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A B S T R A C T   

Inputs of plastic pollution in marine environments continue to increase, making it essential to understand po
tential impacts on commercially important marine and estuarine species. Bivalve larvae have been shown to take 
up micro- and nano-sized plastics; however, exposures detailed in the literature often do not account for particle 
dynamics, such as eco-corona formation, agglomeration, or settlement. There is clearly a need to define and 
maintain suspended particle concentrations during exposure periods, while using culture systems that support 
the growth and survival of the test organism. Therefore, experiments were designed to optimize the components 
of an exposure system for both particle suspension, as well as larval mussel growth and survival. The suspension 
and clumping of 2 μm ultra-pure latex beads were assessed to determine the influence of flask shape, agitation, 
and dispersant type. These results were paired with an assessment of the effects of antibiotics, flask shape, flask 
rotation, and dispersant type on mussel larvae growth and survival. The combination of these experiments 
revealed that the optimum system for exposure of bivalve larvae to micro-sized plastics was in rotating, dimple- 
bottom flasks with additions of 2.5 mg.L−1 methyl cellulose and 2 mg.L−1 chloramphenicol in natural, 1 μm 
filtered seawater. This optimized system was used to assess the impacts of 2 μm ultra-pure latex beads on the 
survival and growth of Mytilus californianus larvae. First, a dose-response experiment was carried out to assess the 
impacts of a two-week exposure of larval mussels to microplastics concentrations that were 0%, 20%, 33.3%, 
42.9%, and 50% of total cell volume of the algal ration. For these experiments the algal rations were all kept at 
100%. Subsequently, a second experiment was carried out to assess impacts of a two-week exposure of larval 
mussels to microplastics where both the percent by volume of the algal (0–100%) ration and beads (0–100%) 
varied so that the total particle volume in the exposures remained constant (100% total). When algal food rations 
were held constant, a dose-dependent decrease in growth was observed with increasing concentrations of beads. 
When algal rations decreased, growth and survival decreased to a greater extent when microplastic beads were 
present. These results indicate that both concentrations of microplastic particles and volumetric ratios of algae 
rations to microplastic particles determine responses of mussel larvae, with microplastics having a greater effect 
on larval survival when added to low algal rations.   

1. Introduction 

Shellfish are both ecologically and economically important. 
Ecologically, bivalve shellfish contribute to habitat stabilization and 
improvements in water quality, as well as holding an important trophic 
position in food webs by linking planktonic and benthic communities 
(Rullens et al., 2019). Economically, global bivalve shellfish aquaculture 
for human consumption is worth an estimated $23.9 billion (van der 

Schatte Olivier et al., 2020). Bivalve populations are threatened by a 
combination of anthropogenically driven stressors (Costa et al., 2020; 
Serra-Compte et al., 2018). One such emerging stressor is plastic 
pollution. Studies have documented plastic pollutants in the guts and 
gills of clams, mussels, and oysters (Ward et al., 2003; Watts et al., 
2016). 

Microplastics are well documented in marine environments (Eriksen 
et al., 2014) and production is expected to increase in the near future. 
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Annual production of plastics, synthetic organic polymers that are 
resistant to degradation, had grown to approximately 368 million tons 
in 2019 (PlasticsEurope and EuPR, 2020) and is projected to continue 
increasing along current trajectories through to 2030 (Borrelle et al., 
2020; Lau et al., 2020). It is estimated that annual global emissions of 
plastic pollution into the environment, often ending up in waterways 
and ultimately the ocean, ranges from 9 to 23 million metric tons 
(MacLeod et al., 2021). Microplastics, generally classified as plastic 
pieces between 1 μm and 5 mm, can result from the breakdown of 
macroplastic debris; however, there are also sources of plastics inten
tionally created in this size range (Azimi et al., 2016; Fendall and Sewell, 
2009). Microplastics are ubiquitous (Barnes et al., 2009) and estimates 
in ocean surface water alone vary widely with reported values ranging 
from 7 thousand to 236 thousand metric tons (Cózar et al., 2014; Eriksen 
et al., 2014; Van Sebille et al., 2015). The negative effects of ingestion of 
microplastics, and to a lesser-extent of inhalation, are documented for a 
variety of terrestrial and aquatic organisms (Athey et al., 2020; Baechler 
et al., 2020b; Batel et al., 2018; Browne et al., 2008; Carr et al., 2012; 
Davidson and Dudas, 2016; Deng et al., 2017; Jeyavani et al., 2022; 
Salimi et al., 2022; Watts et al., 2016; Wright et al., 2013; Zhao et al., 
2021). Though microplastic pollution is frequently discussed as a single 
entity, the category of plastics actually encompasses a diversity of 
chemical compositions, colors, additives, morphologies, and sizes 
(Rochman et al., 2019). 

Microplastics not only persist and accumulate in the environment 
(Barnes et al., 2009), but have also been documented to be ingested by 
many marine organisms (Miller et al., 2020), including filter-feeding 
bivalves (Baechler et al., 2020a; Covernton et al., 2019; Liu et al., 
2021; Mankin and Huvard, 2020; Van Cauwenberghe and Janssen, 
2014). In fact, mussels have even been suggested as sentinel species (Li 
et al., 2019) and have been shown to interact with microplastics through 
both ingestion and adherence with their byssal threads (Ward et al., 
2003; Watts et al., 2016). Microplastic internalization rate and accu
mulation by juvenile and adult mussels has been thoroughly investi
gated (Fernández and Albentosa, 2019; Rist et al., 2019b; Van 
Cauwenberghe et al., 2015). Exposure to microplastics have been shown 
to cause a variety of biochemical responses in mussels; for example, 
exposure of adult Mytilus to polystyrene (PS) microplastics has been 
shown to induce oxidative stress and impact immune responses (Cole 
et al., 2020; Paul-Pont et al., 2016). Microplastics have also been shown 
to impact bivalve feeding behavior and reproductive output (Sussarellu 
et al., 2016). Though microplastics have been shown to have negative 
impacts on mussels, these assessments have mainly focused on adults 
(Cole et al., 2020; Paul-Pont et al., 2016). While, much less is known 
about the rate or impacts of microplastic ingestion on larval mussels, 
they have been shown to ingest small (100 nm and 2 μm) plastic parti
cles (Rist et al., 2019a). 

Bivalve larvae are a sensitive life stage and their responses to 
microplastics are underrepresented in the literature (Table S1). Most 
larval bivalve exposures have been conducted over 48 h or less (Beiras 
et al., 2018; Bringer et al., 2020a; Bringer et al., 2020b; Capolupo et al., 
2018; Franzellitti et al., 2019; Tallec et al., 2018). Rist et al. (2019a) 
carried out one of the few studies that investigated the impacts of longer- 
term exposures to microplastics on larval bivalves. They found that the 
effects they observed over a two-week period were different from those 
observed over shorter exposures to similar plastic concentrations and 
they emphasized the need for studies with longer exposures. Addition
ally, Bringer et al. (2021) found that a week-long exposure of pediveliger 
larval oysters to microplastics lowered settlement success. 

To fully investigate the impact of microplastics on larval bivalves 
there is a need to develop an optimized exposure system in order to 
obtain accurate dose-response data. Some researchers have acknowl
edged settlement of microplastics during exposure, and attempted to 
keep particles suspended using aeration (Cole and Galloway, 2015), 
rotation (Beiras et al., 2018), or manual stirring (Weber et al., 2020). 
Rotational movement of cultures has the potential to concentrate the 

microplastics into the center of the vessel, making it necessary to devise 
methods that minimize this effect. Thus this study assessed the impact 
that differentially-shaped flasks had on minimizing vortexing effects on 
particle concentrations. 

Ward et al. (2019) discuss the importance of particle size, agglom
eration rate and surface coating on particle uptake by adult bivalves. The 
surface characteristics of particles, as well as their incorporation into 
agglomerates, impacts microplastic particle capture and selection; 
however, no studies with larval bivalves could be found that addressed 
microplastic clumping and agglomeration over the exposure period. 
This is important because larval bivalves typically ingest particles be
tween 0.5 and 12 μm in diameter (Baldwin and Newell, 1995; Newell 
and Langdon, 1996). As plastic particles in a laboratory setting have 
been shown to readily agglomerate in seawater (Shupe et al., 2021; 
Summers et al., 2018), they can become less available to bivalve larvae 
and other filter-feeding organisms as particle size increases due to 
clumping over the experimental period. Overall, clumping and settle
ment of microplastic particles can alter the exposure dose for organisms 
during laboratory experiments if measures are not taken to keep parti
cles in suspension. In this study, we investigated culture conditions that 
would best maintain concentrations of suspended microplastic particles. 

In the environment, plastic particles become covered by an eco- 
corona or biofilm composed of bacteria and organic matter. This bio
film can aid in stabilization of microplastic suspensions (Rummel et al., 
2017). Consequently, it would be an advantage to coat particles with a 
material of known composition that mimics this feature of particle sta
bilization in exposure experiments with microplastics. For this reason, 
dispersants were investigated to coat the particles. Development of a 
biofilm around the plastic particles should be prevented during these 
experiments as it could provide an unintended addition of nutrients to 
larvae, potentially masking the effects of the microplastic particles 
themselves. The addition of antibiotics should reduce the potential role 
of microplastic particles in delivering bacteria to the larvae (Fabra et al., 
2021) by reducing bacterial colonization (Pepi and Focardi, 2021). 
Overall, addition of antibiotics to the system should both improve 
rearing conditions for larva and minimize confounding variables. 

In this study, we conducted longer-term (two weeks) microplastic 
exposures with larval mussels (Mytilus californianus) and measured their 
responses under controlled conditions, taking into account microplastic 
particle size, coating, and agglomeration over time. Mussels are popular 
research organisms that are readily available and can be induced to 
reproduce throughout the year. We designed experiments with the 
purpose of optimizing conditions for exposure of mussel larvae to sus
pended microplastics. Ultra-pure latex spheres were used to ensure that 
no detergents were present which may have confounded interpretation 
of the impacts of the plastic particles on larvae. 

Our goals were (1) to identify the type and agitation of flasks that 
optimized conditions for larval growth and particle suspension and (2) 
to determine the optimal dispersant type and concentration to maintain 
particle suspensions with no significant observable effect on the mussel 
larvae. Finally, we tested our optimized exposure conditions by assess
ing the impacts of microplastics on the growth and survival of larval 
M. californianus over a period of 14 days. We hypothesized that exposure 
to microplastics would impact bivalve larva survival and growth in a 
dose-dependent manner. First, all larvae were fed full algal rations and 
the concentration of microplastic beads were varied among treatments. 
Then, both the algal ration and the concentration of microplastic beads 
were varied while maintaining a constant total volume of suspended 
particles. This second experimental approach provided results on the 
effects of ration size on the impacts of microplastic additions, while 
avoiding the confounding effects of varying total volumetric particle 
concentration. 
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2. Materials and methods 

2.1. General methodology 

2.1.1. Mussel Larvae 
Adult Mytilus californianus were collected in February 2021 from the 

intertidal zone at Seal Rock, Oregon, USA (44.4972◦ N, 124.0827◦ W). 
All filtered seawater (FSW) used in these experiments was pumped from 
Yaquina estuary, filtered to 1 μm, and aerated for 24 h with CO2-striped 
air to raise the pH to between 8.2 and 8.6. In this way we attempted to 
remove both the effects of acidified sea water and undetermined par
ticulate and nutrients as confounding variables in our experiments. The 
mussels were induced to spawn by heat shock in FSW at 24 ◦C. Following 
verification of egg fertilization, developing embryos were transferred to 
30 L containers at a density of 50 larvae per mL, at 20 ◦C. At 48 h post 
fertilization (hpf) subsamples were taken to determine concentrations of 
D-hinge larvae. Larvae were rinsed on a 45 μm screen and then trans
ferred, at a final density of 2 larvae per mL, to either 10 L plastic con
tainers or 125 mL flasks filled with FSW at a salinity of 28–30 ppt and 
20 ◦C. Larvae were fed Isochrysis galbana (clone C-Iso; CISO) at con
centrations appropriate to the assigned experimental treatment (see 
Sections 2.4–2.6). 

2.1.2. Microplastics, antibiotics, and dispersants 
Stock suspensions of 8% w/v, 2 μm ultra-pure sulfate latex beads 

(Thermo Fisher Scientific Waltham, MA, USA) were diluted in seawater 
immediately before use. A stock solution of chloramphenicol [≥98% 
(HPLC); Sigma Aldrich, St. Louis, MO, USA] was prepared in distilled 
water at 2 mg.mL−1. Stock solutions of the dispersants lignin sulfonate 
(mol. wt. 52,000; BeanTown Chemical, Hudson, NH, USA) and gum 
arabic (Sigma Aldrich, St. Louis, MO, USA; mol. wt. of approx. 250,000) 
were prepared in distilled water at 0.5% w/v. Stock solutions of the 
dispersant high-viscosity methyl cellulose (1500 cP; Sigma Aldrich, St. 
Louis, MO, USA), were prepared in distilled water at 0.5% w/v by stir
ring on a magnetic stirrer at 70 ◦C for an hour, 35 ◦C for an hour, and 
then overnight at room temperature. All stock solutions were stored in 
the refrigerator at 2 ◦C until use. 

2.2. Effect of dispersants on particle clumping 

Three different dispersants were assessed to determine which was 
most effective in (1) reducing clumping of 2 μm latex beads, and (2) 
maintaining the beads in suspension over a period of 48 h. Artificial 
seawater (ASW) at a salinity of 35 ppt was prepared in 0.8 μm filtered 
distilled water by additions of Red Sea Coral Pro Salt™. In addition to an 
ASW control, dispersant treatment levels included two concentrations 
(2.5 and 5 mg.L−1) of lignin sulfonate, gum arabic, and methyl cellulose. 
Stock suspensions of beads, chloramphenicol, and dispersant were 
sonicated for 1 min before the initial concentration of beads was 
determined using a hemocytometer. Aliquots of 50 mL of each bead 
suspension were added to 125 mL Erlenmeyer flasks and placed on an 
orbital shaker at 60 rpm (rpm) (Digital Orbital Shaker Lab Oscillator 
Adjustable Variable Speed Rotator Oscillator, MXBAOHENGus Instru
ment Co.). Treatments were set up in triplicate (n = 3). At 24 and 48 h 
after the start of the experiment, 20 μl samples were taken from the 
interior and perimeter of each flask. The number of beads in each sample 
was counted with a hemocytometer and photos were taken to record 
particle clumping. 

Samples were placed on a slide with a coverslip, viewed using a Leica 
DM1000 compound microscope, and photographed with a Leica DFC 
400 camera (Leica Microsystems CMS GmbH Mannheim, Germany). 
Agglomerate sizes were determined as the number of beads along the 
longest portion of the clump. Although this method did not provide a 
highly accurate quantification of the clump sizes, it did allow use to 
comparatively assess the performance of the dispersants in relation to 
one another. Agglomerates were counted as a single particle when 

describing concentrations of suspended particles over time. This 
approach was adopted because larvae encounter the clump as a single 
particle while feeding. Bead concentrations were expressed as percent
ages of initial concentrations. 

2.3. Acute toxicity assay: particle dispersants 

As lignin sulfonate and methyl cellulose performed well in the par
ticle dispersant experiments, both were assessed for their toxicities with 
mussel larvae. These experiments were structured after the EPA protocol 
for the Bivalve Acute Toxicity Test (USEPA, 2016). Seven concentrations 
of solutions of lignin sulfonate (5–400 mg.L−1) and methyl cellulose 
(0.1–100 mg.L−1) were prepared in 30 mL shell vials, with five replicate 
vials per dispersant concentration (n = 5). One hundred mussel em
bryos, 4 h post fertilization (hpf), were added to each vial at a density of 
10 embryos per mL. These were allowed to develop until 48 hpf. Larvae 
in the control vials were confirmed to have reached the D-hinge devel
opment stage, and then larvae in all vials were preserved with the 
addition of 100 μl of 10% buffered (pH 8.6) formalin. The number of 
normal larvae in each vial was counted. Dose-response curves were 
constructed and, when possible, EC50 values calculated for each 
dispersant. 

2.4. Effect of flask type and agitation conditions on particle suspension 
and larval performance 

Four types of flasks [dimple-bottom (DB), flat-bottom (FB), custom- 
bottom (CB), baffled-bottom (BB)] were used for the bead suspension 
and larval growth experiments. A detailed description of the flasks can 
be found in the supplemental information. The flasks were evaluated 
under either stationary (flasks placed on benchtop) or agitated (rotated 
on an orbital shaker at 60 rpm) conditions to determine if flask agitation 
was needed to maintain bead suspensions and which type of flask 
resulted in greatest larval growth and survival (see Sections 2.4.1 and 
2.4.2). 

2.4.1. Effect of culture conditions on particle suspension 
Flask type and agitation were assessed to identify conditions that 

best maintained beads in suspension. Red Sea Coral Pro Salt™ was 
added to distilled water to produce ASW at a salinity of 35 ppt. A stock 
bead suspension was prepared with final concentrations of chloram
phenicol at 2 mg.L−1, lignin sulfonate at 100 mg.L−1, and beads at 5.8 ×
106 particles.mL−1. Lignin sulfonate was used to reduce clumping of the 
ultraclean latex beads in this experiment but in later experiments it was 
replaced by methyl cellulose as the latter was non-toxic and more 
effective as a dispersant. The stock was sonicated with a Vibracell™ 
wand-style sonicator (Sonics & Materials Inc., Danbury, CT, USA) for 
one minute, then the beads in a 20 μl subsample were counted using a 
hemocytometer to obtain the initial particle concentration. Next, 50 mL 
of the stock bead suspension in ASW was added to each flask type (DB, 
FB, CB, and BB). The stock suspension was covered and inverted at least 
two times prior to adding 50 mL to each flask to ensure homogeneity of 
the suspension. Half of the flasks of each type were not agitated (sta
tionary) and half were agitated by rotation on an orbital shaker (60 
rpm). Each treatment combination (flask ± agitation) was replicated in 
triplicate (n = 3). Samples were taken and evaluated as described in 
Section 2.2. 

2.4.2. Effect of flask culture conditions on larval growth and survival 
D-hinge mussel larvae (approx. 48 hpf) were added to either 10 L 

containers filled with 5 L of seawater to emulate established culture 
practices for mussels, or to one of four types of 125 mL flask (DB, FB, CB, 
and BB) (final volume 50 mL). All vessels were stocked at a density of 2 
larvae per mL. Larvae were reared in 1 μm filtered seawater (FSW) ob
tained from Yaquina bay (Newport, OR) with 2 mg.L−1 chloramphen
icol. Half of the flasks were not agitated (stationary) and half were 
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agitated on an orbital shaker at 60 rpm (agitation). Each treatment 
combination of vessel and agitation type was set up in triplicate (n = 3). 
In an additional study, flat bottom flasks (n = 3 stationary and n = 3 
agitated on an orbital shaker) were used to assess the utility of the 
addition of antibiotic, 2 mg.L−1 chloramphenicol, to the culture system. 
Larvae were fed algae daily, starting at 30,000 CISO cells per mL (i.e. 
15,000 cells per larvae per day) and increasing to 50,000 cells per mL on 
day 6, and culture water was changed every other day. Flasks were 
loosely covered with foil to prevent contamination from plastic particles 
in the air. At 12 dpf larvae were collected on a 45 μm screen, transferred 
to 30 mL shell vials and preserved with 10% buffered formalin (100 μl. 
mL−1). Larval survival in each replicate was estimated by counting live 
and dead individuals. 

For all larval growth analyses (Sections 2.4.2, 2.5 and 2.6), the 
number of larvae in each vial was counted using a Leica DM1000 
compound microscope (Leica Microsystems CMS GmbH Mannheim, 
Germany) and digital images of the larvae were taken using a Leica DFC 
400 camera (Leica Microsystems CMS GmbH Mannheim, Germany). 
Image J software (National Institute of Health, Bethesda, MD) was used 
to measure the lengths and widths of haphazardly chosen larvae (30 
larvae per replicate) from digital images (Schneider et al., 2012). Defi
nitions of larval bivalve shell length and width are given by Loosanoff 
et al. (1966) as length being the longest distance along the anterior- 
posterior line of the shell, and width being the distance from the tip of 
the umbo to the ventral margin of the shell. In instances where the 
number of surviving larvae was <30, the sample size for the growth 
measurements was reduced. 

2.5. Effects of bead concentration on mussel larval growth and survival: 
dose response 

First, a dose-response experiment was carried out to assess if 
increasing bead concentrations negatively affected larval mussel growth 
and survival when added to a constant daily ration (cell concentration) 
of algae across bead treatments. All larval mussels were fed 30,000 cells 
per mL for 5 days and then increased to 50,000 cells per mL for the 
remaining experimental period. Additions of beads for these experi
ments were expressed as a percent of the total cell volume of the algal 
ration. The average volume of CISO cells is approximately 80 μm3 per 
cell (Ishiwata et al., 2013). This value was used to calculate the 
approximate number of 2 μm latex beads (~4.189 μm3 per bead) that 
would result in an equivalent volume to that of the algal ration. 
Approximately 19 of the 2 μm beads had the same total volume as one 
cell of CISO. 

All larvae were grown in 125 mL DB flasks filled with FSW with the 
addition of 2 mg.L−1 chloramphenicol and 2.5 mg.L−1 methyl cellulose, 
resulting in a final volume of 50 mL. These flasks and dispersant were 
chosen based on the results of the trials described in Section 2.4. Larvae 
were added to the flasks at the D-hinge stage (approx. 48 hpf) and 
stocked at 2 larvae per mL, resulting in a total of 100 larvae per flask in 
the 50 mL total culture volume. Flasks were continuously agitated at 60 
rpm. Controls of a 100% algal ration alone were set up in triplicate. The 
bead concentrations representing 0%, 20%, 33.3%, 42.9%, and 50% of 
total algal cell volume and each was each tested in duplicate. Table 1 
details the amount of algae and beads added to each flask as both 

numbers and volumetric concentrations per unit volume. The experi
ment lasted until 14 dpf, at which point larvae were collected on a 45 μm 
screen and then washed into 30 mL shell vials and fixed with 10% 
buffered formalin (100 μl.mL−1). The number of larvae in each vial was 
counted and shell lengths and widths were measured as described in 
Section 2.4.2. 

2.6. Effects of bead concentration on mussel larval growth and survival: 
constant total particulate volume 

A second experiment was carried out when keeping the total volume 
of algal cells and/or beads constant for all treatments. Larval bivalve gut 
processes are determined by volumetric rates of ingested particles (Gray 
et al., 2015); therefore, it was important to test bead microplastic con
centrations under constant volumetric particle conditions to reduce the 
effects of different total particle volumes on feeding and digestive pro
cesses. The full (100%) algal ration used in these experiments was 
30,000 cells per mL for the first 5 days and 50,000 cells per mL over the 
remaining experimental period to 14 dpf. 

Experimental conditions (larval age and densities, flask type, anti
biotics and dispersant) were the same as those described in Section 2.5 
and modified as needed for experimental treatments. Two control 
groups that were fed the 100% algal ration (Table 2 row 1) were 
included: 1) those with the addition of 2.5 mg.L−1 methyl cellulose 2) 
those without methyl cellulose. These controls were included to deter
mine if methyl cellulose had an impact on larval survival or growth. 
Partial algal rations of 0%, 25%, 50%, 75% by total cell volume were 
each set up in duplicate. Each of these algal ration treatments included 
additions of 2.5 mg.L−1 methyl cellulose. One set of flasks received 
partial algal rations with no microplastic bead additions (Table 2 rows 
2–5, designated as “No beads additions”) and the other set received the 
same partial algal rations with the remaining percent suspended par
ticulate volume of the 100% algal ration made up by bead additions 
(Table 2 rows 6–9, designated as “Beads additions”). 

The experiment was terminated and larvae counted and measured as 
described in Section 2.5. Image J software (National Institute of Health, 
Bethesda, MD) was used to measure the surface area of each larva and 
the surface area of beads associated with each larva. The bead counts 
within each mussel shell cavity were divided into two categories, 1) 
those accumulated outside of the body tissues (non-ingested) that had 
accumulated within the shell cavity near the mouth, and 2) those that 
had been ingested and were present within the bodies of larvae (Fig. S3). 

2.7. Data analysis 

Statistical analyses were performed using R Studio (RStudio Team, 
2020) and JMP software (v15.1.0; SAS Institute Inc.). Levene’s test and 
Shapiro-Wilk’s test were carried out to assess homogeneity of variance 
and normality of distributions, respectively. The data that met these 
assumptions included: bead concentration data and larval survival data. 
For these data, one- and two-way ANOVAs were applied. These were 
used to compare the effects of exposure conditions for both particle 
(factors: movement & flask type and dispersant/concentration combi
nation) and larval optimization (factors: antibiotics & movement and 
flask type & movement) experiments as well as to compare fitted linear 

Table 1 
Experimental treatments for the dose-response larval experiment. Bead concentrations were based on the volume of the 100% daily algal ration of 30,000 cells per mL. 
Bead concentrations increased proportionally when the 100% algae ration was increased to 50,000 cells per mL per day on day 6.  

Percent Algal 
Ration 

Beads as percent algal 
volume 

Algal cells per 
mL 

Volume of algae per mL 
(μm3) 

Beads per 
mL 

Volume of beads per mL 
(μm3) 

Total particle volume per mL 
(μm3) 

100 0 30,000 2,400,000 0 0 2,400,000 
100 20 30,000 2,400,000 114,592 480,000 2,880,000 
100 33.3 30,000 2,400,000 190,795 799,200 3,199,200 
100 42.9 30,000 2,400,000 245,799 1,029,600 3,429,600 
100 50 30,000 2,400,000 286,479 1,200,000 3,600,000  
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models. The factors here were movement (stationary and rotated), flask 
type (DB, FB, CB, and BB), antibiotics (with and without), dispersant 
type (lignin sulfonate, gum arabic, and methyl cellulose), and dispersant 
concentration (2.5 mg.L−1 and 5 mg.L−1). For analysis of the dispersants 
on particle suspension a one-way ANOVA was used and each combina
tion of dispersant concentration and type were combined into a single 
factor because though the dispersant and concentration design was fully 
crossed, the addition of the control (i.e. 0 mg.L−1) made the design 
unbalanced. Following identification of significant differences with 
ANOVAs, Tukey HSD post hoc tests were used to identify significant 
differences among treatment groups. Generalized linear models with 
Gaussian distributions were fit to assess impacts on growth and survival. 
A Multivariate Analysis of Variance (MANOVA) was performed to 
evaluate the effects of flask type and agitation conditions on larval 
growth and survival, as well as particle suspension. Data normality and 
homogeneity of variance were not met for bead agglomerate data, all 
larval growth measurements, and dose response survival values; there
fore, the non-parametric Kruskall–Wallis and Dunn tests were used to 
compare means of these data. Concentration-response curves were 
constructed and EC50 values were calculated using the DRC (Analysis of 
Dose-Response Curves) package, fitted with the log-logistic model 4 
(Ritz et al., 2015). The significance level for all statistical tests was set at 
p < 0.05. 

3. Results 

3.1. Particle suspension and agglomeration 

Four types of 125 mL flasks (flat, dimple, baffled, and custom) were 
compared for their ability to maintain ultraclean latex beads in sus
pension. The initial concentration of beads in the experiment with 
different flask types was 5.8 × 106 beads.mL−1. Rotated flasks main
tained significantly higher concentrations of suspended beads than non- 
rotated flasks (p ≤ 0.001, Table S2, Fig. S4). It was found that the 
different flasks performed similarly in maintaining particle concentra
tions over the 48 h experimental period; however, at the 24 h time point, 
perimeter concentrations in the dimple-bottom flasks were significantly 
higher than those for the other flask types (p ≤ 0.05, Table S3). The 
interaction between ‘flask type and movement’ was not significant (p >
0.05, Table S3). 

The initial concentrations of beads in the flasks with different dis
persants ranged from 9.8 × 106–1.2 × 107 beads.mL−1 (Table S4). Dif
ferences in maintaining concentrations of particle suspensions were 
evident for the different dispersant types (Fig. S5A). At 24 h, addition of 
methyl cellulose at the high (5 mg.L−1) concentration resulted in 
significantly more of the initial concentration of beads remaining in 
suspension compared with the control (p ≤ 0.01, Table S5). At 48 h, high 
concentration of methyl cellulose (5 mg.L−1) was significantly better at 
maintaining the beads in suspension in the perimeter of the flasks 
compared to the control and all other dispersant treatments (p ≤ 0.01, 
Table S6). At 48 h, both the low (2.5 mg.L−1) and high (5 mg.L−1) 

concentrations of methyl cellulose resulted in significantly higher con
centrations of beads in the interior remaining in suspension than for the 
control and other dispersants, except for lignin sulfonate at 5 mg.L−1 (p 
≤ 0.01, Table S7). 

Beads agglomerated over the 48 h experimental period but there 
were clear differences in the ability of the different dispersants in 
reducing agglomeration. Both low (2.5 mg.L−1) and high (5 mg.L−1) 
concentrations of methyl cellulose, as well as the high (5 mg.L−1) con
centration of lignin sulfonate were significantly more effective in 
reducing agglomeration than the other dispersants and concentrations 
(p ≤ 0.05, Table S8, Fig.S5B). 

3.2. Toxicity of dispersants 

Of the dispersants tested, methyl cellulose and lignin sulfonate were 
found to be the most effective in maintaining beads in suspension, as 
well as preventing agglomeration over a 48 h period; therefore, a 48 h 
toxicity test was carried out with both of these dispersants. Lignin sul
fonate was found to be toxic for developing larval mussels at concen
trations above 10 mg.L−1 (Fig. S6A). Quantification of the abnormal 
larvae resulted in an EC50 value of 11.25 mg.L−1 (Fig. S6A). Methyl 
cellulose was not toxic at concentrations as high as 100 mg.L−1; there
fore, no EC50 value could be calculated for the range of tested concen
trations (Fig. S6B). The superior performance of methyl cellulose in 
maintaining microplastic particle suspensions, as well as lack of evi
dence of toxicity for developing mussel larvae, made it the optimal 
dispersant for use in the microplastic particle assays with mussel larvae. 

3.3. Antibiotics 

The impact of additions of 2 mg.mL−1 of the antibiotic chloram
phenicol was assessed for mussel larvae grown in both 10 L containers 
and flat-bottom flasks. The addition of this antibiotic significantly 
increased survival of larvae reared in 10 L containers (p ≤ 0.05, 
Table S9, Fig. S7). Larval growth was not significantly impacted, either 
negatively or positively, by the presence of chloramphenicol when 
cultured in 10 L containers (Fig. S8). When cultured in rotating flat- 
bottom flasks, larvae were larger in terms of shell lengths and widths 
when antibiotics were added, compared to those without added anti
biotics. When cultured under stationary conditions, larval growth was 
not significantly different between those cultured with and without 
antibiotics (Table S10, Fig. S8). 

3.4. Flask selection and agitation 

To assess the optimum flask and agitation type for mussel larval 
growth and survival, larvae were grown in four different flask-bottom 
types that were either placed on an orbital shaker or kept stationary. 
The performance of the larvae reared in these containers was then 
compared with that of larvae reared in 10 L containers. There were no 
significant differences in survival between larvae reared in the different 

Table 2 
Experimental treatments for the constant volume larval experiment. Bead concentrations were based on the starting 100% algal ration of 30,000 cells per mL. Bead 
concentrations increased proportionally when the 100% algal ration was increased to 50,000 cells per mL on day 6.  

Microplastic 
beads 

Percent Algal 
Ration 

Beads as percent algal 
volume 

Algal cells per 
mL 

Volume of algae per 
mL (μm3) 

Beads per 
mL 

Volume of beads per 
mL (μm3) 

Total particle volume per 
mL (μm3) 

No bead 
additions 

100 0 30,000 2,400,000 0 0 2,400,000 
75 0 22,500 1,800,000 0 0 1,800,000 
50 0 15,000 1,200,000 0 0 1,200,000 
25 0 7500 600,000 0 0 600,000 
0 0 0 0 0 0 0 

Bead additions 

75 25 22,500 1,800,000 143,239 600,000 2,400,000 
50 50 15,000 1,200,000 286,479 1,200,000 2,400,000 
25 75 7500 600,000 429,718 1,800,000 2,400,000 
0 100 0 0 572,958 2,400,000 2,400,000  
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flask bottom types except the non-rotated baffled flasks, in which there 
was a significantly lower survival than in the other flask types (p ≤ 0.05, 
Table S11, Fig. S7). Neither were there any significant differences in 
larval growth among the different flask bottom types (Fig. S8). In 
contrast, both survival (Table S12) and growth (Table S13) of larvae in 
the flasks were significantly greater than those reared in the 10 L con
tainers (Fig. S8). Overall, the optimum conditions for both (1) mussel 
larvae survival and growth, and (2) particle suspension was in rotated, 
dimple-bottom flasks with additions of 2 mg.L−1 chloramphenicol and 
2.5 mg.L−1 methyl cellulose (Table S14). 

3.5. Growth trial with beads: dose response 

The optimized exposure conditions — rotated DB flasks containing 
methyl cellulose and chloramphenicol (Table S14) — were used in ex
periments to determine the effects of bead concentration on larval 
mussel survival and growth. A dose-response experiment was conducted 
to evaluate the effects of increasing concentrations of microplastic beads 
when provided to mussels fed a full daily ration of microalgae. Although 
mussel larval survival appeared to decline with increasing concentra
tions of beads (Fig. 1) this trend was not significant. In contrast, a 
generalized linear model for growth (final shell length and width) 
showed an inverse correlation between bead concentration and larval 
growth parameters (glm, p < 0.05; Fig. 2). It was found that larvae 
exposed to a bead concentration volumetrically equivalent to a 50% 
algal ration were significantly smaller, in both shell length and width, 
than those exposed to beads at either 0% or 20% algal volumetric 
equivalents of beads (p ≤ 0.05, Table S15 and S16). EC50 values could 
not be calculated because none of the treatments resulted in <75% 
survival, or <80% of the control’s growth. 

3.6. Growth trial with beads: constant total particulate volume 

In this experiment, the effects on larval growth and survival of 
increasing concentrations of ultraclean latex beads, when provided as 
volumetric replacements for partial algal rations, were compared with 
the performance of larvae fed on the same partial algal rations alone. 
There were no significant differences in larval growth and survival be
tween control flasks with and without the addition of methyl cellulose 
(data not shown); therefore the methyl cellulose-containing control 
flasks were used as the controls for statistical comparison with all other 
treatments in this experiment. A generalized linear model showed that a 
decrease in algal ration was correlated with a decrease in larval survival 
with and without added beads (glm, p ≤ 0.0001; R2 = 0.82 algae only, 
R2 = 0.91 algae and beads; Fig. 3); furthermore, the addition of beads 
was shown to be a significant variable in the model (glm, p = 0.00343). 
The slopes of the lines in response to algal ration with and without bead 
additions were significantly different (glm interaction term p = 0.0233, 
Fig. 3) with additions of beads further reducing larval survival with 
decreasing algal rations. 

Overall, both length and width of the larvae increased with 
increasing ration (Fig. 4). The impact of the beads on larval growth was 
less pronounced than their impact on survival. Only at a 0% algal ration 
was there a difference in length and width of larvae with and without 
beads, with beads having a significant negative effect on final shell di
mensions (p ≤ 0.05, Table S17 and S18). 

Mussel larvae were found to ingest 2 μm latex beads (Fig. 5). The area 
of ingested beads increased with the volumetric percentage of beads in 
the ration (p ≤ 0.05, Table S19). The area of non-ingested beads 
observed within the shell cavity near the mouth was significantly higher 
in larvae exposed to the 100% bead ration than for those exposed to the 
25% bead ration (p ≤ 0.05, Table S20). 

Fig. 1. Percent larval survival with increasing volumetric concentrations of beads fitted with a generalized linear model. Equation for survival: y = 88.658–0.147×, 
R2 = 0.36, p = 0.287. The solid line is the fitted glm. The gray zone around the line represents the 95% confidence interval of the fitted model. The solid points are the 
average of the replicates, and the dashed vertical lines on either side of the points show the standard error. 
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Fig. 2. Larval growth (final shell length and width) with increasing volumetric concentrations of beads fitted with a generalized linear model. Equation for shell 
length: y = 239.819–0.446×, R2 = 0.50, p = 0.0221; equation for shell width: y = 200.168–0.414×, R2 = 0.48, p = 0.0271. The solid line is the fitted glm. The gray 
zone around the line represents the 95% confidence interval of the fitted model. The solid points are the average of the measured larvae within the replicate, and the 
dashed vertical lines on either side of the points show the standard error. 

Fig. 3. Percent survival of mussel larvae 
fed on different rations of algae with and 
without the addition of microplastic 
beads. Lines show fitted generalized 
linear models. Algae-only equation: y =

79–0.0838×, R2 
= 0.82, p = 0.035; algae 

and beads equation: y = 62.8–0.291×, R2 

= 0.91, p = 0.012. The solid lines are the 
fitted glm. The gray zones around the 
lines represent the 95% confidence in
tervals of the fitted models. The solid 
points are the average values for the rep
licates, and the dashed vertical lines on 
either side of the points show the standard 
errors.   
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Fig. 4. Final shell lengths and widths of 14-day old mussel larvae fed on different rations of algae either with (Algae and Beads group) or without (Algae Only group) 
the addition of microplastic beads. Significant differences between measurements in the Algae Only and Algae and Beads groups are designated with a star (*) 
(Kruskal-Wallis and Dunn test, p < 0.05). The solid points are the average values for the replicates, and the dashed vertical lines on either side of the points show the 
standard errors. 

Fig. 5. The proportion of total larval shell area occupied by beads for 14-day old mussel larvae fed on different volumetric rations of 2 μm latex beads. Data points 
represent averages for flask replicates (n = 2) based on measurements of 15 random larvae sampled from each flask. The proportions are allocated to either: a) area 
within the body (ingested) or b) area within the shell cavity but non-ingested (zones detailed in Supplemental Fig. S3). Images of 14-day old larvae exposed to: A) 
100% beads with 0% algae and B) 25% beads with 75% algae. The gray zones around the solid lines represent the 95% confidence intervals of the fitted models. The 
solid points are the averages of the measured larvae within the replicate, and the dashed vertical lines on either side of the points show the standard errors. 
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4. Discussion 

4.1. Optimizing conditions for microplastic bead exposures 

4.1.1. Dispersants 
One of the greatest problems in exposure assays of marine organisms 

to microplastic suspensions is the lack of information on changes in 
particle concentrations during the exposure period. It is important to 
minimize settlement and agglomeration of particles over the duration of 
an experiment so that the reported dosages reflect the levels experienced 
by the organism throughout the trial period. This issue has been 
addressed in other studies through the use of aeration (Cole and 
Galloway, 2015), agitation on a rotary wheel (Beiras et al., 2018), and 
manual stirring (Weber et al., 2020) and by the addition of natural 
organic matter (NOM) to coat particles and reduce agglomeration 
(Fadare et al., 2019; Qiao et al., 2019). NOM coatings simulate organic 
coatings that would naturally cover microplastic particles in the envi
ronment (Gigault et al., 2021). Use of effective dispersants in studies 
with microplastics is especially important in saltwater exposures, as 
higher salinities are known to increase particle agglomeration (Shupe 
et al., 2021). NOM is not an ideal microplastic-coating because it: (1) can 
be composed of a variety of organic molecules and is not fully defined 
(Junaid and Wang, 2021), and (2) may contribute nutritionally to the 
diets of the exposed organisms (Amariei et al., 2022). NOM may also act 
as a food source for microorganisms, and may both impact the microbial 
flora of the microplastic coating and the microbiome of consumers 
(Fabra et al., 2021). For these reasons, we investigated alternative, 
chemically defined and nutritionally inert dispersants for microplastic 
beads. Additions of either methyl cellulose (2.5 and 5 mg.L−1) or lignin 
sulfonate (5 mg.L−1) to microplastic bead suspensions in seawater were 
successful in both maintaining concentrations of particles in the water, 
as well as minimizing agglomeration. Gum arabic neither maintained 
bead suspensions, nor reduced agglomeration. 

Following the identification of methyl cellulose and lignin sulfonate 
as effective dispersants, a toxicity assay was conducted with these dis
persants. Lignin sulfonate was found to be toxic to developing mussel 
larvae, while methyl cellulose was not. Lignin sulfonate is known to be 
toxic to fish at high concentrations; for example, a 48 h LC50 of 7300 mg. 
L−1 was determined for rainbow trout exposed to lignin sulfonate 
(Roald, 1977). Additionally, lignin sulfonate has the potential to 
decrease the pH of solutions (Jones and Mitchley, 2001); however, in 
this study pH levels were found to be within acceptable levels, between 
8.15 and 8.5, in the assay with mussel larvae. No dose-response or 
toxicity data for methyl cellulose could be found in the literature; 
however, Rosa et al. (2013) coated polystyrene (PS) microbeads with 
methyl cellulose to eliminate their surface charge in feeding studies with 
adult mussels and oysters without observed toxicity effects. Because it 
was not found to be toxic, and is highly effective in maintaining 
microplastic particles in suspension, methyl cellulose would likely be 
able to coat and act as a dispersant for other types of microplastics; 
however, more experimentation would be necessary to establish if it was 
effective in maintaining larger or denser particles, such as rubber tire 
particles, in suspension. 

4.1.2. Antibiotics, agitation, and flask type 
Addition of antibiotics to larval cultures significantly increased sur

vival as well as shell growth in some culture vessel types. This is not 
surprising, as antibiotics have been reported to increase yields of 
cultured bivalve larvae (Prado et al., 2010). Antibiotics were added to 
minimize confounding factors in the larval microplastic exposures by 
reducing the effects of biofilms as a potential source of nutrients for the 
mussel larvae (Amariei et al., 2022). 

Use of constant rotational movement of the flasks was found to be 
beneficial not only for keeping the microplastics in suspension, but for 
enhancing larval survival and growth. One study found rotation on an 
orbital shaker to be detrimental to larval culture (Beiras et al., 2018); 

however, their vessels were rotated at a higher rate than in this current 
study, which may be the cause of this discrepancy. Rotation has the 
potential to concentrate larvae and particles into the center of the vessel. 
For this reason, it was important to assess flasks with different bottom- 
shapes that could aid in minimizing this vortex effect. Therefore, flat-, 
baffled-, custom- (i.e. a more pronounced baffle) and dimpled-bottomed 
flasks were each evaluated for their impacts on particle suspension and 
larval culture. Assessment of particle suspension over 48 h in each flask 
type, revealed that the flasks performed similarly to each other. The only 
significant difference was that the dimple-bottomed flask retained a 
significantly higher percentage of its initial bead concentration at 24 h; 
which could be because the convex interior of the dimpled-bottom 
prevented the concentration of microplastic beads at the center of the 
bottom of the flasks. 

The performance of larvae cultured in 125 mL flasks of different 
bottom-shapes, containing 50 mL of seawater, was compared both 
among the flask types, and to that of larvae cultured in 10 L culture 
vessels containing 5 L of seawater. Flask bottom types had similar effects 
on larval survival and growth, with the exception of baffled-bottomed 
flasks that had a negative effect on survival; therefore, the baffled- 
bottom flask was not selected for further experiments. With similar 
larval performances among other flask types, the improved performance 
of the dimple-bottom flask in maintaining particles in suspension 
resulted in its selection for larval culture experiments in this study. 

Larval performance in flask cultures outperformed that of larvae 
cultured in the 10 L containers, as determined by both larval survival 
and growth. Other studies have cultured larval bivalves exposed to 
microplastics in small volumes of seawater, often due to a limited 
availability of microplastics for testing. Twelve-well plates, that hold 
several milliliters of seawater, have been commonly used for 48 h or less 
microplastic exposures (Bringer et al., 2020a; Bringer et al., 2020b; 
Franzellitti et al., 2019) and researchers studying longer exposures (>
72 h) have used volumes ranging from 0.25 to 1 L (Rist et al., 2019a; van 
der Schatte Olivier et al., 2020). Beiras et al. (2018) attempted to expose 
mussel larvae to microplastics in 10 mL of seawater but observed 
significantly reduced survival. This reduced larval survival may have 
been due to elevated surface area-to-volume ratios of small culture 
volumes, resulting in surface-associated bacteria having a more pro
nounced negative effect on larvae than in larger culture volumes. In our 
study, the addition of antibiotics also likely reduced negative effects of 
bacterial coatings of the culture vessel surfaces. 

4.2. Adverse effects of microplastic beads on mussel larvae 

Using optimized exposure conditions, the impacts of 2 μm ultrapure 
latex beads on larval M. californianus was determined in two different 
ways. Firstly, a traditional dose-response experiment was conducted in 
which all larvae were fed on full algal rations and the concentration of 
microplastic beads varied among treatments. The dose-response exper
iment showed that exposure to high concentrations of microplastic 
beads had negative impacts on larval mussel growth; however, inter
pretation of these results can be confounded by the effects of increased 
total (algal cells and beads) particle concentrations that result from 
additions of higher concentrations of beads. 

A second experiment was carried out to assess the effects of micro
plastic beads while maintaining a constant total volume of suspended 
particles. This constant-volume experiment showed that bead effects 
depended on algal ration, suggesting that nutrient dilution by ingested 
beads in the larval gut is more pronounced with lower algal rations. 
Because bivalve larvae may naturally undergo periods of food scarcity in 
the environment, knowing the extent to which food availability alters 
microplastic impacts is necessary for the extrapolation of lab-based 
findings to real-world impacts. Our finding that the negative effects of 
microplastics are exacerbated at lower algal rations indicate that other 
studies that only exposed larvae to beads in combination with full algal 
rations, may have underestimated the full impacts of microplastics on 
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larval bivalves. 
The experimental conditions of previous exposures of larval bivalves 

to microplastics are summarized in Table S1 and briefly discussed here 
in relation to the findings of this current study. In our first experiment, 
exposure to microplastic beads at increasing concentrations did not 
cause significant mortality. Similarly, mortality has not been observed in 
other larval bivalve exposures to PS microplastics when the algal ration 
was kept constant and surfactant-free microplastics were used (Bringer 
et al., 2020a; Capolupo et al., 2018). Additionally, we observed that only 
the larvae exposed to the highest concentration of beads, equivalent to 
50% of the volume of the full algal ration, were significantly smaller 
than larvae fed on the full algal ration. Other studies have found that 
larval growth is impacted by the presence of PS beads; for example, 
Bringer et al. (2020a) found that oyster larvae exposed to surfactant-free 
micro PS beads (1–5 μm at 0.1–10 mg.L−1) were smaller than unexposed 
larvae when fed identical algae rations. Additionally, Balbi et al. (2017) 
saw a significant decrease in shell size of mussel larvae following 
exposure to nano PS particles (50 nm at 0.001–20 mg.L−1, surfactant- 
free). 

Conflicting impacts of microplastic exposures on larval bivalve 
development have been reported. Capolupo et al. (2018), did not 
observe developmental abnormalities in mussel larvae exposed to up to 
10,000 particles.mL−1 of 3-μm PS beads without surfactants. Malformed 
larvae were not observed in this current study either. In contrast, Rist 
et al. (2019a) reported a dose-dependent increase in malformations in 
larval M. edulis exposed to between 0.42 and 282 μg.L−1 of 2 μm PS over 
15 days. Though the bead size and exposure duration in the study by Rist 
et al. (2019a) match conditions of this current study, their microplastic 
bead suspension contained Tween 20 and sodium azide, which may have 
had an adverse effect on the larvae. Like Rist et al. (2019a), Bringer et al. 
(2020b), reported negative impacts to larval bivalve development 
following exposure to microplastics even though their particles were 
surfactant-free (4–20 μm polyethylene at 0.1–10 mgL−1). Certain plastic 
leachates and additives are known to impair the growth and develop
ment of larval bivalves (e Silva et al., 2016; Ke et al., 2019), and the 
various polymer types, coatings, and additives of microplastics used for 
exposures (Table S1) likely account for the different reported impacts on 
development. In all of these studies, as well as in our own dose-response 
exposure, algal rations were kept constant over the range of tested bead 
concentrations, resulting in a possible confounding effects of total par
ticle concentrations on larval responses. 

In the second experiment, total volumes of particles (beads plus algal 
cells) were kept constant for all bead exposures to study the larval effects 
of bead concentration, independent of total particle concentration ef
fects. Reducing the algal ration decreased mussel larvae growth and 
survival. A further reduction in survival was evident when beads were 
added to a 25% algal ration or beads were fed to starved larvae. Addition 
of beads to higher algal rations had no effect on larval growth, as 
determined by final shell lengths and widths. Food limitation has been 
suggested as the dominant mechanism through which microplastics 
cause negative impacts on organisms (de Ruijter et al., 2020; Mehinto 
et al., 2022); for example, studies with the freshwater crustacean 
Daphnia magna showed that adverse effects of microplastics on growth 
and survival were exacerbated under low food conditions (Ogonowski 
et al., 2016; Schür et al., 2021). Additionally, the adverse effects of PS 
microbeads increased for adult mussels under limited food conditions 
(Shang et al., 2021; Wang et al., 2021). Shang et al. (2021) found that 
exposure to microplastics under a food shortage weakened the mussel’s 
byssal threads and Wang et al. (2021) showed that exposure to micro
plastics induced oxidative stress for starved mussels. Rist et al. (2019a) 
assessed the acute uptake – over 4 h – of microplastics on larval bivalves 
under food-limited conditions. They used concentrations of 100%, 75%, 
and 50% of the algal volume replaced with beads and found that 
increased volume percentages of beads corresponded with increased 
bead uptake. Additionally, they confirmed that 2 μm plastic particles 
were actively filtered and ingested by mussel larvae; however, when 

assessing impacts on larval growth rate, they varied the concentration of 
beads but fed all larvae full algal rations (Rist et al., 2019a). Therefore, 
though uptake has been explored, no previous reported studies inves
tigated the impacts of microplastics on growth and survival of larval 
bivalves under food limited conditions. 

We observed increasing micro-bead ingestion following exposure of 
larval mussels to increasing volumetric proportions of beads in the diet. 
Ingestion of beads will result in nutritionally inert beads reducing the 
gut volume occupied by ingested algae, resulting in dilution of ingested 
food (Gray et al., 2015). Adult Mytilus have the ability to counteract the 
impacts of food dilution by increasing ingestion (Kiørboe et al., 1980). 
Larval mussels are also able to select and reject filtered particles (Gall
ager, 1988; Newell and Langdon, 1996), including microplastic beads 
(Rist et al., 2019a). Though feeding activity in bivalves decreases with 
lower food availability (Tenore and Dunstan, 1973), larval mussels in 
this study were seen to actively ingest 2 μm beads even without algae 
present. In the 100% bead exposures mussel larvae were observed to 
take up large quantities of microplastic beads. These were observed both 
in the gut and near the mouth. Particles at the entrance of the mouth 
could be either rejected or held for later ingestion (Newell and Langdon, 
1996). Microplastic exposure can impact assimilation efficiencies and 
nutrient uptake in adult bivalves. Gardon et al. (2018) found that 
exposure to microplastics had a negative impact on food assimilation in 
adult pearl oysters (Pinctada margaritifera). Additionally, exposure to 
microplastics, especially under limited food conditions, impacts the 
energy budget of mussels (Wang et al., 2021). It is unknown if micro
plastic exposure impacts the energy budget of larval mussels as shown 
for adult mussels. 

The spherical microplastics investigated in this study are not fully 
representative of environmental microplastic pollution. In surface wa
ters, estimates of microplastics between 100 and 5000 μm are extremely 
low, around 1 particle per mL; however, plastic pollution can be 
heterogenous in surface waters, which may not be captured when 
extrapolating over large geographic areas (Lenz et al., 2016; Lindeque 
et al., 2020; Sutton et al., 2019). In our study, we conducted exposures 
with only 2 μm beads in concentrations up to 5.7 × 105 beads.mL−1. This 
study’s treatments were devised as percentages of the algal ration vol
ume with the amount of microplastics added calculated based on the 
volumes of the algal rations. This was done to investigate potential 
replacement of food particles with a comparable volume of inorganic, 
non-nutrient, particles; therefore, the concentrations we used by particle 
count were above those currently measured in the environment. How
ever, it is important to note that we used 2 μm beads and current 
monitoring methods do not typically identify particles <10 μm (Beiras 
and Schönemann, 2020). Traditional sampling nets have mesh sizes of 
around 300 μm (Lindeque et al., 2020; Sutton et al., 2019), which would 
be too large to capture the size of microplastics used in this study. In 
their 2020 study, Lindeque et al. found that the concentration of 
microplastics found in environmental samples is highly dependent on 
the size of the mesh used for sampling, with decreasing net mesh size 
drastically increasing the concentration of microplastics. They also 
postulated that, because of these sampling constraints, microplastic es
timates in the environment are underestimated (Lindeque et al., 2020). 
Additionally, microplastics in the environment occur in a variety of 
shapes that also include fragments and fibers. Nonetheless, the results of 
this work could be similar to the effects of different types and shapes of 
microplastics within the size range that larvae can ingest. Nutrient 
dilution, due to microplastic particles occupying the gut volume, 
appeared to be a large driver of the impacts observed in this study and 
could occur with microplastics of different shapes. More research would 
be necessary to identify the residence time of microplastic particles of 
different shapes within the guts of larval bivalves. Future work would 
also benefit from comparisons of impacts of microplastics and natural 
inert particles of similar size, such as clay and cellulose particles. This 
would help establish if the observed impacts of this study on bivalve 
larval physiology are specific to microplastic particles or can be 

B. Cunningham et al.                                                                                                                                                                                                                           



Journal of Experimental Marine Biology and Ecology 567 (2023) 151929

11

produced by other nutritionally inert natural particles, such as clay and 
cellulose microparticles. 

5. Conclusion 

Measures should be taken to ensure that microplastic particles 
remain in suspension in order to maintain concentrations during chal
lenge assays with suspension-feeders, such as bivalve larvae. In this 
study, a system was developed for exposing larval mussels to ultra-pure 
microplastic beads, that optimized conditions for both larval growth and 
maintenance of suspended particle concentrations. Both survival and 
growth of larval M. californianus were impacted by two-week exposure 
to 2 μm latex beads during early development. Impacts on survival were 
more severe under food limited conditions where the volume of the algal 
ration was replaced by equivalent volumes of beads in order to maintain 
constant total suspended particle volumes. Experiments that do not ac
count for this may be underestimating the impacts of microplastics on 
larvae in the natural environment. Larvae were found to actively take up 
the 2 μm microplastic beads, both in the presence and absence of algae. 
A dose-dependent relationship was observed in which increasing con
centrations of suspended beads resulted in higher proportions of the 
larval gut being occupied by beads. More research is needed to deter
mine the extent to which nutrient uptake and energy allocation of larval 
bivalves is impacted by exposure to microplastic particles. 
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