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Abstract

Anthropogenic microfibres are a prevalent, persistent and globally distributed form of marine debris. Evidence of
microfibre ingestion has been demonstrated in a range of organisms, including Mytilus spp. (mussels), but the extent
of any impacts on these organisms are poorly understood. This study investigates, for the first time, the effect of
exposing juvenile mussels to polyester and cotton microfibres at environmentally relevant concentrations (both cur-
rent and predicted future scenarios) over a chronic timescale (94 days). Sublethal biomarkers included growth rate,
respiration rate and clearance rate. Mussels were exposed to polyester (median length 149 um) and cotton (median
length 132 um) microfibres in three treatments: polyester (~ 8 fibres LN, polyester (~ 80 fibres L=" and cotton (~ 80
fibres L™). Mussels exposed to 80 polyester or cotton microfibres L~ exhibited a decrease in growth rate of 35.6%
(polyester) and 18.7% (cotton), with mussels exposed to ~80 polyester microfibres L™' having a significantly lower
growth rate than the control population (P<0.05). This study demonstrates that polyester microfibres have the poten-
tial to adversely impact upon mussel growth rates in realistic future scenarios, which may have compounding effects
throughout the marine ecosystem and implications for commercial viability.
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Synopsis

Anthropogenic microfibres are a common type of marine
debris. Juvenile mussels chronically exposed to environ-
mentally-relevant concentrations of plastic microfibres
exhibited significantly reduced growth rates.

Introduction

Microplastics are a persistent and pervasive contaminant
that have been identified in freshwater, terrestrial and
marine ecosystems worldwide [1-5]. Studies suggest that
as much as 4.8 to 12.7 million metric tons of plastic enters
the world’s oceans every year [6] and this is expected
to rise as plastic manufacturing rates are forecast to
increase [7]. Microplastics are found in the environment
in a myriad of different shapes, commonly categorized as
fragments, fibres, films, or beads. Fibres are one of the
most common morphologies of microplastic identified
in environmental studies [8-13], accounting for up to
91% of the total identified microplastics in some studies
[14]. These small anthropogenic fibres, termed microfi-
bres, are typically composed of polyester, polypropylene
or nylon, however numerous studies also report the pres-
ence of naturally derived and semi-synthetic cellulosic
microfibres (e.g. cotton, rayon) in environmental sam-
ples [15-18]. Despite their prevalence in environmental
samples, semi-synthetic microfibres have received rela-
tively little attention compared to their traditional plastic
counterparts [18]. Microfibres are predominantly gener-
ated from the fragmentation of textiles, stemming from
the day-to-day use and washing of clothes, and from the
weathering and abrasion of marine infrastructure such as
netting and rope [19-25]. For an informative review on
the sources, sinks and exposure pathways of microfibres,
see Suaria et al. [18].

Bivalve shellfish, including mussels, oysters and clams,
are highly cultivated marine species critical for global
marine food security [26, 27]. Bivalve shellfish have been
demonstrated to readily consume microplastics (e.g.
[28-32], and in a recent review, shellfish were shown
to typically have far higher body burdens of microplas-
tics (microplastics gram™! wet weight) than pelagic and
demersal fish [33]. The environmental concentration
of microplastics with a size range that is bioavailable to
mussels is typically in the range of 0.01—10 microplastics
L~! [34]. However, such values are likely underestimated
owing to the complexities of sampling and identify-
ing <100 pm microplastics [12, 13]. Indeed, recently stud-
ies have shown waterborne microplastic concentrations
of 88 items L~! [35]. There are concerns microplastics
might pose a risk to these ecologically and economically
important organisms, for example, by reducing growth
rates or survival, or increasing risk of disease, thereby
posing a risk to shellfish commercial viability. As a result
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of microplastic exposure, marine mussels (e.g. Mytilus
edulis, Mytilus galloprovincialis) can display inflamma-
tory responses [36], increased antioxidant enzyme lev-
els [37-39], increased hemocyte mortality [40] and a
reduction in the number of byssal threads produced and
attachment strength [41]. However, most studies inves-
tigating the effect of microplastic ingestion by marine
organisms use plastic concentrations many orders of
magnitude larger than those currently seen in the envi-
ronment [42, 43], Lenz, Enders and Nielsen [34] note this
discrepancy may result in inaccurate predictions and per-
ceptions of the effect of microplastics upon the marine
ecosystem. Furthermore, the majority of toxicity studies
have not investigated the effects of microplastic fibres,
which are the most common morphology of plastic
identified in environmental samples [13, 44, 45]. Other
research gaps or critiques we have identified include:
studies are typically performed over relatively short peri-
ods of time, precluding the monitoring of chronic health
effects; a lack of non-plastic controls; and, a focus upon
the adult life stage, with little data emerging on the risks
to juvenile or larval stages, which are generally much
less resilient to environmental pollutants [46]. Two stud-
ies which did consider effects on juvenile life stages of
bivalve shellfish are Capolupo et al. [47], who investigated
the effect of the ingestion of 3 pm polystyrene microplas-
tics on Mytilus galloprovincialis larvae, observing RNA
transcriptional changes as a result of microplastic inges-
tion at 50,000 and 500,000 microplastics L™ (upregula-
tion of shell biogenesis and immunomodulation genes
and inhibition of genes coding for lysosomal enzymes);
and Thomas et al. [48], who observed increased mortal-
ity and a decrease in lysosomal membrane stability and
condition index (a measure of the physiological state of
the animal) in juvenile oysters exposed to 10° polystyrene
beads L™! (6 um diameter) over 80 days. In both these
studies, however, microplastic concentrations were far
greater than what is currently reported in the environ-
ment [34].

This study seeks to address these research gaps by
undertaking a chronic exposure study in which juvenile
mussels are exposed to current environmentally relevant
and feasible future-scenario concentrations of microfi-
bres over a three-month period. Microfibres comprised
both polyester and cotton to enable a direct comparison
of the toxicity of microplastic fibres and a cellulose-based
semi-synthetic microfibre control. We seek to test the
hypothesis that sublethal health markers, such as growth
rate, respiration rate and clearance rate, are affected in
mussels by the presence of anthropogenic microfibres.
This study provides evidence of the risk that microfi-
bres pose to the growth of Mytilus spp., a keystone genus
important for global food security [49].
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Experimental methods

Contamination control

Care was taken at all stages to prevent the contamination
and cross-contamination of microfibre exposure treat-
ments. Wherever possible, glass apparatus and consuma-
bles were used to prevent the introduction of microfibres.
When this was not possible, sterile, clean plastic con-
sumables were used. All apparatus and consumables were
rinsed thoroughly with Milli-Q prior to use. Samples and
equipment were covered with aluminium foil wherever
possible to minimize exposure to airborne contamina-
tion. Microfibre manufacture, mussel preparation, and
microscopy were performed within the Plymouth Marine
Laboratory ultraclean microplastics facility, which mini-
mizes microplastic contamination via a HEPA filtered
positive pressure airflow system (which removes 99.95%
of airborne particles with a diameter of 0.3 pm), in addi-
tion to controlled personnel entry, cotton lab coats (of
a different colour to the cotton microfibres used in the
study) and tack mats to remove footwear contamination.

The model organism

Juvenile Mytilus spp. (~1 cm anterior—posterior length;
n=200) were gathered on 15th June 2020 from Trebar-
with Beach, Cornwall (50.643794 N, -4.763651 W ). Mus-
sels were harvested from intertidal rocks and placed
into buckets filled with seawater from the same location;
buckets were placed into cool boxes surrounded by ice
packs and transported to a 15 °C controlled tempera-
ture laboratory. Subsequently, mussels were housed in
two 5 L beakers filled with filtered seawater (100 mussels
in each beaker). Filtered seawater (FSW) was prepared
using natural seawater sampled from station L4 (www.
westernchannelobservatory.org) in the western English
Channel, diluted with ultrapure water to Salinity =35, fil-
tered through two 5 um filter cartridges (RS Pro House
S cartridge) and UV sterilized (EHEIM reeflexUV 350).
Mussels were fed by pipetting 1 mL concentrated micro-
algae feed (35 pg/mL), comprising Isochrysis, Paviova,
Tetraselmis, Thalassiosira weissflogii, and Thalassiosira
pseudonana, into each beaker ad libitum (Instant Algae
Shellfish Diet 1800, Reed Mariculture). Mussels were
visually inspected every 24 h for one week, removing any
deceased organisms; seawater was changed and mussels
were fed every 48 h.

Manufacture of microfibres

Small sections of 100% cotton or 100% polyester fabric
(verified using a PerkinElmer Spotlight 400 FT-IR micro-
scope) were cut from new textiles, and microfibres were
manufactured from these garments through manual cry-
ogrinding. The textiles chosen were brightly coloured
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(yellow cotton; red polyester) to allow for easy identifica-
tion of fibres and to distinguish from any contamination.
Textile sections were frozen using liquid nitrogen, and
ground using a mortar and pestle to produce individual
fibres. Resultant fibres were then rinsed several times
with Milli-Q water and size-fractionated by vacuum fil-
tration over two filters (10 and 500 um nylon mesh discs)
to retain microfibres approximately 10-500 pm in length.
The two microfibre stocks were stored in Milli-Q water
in the dark at ~ 2 °C to limit microbial growth. Fifty
fibres from each stock were measured using an Olympus
SZX16 microscope (Magnification: 8.06x) with CellSens
software (Olympus): polyester microfibres had a median
length of 148.95 pm (mean 293.5 um, SE+47) and a
median diameter of 10.21 pm (mean 12.03 pm £0.72 SE);
cotton microfibres had a median length of 132.33 pum
(mean 171.5 pm, SE+22.0) and a median diameter of
19.23 um (mean 20.47 um +0.69 SE).

Experimental set up

All experimental work was conducted within a con-
trolled temperature laboratory (15 °C, 16:8 h light/dark
cycle). Header tanks (80 L clear polypropylene crates
with lids; n=4) were filled with 40 L FSW (salinity
35+1), with the addition of microalgae (Shellfish Diet
1800) to a final concentration of 0.74 ug L' (concentra-
tion based upon pilot experiments, see Supplementary
information). Water temperature and salinity were mon-
itored throughout the experiment, and salinity adjusted
by adding Milli-Q water where required. One header
tank was used for each treatment, with the addition of
either cotton or polyester microfibres to achieve nomi-
nal concentrations of either 8 or 80 microfibres L™}, with
8 microfibres L™! being representative of microplastic
concentrations observed in the natural environment [9,
34, 50-52], and 80 microfibres L™! representing a feasi-
ble future-scenario environmental concentration given
continued growth in global plastic production rates, and
representative of current microplastic concentrations
in heavily polluted water bodies close to anthropogenic
input such as estuaries [35, 53]. Actual concentrations
were verified throughout the exposure period by filter-
ing 1 L subsamples through a GFF filter (Whatman)
and enumerating microfibres under an Olympus SZX16
microscope. Recirculation pumps in each tank ensured
microfibre homogeneity, and a peristaltic pump (Wat-
son Marlow 323S) was used to dispense treatments to
mussel aquaria (1 L glass beakers with lids, n=5 per
treatment) at a flow rate of 76 mL/h. This ensured that
aquarium volume was maintained at 1 L volume which
was replaced approximately twice within a 24-h period,
thereby removing waste materials and providing a
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continuous supply of food and microfibres to the mus-
sels. Pump filters were removed to prevent microfibre
retention within pumps. Header tanks were swapped
with clean tanks weekly, and old tanks cleaned thor-
oughly with a surface active cleaning agent (Decon 90)
and MilliQ water; header tanks were placed randomly
(Excel random number generator) each week to remove
any positional effect. The 20 mussel aquaria were housed
in large spill trays so that displaced water could be con-
tinuously removed. To ensure mussels remained within
the water column, for each replicate five juvenile mussels
were secured onto a wooden spatula (spaced 5-10 mm
apart), using non-toxic, aquarium-safe silicone, and then
spatulas fully submerged into individual aquaria (see
Supplementary Fig. SI1). Each replicate aquaria there-
fore housed five mussels, for a total of 25 mussels per
treatment. Aquaria housing the mussels were cleaned
weekly, with the mussels carefully removed and the 20
aquaria emptied and cleaned, before being rinsed and
refilled with 1 L of the corresponding treatment solu-
tion from the header tank, ensuring consistent micro-
fibre exposure concentrations throughout the study.
The experiment was performed over a 94-day period.
An experimental flowchart and labelled picture of the
experimental set-up can be found in the Supplementary
data (SI2 and SI3, respectively).

Evidence of microfibre ingestion

To verify that the mussels had consumed the experimen-
tal fibres, at the end of the exposure period mussels were
digested to isolate experimental microfibres. Mussels
were euthanized via freezing, then soft tissues excised
and rinsed in Milli-Q water to remove any microfibres
present within the cavity around the soft tissues. Soft tis-
sues were placed into pre-weighed individual glass vials
and dried in a dehydrator overnight, then weighed again
(Oxford A2205D) to ascertain mussel dry weight (mg).
Tissues were digested using 10 mL 10% KOH with addi-
tion of 0.01% Tween20 surfactant for 48 h at 50 °C, in a
rotational incubation chamber (Stuart Scientific SI50;
125 rpm). Both polyester and cotton are resistant to
KOH digestion in the conditions utilized in this experi-
ment [54]. Digested samples were filtered onto polycar-
bonate filter discs (10 pm pore size, 47 mm diameter) in
a laminar flow hood, and rinsed with copious amounts of
Milli-Q. Filters were covered and dried in a dehydrator,
then visually inspected under an Olympus SZX16 micro-
scope to quantify experimental microfibres; experimental
microfibres were first identified by their physical char-
acteristics (i.e. distinctive shape, size and colour), then a
subset were verified using a PerkinElmer Spotlight 400
FT-IR microscope and comparing to the spectra from the
pre-exposure microfibres.
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Measurement of biological endpoints

Three variables were measured throughout the experi-
ment: mussel shell length, clearance rate, and respira-
tion rate. Clearance and respiration rate measurements
were taken on alternate weeks to reduce handling stress.
Where mussel mortality occurred, the data for the
affected mussel was removed from the whole time series,
to remove any bias from pre-mortality effects on mussel
growth, clearance rate or respiration.

As mussels were kept alive throughout the experi-
mental period, soft tissue weight could not be used to
assess mussel growth. Instead, mussel anterior—posterior
shell length was measured for the assessment of mussel
growth on days 0, 11, 21, 32, 44, 59, 72, 86 and 93. Mus-
sels on spatulas were removed from aquaria and gently
placed onto the stage of an Olympus SZX16 stereomicro-
scope where images of the mussels were captured using a
DP74 camera and CellSens software (Olympus, v2.1), and
promptly returned to their aquaria. Images were analysed
using Image ] version 1.52a [55]; shell lengths (um) for
individual mussels were measured in triplicate for each
timepoint.

Mussel clearance rates (L h™!) were measured on days
30, 44, 58, 72, 86 and 93 to track shifts in feeding activ-
ity. A stock of 10 L FSW containing 1 mL of Shellfish
Diet 1800 was prepared, and 500 mL aliquots dispensed
into 1 L beakers (n=20). Spatulas housing the mussels
were removed from aquaria and carefully placed into
these beakers for 2 h, before being placed back in their
aquaria. 10 mL samples from each beaker were trans-
ferred into labelled 15 mL Falcon tubes at T=0, T=1 h
and T=2 h. At each timepoint, the water in the beaker
was gently mixed before the solution was removed to
ensure sample homogeneity. Samples were filtered onto
clean GF/F filters (0.1 um pore size); filters were placed
into 15 mL Falcon tubes with 10 mL 90% acetone solu-
tion and left overnight in a -20 °C freezer, to extract chlo-
rophyll. Chlorophyll a concentrations were measured
in triplicate using a fluorometer (Turner Designs Tril-
ogy, model #7200-000). The fluorometer was calibrated
using a serial dilution of chlorophyll stock solution of
known concentration (1057.9 pg L™!) to create a stand-
ard curve; the linear regression equation of this line of
best fit (R?>0.99) was used to convert sample fluores-
cence (RFU) to chlorophyll-a concentration (ug L) in
the clearance rate samples. Subsequently, clearance rates
were calculated using Chlorophyll 2 values following the
method set out in Widdows and Staff [56] and the equa-
tion in Coughlan [57] (see Supplementary information).

Oxygen consumption rates of mussels in each rep-
licate were measured on days 22, 37, 51, 65, 79 and 93
and were used to calculate respiration rates (umol L™
O,). Glass respiration vials (40 mL) were fitted with an
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oxygen sensitive spot (503,090, World Precision Instru-
ments) and filled to the brim with aerated FSW. Spatu-
las housing the mussels were removed from each beaker
and carefully placed into the respiration vial; the vial was
then sealed with a rubber bung, and the mussels left to
acclimate for 5 min. Oxygen concentrations in the vials
were ascertained via a fibre optic oxygen meter (Oxy
mini, World Precision Instruments) and oxygen satura-
tion (%) and phase shift was recorded every 15 min for
an hour (T=0, 15, 30, 45, and 60 min after measure-
ment start time). This timeframe ensured that oxygen
concentrations never decreased by more than 50% dur-
ing the monitoring period. Mussels were then promptly
returned to their aquaria. Data were calibrated using
both a 0% oxygen solution (Hanna Instruments HI7040)
and a 100% oxygen saturated seawater solution. The
average phase shift results of these two standards were
used to create a calibration curve, through which the
recorded phase shift values were converted to a tem-
perature and salinity corrected %O, saturation value.
Finally, the %O, saturation data was converted into pmol
L~ O, as per Talbot et al. [58].

Statistical analysis

Statistics were conducted using R statistical analysis
software (version 3.6.0). Data were tested for normality
(Shapiro—Wilk) and homogeneity of variance (Levene’s
test). Where data passed assumptions of normality, para-
metric ANOVA tests with Tukey’s post-hoc testing were
used. In data where results violated a-priori assumptions
of normality, non-parametric Kruskal-Wallis tests were
performed, followed by Dunn’s post-hoc pairwise testing
to observe whether individual experimental groups dif-
fer significantly. Statistical significance is assigned where
P<0.05 (95% confidence interval).

Results

Microfibre concentrations

Microfibre concentrations were monitored throughout
the exposure period (Table 1), with average waterborne
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concentrations of: 7.88 fibres L1 +0.74 SE (nominal: 8
polyester fibres L™?); 78.8 fibres L' £ 5.8 SE (nominal: 80
polyester fibres L™'); and 81.7 fibres L™*47.5 SE (nomi-
nal: 80 cotton fibres L™!). Conditions will be referred to
herein by their nominal concentrations (8 or 80 fibres
L) for clarity.

Digestion of mussels and identification of microfibres
Digestion and microscopic analysis of mussels revealed
experimental microfibres within the soft tissues, which
were verified via FT-IR spectral analysis (Table 1, Supple-
mentary Figs. SI4 and SI5). In the polyester treatments,
an average of 8.65+1.6 SE and 18.78+ 3.4 SE fibres were
identified within mussels exposed to 8 L™' microfibres
and 80 L™! microfibres, respectively. In the cotton treat-
ment, an average of 34.36 fibres+3.9 SE were identified
(Table 1). In all treatments, we observed an average of
4.25+0.87 SE non-experimental fibres per individual,
likely owing to airborne contamination in the controlled
temperature laboratory; this background contamination
was removed from the results.

Mortality

The average survival rate across treatments was 72.5%,
with the majority of individuals lost in the first few weeks
of the exposure (79% of the total mortality was recorded
in the first month). Treatment had no significant effect on
mortality (Kruskal-Wallis, P=0.77). Where >50% mussel
mortality was observed within an aquarium (i.e. the loss
of 3 out of 5 individuals), this replicate was removed from
further analysis; this occurred in one control aquaria, two
80 L' cotton exposure aquaria, and one 80 L™! polyes-
ter exposure condition, leaving a minimum of n=3 repli-
cates for each condition.

Effects of microfibers on mussel growth

Mussel growth was observed in all treatments (see Sup-
plementary Table SI6 for raw data). The largest increase
in mean shell length over the three-month period was in
the control group (938.5 um=+230.0 SE). Mean growth

Table 1 Nominal and measured microfibre concentrations in aquaria for each condition and mean experimental microfibres
identified in digested mussel soft tissues following exposure experiment

Nominal concentration
(microfibres L")

Microfibre polymer

Measured concentration
(microfibres L")

Experimental microfibres in
mussel tissues (microfibres

mussel™")
Control (no microfibres added) N/A 0
Polyester 7.88+0.74 SE 865+ 1.6SE
Polyester 80 788+£58SE 18.78+34SE
Cotton 80 81.7+75SE 3436+£39SE

SE Standard error
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was comparatively lower in all treatment groups (Fig. 1A):
906.3 um+89.0 SE (8 polyester L), 644.1 pm=+88.0
SE (80 polyester L™!) and 778.4 um=130.0 SE (80 cot-
ton L™1). A significant reduction in growth was observed
in the 80 polyester microfibres L™ treatment group
from Day 32 onwards (Kruskal-Wallis, P<0.05), and on
Day 59 only in the 80 cotton microfibres L' treatment
(Kruskal-Wallis, P<0.05).

Mean growth rate (Fig. 1B) in the control was
9.75 um day ' mussel™'. Mussels exposed to 80 poly-
ester microfibres L' had significantly reduced growth
rates (6.28 pm day ! mussel™’; 35.6% decrease;
Kruskal-Wallis, P=0.004) as compared with the control
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(9.75 um day ! mussel *). The mean growth rates of the
8 polyester L™ exposure group (9.45 pm day ' mussel %;
3.1% decrease; Kruskal-Wallis, P=0.40) and the 80 cot-
ton L™! exposure group (7.93 um day~ ' mussel™; 18.7%
decrease; Kruskal-Wallis, P=0.09) appeared lower than
the control, but this decrease was not statistically signifi-
cant. In comparing polyester and cotton (at 80 microfi-
bres L™!), no significant difference in growth rate was
observed (Kruskal-Wallis, P=0.12).

Effect of microfibres on mussel clearance rate
Mussel clearance rate decreased over the experimen-
tal period for all experimental treatments (Fig. 2A,
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Fig. 1 A Plot displaying mean increase in mussel shell length over time (um) for each experimental condition. Coloured shading shows SE around
the mean at each timepoint. * denotes results which are significantly lower than the control at each timepoint, P<0.05 (Kruskal-Wallis with Dunn’s,
post-hoc test). B Box and whisker plot showing median mussel growth rate (um day~' mussel ") for each experimental exposure condition. Box
displays interquartile range, whiskers display full range. Letters denote statistical significance between treatments, P<0.05 (Kruskal-Wallis test with
Dunn’s post-hoc test). For a colour version of this figure, the reader is directed to the online version



Walkinshaw et al. Microplastics and Nanoplastics (2023) 3:5

Supplementary Table SI7), although this decrease was
not uniform between conditions. Statistical difference in
clearance rates differed by timepoint; for example, in the
8 polyester L™ exposure mussels had a significantly lower
clearance rate than the control group at day 44 (Kruskal—
Wallis, P=0.004), however at day 58, mussels in both the
8 polyester L™! and 80 polyester L™! exposure conditions
exhibited significantly higher clearance rates than the con-
trol group (Kruskal-Wallis, P=0.030 and 0.011, respec-
tively). The 80 cotton L™! condition had a statistically
higher clearance rate compared to the control (Kruskal—
Wallis, P=0.024) on day 30. After day 58, no significant
difference in clearance rate between experimental groups
was observed. Clearance rate in each experimental expo-
sure condition varied more and had a greater range than
the control group; control clearance rate varied by a maxi-
mum of 67.1% from the first timepoint (day 30), whereas
the three experimental groups varied by a maximum of
85.4%, 77.6%, and 88.9% (8 polyester L™!, 80 polyester L™
and 80 cotton L™! respectively). The 80 polyester L™ and
80 cotton L™! clearance rate results did not differ signifi-
cantly at any timepoint (P> 0.05, all timepoints).

Effect of microfibres on mussel respiration rate

Mussel respiration rate decreased over the experimen-
tal period for all conditions (Fig. 2B, Supplementary
Table SI8). In the control group, respiration rates stabi-
lized more quickly than in all three microfibre exposure
conditions. Compared to the control group, respiration
rate was significantly higher in the 8 L™! polyester expo-
sure group in the first three experimental timepoints
(Kruskal-Wallis: d 22, P=0.044; d37, P=0.014; d51,
P=0.013). Throughout the experiment there was no sig-
nificant difference in respiration rate between the con-
trol group and the 80 L™* cotton or polyester microfibre
exposure groups. As with the clearance rate results, there
was no significant difference between the 80 L™! polyes-
ter or cotton microfibre exposures throughout the exper-
iment (P>0.05 at every timepoint).

Discussion

This is the first chronic exposure experiment assessing
the effect of anthropogenic microfibres on bivalves. Juve-
nile mussel growth rates were significantly reduced when
exposed to 80 polyester microfibres L1, with significant
differences in growth evident after 32 days of exposure.
Microfibre treatments had no significant impact on mor-
tality, respiration rates or clearance rates.

Microfibre ingestion

The uptake of cotton and polyester microfibres by juve-
nile mussels was confirmed by isolating experimental
microfibres from the soft tissues. When exposed to a
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higher concentration of polyester microfibres, a higher
number of polyester microfibres were identified in mus-
sel tissues, in agreeance with findings elsewhere [59].
Almost twice as many cotton microfibres were found
in soft tissues as compared with polyester microfibres
(when provided at equal concentration); this may be due
to the mussels having a greater capacity to deal with cel-
lulosic fibres such as cotton, as Mytilus spp. are known to
possess a high level of cellulase activity [60, 61], or may
possibly reflect subtle differences in fibre morphology
(cotton microfibres had a greater diameter than polyester
microfibres) or variance in the egestion time of the dif-
ferent microfibres. The two microfibres were different
in colour, however there is no evidence that mussels can
selectively ingest particles based on their colour. While
we can conclude microfibres were ingested by the mus-
sels, owing to the small size of the juvenile mussels uti-
lized here, we were unable to excise and digest specific
tissues, and cannot confirm which organs they might
affect or for how long the microfibres may be retained.
Previous studies using adult specimens have identified
microplastics within the digestive gland, gills, digestive
tract, mantle and circulatory system [32, 38, 62—64].

Biological endpoints

Exposure to anthropogenic microfibres were demon-
strated to reduce growth rates of juvenile mussels. Sig-
nificant reductions in growth were observed in mussels
following 32 days exposure to 80 polyester microfibres
L~L. This reflects probable future scenarios for micro-
plastics in coastal waters as global plastic production
rates rise, and is representative of microplastic concen-
trations already observed in heavily polluted marine and
estuarine sites, which have seen microplastic concentra-
tions of 88-247 particles L7t [35, 53, 65]. Our results
highlight the importance of conducting chronic exposure
studies when considering microplastic toxicity. While the
impact of microplastics on lower levels of biological hier-
archy (i.e. molecular endpoints) can become evident over
short timescales [66], the impact of environmentally rele-
vant concentrations of microplastics on apical endpoints
(e.g. growth, reproduction, survival) that have the great-
est relevance to populations and communities, require
far longer observation periods. Other aquatic organisms
have also exhibited lower growth rates when exposed to
microplastics, including fish [67], zooplankton [68], crus-
taceans [69], and corals [70].

We postulate that observed reductions in mussel
growth in response to microfibres stem from either an
energetic shortfall, or a shift in the energetic budget.
An energetic shortfall, resulting from reduced feeding
or assimilation rates, would play an instrumental role in
curtailing growth. Such effects could stem from a ‘false
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Fig.2 A Average clearance rate per mussel (L h~" mussel™") for each experimental exposure condition. x-axis denotes days after experiment start.

B Average respiration rate per mussel (umol O, L~ h.~") for each experimental exposure condition. x-axis denotes days after experiment start. *
denotes statistical significance when compared to the control group at each timepoint, P<0.05 (Kruskal-Wallis test with Dunn’s post-hoc test)
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satiation’ effect, as indigestible anthropogenic particles
replace volumetric mass of digestible matter, [71-73], or
shifts in feeding behaviors to avoid consuming microplas-
tics. For example, the copepod Calanus helgolandicus has
been observed to shift to foraging smaller microalgae to
avoid consuming larger microplastics, which resulted in
reduced energetic uptake and consequently the produc-
tion of smaller eggs with reduced hatching success [74].
Previous studies have shown adult mussels can increase
pseudofaeces production to reduce uptake of 75-1075 um
nylon microfibres when 34—495 microfibres are offered
to actively feeding organisms [75]. However, we observed
no significant decrease in the clearance rates of mussels
exposed to 8—80 microfibres L™, and must therefore sur-
mise these mussels suffered no energetic shortfall. How-
ever, reduced growth rate could also stem from energy
being diverted away from growth into processing ingested
microfibres in the gastrointestinal tract [76, 77], or repair-
ing damage caused by these microfibres. A number of
toxicity studies provide evidence that microplastics can
cause adverse sub-lethal health effects at the molecular
and cellular level of biological hierarchy in adult Mytilus
edulis and Mytilus galloprovincialis. For example: expo-
sure to<100 pm polyethylene and polystyrene powders
for 7 days can alter granulocyte/hyalinocyte ratios indica-
tive of an increased immune response [38, 78]; exposure
to>0-80 pm high-density polyethylene grains for up to
96 h can result in decreased lysosomal membrane stability
and increased granulocytoma formation indicative of cel-
lular damage [36]; exposure to a mixture of <400 pm poly-
ethylene and polypropylene powder for 10 days increased
superoxide dismutase (SOD) activity in the digestive
glands and gills, indicative of oxidative damage, and
haemocytic DNA damage [37]. A heightened immune
response, DNA, cellular and tissue repair, and upregula-
tion of antioxidative pathways will all require energetic
expenditure, thereby shifting energy away from growth
and reproduction [79]. Indeed, dynamic energy budget
modelling of Adult Pacific oysters (Crassostrea gigas)
exposed to 2 and 6 pm polystyrene microspheres reveals
homeostatic changes in stress and immune responses
resulting in energy flow disruption, redirecting energy
away from reproduction towards organism maintenance
and growth [76]. Whilst not considered in the present
study, a combined investigation of energy budgets and
subcellular toxicity of microfibres in a similar chronic
exposure experiment may clarify the mode of effect of
microfibres on mussels over chronic timescales.

We found no evidence of microfibres impacting upon
mussel feeding or respiration rates. Similarly, expo-
sure to 1 and 10 pm polystyrene beads for 8 days had
no significant effect on Pacific oyster (Crassostrea gigas)
larvae feeding or growth at<100 microplastics mL™
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[80]. Furthermore, European flat oysters (Ostrea edulis)
exposed to HDPE and PLA at concentrations of 0.8 and
80 pg L™! for 2 months showed no alteration in respira-
tion, clearance rates or growth rate compared to con-
trol organisms [81]. Conversely, mussels exposed to
3000-30,000 polyester microfibres L™ (length 459 um)
for 72 h exhibited significant reductions in their filtra-
tion rates [32],however, these concentrations are around
340 x higher than used in this experiment and are not
reflective of environmental concentrations. In this study,
clearance and respiration rates decreased over the first
6 weeks of exposure, and then remained stable for the
remainder of the experiment. Previous studies have indi-
cated that mussel acclimation to laboratory conditions
takes around 14—21 days [82—84]. However, the clearance
and respiration rate measurements observed here suggest
that juvenile mussels may take even longer to acclimate.

Comparing polyester and cotton microfibres

While plastic microfibres such as polyester are widely
investigated in the literature, this study is among the first
to consider the effect of anthropogenic cellulosic fibres
such as cotton. Growth rates of mussels exposed to 80 cot-
ton or polyester microfibres L ™! were not significantly dif-
ferent, however when compared to the control condition,
only polyester microfibres caused a consistent significant
decrease in growth rate. Given the comparable morpholo-
gies of the cotton and polyester microfibres in this study,
the difference in their effect on mussel growth rate may
be due to their chemical characteristics, which were not
investigated in this study. Future research should therefore
consider the mechanisms by which different anthropo-
genic polymers (whether natural, semi-synthetic or fully
synthetic, with and without additives and dyes) may affect
organisms. Though the perceived decrease in growth rate
of 19% in mussels exposed to 80 cotton microfibres L™
was not significantly lower than the control group in this
study, given the large numbers of semi-synthetic microfi-
bres used in textiles and found in marine samples [18], we
recommend investigations into the effects of manmade
cellulosic microfibres on marine biota are made a research
priority. Greater use of positive controls in microplastic
studies, such as the use of cotton microfibres, are recom-
mended to help explain the mechanisms by which anthro-
pogenic particulates cause toxicity in marine organisms.

Environmental relevance

Mussels provide a range of ecosystem services, includ-
ing biofiltration, food provision and carbon sequestra-
tion [85]. A reduction in growth rate will result in smaller
mussels with comparatively lower clearance rates, reduc-
ing their capacity to function as effective biofilters and
remove carbon through consumption and egestion of
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phytoplankton. While mussels with reduced growth rates
may reach the same size as the control population over
a longer period of time, this may pose a risk to bioen-
ergetics within marine food webs, as in natural popula-
tions, smaller mussels will be less energetically valuable
to predators (e.g. gastropods, echinoderms, seabirds and
mammals). While in commercial populations, a reduc-
tion in growth rate will increase the time taken for mus-
sels to reach harvestable size, with smaller mussels having
lower commercial value. Molluscs (mostly bivalves) were
the second-most farmed group of aquatic animals after
finfish in 2018 [26], with 17.7 million tonnes produced
by global aquaculture; as such, negative impacts on the
growth of bivalve shellfish has the potential to impact
upon their commercial viability.

Data presented here explores the effect of microfibres
on mussel health in a controlled environment. However,
in the marine environment, mussels are exposed to mul-
tiple stressors, from pollutants to climate change (e.g.
warmer temperatures, acidification). Effects observed
here may therefore be compounded through multi-stress
impacts on mussels which may leave populations less
resilient and lead to decreased population health [86,
87]. As bivalve populations take longer to grow they may
be more prone to disease, or susceptible to morbidity or
mortality following extreme events (e.g. heat stress, oxy-
gen depletion) [88—90]. Global bivalve populations are
already declining, with many bivalve species listed as
endangered and several classified as extinct [45]; it is pos-
sible that increasing concentrations of microplastics and
microfibres may exacerbate this rate of decline, though
further research is required to confirm this hypothesis.

Conclusion

The growth rate of juvenile mussels was significantly
decreased when exposed to 80 polyester microfibres
L% This reduction in growth rate may increase the time
taken for bivalves to grow to a harvestable size, increas-
ing the time and investment required for the growing of
bivalves for human consumption, potentially increasing
costs and presenting a risk to commercial viability. Fur-
ther, the mean growth rate of mussels exposed to 80 cot-
ton microfibres L' was reduced by 19%; though this was
not a significant reduction, it nevertheless highlights the
importance of investigating the effects of other anthropo-
genic particles on biota. The effects detailed here could
have broadscale effects on marine ecosystems; as bivalves
are a prey item for many species, sublethal health effects
such as reduced growth rates will cause additional stress
in an ecosystem already suffering from multiple stressors
through the effects of climate change, overfishing, and
anthropogenic pollution.
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