2018). Microplastic particles have also been shown to alter the
uptake of phytoplankton by mussels (Chae and An, 2020) as well as the number and the strength of
their byssal threads (Green et al., 2019; Rist et al., 2016). Often, effects caused by microplastics were
concentration dependent, with higher concentrations generating stronger effects (Rist et al., 2016).
Conversely, there are also studies that did not establish negative effects of microplastics on mussels
(Browne et al., 2008; Santana et al., 2018; Van Cauwenberghe et al., 2015). These conflicting findings
suggest that the effects of microplastics on filter-feeding mussels and therefore their relevance as an

environmental pollutant is still not well understood and may be highiy ~ontext dependent.

In all cases, information about the impact of microplastics oi. mussels have been obtained from
laboratory exposure experiments, in which the test anima.- wre usually exposed to defined
concentrations of monospecific, very often spherica r.ic-oplastic particles (Balbi et al., 2017; Browne
et al., 2008; Haegerbaeumer et al., 2019; Ogr no. sski 2t al., 2016; Paul-Pont et al., 2016). These
particles are also often applied in very e'evated concentrations that are environmentally unrealistic
(Gongalves et al., 2019; Lenz et al., 201 »; "«1.* et al., 2016) although an increasing number of recent
studies have exposed test organism. to environmentally more realistic particle concentrations (Al-
Sid-Cheikh et al., 2018, Hamm anc 'enz 2021). Despite differences in particle concentrations, there is
one aspect that almost all f thi se studies have in common: most laboratory experiments test for the
presence of microplastic eff :cts by comparing the performance of a group of test individuals kept in
a microplastic-free environment (i.e. the control group) with the performance of conspecifics
exposed to microplastics. What these studies lack is a procedural control, in which test individuals
are exposed to a natural suspended solid that has comparable bioavailability for the mussels due to
similar properties (size, shape and density) as the microplastics under investigation. The non-
fulfilment to include this additional treatment group means the observed effects are interpreted as
the specific consequences of exposure to microplastics, when they could have been stimulated by
any other suspended solid. Indeed, it is known that natural suspended solids, e.g. clay particles, can

exert stress and induce effects of the same kind and strength that are reportedly provoked by



suspended microplastics on marine filter feeders (Kigrboe et al., 1980; Prins et al., 1991). Therefore,
it is important to compare the effects of microplastics to those of natural inorganic particles to
identify microplastic effects unambiguously (Ogonowski, 2018; Triebskorn et al., 2019). Furthermore,
the ubiquity of microplastics throughout the world’s oceans calls for an approach in which the effects
of microplastics and natural suspended solids are compared across a variety of closely related species

at a global scale following a standardized experimental protocol.

A group of benthic filter feeders suitable for such an approach are mus-als of the family Mytilidae
since these mussels are widely distributed in shallow coastal wat~rs ~~d intertidal zones worldwide
(Gardner, 2002; Gosling, 1992). Mytilidae can form extensivc heds making them important habitat
engineers in shallow coastal waters (Bouma et al., 2009; Y_~b-ert et al., 2019). Furthermore, they
constitute a food source for a wide range of predatc rs, p-ovide a refuge for many other species
(Carranza et al., 2009) and filter the water co'un .1, 1. zilitating the flux of matter from the pelagic to
the benthic environment (Asmus et al., 7992; Fre_hette and Bourget, 1985). These environments
commonly exhibit high concentrations >f su-pended solids for example during times when rivers
transport sediment loads from eros: “n areas towards the oceans (Robinson et al., 2010). Solids
suspended in the water column a, ~ commonly referred to as seston and include inorganic
components such as clay ¢ " silt »ut also organic components such as detritus and phytoplankton

(Huguet, 2017).

In this study, we exposed individual mussels from five species collected in five different locations,
including temperate (Japan, Chile, Tasmania), subtropical (Israel) and tropical environments (Cabo
Verde) to three concentrations of four different microparticles. We tested the response of mussels to
two kinds of microplastics and two types of natural inorganic microparticles and focused on long-
term effects rather than acute responses to loads of microparticles, which is why response variables

were measured mainly in particle-free laboratory assays. We hypothesize that mussels react



differently to plastic microparticles compared to natural inorganic particles and that the difference is
dependent on the concentration. After six weeks of exposure (with the exception of the PVC and clay
treatments in Tasmania, which lasted only for five weeks), we recorded survival, byssus production,

respiration rates, clearance rates and the condition index of the mussels.
2. Material and Methods

2.1 Animal collection

Adult mussels of the family Mytilidae in a size range of 15-30 mm w 2re collected at each of the five
study sites (Table 1) between May 29" and July 15 2019, and wei e br. ught to the nearby
laboratories of the research institutions that participate in the \ ~teriational research and student
training programme GAME (Global Approach by Modular -xp. riments,
https://www.geomar.de/en/game). The data set precanied in fap et al. (2020) is a part of the global
study presented here and it comprises 10% of the 1ata shown in this contribution. We used species
of the genera Brachidontes, Mytilus and Sem.. ~ /tilus that all belong to the family Mytilidae. Mytilus
galloprovincialis and M. trossulus constit'ite > species complex with M. edulis in the North Atlantic
and can form hybrids that produce f:i . 'e uffspring, which shows how closely these species are
related (Vainola and Hvilsom, 199.} In addition to the North Atlantic, M. trossulus also appears in
the North Pacific, while M. 7 'lo,.. ovincialis occurs in the Mediterranean and M. edulis in the Baltic
Sea (Riginos and Cunningh. m, 2004). Semimytilus is a genus with only one species, S. algosus, which
is native to the Chilean coast (Tokeshi and Romero, 1995), where it occurs in dense beds in the lower
intertidal zone (Tokeshi and Romero 1995). As an invasive species, S. algosus is also found on the
west coast of southern Africa (de Greef et al., 2013). The native range of Brachidontes pharaonis is
the Indian Ocean including the Red Sea and it is invasive in the Mediterranean Sea (Rilov et al., 2004;
Sara et al., 2008), while B. puniceus is native to the west African coast including the Cabo Verde
archipelago (Morton, 2012). Exact information on sampling locations for all mussels is provided in
Table 1 and an overview about the different species is presented in Table S1. All mussels were

acclimated to laboratory conditions for 9 to 23 days before the exposure to microparticles began



(Table 1); this duration is typically used in laboratory experiments with mytilids (Lenz et al., 2011;
Navarro and Contreras, 2010; Nunes et al., 2020) and usually considered sufficient for studies like

ours (Liutkus et al., 2012; Woods et al., 2018) .

2.2 Microplastics and natural inorganic microparticles

At all study sites, mussels were exposed to four particle suspensions with three different
concentrations each. Two of these contained microplastics, made frc. ~ either Polymethyl
methcrylate (PMMA) or Polyvinylchloride (PVC), while the other tw ~ w :re made with particles that
resemble natural suspended solids (diatom shells, red clay). 1he ..astic microparticles were additive-
free according to their distributing companies, since the r /C particles are used for combustion in
fireworks, while the PMMA is a pre-production grar ule ce. The diatom shells and red clay were similar
to the microplastics with regard to their size .5 ~ib.*ion and shape (Table 2, Fig. S2). The best
matches for a comparison between natural ana ,!astic suspended solids, according to particle
characteristics, were between PMMA (“ar. ‘lic superfines”, Kunststoff- und Farben GmbH) and
diatom shells (“Celite®” Kieselgur 55, ey dam) as well as between PVC (www.pyropowders.de) and
red clay (“Moroccan red clay pow Jei”, Now Solutions®) (Table 2). All four particle types cover a range
of sizes which reflects the ‘ itua ion in the environment. The three concentrations chosen were 1.5
mg/L, 15 mg/l and 150 mg/| for each microparticle type. We did not aim to mimic the concentrations
at which microplastics currently occur in marine environments (Lindeque et al., 2020), but used

particle loads that mussels experience in their natural habitats.

2.3 Exposure to microparticles

After acclimation to lab conditions, mussels were placed individually in beverage bottles from which
the bottom part was cut off and which were then turned upside down. All bottles were PET and safe

for human water consumption, they were e.g. by the trademark Schweppes (Israel) or a local water



bottling plant: Leben® (Chile). They had a volume of 1 to 2 L and were bubbled with pressurized air
from the bottom to ensure oxygen supply and constant resuspension of the negatively buoyant
microparticles. The uptake and ingestions of the different microparticles by the test organisms was
verified in pilot studies by inspecting the faeces for microparticles under a stereomicroscope. The
water inside the containers was 0.22 — 10um filtered natural seawater and was exchanged once a
week completely. During the six other days of the week the water was exchanged partially or
completely (Chile). These partial or complete water changes removed all particles from the system
and the particle loads were re-established immediately afterwards. Tn, ~e particle stock suspensions
were prepared in a way so that 10 mL of each suspension were »~ce_zary to adjust one of the three
target concentrations in the water body of the experimentai 'nits. For the highest concentration
(150 mg/L), 15 g of microparticles were added to 990 mL «.-*i!ied water and 10 mL of a 1% Tween20
solution. The suspension was stirred for homogenis. tiun The second concentration (15 mg/L) was
achieved by diluting the first stock suspensio’ 1: 0 a..d the third concentration (1.5 mg/L) by diluting
the second stock suspension in the same way. Tween20 was also added to the experimental units of
a group of mussels that were kept in tt 2 b ._.nce of particles (i.e. the control group) to achieve a
final concentration of 0.0001% Twec 20 in all experimental units. Mussels were fed with a microalgal
suspension once a day at varying v ~ncentrations depending on the used algal species (Table 1).
Exposure lasted for six wee ks ey cept in the treatment combinations of PVC and clay in Tasmania,
which lasted five weeks. Af+ar exposure to the different particle types and particle loads, various
response variables were measured in the absence of the particles to assess the health status of the

mussels (overview in Fig. S1).

2.4 Response variables

Not all response variables were measured at all locations due to technical differences between the
laboratories. At all study sites, respiration rates were assessed as the decline of oxygen over time per

mussel after six weeks of exposure to the microparticles and five weeks in case of Tasmania’s



combination of PVC and clay (exposure time for PMMA and diatoms in Tasmania was six weeks as
well). For this, mussels were transferred from their experimental units to sealed, microparticle-free
respiration chambers (50 — 240 mL) that were filled with filtered (0.22-2 um) and oxygen saturated
seawater. During handling and measurements, mussels had a chance to recover from microparticle
exposure for 1- 48 h. The oxygen concentration was measured at the start and either again one hour
later or five times every 15 min with either optical sensors (Presens Precision Sensing Fibox 4) or a
handheld oximeter (WTW MultiLine® Multi 3510 IDS or LAQUAact OM-71). The change in the oxygen
concentration in a container without a mussel was measured as a blar." after every 5" 10" or 14"
replicate to assess the bacterial respiration. Respiration rates wera (~!_ulated using the formula by

Lampert et al. (1984) and standardized to the individual shel: 'engtn.
Rr = ((C|1'Cf1)/Ta - (Clo'Cfo)/TC)*V

Ci,: initial O, concentration in the container with .»ussel (mg/L)
Cf,: final O, concentration in the container wi.'> mussel (mg/L)
Ta: incubation time for the container with nmssel (h)

Ciy: initial O, concentration for the blai." (ing/L)

Cf,: final O, concentration for the 'ank (mg/L)

Tc: incubation time for the kixnk (1)

V = volume of container (L,

In Israel, Japan and Chile, clearance rates were measured by assessing the number of algal cells that
were cleared from the water body by the mussels per unit time. Clearance rates were standardized
by shell length and are therefore indicated as mL/min/cm. Prior to assessing the filtration rates,
individual mussels were transferred to containers filled with clean seawater as the microparticles in
the experimental units would have interfered with the measurements. Mussels were therefore, apart
from food particles, in microparticle-free water for 1-7 h during handling and measurements. Then,
the experimenters adjusted a concentration of 2500-50 000 cells/mL inside the containers. For this,

the same species of microalgae that was also used for feeding the mussels during the exposure



period (Table 1) was applied, except for the experiment in Chile, where Phaedactylum tricornutum
was used for clearance rate measurements and Isochrysis galbana for feeding. Microalgal
suspensions were free of microplastics in all cases. The decline in the concentration of algal cells in
the water body inside the containers was then recorded over time by taking water samples.
Depending on the respective laboratory, samples were sometimes fixated or analysed directly with

either a counting chamber (Fuchs-Rosenthal or Neubauer), a flow-cytometer or a Coulter Counter.

Another important trait that also ensures the survival of mussels is their capacity to form byssal
threads. Byssus production per individual mussel per day was mea<..~a .a Tasmania, Japan and Chile.
For this, the mussels were transferred from their experimental uni." to containers filled with
microparticle-free seawater where they attached themselv~s 1. the walls or the bottom. After 22-24
h without microparticles, the mussels were carefully rem~.ve.' and the byssus threads were counted.
Respiration rate, clearance rate and byssus produrti. ' v ere measured in the absence of particles to
measure carry-over effects rather than acut : responses to the applied microparticles. Test organisms

therefore had a short recovery phase betc -2 the response variable was measured.

After all measurements had been ac.u.moushed, the mussels of the teams in Tasmania, Cabo Verde
and Japan were frozen at -20°C foi ?4 h, thawed again, cut open and their soft tissue was scraped out
of the shells with a scalpel. ©>th, “ne tissue and the empty shells, were then dried for 48 h at 60°C
and weighed. The conditio. index (Cl) was calculated as tissue dry weight [mg]/shell length® [cm®]

after (Riisgard et al., 2014).

At all study sites, the survival of the mussels was recorded daily or on six days every week. Mussels

that were wide open and did not react to a stimulus by closing their valves were considered dead.

2.5 Statistical analyses
Statistical analyses were done with R (version 3.6.3) using the packages “ggplot2” for graphics and

“Ime4” for the calculation of mixed effects models. Respiration rates, clearance rates, byssus



production rates and the Cl were modelled as a function of the fixed factors “particle type” and
“particle concentration” with GLMM s that included “study site” as a random factor. “Particle type”
had four levels (diatom, red clay, PMMA, PVC), while “particle concentration” had three levels (1.5,
15 and 150 mg/L). Homogeneity of variances was verified with plots of the residuals that were
depicted as a function of the fitted values and with the Fligner-Killeen test. Normality of errors was
checked with histograms of the residuals. Survival rates were modelled in a factorial Cox-regression
that also had the factors “particle type” and “particle concentration”. To test for net effect between
plastic and natural inorganic particles, all response variables were adu,“ionally pooled across the
concentration levels and study sites and differences between pl><tiL ~*.d natural inorganic
microparticles were tested with single-degree-of-freedom cc trasts (Table S2). Furthermore,
difference between the group not exposed to any particle., i . the control group, and the different
particle types pooled across concentration again, as th2r~» were only minimal differences between
the different concentrations, were tested wit'i s\ 1gle degree-of-freedom contrasts. The results were

Bonferroni corrected with p<0.013 as th-eshold \ur statistical significance (Table S3).

3. Results

3.1 Respiration rates

In general, median respira’ion \ ates of all experimental groups in which mussels were exposed to
suspended particles were si nilar to the median oxygen consumption of the individuals in the control
group (Fig. 1) and contrasts between the control group and the different particle types were not
significant (Table S3). Respiration rates of all mussels that were exposed to natural microparticles
were 9% higher than of those individuals that were kept in the presence of plastic microparticles
(data pooled across experimental groups in both cases) (Fig. 2). Respiration rates were significantly
different between the groups of mussels that received different particle types, while the particle
concentration had no significant effect on the oxygen consumption. Furthermore, no interaction
between the two factors was observed (Table 3). Median respiration rates of mussels that were

exposed to 1.5 mg/L of PMMA and 15mg/L of diatom particles were the highest, while it was the



lowest when mussels were exposed to 15mg/L PMMA and 150mg/L PVC (Fig. 1). Pooled over
concentrations, the respiration rates were the same when mussels were exposed to PVC compared
to clay, while PMMA elicited 15 % lower respiration rates compared with diatoms. However, this

difference was not statistically significant (Table S2). An overview of the data per country is in Fig. S3.

3.2 Clearance rates

Clearance rates were not significantly different between the experim _tal groups and, hence, neither
particle type nor particle concentration had an influence on the filt. ~tir n capacity of mussels after
exposure to suspended particles. A significant interaction bet wee.. particle type and particle
concentration was observed (Table 3). There was also no .‘eni‘icant difference between the control
group and the different particle types (Table S3). Th : Ir west clearance rates were exhibited by the
group of mussels that were exposed to 150 " PV~ and 150 mg/L clay (Fig. 3), while mussels
exposed to 1.5 mg/L of PVC and PMMA perforn.>d best. Clearance rate was 12,5% higher when
exposed to PMMA compared to diatorrs . 1 had again no difference when mussels were exposed to
PVC compared to clay (data poolecd ‘cross concentrations in both cases) and 11% higher for mussels
exposed to plastic compared to 1.~tu: al inorganic microparticles (pooled across concentration and
particle type) (Fig. 2). How :ver, this difference was also not statistically significant (Table S2).An

overview of the data per coi .ntry is in Fig. S4.

3.3 Byssus production

The effect of particle type on byssus production was significant (Table 3), as well as concentration
and the interaction between particle type and concentration (Fig. 4). Highest byssus production was
achieved in mussels that were exposed to 1.5 mg/L and 15 mg/L diatoms, while mussels exposed to
15 mg/L and 150 mg/L PVC showed lowest byssus production . Pooled over concentration, byssus
production was 6% lower when mussels were exposed to PMMA compared to diatoms and 34 %

lower when exposed to PVC compared to clay. The contrast between mussel individuals that were



exposed to natural inorganic particles and those that experienced plastic particles (data pooled
across experimental groups in both cases, Fig. 2) revealed no significant difference (Table S2) and
neither did the contrasts between the control group and the different particle types (Table S3).
Furthermore, byssus production varied between mussel individuals but was consistently higher in the
groups that were exposed to larger particles, diatoms and PMMA, than in those that were exposed

to smaller particles, clay and PVC (Fig. 4). An overview of the data per country is in Fig. S5.

3.4 Condition index

We observed a significant effect of particle type on the condi:ion ...dex of the mussels, while the
influence of particle concentration and the interaction be. ~vee 1 both factors was not significant
(Table 3, Fig. 5). Pooled over concentration, Cl was £ % iisher for mussels exposed to PMMA
compared to diatoms and 2% higher for PVC rJ, ~pa.=d to clay. Pooled across concentration and
particle type (natural or plastic), Cl was 1% high. - for mussels exposed to plastic compared to natural
inorganic microparticles, this contrast v/as ~l<o not significant (Fig. 2, Table S2). Highest values were
achieved by the control group and ~usseis exposed to 1.5 mg/L PMMA, while mussels exposed to

1.5 mg/L clay and 15 mg/L PVC s,.~wud lowest Cl. The contrasts between the control group and the
different particle types (Ta)sle 53) were also insignificant. An overview of the data per country is in Fig.

S6.

3.5 Survival

A total of 93 individuals of the 795 experimental mussels died during the course of the exposure to
suspended microparticles, but there was no significant effect of any of the factors on the mussel’s

survival (Fig. S7, Table 3).



4. Discussion

We compared the effects of plastic and natural inorganic microparticles on various traits and
functions of mussels. The experiments were conducted simultaneously using comparable methods in
five biogeographic regions in both hemispheres, resulting in two experiments happening during
austral winter (Tasmania, Chile) and three experiments in boreal summer (Israel, Cabo Verde, Japan).
Differences between the treatment groups were very small, and hence, the statistical significance
that was revealed by the modelling of the data is likely attributed to the large sample sizes that we
had in this modular study and does not reflect a biologically relevar.. titicrence in the influence of
the various particle types. Survival was not affected since even nig:. seston loads only lead to sub-

lethal effects (Incze et al., 1980; Widdows et al., 1979).

The small effect sizes of microparticle suspensions in =!l Lut byssus production was surprising,
because we applied the microparticles at increasi." ¢ concentrations along a logarithmic scale (1.5
mg/L, 15 mg/L, 150 mg/L). The concentration. ~.nosen covered a wide range of environmental
scenarios that mussels can encounter in for ;nstance, embayments (Puls et al., 1997). Under calm
conditions, seston concentrations re.iy ™ between 0.3 mg/L and 50 mg/L, which are considered
moderate levels (Puls et al., 1997; *iddows et al., 1979). During storm events or periods of enhanced
river run-off, however, thev .~n .- 450 mg/L (Kigrboe et al., 1980) and even reach 1000 mg/L (Fahey
and Coker, 1992). The exp. “imental concentrations herein were chosen to test whether a potential
difference in the effects of natural inorganic vs. plastic suspended solids increases when
microparticle concentrations increase. However, in almost all cases, mussel species appeared to be
robust towards the stress that was exerted by the microparticles regardless of their nature over the
course of six weeks. Their performance was commonly in the same range as that of the control and
this was true for all concentration levels. Hence, no interaction between microparticle concentration

and particle type was observed except for byssus thread production and clearance rate.

Several exposure studies previously assessed the influence of different concentrations of

suspended solids, represented either by natural materials such as silt or by microplastics on



respiration rates of mussels. In some cases, oxygen consumption declined with increasing
microparticle loads (Rist et al., 2016) or no effect was recorded (Gonzalez-Soto et al., 2019; Opitz et
al., 2021). In our study, respiration rates were unaffected by microparticle concentrations but
differed slightly between particle types, with diatoms eliciting the highest median respiration rates.
Another study, which applied microparticles (4,5 um or 0.5 um PS spheres) at a concentration (0.058
mg/L) that was three times lower than the lowest concentration in this study, also found no effects
on the respiration rates of M. galloprovincialis after exposure for 7 and 26 days (Gonzélez-Soto et al.,
2019). Other researchers compared conventional plastic microparticie. made from mineral oil to
particles derived from the biodegradable plastic Polylactic acid (P' &, Tne respiration rates of Ostrea
edulis were not affected after 60 days of repeated exposure *» 80 pg/L HDPE microparticles (0.48 —
316 um) (Green et al., 2016). However, PLA microparticles ‘0 £, — 363 um) elicited increased
respiration rates in O. edulis. That study was similar to ot rs, since it compared two different kinds of
microparticles, albeit both were plastic. This i, re "e, .'nce most studies only examine one particle

type (but see Gray and Weinstein, 2017; Hamm «.d Lenz, 2021; Zimmermann et al., 2020).

In a study with M. edulis on the ¢ ffe cts of natural microparticles (silt) that were applied in
several concentrations of up to 350 m. ‘L (which was more than two times higher than the highest
concentration in our study) (\Wwiddc ws et al., 1979), mussel respiration rates also did not change with
microparticle concentra.on. Yuwever, oxygen extraction efficiency increased since the mussel’s gills
were ventilated less due to decreased clearance rates and consequently higher respiration was
required to compensate for the deficit in oxygen uptake. Combined with data from the other studies,
it seems respiration is not affected by plastic microparticles and therefore seems to be an inferior

parameter for measuring negative effects of plastic microparticles.

According to Widdows et al. (1979), clearance rates decreased with increasing silt
concentration and reached a minimum at 220 mg/L silt which is 70 mg/L higher than the highest
microparticle concentration in our study. In contrast to Widdows et al. (1979), we did not measure

clearance rates in the presence of microparticles, but after a short recovery period in a clean



environment as carry-over effect. This suggests that microparticles may provoke a change in
clearance rates of mussels as a direct reaction to their presence, rather than impairing this
performance trait permanently (Riisgard et al., 2003). Any deviation from the normal performance
that is documented after the recovery phase reflects a sustained influence of the previously
experienced environmental conditions and is not an acute response. Since the concentrations of
suspended solids, both of natural and of plastic microparticles, vary substantially in time in most
aquatic environments (Wong et al., 2020), filter feeders, in their natural environment, should
experience phases of stress that are followed by recovery periods. Hei, ~e, assessing potential carry-
over effects, which integrate the impact of suspended solids over lo. zr time spans, is presumably
more informative than documenting acute responses to con.itions that may prevail only for short

time spans.

Clearance rates in M. trossulus were reduced after e, vocure to 1876-2500 particles/mL of
fluorescent PE spheres (32 — 38 um) and mir coal sae for one hour, but not when exposed to the same
amount of silt (30 — 37 um) (Harris and Ca.ington, 2020). However, the authors also measured
clearance rates in the presence of the mi rc particles and, hence, documented an acute response.
This strengthens the argument th-it m,*ilid mussels can resume normal filtration as soon as the

microparticle stressor is remo. ~d.

We observed a lov. »r byssus production in mussels that were exposed to plastic
microparticles (Table 4, Fig. 2 and 4). Only a few studies have focused on the effect of plastic
microparticles on byssus thread production, but all of them found a negative influence of plastic on
the number of byssus threads formed (Green et al., 2019; Rist et al., 2016; Webb et al., 2020). For
example, there was a reduction in byssal threads and their tenacity in M. edulis after 52 days of
repeated 2 h/day exposure to 25 pg/L HDPE microparticles (~0.5 - 330 um), but not after exposure to
PLA or when the mussels were kept in a clean environment (Green et al., 2019). The number of
byssus threads was also reduced in individuals of Perna canaliculus (Mytilidae) after they were

exposed to 0.5 mg/L PE beads (38 — 45 um) for 48 h (Webb et al., 2020). The concentrations of



particles in those two studies were by far lower than the lowest concentration used in our study.
Perna viridis also exhibited decreased byssus production with rising PVC microparticle concentrations
(21.6, 216 and 2160 mg/L) (Rist et al., 2016) with significant results for 216 and 2160 mg/L,
concentrations a lot higher than the ones we used. We measured the production of byssus threads in
a clean environment and not during the presence of microplastics to capture possible carryover
effects. The weak effects we recorded further suggest that mussels are more likely to be negatively
influenced during acute exposure and do not experience a lasting limitation to their capacity to form
byssus. Rist et al. (2016) also measured microplastic carryover effects «~d they observed significantly
reduced byssus production only at concentrations that were sub<ta, *iily higher than our highest

concentration.

A response variable that integrated the influence ot .~e microparticles over the entire
exposure period of six weeks was the Cl. The rang~ ¢’ Cl values that we measured were comparable
to values documented by other studies that 1sse ssed mussels in the field (Riisgard et al., 2014). This
indicates that mussels were fed sufficient. at all the experimental sites. Although we found a
significant influence of particle type on t! e I, all Cl values were within the range of variance of the
control group. There was also no vigni."cant difference between the control and the different particle
types (Table S2). This indicate. tha' the ecological relevance of the influence of microparticles on the
Clis negligible. Althoug,. *h._ 4*,ference was not significant, Cl values of the control group were
always slightly higher than those of mussels that were exposed to plastic or natural inorganic
microparticles. This suggests that mussels exposed to microparticles fed less over the experiment
than conspecifics not exposed to microparticles. This is plausible since it is known that a common
reaction of mussels to high loads of suspended microparticles is to close their valves, reducing the
time they spend feeding in order to avoid the uptake of microparticles into their mantle cavity
(Widdows et al., 1979). Another reason could be that the digestive system of the mussels was filled
with microparticles, thus decreasing filtration due to false satiation (Sorrentino and Senna, 2021).

This might have led to a significant decrease of Cl if the experiment had run longer.



In our study, exposure to PMMA and diatom shells resulted in a slightly higher median
performance for Cl and byssus production than when the mussels were kept in the presence of PVC
and red clay. These first two types of microparticles were larger (up to 400 um) compared to PVC and
red clay microparticles (up to 100 um). When confronted with a mix of differently sized
microparticles, mussels generally reject a higher proportion of the bigger microparticles (i.e. > 100
um) than of the smaller ones (Ward et al., 2019). This might lead to weaker negative effects for
larger particles as fewer microparticles are actually being ingested and are instead rejected. This
effect of microparticles may therefore be a function of size and numbe - and not of the material,
since the most obvious difference between the microparticle pair<*'Z — clay and PMMA — diatoms is
the particle size. This also leads to a difference in numbers, <:ce particle loads were standardized for
weight and not number. This resulted in approximately 1b “im 2s more particles for PVC and clay
compared to PMMA and diatoms. Smaller particles hr.refore seem to be more detrimental for

mussels than larger ones (Kinjo et al., 2019).

Studies that comprise various taxonomica.'v related test species as well as study sites in different
biogeographic and climatic regions are a re'y useful but rarely used tool for assessing the impact of
an anthropogenic influence on m=rine srganisms. They allow the distinction between the general
signal that is caused by the imact and the context dependency that is associated with the different
species and study systr..>s. O %ais, they facilitate the assessment of the overall ecological
significance of an influence, but also allow for detection of differences in tolerance towards the
stressor between species. In our case, all the species we tested showed a high level of tolerance
towards the presence of suspended solids in their environment, while differences in the effects
between natural and plastic microparticles were rather small. Absolute values of parameters varied
between countries, but trends were very similar. The only notably different trend was clearance rate
recorded for M. trossulus in Japan (Fig. S4) where plastic microparticles elicited higher clearance than

natural inorganic microparticles. This suggests that this group of mussels is generally robust towards



this form of environmental pollution, which can be very different for other groups of marine

organisms.

Only a few studies have adopted this approach with a rigorous microparticle control and they
all found the plastic microparticles to be more detrimental for the test organisms than the natural
microparticles (Casado et al., 2013; Harris and Carrington, 2020; Ogonowski et al., 2016; Scherer,
2020; Schiir et al., 2020; Watts et al., 2014; Yap et al., 2020). Our findings from a multi-site
experiment with several mussel species do not confirm this picture. However, a comparison between
our study and previous studies is difficult, since most of the organis...~ te_ted were functionally
different, i.e., freshwater crustaceans and insects (Daphnia ma yjna, Thamnocephalus platyurus,
Chironmus riparius), but also, marine crustacean (Carcinus ™ac"as), a microalga (Pseudokirchneriella
subcapitata) and a virus (Vibrio fischeri). One other study ha: focused on marine mussels with this
approach was done by Harris and Carrington, 2021, . a0 showed, that Mytilus trossulus exhibits
reduced clearance rates when exposed to h’ +h c uncentrations of polyethylene spheres, which was
not the case when mussels experienced s..* of similar concentrations after 1 h of exposure. The
microparticle concentrations used by Ha ris and Carrington (2020) (1-2500 abiotic particles/mL, 2500
particles/mL corresponding roughy tc 9.072mg/mL) were a lot lower than the ones we used (1.5 -
150 mg/L) and consisted of sp. <rical polyethylene beads and autoclaved and sieved silty sediment.
They also measured th -. - re_~~nse variables in the presence of particles while the majority of our
measurements was in a particle-free environment. This indicates that an important aspect that needs
to be considered when comparing exposure studies that dealt with filter feeders is whether the
response variable was measured in the presence or absence of the suspended solids. The fact that
we did not find such carry-over effects of microparticle exposure when we measured respiration
rates, and clearance rates could indicate that all of the tested mussel species have a high plasticity
(Chandurvelan et al., 2013) that allowed them to return to their normal performance during the time
interval between the end of the exposure and the measurements (i.e., recovery phase). In contrast,

M. galloprovincialis had a slightly reduced condition index when the animals were exposed to PVCin



comparison to red clay, indicating lower nutritional status, but no difference in the effects of the two
particle types on the other response variables respiration rate, byssus production and survival were

observed (Yap et al., 2020).

The absence of specific microplastic effects in our study does not mean that microplastics do not
affect mussels at all. We tested adult mussels, but other life history stages such as larvae or juveniles
can be affected differently and are often more susceptible than adult animals (Pandori and Sorte,
2019). Microplastics could also cause endocrine disruptions, alter gene expression patterns, change
metabolite composition or impair the performance of mussels mai~.., in combination with pathogens,
pollutants or other stressors (Foley et al., 2018). Hence, the chrice ~f response variables might be
particularly important for assessing the effects of micropla<*ics “nd this is also the case when the aim
is to assess differences in the mode of action between na’ur.' and plastic microparticles. We are
convinced that assessing response variables that inte_ra’.e over larger time scales, such as the
condition index, is very suitable when it corr as t/, learning about the influence of plastic
microparticles. Nevertheless, to understa:.1 the underlying mechanisms better, future research on
this topic should also consider cellular m 'ct anisms such as gene expression patterns and immune
system responses. These mecharisms ~re presumably susceptible to very subtle fluctuations in
environmental conditions anu might therefore be an appropriate tool to identify differences in the

mode of action betwer.. dih/~rnt types of suspended microparticles.

Acknowledgments

This study was carried out in the frame of the student training program GAME (Global Approach by
Modular Experiments) of GEOMAR Helmholtz Center for Ocean Research Kiel, Germany. We thank all
sponsors of GAME, namely BOCS, HYDROBIOS, Hydrotechnik Libeck, J. Bornhoft Industriegeréte,
Joachim Herz Stiftung, the lighthouse foundation, LimnoMar, mare, MVK, OFFCON, Rochling Stiftung,

SubCtech (in alphabetical order) who made this study possible.



Authorship contributions

T. H. methodology, formal analysis, writing — original draft, writing — review and editing. M.L.
conceptualization, methodology, writing — review and editing, funding acquisition, J. B., A.-L. G, L. L.
G.,M.G,D.H, U.K,A.S. L, L N.T,, P.V,, V. Y.: conceptualization, methodology, investigation, data
curation, writing — review and editing. M.T.: conceptualization, methodology, supervision, writing —
review and editing. C. A,,Z.C,,C. L. H,, J. L. L., M. N,, G. R, J.W.: supervision, writing — review and

editing.

References

Al-Sid-Cheikh, M., Rowland, S.J., Stevenson, K., Rouleau, C., kanty, 1.B., Thompson, R.C., 2018.
Uptake, Whole-Body Distribution, and Depuration . N.10plastics by the Scallop Pecten
maximus at Environmentally Realistic Concentrau “ns. Znviron. Sci. Technol. 52, 14480-
14486. https://doi.org/10.1021/acs.est.8b05266

Anbumani, S., Kakkar, P., 2018. Ecotoxicological effe _ts of microplastics on biota: a review. Environ.
Sci. Pollut. Res. 25, 14373-14396. https:// i0..~*2/10.1007/s11356-018-1999-x

Asmus, H., Asmus, R.M., Prins, T.C., Dankers, *.., “ra.>ces, G., Maass, B., Reise, K., 1992. Benthic-
pelagic flux rates on mussel beds: tL.“ne’ and tidal flume methodology compared.
Helgolander Meeresunters. 46, 341-36.

Balbi, T., Camisassi, G., Montagna, M., Fab. i, R., Franzellitti, S., Carbone, C., Dawson, K., Canesi, L.,
2017. Impact of cationic polyst® re..~» nanoparticles (PS-NH2) on early embryo development
of Mytilus galloprovincialis: F¥fec *< un shell formation. Chemosphere 186, 1-9.
https://doi.org/10.1016/j.c* emosphere.2017.07.120

Bouma, T.J., Olenin, S., Reise, K., "'sebaurt, T., 2009. Ecosystem engineering and biodiversity in
coastal sediments: posin, hypotheses. Helgol. Mar. Res. 63, 95-106.

Browne, M.A., Dissanayake, A., 7a'ioway, T.S., Lowe, D.M., Thompson, R.C., 2008. Ingested
Microscopic Plastic Tra. slocates to the Circulatory System of the Mussel, Mytilus edulis (L.).
Environ. Sci. Tcai . noi. 72, 5026-5031. https://doi.org/10.1021/es800249a

Carranza, A., Defeo, O., Bec), M., Castilla, J.C., 2009. Linking fisheries management and conservation
in bioengineering species: the case of South American mussels (Mytilidae). Rev. Fish Biol. Fish.
19, 349-366. https://doi.org/10.1007/s11160-009-9108-3

Casado, M.P., Macken, A., Byrne, H.J., 2013. Ecotoxicological assessment of silica and polystyrene
nanoparticles assessed by a multitrophic test battery. Environ. Int. 51, 97-105.
https://doi.org/10.1016/j.envint.2012.11.001

Chae, Y., An, Y.-J., 2020. Effects of food presence on microplastic ingestion and egestion in Mytilus
galloprovincialis. Chemosphere 240, 124855.
https://doi.org/10.1016/j.chemosphere.2019.124855

Chandurvelan, R., Marsden, 1.D., Gaw, S., Glover, C.N., 2013. Field-to-laboratory transport protocol
impacts subsequent physiological biomarker response in the marine mussel, Perna
canaliculus. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 164, 84—90.

Cunningham, E.M., Ehlers, S.M., Dick, J.T.A,, Sigwart, J.D., Linse, K., Dick, J.J., Kiriakoulakis, K., 2020.
High abundances of microplastic pollution in deep-sea sediments: Evidence from Antarctica
and the Southern Ocean 4.

de Greef, K., Griffiths, C., Zeeman, Z., 2013. Deja vu? A second mytilid mussel, Semimytilus algosus,
invades South Africa’s west coast 9.



Eriksen, M., Lebreton, L.C.M., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Galgani, F., Ryan, P.G.,
Reisser, J., 2014. Plastic Pollution in the World’s Oceans: More than 5 Trillion Plastic Pieces
Weighing over 250,000 Tons Afloat at Sea. PLoS ONE 9, e111913.
https://doi.org/10.1371/journal.pone.0111913

Fahey, B.D., Coker, R.J., 1992. Sediment production from forest roads in Queen Charlotte Forest and
potential impact on marine water quality, Marlborough Sounds, New Zealand. N. Z. J. Mar.
Freshw. Res. 26, 187-195. https://doi.org/10.1080/00288330.1992.9516514

Foley, C.J., Feiner, Z.S., Malinich, T.D., HO0k, T.O., 2018. A meta-analysis of the effects of exposure to
microplastics on fish and aquatic invertebrates. Sci. Total Environ. 631-632, 550-559.
https://doi.org/10.1016/j.scitotenv.2018.03.046

Fréchette, M., Bourget, E., 1985. Energy Flow Between the Pelagic and Benthic Zones: Factors
Controlling Particulate Organic Matter Available to an Intertidal Mussel Bed. Can. J. Fish.
Aquat. Sci. 42.

Gardner, J.P.A., 2002. Effects of seston variability on the clearance r-te and absorption efficiency of
the mussels Aulacomya maoriana, Mytilus galloprovincialis a.i. Perna canaliculus from New
Zealand. J. Exp. Mar. Biol. Ecol. 268, 83—101. https://doi.org/1C 1016/50022-0981(01)00378-
1

Gongalves, C., Martins, M., Sobral, P., Costa, P.M., Costa, M.H., 201¢ . An assessment of the ability to
ingest and excrete microplastics by filter-feeders: A . 'se study with the Mediterranean
mussel. Environ. Pollut. 245, 600—606. https://doi.o1,/13.1016/j.envpol.2018.11.038

Gonzalez-Soto, N., Hatfield, J., Katsumiti, A., Duroudier, N., ' a~ave, J.M., Bilbao, E., Orbea, A., Navarro,
E., Cajaraville, M.P., 2019. Impacts of dietary exg osure to different sized polystyrene
microplastics alone and with sorbed benzo[ 1]r yr :ne on biomarkers and whole organism
responses in mussels Mytilus galloprovinr.alis. Sci. Total Environ. 684, 548-566.
https://doi.org/10.1016/j.scitotenv.2 1+ 05.261

Gosling, E., 1992. The Mussel Mytilus: Ecolog * " hysiology, Genetics, and Culture. Elsevier.

Gray, A.D., Weinstein, J.E., 2017. Size- ard shape dependent effects of microplastic particles on adult
daggerblade grass shrimp ( Palaemc netes pugio ): Uptake and retention of microplastics in
grass shrimp. Environ. Toxicol. b2 . 36, 3074—-3080. https://doi.org/10.1002/etc.3881

Green, D.S., Boots, B., O’Connor, N.F., Theripson, R., 2017. Microplastics Affect the Ecological
Functioning of an Importan. Biogenic Habitat. Environ. Sci. Technol. 51, 68-77.
https://doi.org/10.1021/< *s.est.6b04496

Green, D.S., Boots, B., Sigwart, J., :*ang, S., Rocha, C., 2016. Effects of conventional and
biodegradable micrenla_*i_s on a marine ecosystem engineer (Arenicola marina) and
sediment nutrient ~yclii g. Environ. Pollut. 208, 426—434.
https://doi.org/1C 1016/j.envpol.2015.10.010

Green, D.S., Colgan, T.J., Th- mpson, R.C., Carolan, J.C., 2019. Exposure to microplastics reduces
attachment strength and alters the haemolymph proteome of blue mussels (Mytilus edulis).
Environ. Pollut. 246, 423—434. https://doi.org/10.1016/j.envpol.2018.12.017

Haegerbaeumer, A., Mueller, M.-T., Fueser, H., Traunspurger, W., 2019. Impacts of Micro- and Nano-
Sized Plastic Particles on Benthic Invertebrates: A Literature Review and Gap Analysis. Front.
Environ. Sci. 7, 17. https://doi.org/10.3389/fenvs.2019.00017

Hamm, T., Lenz, M., 2021. Negative impacts of realistic doses of spherical and irregular microplastics
emerged late during a 42 weeks-long exposure experiment with blue mussels. Sci. Total
Environ. 778, 146088. https://doi.org/10.1016/].scitotenv.2021.146088

Harris, L.S.T., Carrington, E., 2020. Impacts of microplastic vs. natural abiotic particles on the
clearance rate of a marine mussel. Limnol. Oceanogr. Lett. 5, 66—73.
https://doi.org/10.1002/1012.10120

Horton, A.A., Barnes, D.K.A., 2020. Microplastic pollution in a rapidly changing world: Implications for
remote and vulnerable marine ecosystems. Sci. Total Environ. 738, 140349.
https://doi.org/10.1016/j.scitotenv.2020.140349

Huguet, C., 2017. Seston Quality and Available Food: Importance in the Benthic Biogeochemical
Cycles, in: Rossi, S., Bramanti, L., Gori, A., Orejas, C. (Eds.), Marine Animal Forests: The



Ecology of Benthic Biodiversity Hotspots. Springer International Publishing, Cham, pp. 733—
759. https://doi.org/10.1007/978-3-319-21012-4_22

Incze, L.S., Lutz, R.A., Watling, L., 1980. Relationships between effects of environmental temperature
and seston on growth and mortality of Mytilus edulis in a temperate northern estuary. Mar.
Biol. 57, 147-156. https://doi.org/10.1007/BF00390733

Kinjo, A., Mizukawa, K., Takada, H., Inoue, K., 2019. Size-dependent elimination of ingested
microplastics in the Mediterranean mussel Mytilus galloprovincialis. Mar. Pollut. Bull. 149,
110512. https://doi.org/10.1016/j.marpolbul.2019.110512

Kigrboe, T., Mglenberg, F., Nghr, O., 1980. Feeding, particle selection and carbon absorption in
Mytilus edulis in different mixtures of algae and resuspended bottom material. Ophelia 19,
193-205. https://doi.org/10.1080/00785326.1980.10425516

Lenz, M., da Gama, B.A,, Gerner, N.V., Gobin, J., Groner, F., Harry, A., Jenkins, S.R., Kraufvelin, P.,
Mummelthei, C., Sareyka, J., 2011. Non-native marine invertebrates are more tolerant
towards environmental stress than taxonomically related netive species: results from a
globally replicated study. Environ. Res. 111, 943-952.

Lenz, R., Enders, K., Nielsen, T.G., 2016. Microplastic exposure stuc'ies _hould be environmentally
realistic. Proc. Natl. Acad. Sci. 113, E4121-E4122. https://dc. ~.g/10.1073/pnas. 1606615113

Lindeque, P.K., Cole, M., Coppock, R.L., Lewis, C.N., Miller, R.Z., Wat s, A.J.R., Wilson-McNeal, A,
Wright, S.L., Galloway, T.S., 2020. Are we underestin_ting microplastic abundance in the
marine environment? A comparison of microplast'c . ~owdre with nets of different mesh-size.
Environ. Pollut. 265, 114721. https://doi.org/10.1."6/,.envpol.2020.114721

Liutkus, M., Robinson, S., MacDonald, B., Reid, G., 2012. "quan.ifying the Effects of Diet and Mussel
Size on the Biophysical Properties of the Blu 2 Mussel, Mytilus spp., Feces Egested Under
Simulated Imta Conditions. J. Shellfish Re< 31, 59-77. https://doi.org/10.2983/035.031.0109

Morton, B., 2012. A significant and unappreciate 1 in.2rtidal mytiloidean genus: the biology and
functional morphology of Brachidon. s puniceus (Bivalvia: Mytilidae) from the Cape Verde
Islands. Afr. J. Mar. Sci. 34, 71-8N.

Navarro, J.M., Contreras, A.M., 2010. An in.>erative response by Mytilus chilensis to the toxic
dinoflagellate Alexandrium cat 'n-1. . Mar. Biol. 157, 1967-1974.
https://doi.org/10.1007/s007227-020-1465-x

Nunes, B., Sim&es, M.I., Navarro, J.C Castro, B.B., 2020. First ecotoxicological characterization of
paraffin microparticles: a . iomarker approach in a marine suspension-feeder, Mytilus sp.
Environ. Sci. Pollut. Res. 27 41946-41960. https://doi.org/10.1007/s11356-020-10055-0

Ogonowski, M., 2018. What e :"~)w and what we think we know about microplastic effects - A
critical perspective 6.

Ogonowski, M., Schiir, C., ‘arsen, A., Gorokhova, E., 2016. The Effects of Natural and Anthropogenic
Microparticles on Ir dividual Fitness in Daphnia magna. PLOS ONE 11, e0155063.
https://doi.org/10.1371/journal.pone.0155063

Opitz, T., Benitez, S., Fernandez, C., Osores, S., Navarro, J.M., Rodriguez-Romero, A., Lohrmann, K.B.,
Lardies, M.A., 2021. Minimal impact at current environmental concentrations of
microplastics on energy balance and physiological rates of the giant mussel Choromytilus
chorus. Mar. Pollut. Bull. 10.

Pandori, L.L., Sorte, C.J., 2019. The weakest link: sensitivity to climate extremes across life stages of

marine invertebrates. Oikos 128, 621-629.

Paul-Pont, I., Lacroix, C., Gonzdlez Ferndndez, C., Hégaret, H., Lambert, C., Le Goic, N., Frere, L.,
Cassone, A.-L., Sussarellu, R., Fabioux, C., Guyomarch, J., Albentosa, M., Huvet, A., Soudant,
P., 2016. Exposure of marine mussels Mytilus spp. to polystyrene microplastics: Toxicity and
influence on fluoranthene bioaccumulation. Environ. Pollut. 216, 724-737.
https://doi.org/10.1016/j.envpol.2016.06.039

Prins, T.C., Smaal, A.C., Pouwer, A.J., 1991. Selective ingestion of phytoplankton by the bivalves
Mytilus edulis L. and Cerastoderma edule (L.). Hydrobiol. Bull. 25, 93-100.

Puls, W., Heinrich, H., Mayer, B., 1997. Suspended particulate matter budget for the German Bight.
Mar. Pollut. Bull. 34, 398—-409.



Riginos, C., Cunningham, C.W., 2004. INVITED REVIEW: Local adaptation and species segregation in
two mussel (Mytilus edulis x Mytilus trossulus) hybrid zones: MUSSEL HYBRID ZONES. Mol.
Ecol. 14, 381-400. https://doi.org/10.1111/j.1365-294X.2004.02379.x

Riisgard, H.U., Kittner, C., Seerup, D.F., 2003. Regulation of opening state and filtration rate in filter-
feeding bivalves (Cardium edule, Mytilus edulis, Mya arenaria) in response to low algal
concentration. J. Exp. Mar. Biol. Ecol. 284, 105-127. https://doi.org/10.1016/50022-
0981(02)00496-3

Riisgard, H.U., Larsen, P.S., Pleissner, D., 2014. Allometric equations for maximum filtration rate in
blue mussels Mytilus edulis and importance of condition index. Helgol. Mar. Res. 68, 193—
198. https://doi.org/10.1007/s10152-013-0377-9

Riisgard, H.U., Pleissner, D., Lundgreen, K., Larsen, P.S., 2013. Growth of mussels Mytilus edulis at
algal Rhodomonas salina concentrations below and above saturation levels for reduced
filtration rate. Mar. Biol. Res. 9, 1005-1017. https://doi.org/10.1080/17451000.2012.742549

Rilov, G., Benayahu, Y., Gasith, A., 2004. Prolonged Lag in Populatior Outbreak of an Invasive Mussel:
A Shifting-Habitat Model. Biol. Invasions 6, 347-364.
https://doi.org/10.1023/B:BINV.0000034614.07427.96

Rist, S.E., Assidqi, K., Zamani, N.P., Appel, D., Perschke, M., Huhr. \\., ' .2nz, M., 2016. Suspended
micro-sized PVC particles impair the performance and 'ecre ase survival in the Asian green
mussel Perna viridis. Mar. Pollut. Bull. 111, 213-220.
https://doi.org/10.1016/j.marpolbul.2016.07.006

Robinson, S.E., Capper, N.A,, Klaine, S.J., 2010. The effects ~f rontinuous and pulsed exposures of
suspended clay on the survival, growth, and reproduci.on of Daphnia magna. Environ. Toxicol.
Chem. 29, 168-175.

Santana, M.F.M., Moreira, F.T., Pereira, C.D.S., Ab:ssa, U.M.S,, Turra, A., 2018. Continuous Exposure
to Microplastics Does Not Cause Phy<.oi gic..'! Effects in the Cultivated Mussel Perna perna.
Arch. Environ. Contam. Toxicol. 74, 524 -604. https://doi.org/10.1007/s00244-018-0504-3

Sar3, G., Romano, C., Mazzola, A., 2008. A new le,sepsian species in the western Mediterranean
( Brachidontes pharaonis Bivalvia: nttilidae): density, resource allocation and biomass. Mar.
Biodivers. Rec. 1, e8. https://dci.rr,,’10.1017/5175526720600087X

Scherer, C., 2020. Toxicity of microp!._*ic. und natural particles in the freshwater dipteran
Chironomus riparius: Same _ame but different? Sci. Total Environ. 12.

Schir, C., Zipp, S., Thalau, T., Wag. er, M., 2020. Microplastics but not natural particles induce
multigenerational effects :» baphnia magna. Environ. Pollut. 260, 113904.
https://doi.org/10.1N1y,"t :nvpol.2019.113904

Sorrentino, R., Senna, A.R., 202 . A review of current approaches for the study of microplastic
contamination in .rustaceans. Environ. Rev. 29, 64—74. https://doi.org/10.1139/er-2020-
0024

Tokeshi, M., Romero, L., 1995. Filling a gap:dynamics of space occupancy on a mussel-dominated
subtropical rocky shore. Mar. Ecol. Prog. Ser. 119, 167-176.
https://doi.org/10.3354/meps119167

Triebskorn, R., Braunbeck, T., Grummt, T., Hanslik, L., Huppertsberg, S., Jekel, M., Knepper, T.P., Krais,
S., Mdiller, Y.K., Pittroff, M., Ruhl, A.S., Schmieg, H., Schiir, C., Strobel, C., Wagner, M.,
Zumbdilte, N., Kéhler, H.-R., 2019. Relevance of nano- and microplastics for freshwater
ecosystems: A critical review. TrAC Trends Anal. Chem. 110, 375-392.
https://doi.org/10.1016/j.trac.2018.11.023

Vainola, R., Hvilsom, M.M., 1991. Genetic divergence and a hybrid zone between Baltic and North
Sea Mytilus populations (Mytilidae: Mollusca). Biol. J. Linn. Soc. 43, 127-148.
https://doi.org/10.1111/j.1095-8312.1991.tb00589.x

Van Cauwenberghe, L., Claessens, M., Vandegehuchte, M.B., Janssen, C.R., 2015. Microplastics are
taken up by mussels (Mytilus edulis) and lugworms (Arenicola marina) living in natural
habitats. Environ. Pollut. 199, 10-17. https://doi.org/10.1016/j.envpol.2015.01.008



von Moos, N., Burkhardt-Holm, P., Kbhler, A., 2012. Uptake and Effects of Microplastics on Cells and
Tissue of the Blue Mussel Mytilus edulis L. after an Experimental Exposure. Environ. Sci.
Technol. 46, 11327-11335. https://doi.org/10.1021/es302332w

Waller, C.L., Griffiths, H.J., Waluda, C.M., Thorpe, S.E., Loaiza, I., Moreno, B., Pacherres, C.O., Hughes,
K.A., 2017. Microplastics in the Antarctic marine system: An emerging area of research. Sci.
Total Environ. 598, 220-227. https://doi.org/10.1016/j.scitotenv.2017.03.283

Wang, W., Wang, J., 2018. Investigation of microplastics in aquatic environments: An overview of the
methods used, from field sampling to laboratory analysis. TrAC Trends Anal. Chem. 108, 195—
202. https://doi.org/10.1016/j.trac.2018.08.026

Ward, J.E., Zhao, S., Holohan, B.A., Mladinich, K.M., Griffin, T.W., Wozniak, J., Shumway, S.E., 2019.
Selective Ingestion and Egestion of Plastic Particles by the Blue Mussel (Mytilus edulis) and
Eastern Oyster (Crassostrea virginica): Implications for Using Bivalves as Bioindicators of
Microplastic Pollution. Environ. Sci. Technol. 53, 8776-8784.
https://doi.org/10.1021/acs.est.9b02073

Watts, A.J.R., Lewis, C., Goodhead, R.M., Beckett, S.J., Moger, J., Tyle,, ~ R., Galloway, T.S., 2014.
Uptake and Retention of Microplastics by the Shore Crab Carci."us maenas. Environ. Sci.
Technol. 48, 8823-8830. https://doi.org/10.1021/es501Mu.

Webb, S., Gaw, S., Marsden, I.D., McRae, N.K., 2020. Biomarke. resf onses in New Zealand green-
lipped mussels Perna canaliculus exposed to microp::stics and triclosan. Ecotoxicol. Environ.
Saf. 201, 110871. https://doi.org/10.1016/j.ecoerv.."2u.110871

Widdows, J., Fieth, P., Worrall, C.M., 1979. Relationships Lotween seston, available food and feeding
activity in the common mussel Mytilus edulis. M-.r. Bic:i. 50, 195-207.
https://doi.org/10.1007/BF00394201

Wong, G., Lowemark, L., Kunz, A., 2020. Micropla<tic puilution of the Tamsui River and its tributaries
in northern Taiwan: Spatial heteroge’.ei. r a1, ¥ correlation with precipitation. Environ. Pollut.
260, 113935. https://doi.org/10.101. /i 2nvpol.2020.113935

Woods, M.N., Stack, M.E., Fields, D.M., Shaw, S.L., Matrai, P.A., 2018. Microplastic fiber uptake,
ingestion, and egestion rates in the ~lue mussel (Mytilus edulis). Mar. Pollut. Bull. 137, 638—
645.

Yap, V.H.S., Chase, Z., Wright, J.T., H'.. 1. C._., Lavers, J.L., Lenz, M., 2020. A comparison with natural
particles reveals a small speific effect of PVC microplastics on mussel performance. Mar.
Pollut. Bull. 160, 111703. . ttps://doi.org/10.1016/j.marpolbul.2020.111703

Ysebaert, T., Walles, B., Haner, J., :'ancock, B., 2019. Habitat modification and coastal protection by
ecosystem-engineering .~ _f-building bivalves, in: Goods and Services of Marine Bivalves.
Springer, Cham. py  25: -273.

Zhao, S., 2015. Micropias..~ in three urban estuaries, China. Environ. Pollut. 8.

Zimmermann, L., Gottlich, S, Oehlmann, J., Wagner, M., Vélker, C., 2020. What are the drivers of
microplastic toxicity? Comparing the toxicity of plastic chemicals and particles to Daphnia
magna. Environ. Pollut. 267, 115392. https://doi.org/10.1016/j.envpol.2020.115392



Table 1 Overview of the experiments that are presented in this study. Test individuals belonged to different species of the family Mytilidae and were collected

Marine Longitude Latitude Sampling location replicates Food algae Lab Acclimation  Start date Response variables
Species Country bioregion (cells/mussel temp.  time (day-;* of Cl Respiration Clearance Byssus
/day) (°C) experiment rate production
. Tropical 24°54'22"W 16°54'11"N  Baja das Gatas, 15 4200 cells/ml 28 10 28.06.2019 X X
Brachidontes Cabo X e L
. Atlantic Sdo Vicente Thalassiosira
puniceus Verde ) "
weissflogii
L Temperate 71°21'11"W 29°57'59"S Punta de Choros 10 20 000 cells/ml 15 23 29.05.2019 X X X
Semimytilus ) )
algosus Chile South Isochrysis
g America galbana
. Temperate 34°55'13"E 32°37'49"N  Dor HaBonim 12 10 000 cells/ml < 10 30.05.2019 X X
Brachidontes .
. Israel Northern Natural Reserve Dunalic ila
pharaonis X i
Atlantic sc'iia
Temperate 144°49'55"E 43°00'52"N  Akkeshi Bay 10 00 - 10 wu0 18 9 08.06.2019 X X X X
Mytilus Northern cells/i.il
Japan "
trossulus Pacific Chaetoceros
gracilis
. Temperate 147°58'09"E 42°31'18"S Spring Bay A 4000 cells/ml 13 10-14 20.06.2019 X X X
Mytilus . . ) .
L Tasmania  Australasia Seafoods hatriic v, Tetraselmis
galloprovincialis .
suecica

Oakhamry o1 Bay

at five sites worldwide. The lab temperature reflects ti.= | vevciling temperature in the mussels’ habitats at the time of collection. Marine bioregions are named

after (Spalding et al., 2007).

*in Chile, a second fieldtrip was necessary to collect a sufficient number of animals and consequently acclimation time increased



Table 2 Particles that were used for the exposure experiments with five mussel species and their

characteristics.

Particle type Size range Mean size (um) Colour Density
(um) +/-SD (8/cm’)
PVC 0.1-100 12.1 white 1.38-1.42
Red Clay 0.1-100 13.8 red- brown 2-3
PMMA 10-400 120.3 +/-69.9 white 1.18

Diatom shells 4-400 86.9 +/-90.4 white 2.65




Table 3 Influence of particle type and particle concentration on response variables of mussels after
exposure to microplastics and natural inorganic suspended solids. Results from GLMMs with family
gamma (respiration, clearance rate, condition index), poisson (byssus) and cox regression (survival).

Respiration rate Chisq Df p
particle type 14.01 3 0.0028
concentration 0.22 2 0.89
Particle type:concentration 3.2 6 0.77
Clearance rate
Particle type 4.77 3 0.18
Concentration 3.49 2 0.17
Particle type:concentration 13.20 6 0.04
Byssus
particle type 16.52 3 0.0008
concentration 10.77 2 0.0045
Particle type:concentration 31.93 6 1.68*10°
Condition Index
particle type 20.88 3 0.0001
concentration 4.47 2 0.11
Particle type:concentration 9.02 L 6 0.17
Survival
particle type z.. 4 3 0.54

concentration J 92 2 0.62
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Highlights

- First study to compare microplastic effects over a wide biogeographical range

- Comparison between natural inorganic microparticles and plastic microparticles

- Significant effects on byssus production, respiration and clearance rates, but small effect
sizes

- No ecologically relevant difference between impact of plastic and natural inorganic

microparticles on Mytilidae
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Fig. 1 Respiration rates of individuals from diffe en mu_sel species after six weeks of exposure
(exceptions were PVC and clay treatments in 1. = ania, which lasted five weeks) to two types of plastic
microparticles (PVC, PMMA,; violet boxes) and two .:atural inorganic microparticles (clay, diatom; green
boxes) that were applied at three concentraw. ~ns (1.5, 15 and 150 mg/l). Boxplots show the interquartile
range, the median and the non-outlier ra 1g".. Numbers above the boxes denote replicate numbers. The
solid and dashed horizontal lines exterding a~.ross the whole graph represent the median, and the lower
and upper quartiles, respectively, of e gr.up of mussels that were not exposed to any particles (control
group; n=97, pooled across locatic™s).
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Fig. 2 Effect of natural (clay and diatom shells) and plas’ic, V7. and PMMA) microparticles on different
response variables that were collected from musse' ~f 1= different species after six weeks of exposure
(exceptions were PVC and clay treatments in Tasm.nia, which lasted five weeks). Data were pooled across
all concentrations within the natural inorganic and | ‘astic treatments. A. respiration rate, B. clearance rate, C.

byssus number per mussel individual in 24h a.°4 D. condition

index. Boxplots show the interquartile range, the

median and the non-outlier range. The solid ~nd . ~shed lines represent the median, and the lower and upper
quartile, respectively, of the group of muss - th at was not exposed to any microparticles (control group).
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Fig. 3 Clearance rates of individuals from different mussel sp2ci < after six weeks of exposure to two types
of plastic microparticles (PVC, PMMA; violet boxes) anr’ .. ‘0 natural inorganic microparticles (clay,
diatom; green boxes) that were applied at three conre v.rat.ons. Boxplots show the interquartile range,
the median and the non-outlier range. Numbers abc - the boxes denote replicate numbers. The solid and
dashed horizontal lines extending across the w.iole graph represent the median, and the lower and upper
quartiles, respectively, of the group of mussels v. 1t was not exposed to any particles (control group,
n=63).
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Fig. 4 Production of byssus threads per mussel individual in 2+ 1. atwer six weeks of exposure (exceptions
were PVC and clay treatments in Tasmania, which lasted five ef«s) to two types of plastic microparticles
(PVC, PMMA,; violet boxes) and two natural inorganic micro artic:2s (clay, diatoms; green boxes) that
were applied at three concentrations. Boxplots show t'1e .nterquartile range, the median and the non-
outlier range. Numbers above the boxes denote repl ca.~ ~.umbers. The solid and dashed lines extending
across the whole graph represent the median, .. the 'ower and upper quartiles, respectively, of the
group of mussels that was not exposed to any nart.cles (control group, n=54).
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Fig. 5 Condition index of individuals from different mussel sp z... s aiter six weeks of exposure (exceptions
were PVC and clay treatments in Tasmania, which lasted five ef«s) to two types of plastic microparticles
(PVC, PMMA,; violet boxes) and two natural inorganic microartic!2s (clay, diatoms; green boxes) that
were applied at three concentrations. Boxplots show t'1e .nterquartile range, the median and the non-
outlier range. Numbers above the boxes denote rep! ca.~ ~.umbers. The solid and dashed lines represent
the median, and the lower and higher quartiles .. -pe.*ively, of the group of mussels that was not
exposed to any particles (control group, n=69,
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