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ARTICLE INFO ABSTRACT

Keywords: Microplastics are a prolific environmental contaminant that pose a risk to marine organisms. Ecotoxicological
Microplastic studies have identified microplastics can cause sub-lethal harm to aquatic biota. However, prior studies often
Pollution lack comparability and environmental relevance, for example focussing upon monodisperse beads at extremely
izsgii‘ll:sn high concentrations. Copepods are keystone marine taxa that play vital roles in the marine food web and
Ecotoxicology biogeochemical cycling. In this study, we adapted ISO methods to conduct acute and partial life-cycle toxicity
Marine tests exposing adult and juvenile life stages of the copepod Acartia tonsa to a fully characterised tri-polymer

microplastic blend comprising cryoground polyethylene, polypropylene, and nylon particles (5-100 pm) at
concentrations ranging 0-1000 pg L. The tests considered the toxicity of microplastics on a wide number of
endpoints including adult survival, algal ingestion rates, egg production and size, larval development ratio and
juvenile survival. Mortality, egg size and larval development ratio proved to be the most sensitive endpoints. The
tri-polymer blend had an LC5074;, value of 182 pg L™} providing a baseline for future toxicity testing using this

method.

1. Introduction

Microplastics are ubiquitous environmental contaminants found in
natural ecosystems across the globe, including sediments, soils, ground-,
fresh- and marine water and sea ice (Rochman, 2018). They are now
considered an irreversible and planetary boundary threat (Morasae
et al., 2024; Villarrubia-Gomez et al., 2018). These solid, insoluble
polymeric particles and fibres, with any dimension ranging 1-1000 pm
(ISO, 2023), are either manufactured to a microscopic size (primary
microplastics) or derive from the fragmentation of macroplastics (sec-
ondary microplastics) (Cole et al., 2011; Hartmann et al., 2019). Sec-
ondary microplastics stem from a wide variety of domestic, commercial,
industrial, agricultural and maritime materials, including single-use
plastics, packaging, textiles, tyres and paints (Knight et al., 2020; Mul-
ler-Karanassos et al., 2021; Wang et al., 2021). Aeolian deposition, wind,
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run-off, rivers and wastewater systems facilitate the transport of macro-
and microplastics into the natural environment where they are subject to
photooxidative, physical and biological degradation (Auta et al., 2017;
Zhang et al., 2021). As such, microplastics in environmental settings are
diverse in polymer, size, shape, chemical composition, colour and state
of degradation (Kooi et al., 2021; Rochman et al., 2019; Thompson et al.,
2024).

Owing to their prevalence and small size, microplastics are readily
adhered to, inhaled or ingested by a vast array of terrestrial, freshwater,
and marine species (Chang et al., 2022). Ecotoxicological studies have
evidenced microplastic exposure can cause genotoxicity (Sun et al.,
2021), cytotoxicity (Fleury and Baulin, 2021), heightened immune
response (Détrée and Gallardo-Escarate, 2018), physiological effects
(Sussarellu et al., 2016) and altered behaviour (McCormick et al., 2020).
While a lack of methodological harmonisation makes broader
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comparative analyses challenging (de Ruijter et al., 2020; Horn et al.,
2020; Thornton Hampton et al.,, 2022a; Thornton Hampton et al.,
2022b), a recent meta-analysis concluded that microplastics are haz-
ardous to aquatic life, posing a greater toxicological risk than natural
particulates (Ogonowski et al., 2023). As small microplastics are diverse
and multifaceted, with different physiochemical properties and associ-
ated matters such as chemicals and microorganisms, it is crucial for
future research to consider the multidimensional attributes of micro-
plastics (Li et al., 2024). A major limitation of many previous micro-
plastic toxicity studies is that they lack environmental relevance; for
example, using a singular type of particle (e.g. spherical beads which are
rarely identified in environmental samples) with a narrow size distri-
bution (i.e. monodisperse) dosed at unrealistically high particle con-
centrations (Connors et al., 2017; Gouin et al., 2019; Gouin et al., 2024;
Gouin et al., 2022; Pencik et al., 2023). Identifying the harm micro-
plastics pose to reproduction, growth and survival of keystone organ-
isms is crucial in driving targeted interventions, including regulatory
and legislative change (e.g. Global Plastics Treaty) (Aanesen et al.,
2024). Improving the environmental relevance of toxicological studies
and incorporating dose-response metrics will facilitate the development
of more environmentally relevant risk assessments and thresholds
(Chowdhury et al., 2024; Mehinto et al., 2022; Thornton Hampton et al.,
2022a).

Copepods are among one of the most abundant and diverse groups of
marine zooplankton, with habitats ranging from coastal waters to the
open ocean, and from polar regions to tropical seas. Marine copepods
play a critical role in the global ocean, supporting food webs, and
contributing to fisheries productivity, nutrient flux, and carbon
sequestration (Botterell et al., 2023; Turner, 2015). Given their
ecological importance, global distribution and high abundance, sensi-
tivity to environmental stressors, and ease of culturing, copepods have
been recommended as valuable model organisms for toxicological
testing (Nilsson et al., 2018; Raisuddin et al., 2007). In this study, we
investigate the toxicity of a tri-polymer blend of microplastics,
comprising irregularly shaped cryo-milled particles of low-density
polyethylene (LDPE), polypropylene (PP) and nylon (PA-6) ranging
5-100 pm diameter, on the marine copepod Acartia tonsa. These poly-
mers were selected as they are commonly found within environmental
water samples and are representative of microplastics found throughout
the water column due to their different densities (Erni-Cassola et al.,
2019). A. tonsa, is a globally distributed calanoid copepod, prevalent in
estuaries, coastal waters, and upwelling zones, with a short life-cycle
with distinct morphological differences between life stages (Fig. 1A)
(Besiktepe and Dam, 2020). Prior studies have observed 6-31 pm
microplastics can be readily ingested by A. tonsa (Cole et al., 2013; Shore
etal., 2021; Svetlichny et al., 2021), while 0.4-3.8 pm microplastics can
adhere to the carapace and appendages of calanoid copepods (Cole et al.,
2013). To facilitate methodological harmonisation and promote
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comparative analyses between studies (de Ruijter et al., 2020; Horn
et al., 2020; Thornton Hampton et al., 2022a; Thornton Hampton et al.,
2022b), our methodology comprises a 72-h acute toxicity test with adult
A. tonsa adapted from ISO14669 “Determination of acute lethal toxicity
to marine copepods” (ISO, 1999), and a partial life-cycle test recom-
mended in ISO16778 “Calanoid copepod early-life stage test with
Acartia tonsa” (ISO, 2015). The microplastics constituting the
tri-polymer blend were chemically characterised with thermal desorp-
tion and pyrolysis GC-MC as well as GCxGC-MS to elucidate and docu-
ment the chemicals present in the polymers which could potentially
contribute to observed toxicity. The study aims to elucidate whether
acute and chronic exposure to a blend of microplastics poses a lethal or
sublethal risk to a globally relevant marine species, with dose-response
endpoints supporting the development of risk assessments and
thresholds.

2. Materials & methods
2.1. Seawater, microalgae, and copepods

Filtered seawater (FSW) was prepared by filtering natural seawater,
collected from station L4 in the western English Channel (McEvoy et al.,
2023), through a 0.22 pm filter (Whatman) and diluting with ultrapure
water (Milli-Q) to achieve the required salinity (i.e. 20-30 %o). Tem-
perature, salinity, pH, and oxygen saturation of FSW and experimental
media was routinely monitored (Hach HQ4300 multiprobe), with all
parameters meeting the ISO16778 validity criteria (ISO, 2015).

Microalgal prey comprised Tetraselmis suecica (4-10 pm) and
Tisochrysis lutea (3-8 pm), purchased from Reefshotz® (Swansea, UK),
and maintained in autoclaved FSW with Guillard’s F/2 algal nutrient
media. Microalgal concentrations (cells mL’l) were ascertained using a
Sedgewick-Rafter chamber and fed to copepods at a concentration of
50,000 cells mL~! in a ratio of 10 % T. suecica and 90 % T. lutea by cell
count. This blend of microalgal prey is suitable for maintaining the
health of the copepods throughout culturing and experimental work.

Cultures of A. tonsa were procured (ReefShotz®) and maintained in
controlled-temperature laboratories at Plymouth Marine Laboratory
(UK). Copepods were acclimated for a minimum of 48 h in 5 L beakers
containing lightly aerated FSW with microalgal prey. Prior to experi-
mental use, copepod stocks were carefully poured through a 200 pm
sieve suspended in a basin of FSW to isolate adults, and then adult fe-
male A. tonsa selected based upon morphological features. A wide-bore
liquid pipette was used to transfer adult life-stages to an evaporating
dish to confirm copepod identification and condition (i.e. motile with no
damage to antennules). Following this, copepods were subsequently
maintained in a 5 L beaker of FSW for 24 h prior to experimental use.
Adult male and female A. tonsa were used for the acute toxicity test, and
only female A. tonsa used for the partial-life cycle test.
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Fig. 1. (A) Acartia tonsa life cycle, whereby fertilised eggs hatch into nauplii (six stages), which subsequently develop into copepodites (five stages), before maturing
into adults. (B) The partial life-cycle toxicity test involves exposing adult female copepods and their progeny to particulates, with evaluations of a number of
endpoints (orange text). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.2. Microplastic preparation and characterisation

Microplastics comprised low density polyethylene (LDPE), poly-
propylene (PP) and nylon (PA-6) microplastics. These buoyant (PP ~0.9
g cm™3; LDPE ~0.9 g cm™>) and neutrally buoyant (PA ~1.14g cm ™)
polymers are ubiquitous in marine surface waters where zooplankton
feed (Cui et al., 2022; Lindeque et al., 2020; Ramirez-Alvarez et al.,
2020). Cryomilled microplastics (<200 pm; 18,000 RPM high-speed
rotor mill) were prepared from virgin pellets by Carat GmbH. In the
laboratory, microplastic stocks were dry-sieved and particles >100 pm
were further cryoground by-hand using liquid nitrogen and a ceramic
pestle and mortar. A 5-100 pm size fraction of each microplastic stock
was attained by suspending the cryoground microplastics in ultrapure
water and sequentially vacuum filtering the particles through 100 pm
meshes and 5 pm Nucleopore membrane filters (Whatman). Particles of
this size fall within the optimal prey size of A. tonsa (~7-250 pm
depending on life-stage) (Berggreen et al., 1988). Microplastics were
carefully transferred into glass Petri dishes using a stainless-steel
spatula, and then covered with aluminium foil and dried at 60 °C for
48h. A1 gL™! tri-polymer microplastic stock (5-100 pm; 1:1:1 ratio of
polymers by mass) was created by adding 115 mg d.w. (Sartorius R200D
mass balance) of each polymer to a 500 mL glass bottle containing 345
mL of FSW. The tri-polymer blend consisted of equal ratios by mass to
maintain a balanced and controlled experimental design.

Based on the relationship between density, mass and volume,
assuming particles are spherical with a continuous uniform distribution
of particles by size, 1 pg L™ of microplastics would be in the order of 1
microplastic mL™!. However, given cryogenic milling can produce
extremely small particulates that can form aggregates (Gardon et al.,
2022), it was imperative to undertake particulate analyses. Particle size
distribution and morphology of the microplastics were assessed by
Morphology G3, an automated static image analysis providing
morphological information and dimensions (volume = Dv and number
= Dn) of the dispersed particles. The analyses were performed on a 2.5
mL seawater microplastic suspension (as used in exposure) using a wet
cell (Malvern Panalytical, UK). Five areas were analysed using two
microscopic lenses (x5 and x20), with a total of 2.4 cm? per aliquot.
Analyses were carried out on 2 aliquots for each sample, representing
between 20,000 and 40,000 particles per sample.

The chemical composition of the microplastic stocks procured from
Carat GmbH were investigated by i) double-shot thermal desorption and
pyrolysis GC-MS as well as ii) chemical extraction (dichloromethane/
ethyl acetate) of particles followed by screening analysis with GC x GC-
MS. All analysis was performed in triplicate with triplicate laboratory/
procedural blank samples. Details of the analytical methods and data
processing are provided in the Supplementary Materials.

2.3. Experimental set-up

Pilot experiments were conducted to compare adult survival and
juvenile development times across a range of salinities (20-35 %o) and
temperatures (15-20 °C), with optimal conditions being 20 %o, FSW at
~20 °C. As such, all exposures were conducted with 20 %, FSW main-
tained at 19.5 £+ 0.5 °C in a controlled-temperature laboratory with a
16:8 light:dark photoperiod (1800-2100 lux light intensity, Spec-
troSense 2+ Skye light sensor). Experimental media, comprising aerated
FSW with microalgal prey (50,000 cells mL™1), was used to partially-fill
experimental chambers (720 mL glass jars). The tri-polymer micro-
plastic stock was inverted ten times to resuspend the microplastics, and
then a micropipette used to dispense the necessary volume to achieve
final microplastic concentrations of 0-10 mg L1, Next, cohorts of adult
Acartia tonsa were carefully added to each experimental chamber using a
wide bore liquid pipette; cohorts comprised 8 copepods (male and fe-
male) for the acute toxicity test and 5 copepods (female only) for the
partial life-cycle toxicity test. Jars were topped up to the brim with
experimental media (i.e. FSW with microalgae), and lids carefully
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applied to minimise any air bubbles. The ISO14669 and ISO16778
protocols (ISO, 1999; 2015) use static exposure systems that are suitable
for testing soluble chemicals. However, microplastics tend to float or
sink in static systems, resulting in uneven dispersion and reduced
interaction between the stressor and copepods. As such, experimental
chambers were secured onto a plankton wheel and rotated continuously
(<2 rpm) to promote dispersion and interaction between particles and
the copepods.

2.4. Acute toxicity test

Acute toxicity tests were conducted using mortality as an endpoint.
Cohorts of adult A. tonsa (N < 5) were exposed for 72 h to microplastic
concentrations of: 0, 40, 80, 120, 160, 200, 400, 600, 800 or 1000 pg
L. After the exposure period, each bottle was carefully poured through
a 200 pm sieve and the adult copepods backwashed into glass evapo-
rating dishes using FSW. Copepods were visualised under a stereomi-
croscope (Olympus SZX16), with mortality evidenced by complete loss
of motility and movement for 10 s after prodding. To calculate the LC50,
representing the concentration at which a given stressor is expected to
cause mortality in 50 % of a population, a model function was performed
(see ‘Statistical analyses’).

2.5. Partial life-cycle toxicity test

The ISO16778 protocol (ISO, 2015) describes an early-life stage
toxicity test focussing upon hatching success, mortality and the pro-
portion of juveniles that reach the morphologically distinct copepodite
stage, enabling the calculation of a Larval Development Ratio (LDR). As
microplastics cannot pass the egg membrane and early nauplii stages do
not feed, we opted to incorporate the early-life stage protocol into a
partial life-cycle test. The partial life-cycle test (described below;
Fig. 1B) was devised to ascertain whether chronic exposure to micro-
plastics (0, 10, 100 or 1000 pg L™1; N = 5) causes adverse health effects
in adult female copepods and their progeny, with an array of endpoints
considered:

Adult survival. Adult copepods were exposed (see Section 2.3
‘Experimental set-up’ for details) for five days, with a 100 % water change
conducted halfway. To facilitate water changes and following the
exposure period, experimental media was poured through a 200 pm
sieve, slightly submerged in water, to retain adults without causing
physical damage. Adult mortality was determined by observing the
sieves under a stereomicroscope (Olympus SZX16), with mortality evi-
denced by complete loss of motility and movement. Copepods were then
gently backwashed into fresh experimental media.

Algal feeding rates. Adult copepods were transferred to egg produc-
tion chambers, which separate copepod eggs from the adult females, for
a 24 h exposure period. Each chamber was inserted into a 1 L beaker
containing 700 mL of the relevant experimental media and 700 pL of
Guillard’s F/2 to prevent nutrient limitation. As the system could not be
housed on a rotating plankton wheel, a glass pipette airline was placed
between the chamber and the beaker to enhance the microplastic dis-
tribution and homogenisation in the water column. Water samples (1
mL) were taken before (t0) and after the exposure period (t24), and
preserved with 0.1 mL Lugol’s solution. Algal concentrations were
determined using a Sedgewick Rafter chamber, and microalgal clear-
ance and ingestion rates calculated using the equation of Frost (1972).

Egg production rate, egg size and hatching success. Copepod eggs and
nauplii (juveniles) were collected by removing the egg production
chambers, and then carefully pouring experimental media through a 50
pm sieve. Sieves were analysed under a stereomicroscope to quantify the
numbers of eggs and nauplii present (Ty), taking care to scan through all
focal planes given the nauplii are motile. Egg production rates were
calculated by determining the number of eggs produced by adult female
copepods over the 24 h exposure period. Additionally, <10 copepod
eggs were visualised and measured in two dimensions to determine
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mean egg size (Olympus SZX16; Olympus CellSens software). Copepod
eggs and nauplii were transferred into a six-well plate containing 12 mL
of experimental media (~75 % of well volume). After 48 h, the well
plates were visualised under an Olympus SZX16 microscope and the
number of nauplii enumerated (T3). Hatching success was calculated as
the number of nauplii (Ty) divided by the total number of eggs and
nauplii at the start of the experiment (Ty).

Early life stage development. Early life stages were maintained under
experimental conditions until ~50 % of the nauplii in the controls had
developed into copepodites (14 days following egg counts). Water
changes were conducted every 2-3 days by using a serological pipette
equipped with a 20 pm sheath (to prevent removal of nauplii) to care-
fully extract and replace ~50 % of the experimental media. The study
was terminated by adding a few drops of Lugols to each well. Juvenile
copepods were visualised under an Olympus SZX16 microscope, quan-
tifying the number of nauplii and copepodites present in each cohort,
and measuring the prosome length of copepodites (Olympus CellSens
software). The larval development ratio was calculated as the number of
copepodites divided by the total number of juveniles (nauplii and
copepodites) present. Juvenile mortality was calculated as the number
of juveniles (T14) divided by the total number of eggs and nauplii at the
start of the experiment (Tj).

2.6. Statistical analysis

Data were collated in Microsoft Excel (365) and analysed using R
statistical software (version 3.4.1). Data were tested for normality using
a Shapiro-Wilk test and homogeneity of variance was visually inspected
to satisfy parametric requisites. A one-way analysis of variance (one-way
ANOVA) and Tukey’s post hoc tests were used to compare the number of
eggs laid per female, the clearance rate, and the ingestion rate. A
Kruskal-Wallis test, with pairwise comparisons usings Dunn’s test, was
used to compare the larval developmental ratio (LDR), prosome length,
and egg size. To evaluate dose response data (LC50 tests), a binomial
general linear model was conducted with “probit” link function and
prediction responses calculated for 50 % population mortality using the
Mass package (Ripley et al., 2013). The significance level was set at a =
0.05.

3. Results
3.1. Characterisation of the microplastics

The tri-polymer blend of microplastics displayed an irregular
morphology and wide size distribution (SI, Fig. S1). Particle size dis-
tribution morphology indicated a particle size distribution of 45-150 pm
(Dv 10-90 % of the particles) based on particle volume (SI, Fig. S2A),
and 0.6-3.0 pm Dn 10-90 % of the particles) based on particle count (SI,
Fig. S2B). Differences in reported size distribution likely stem from the
irregular shape of the particles and non-binomial distribution of parti-
cles by size, which is reflective of microplastic size distributions in the
natural environment (Lindeque et al., 2020).

Pyrograms obtained of the individual microplastics confirmed the
polymer composition of the particles to be isotactic PP, PE and PA-6
(polycaproamide), respectively (see further details in SI). Plastic
chemicals present in the particles were investigated by both thermal
desorption (TD) analysis and by chemical extraction of particles fol-
lowed by GC x GC-MS. The number of peaks with identified mass
spectral matches >85 % in the replicates of the samples from TD analysis
were 10-22 (PP replicates), 4 (all PA-6 replicates), and 11-17 (LDPE
replicates). Three compounds were identified in blanks. Most of these
compounds (including the blanks) were assigned to alkanes or alkane-
like structures, most likely polymer chain related for PP and LDPE.
From GC x GC-MS analysis, 167 compounds were tentatively identified
in LDPE, 108 in PP and 13 in PA-6 (SI, Table S2). Five compounds were
detected in all the materials. 25 compounds were detected in both PP
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and LDPE. As for the TD analysis, most of the peaks were also here
assigned as alkanes, either straight chain (mainly LDPE) or branched
(mainly PP).

3.2. Acute toxicity test

At microplastic concentrations of 0-600 pg L™ adult mortality was
observed to increase with increasing microplastic concentration, with
100 % mortality observed at concentrations of 400-600 pg L1 (Fig. 2A).
However, adult mortality was reduced to 55 % and 37 % when exposed
to microplastic concentrations of 800 pg L™ and 1000 pg L' respec-
tively. Notably, treatments containing 800-1000 pg L~ of microplastics
showed evidence of particle flocculation, comprising agglomerations of
microalgae and microplastics (Fig. 2B), that was not evident in bottles
containing lower concentrations of microplastics. Discounting the
800-1000 pg L data, a dose-response regression analyses was per-
formed, enabling the calculation of a LC2075}, value of 66 pg L7! and
LC507y, value of 182 pg L™! (Fig. 2C).

3.3. Partial life-cycle toxicity test

Adult survival. Adult survival was significantly affected by exposure
to high microplastic concentrations (Kruskal Wallis, P < 0.01), with 100
% mortality observed in the 1000 pg L™! treatment (Dunn’s test: P <
0.01). In the 0-100 pg L! treatments, adult copepods had an average
survival of 87-93 % after 72 h (Fig. 3A) and 77-87 % after 144 h
exposure (Fig. 3B). There was no significant difference in adult survival
between controls and the 10 pg L™ (Dunn’s test: P = 0.29, Day 3; P =
0.42, Day 6) and 100 pg L7! treatments (Dunn’s test: P = 0.43, Day 3; P
= 0.28, Day 6).

Algal ingestion rates. Adult copepods consumed an average of
135,000-173,000 algal cells per day, with no significant difference be-
tween treatment (Fig. 3B; ANOVA, P = 0.47).

Egg production and egg size. Female copepods produced an average of
17.4-24.0 eggs per day, with no significant difference in egg production
rate between treatments (Fig. 3D; ANOVA, P = 0.33). However, expo-
sure of adult females to microplastics resulted in the production of
significantly larger eggs compared with controls (Fig. 3E; Kruskal Wallis,
P < 0.001). Egg size in the control was 80.1 + 0.3 pum, which was
significantly smaller than observed in the 10 pg L™! treatment (81.8 +
0.5 pm; Dunn’s test, P < 0.001) and 100 pg L' treatment (81.6 + 0.5
pm; Dunn’s test, P < 0.001).

Early life stage development. Copepodites had an average prosome
length of 320-338 pm, with no significant difference in size between
treatments (Fig. 3F; Kruskal Wallis, P = 0.31). Larval developmental
ratios (LDR) averaged 0.45 + 0.12 in the control treatment, which was
higher than the LDR of 0.28 + 0.10 in the 10 pg L™ treatment and 0.34
4+ 0.12 in the 10 pg L! treatment; however, values were not signifi-
cantly different between treatments (Fig. 3G; Kruskal Wallis, P = 0.57).
Survival rates of juveniles averaged 40-53.5 %, with no significant
different in juvenile survival between treatments (Fig. 3H; Kruskal
Wallis, P = 0.69).

4. Discussion

In this study, established methodologies (ISO, 1999; 2015) were
adapted to facilitate the toxicological testing of microplastics using the
copepod A. tonsa. The 72-h acute toxicity test provided an LC50 of 182
pg L~! for the tri-polymer blend of microplastics, with 100 % mortality
observed at concentrations of 400-600 pg L. While the use of a
rotating plankton wheel facilitated continuous particulate suspension, it
resulted in the formation of microalgal-microplastic agglomerations at
higher particulate concentrations, adding complexity to the results.
Adult survival also proved a sensitive endpoint within the partial
life-cycle test, with 100 % mortality in copepods exposed to 1000 pg
microplastics L1, The chronic exposure study showed limited evidence
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Fig. 2. Acute toxicity of a tri-polymer blend of microplastics with adult Acartia tonsa. (A) Adult mortality (%) exposed to microplastic concentrations of 0-1000 ug
L. (B) Photograph of a bottle containing experimental media with 1000 pg L™ of microplastics; inset depicts a zoomed-in image of the agglomeration of particles
within the media. (C) A regression analysis comparing probability of mortality with microplastic concentration (0-600 pg L"), with a calculated LC50 of 182 pg L.

of sub-lethal health effects on juvenile life stages. Additionally, chemical
analysis of the tri-polymer blend demonstrated a limited number of
chemicals with potential for contributing to toxicity.

In both the acute toxicity and partial life-cycle test, adult mortality
proved to be a statistically significant endpoint. This was somewhat
surprising given microplastics are typically associated with causing sub-
lethal harm (i.e. effects on growth and reproduction) over chronic
timescales. Relatively few microplastic studies evidence mortality as a
relevant endpoint at environmentally relevant concentrations (Doyle
et al., 2022; Foley et al., 2018; Thornton Hampton et al., 2022c; Yu et al.,
2020). For example, a meta-analysis of Daphnia magna (cladoceran)
neonate inhibition studies found >50 % mortality has only been
observed with concentrations >1000 pg nanoplastics L™ and >10,000
pg microplastics L™} (Pikuda et al., 2023). Similarly, a review of
copepod ecotoxicity data found Lowest Observed Effect Concentrations
(LOEQ) for mortality in adult copepods (e.g. Calanus spp., Tigriopsus
spp.) were typically >10,000 pg microplastics L™ (Yu et al., 2020). The
lethal mortality of particulates in Acartia spp. is variable. For example,
adult A. clausi demonstrated 88-94 % mortality following 8-days
exposure to ~6000 pg L' of 6 pm polystyrene spheres, with mortality
becoming significantly different from controls after 5-days exposure
(Svetlichny et al., 2021). Further, A. tonsa nauplii demonstrated a sig-
nificant 28.6 % decrease in survival following 5-days exposure to ~200
pg L1 of 6-8 pm polystyrene spheres (Shore et al., 2021), while A. clausi
nauplii showed a significant ~80 % decrease in survival following 48 h
exposure to <20 pm polyvinyl chloride particles at concentrations of 10,
000 pg L1 (Beiras et al., 2019). However, no decrease in survival was
observed in adult female A. tonsa exposed to ~4-400 pg L~ of 1.4-32
pm polyethylene microplastics for 48 h (Bellas and Gil, 2020).

Inconsistencies across studies, including variation in species, life-
stage, exposure length, particle polymer, size and shape, and environ-
mental conditions (e.g. media, temperature, salinity), confound unifying
hypotheses regarding the drivers of observed toxicity. However, that a
96-h exposure to >400 pg microplastics L™ caused 100 % mortality in
A. tonsa - not evident in other studies — would suggest the tri-polymer

blend is substantially more toxic than the single form of microplastics
used in prior studies. Isobe et al. (2019) predicts microplastic concen-
trations may exceed 1000 pg L™} in East Asian seas and the central North
Pacific Ocean by the 2060s, exceeding the lethal concentration observed
here.

In the acute toxicity study, microplastic concentrations of 400-600
g LT caused 100 % mortality, however at microplastic concentrations
of 800-1000 pg L~ mortality ranged 37-55 %. This decreased mortality
was concomitant with observations of microplastic-microalgal agglom-
erations — akin to artificially produced marine snows (Shanks and
Edmondson, 1989) — which are too large for adult A. tonsa to consume
(Berggreen et al., 1988). This would suggest microplastic ingestion is
intrinsic to instigating lethal toxicity. Microplastic ingestion may affect
energetic uptake (Cole et al., 2015), cause tissue damage and inflam-
mation in the gastrointestinal tract (Ahrendt et al., 2020), incite cyto-
toxicity or a heightened immune response that can cascade through the
biological hierarchy (Li et al., 2022), or facilitate the release of additives
from the plastic to the organism (Gewert et al., 2021; Lehtiniemi et al.,
2021). Chemicals and metals that leach from plastics can cause cyto-
toxicity and endocrine disruption (Alijagic et al., 2024; Silva et al., 2016;
Lin et al., 2023). For example, exposure to nylon microplastics resulted
in premature moulting in juvenile Calanus finmarchicus (copepod),
which was postulated to have been triggered by oestradiol agonists
leaching from the plastic (Cole et al., 2019).

Chemical analysis of the tri-polymer blend of microplastics revealed
several leachate compounds, however the number of chemicals with
expected hazardous properties was low compared to consumer plastics
(Sgrensen et al., 2023). Most of the tentatively identified compound
structures were assigned as straight-chain and branched alkanes with
expected low toxicity. Other noteworthy compounds were mainly
identified as non-intentionally added substances (NIAS), such as
monomers (e.g. caprolactam and 1,8-diazacyclotetradecane-2,9-dione),
solvents (e.g. phenoxybenzene) and possible production by-products
and impurities (e.g. aromatic hydrocarbons). The plasticizer diethyl
phthalate was detected in PA-6 and PP, while the UV-stabilizer
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Fig. 3. Results of partial life-cycle toxicity test in which adult and developing Acartia tonsa were exposed to a tri-polymer blend of microplastics (0-1000 pg L™1).
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degradation product 2,4-di-tert-butylphenol was detected in PP. The
latter is commonly detected in polyolefins related to addition of
UV-stabilizers, while the former may also originate from contamination
processes. In aquatic exposures using ingestible particle-sizes, chemical
exposure may occur either directly from leached chemicals in the
exposure media, or via transfer of chemicals from ingested particles to
biotic fluids or tissues. To fully understand these exposure mechanisms
and their role in driving the toxicity of microplastics, further work is
necessary. While no hazardous chemicals were identified from the
chemical analysis of the microplastics used here, chemical character-
ization is crucial in validating any microplastic particle toxicity study
(Delaeter et al., 2022; Gunaalan et al., 2020; Sgrensen et al., 2024).

In the partial life-cycle study, observed reductions in average cope-
podite size, larval development ratio and juvenile survival were not
statistically significant. Algal ingestion rates were 21-29 % higher in
microplastic treatments as compared with the control, but this was not
statistically significant. Similarly, no difference was observed in the
feeding rates of adult female A. tonsa exposed to ~4-400 pg L1 of
1.4-32 pm polyethylene microplastics (Bellas and Gil, 2020). However,
at concentrations up to ~30,000 pg L1, 45 pm latex spheres have been
shown to dramatically reduce the clearance rate of Acartia spp. cope-
podites, with this reduced feeding linked to an uptick in their
predatory-escape response when the antennules came into contact with
the particles (Hansen et al., 1991). In another study, exposure to ~6000
pg L7! of 6 pm polystyrene spheres resulted in decreased respiration
rates, attributed to reduced motility stemming from energetic depletion
(Svetlichny et al., 2021). Feeding behaviours can also be affected by
microplastic exposure, with widespread evidence of rejection and
regurgitation of microplastics across a range of copepods including
Acartia spp. (Ayukai, 1987; Huntley et al., 1983; Xu et al., 2022).

Egg production rate was not affected by microplastic exposure,
which corresponds with studies in which A. tonsa were exposed to
~4-400 pg L™! of 1.4-32 pm polyethylene microplastics (Bellas and Gil,
2020) and ~17 pg L™! of 8-20 pm tyre wear particles (Koski et al.,
2021). Whilst the egg production was higher at 100 pg L ! than 10 pg L
~! and the control treatment, this was not significant and further
research using increased copepod numbers and treatment replicates
would be beneficial. In this study, egg size was significantly increased in
the microplastic treatments (81.7 + 0.5 pm) compared with controls
(80.1 £ 0.3 pm). Conversely, Shore et al. (2021) observed A. tonsa
exposed to ~200 pg L1 of 6-8 pm polystyrene spheres for 9-days pro-
duced significantly smaller eggs (73.3 + 6.3 pm) compared with con-
trols (79.1 + 3.3 pm). In the copepod Calanus helgolandicus, 4-6 days
exposure to ~330 pg L' of 20 um polystyrene spheres also resulted in
significantly smaller egg sizes (Cole et al., 2015). Differences in egg size
may result from changes in food availability, nutritional quality and
endocrine disruption stemming from chemicals leaching from the
microplastics. However, the changes in egg size are small (<2 pm) and
measurements may be subject to user bias, so automation of such
measurements (e.g. ImageJ macros) is recommended for future studies.

Despite our best efforts, hatching success was not measured in this
study for two reasons: (i) nauplii were motile making enumeration
prone to inaccuracies without sample preservation; and (ii) enumeration
was time-consuming, necessitating leaving well-plates on brightly lit,
warm microscope plates for extended periods, which could have
adversely affected the developing copepods. Approximately half the
juvenile copepods reached copepodite stage 14 days after eggs were
initially counted, which is longer than observed in the ISO guidance
notes (ISO, 2015), although temperature and salinity are known to cause
high degrees of variance. Shore et al. (2021) observed A. tonsa cope-
podites exposed to ~200 pg L™! of 6-8 pm polystyrene spheres for 5-7
days showed a non-significant ~10 % decrease in survival and a sig-
nificant 12.2 % decrease in body length. The sub-lethal endpoints
assessed throughout the partial life-cycle test often indicated different
biological responses between treatments, but these differences typically
lacked statistical significance given high variability between replicates.
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We also observed differences between the acute and chronic tests, with
1000 pg L~! of microplastics causing 100 % mortality in adult A. tonsa in
the chronic exposure study and 20-60 % mortality in the acute toxicity
test. Such differences may have resulted from differences in copepod
numbers (five individuals bottle™! in the acute toxicity test vs eight
individuals bottle ! in the partial-life cycle test), copepod sex (males
and females in the acute toxicity test vs females only in the partial-life
cycle test), the growth phase of the microalgae, or subtle differences
in rotational speed of the motor, or inter-batch differences in the co-
pepods. Replicability and repeatability is an issue noted within the
ISO16778 protocol notes (ISO, 2015). As such, we would recommend
that future testing using this protocol increases copepod numbers and
replicate size to reduce uncertainty.

5. Conclusion

Toxicity tests using the tri-polymer microplastic blend on the
copepod Acartia tonsa provided a LC5072p, of 182 pg L™ and identified
adult survival as a significantly sensitive endpoint. Given mortality is an
uncommon endpoint in microplastic studies, this would indicate that the
tri-polymer blend is substantially more toxic that a single polymer
exposure. The data provides important data for subsequent risk evalu-
ations and the determination of toxicity thresholds. Despite measuring
many endpoints within the partial life cycle test, there was limited ev-
idence of sub-lethal effects on the juvenile life stages using environ-
mentally relevant concentrations. However, we provide several
recommendations and suggestions which may aid and improve future
toxicity test protocols, including increased replication (individual and
treatment numbers), and software automation.
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