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Microplastics (MPs) can be ingested by marine organisms directly or indirectly through
trophic transfer from contaminated prey. In the marine ecosystem, zooplankton are an
important link between phytoplankton and higher trophic levels in the marine food web.
Among them, copepods and gelatinous species have been recently reported to ingest
MPs, but no potential MP transfer has been verified yet. In this study, a simplified two-
level trophic chain – formed by nauplii of the Tigriopus fulvus copepod as prey, and
the ephyrae stage of Aurelia sp. as predator – was selected to investigate MP trophic
transfer. The experimental setup consisted in feeding ephyrae with nauplii previously
exposed to fluorescent 1–5 µm polyethylene MPs and evaluating two ecotoxicological
end-points: jellyfish immobility and pulsation frequency. After 24 h, the jellyfish ingested
nauplii contaminated with MPs; however, neither immobility nor behavior was affected by
MP transfer. These findings show that MPs can be transported at different trophic levels,
but more research is needed to identify their potential effects on the marine food web.
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INTRODUCTION

Microplastics (MPs, <5 mm, Arthur et al., 2009) are bioavailable to marine organisms, through
direct or indirect ingestion by trophic transfer from contaminated prey (Lusher, 2015; Nelms et al.,
2018). Marine organisms can ingest unknown quantities of MPs using different feeding strategies
since MPs occupy the same size range as plankton (Cole et al., 2013; Farrell and Nelson, 2013).

MP uptake is primarily due to their particle size in relation to natural prey and particle
density, which determines their position in the water column and the possibility of encountering
the organisms (Desforges et al., 2015). MP ingestion and accumulation have been successfully
demonstrated in several marine species belonging to different trophic levels, from zooplankton to
fish and marine mammals (Boerger et al., 2010; Avery-Gomm et al., 2012; Goldstein and Goodwin,
2013; Frias et al., 2014; Desforges et al., 2015; Bellas et al., 2016). Many zooplankton species feed on
phytoplankton and pass this energy upward through the food web. Moreover, they play a key role in
ecosystem functioning, including nutrient, and carbon cycling and the production of sinking fecal
pellets (Botterell et al., 2019).

Marine zooplankton are most susceptible to MPs, since their ingestion has been recorded in
more than 30 species from 28 taxonomic orders (Zheng et al., 2020). Among them, crustaceans
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have been widely investigated and MP ingestion has been
reported in several copepod species (i.e., Tigriopus fulvus, Acartia
clausi, Centropages typicus, Calanus helgolandicus, Temora
longicornis, Neocalanus cristatus; Cole et al., 2013, 2015; Beiras
et al., 2018; Botterell et al., 2019; Coppock et al., 2019), accounting
for a high proportion of the total zooplankton carbon biomass. In
these organisms, MP ingestion affects their fecundity and reduces
their feeding capacity, being able to discriminate natural algal
prey from MPs (Cole et al., 2015; Botterell et al., 2019; Coppock
et al., 2019). Recently, also gelatinous zooplankton (i.e., jellyfish,
tunicates, salps), feeding on crustaceans and fish larvae and a
key food source for pelagic top predators (Purcell et al., 2007),
have been reported to internalize MPs with further impairment of
swimming, lower feeding rate, growth, and oxygen consumption
(Macali et al., 2018; Paffenhöfer and Köster, 2018; Wieczorek
et al., 2019; Brandon et al., 2020; Costa et al., 2020).

Among gelatinous zooplankton, jellyfish (i.e., Aurelia sp.,
Pelagia noctiluca) are very vulnerable to plastic pollution: marine
litter may be transferred through jellyfish to pelagic predators that
may confuse floating plastics for prey (Macali et al., 2018). While
many studies are available for both crustaceans and gelatinous
zooplankton (Beiras et al., 2018; Macali et al., 2018) on MP
ingestion and its effects on individual zooplankton species either
under laboratory conditions or in the field, very little is known
about MP transfer from lower to higher trophic levels. The
latter may cause potential cascading effects in marine food webs
(Frias et al., 2014; Setälä et al., 2014; Botterell et al., 2019;
Wieczorek et al., 2019), since zooplankton play a key role in the
link between primary producers and higher trophic organization
(Sun et al., 2017).

To date, MP transfer among zooplankton has only been
reported from polychaete larvae and copepods to mysid shrimps
(Setälä et al., 2014). In general, MP potential to enter the marine
food chain has been reported from adult mussels to crabs (Farrell
and Nelson, 2013), from plankton to fur seals (Eriksson and
Burton, 2003) and benthic filter feeders (Van Colen et al., 2020),
from crustaceans to fish (Batel et al., 2016), from beach hoppers to
ray-finned fish (Tosetto et al., 2017), and in marine top predators
(i.e., from Atlantic mackerel to gray seals, Nelms et al., 2018).

Our current knowledge is insufficient to understand MP
potential for bioaccumulation and biomagnification within the
marine food chain, due to a lack of robust data describing
MP transfer from prey to predator. Many questions remain
when considering ecosystem-level dynamics, such as MP trophic
transfer in the marine environment (Au et al., 2017). Since
marine zooplankton are an important link between primary
producing phytoplankton and higher trophic levels in food webs
(Turner, 2004), more research is needed to clarify MP transfer
among them. To fill this gap, a simplified two-level trophic chain
was set up, consisting of a zooplankton species such as the nauplii
of T. fulvus copepod as prey and the ephyrae stage of Aurelia
sp. jellyfish as predator, to investigate MP trophic transfer. These
species were selected since they are quite abundant and easy to
culture in the laboratory and are promising models to evaluate
MP pollution. To achieve this goal, nauplii were previously
exposed to polyethylene MPs. Once contaminated, they were fed
to ephyrae jellyfish. Finally, the ecotoxicological effect of MP

trophic transfer in ephyrae jellyfish was investigated by evaluating
two end-points (Immobility and Pulsation Frequency), recently
proposed for this model organism (Faimali et al., 2014; Costa
et al., 2015, 2020; Giussani et al., 2015).

METHODS

Predators and Prey
Tigriopus fulvus nauplii and Aurelia sp. ephyrae were used as
preys and predators, respectively. T. fulvus nauplii, a harpacticoid
copepod widely distributed in the Mediterranean, originated
from synchronized cultures (24 h) obtained from ovigerous adult
females at CNR-IAS laboratory, following UNICHIM protocol.

Ephyrae of Aurelia sp. were released by strobilation from
polyp cultures in the laboratories of the “Acquario di Genova,
Costa Edutainment S.p.A.,” and transported to CNR-IAS,
according to Costa et al. (2020).

Microplastics
Fluorescent green 1–5 µm polyethylene MPs (1.3 g/cm3 density,
414 nm excitation/515 nm emission) µm polyethylene MPs
(CPMS-0.96, 0.99 g/cm3 density) were purchased from Sigma-
Aldrich (Germany). Stock solutions of MPs (10 mg/L) were
prepared in 0.22 µm of Filtered Natural Sea Water (FNSW).

Artificial Food Chain
A simplified two-level trophic chain was set up by feeding
ephyrae jellyfish with nauplii of T. fulvus previously exposed for
6 h to different concentrations (0–1–10 mg/L) of fluorescent 1–
4 µm polyethylene MP, according to Beiras et al. (2018). Briefly,
2 mL of nauplii (25 organisms per mL) was transferred by using
a Pasteur pipette into small glass vials containing 2 mL of control
FNSW, or serial dilutions (1–10 mg/L) of MPs. Vials were then
placed in 50 mL centrifuge tubes (5 vials/tube), fixed on a rotatory
wheel (2 rpm speed) and kept at 20◦C. After 6 h, the nauplii were
transferred from glass vials into a multiwell plate, to verify MP
ingestion under an epi-fluorescence microscope (Olympus). Each
treatment, including controls, was prepared in triplicates.

Then, nauplii were offered to ephyrae in a semi-dynamic
condition according to Costa et al. (2020) for 24 h. More
in detail, 10 ephyrae collected immediately after strobilation
were incubated in a glass beaker filled with 100 mL of FNSW,
with constant aeration for oxygen supply, in order to ensure
current balance to the organisms (Widmer, 2008). For each
tested MP concentration, each batch of 10 ephyrae was fed
with previously contaminated 50 T. fulvus nauplii. The control
group of ephyrae was fed with untreated (MP-free) nauplii. The
prey (nauplii)/predator (ephyrae) ratio was previously defined
in order to avoid an excess of food in the beaker considering
that Aurelia sp. ephyrae can capture only live preys (Suchman
and Sullivan, 2000; Bamstedt et al., 2001). Indeed, the non-
consumed nauplii setting on the beaker bottom could have
caused overfishing conditions. For each MP dilution, 3 replicates
were prepared. Constant temperature was maintained by keeping
the glass beaker in a thermostatic room at 20◦C ± 0.5 for 24 h.
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MP Transfer
In order to analyze only the MP transfer from copepods to
ephyrae, after 24 h, the ephyrae were recovered and washed three
times with fresh FNSW to remove any microspheres which, if
released in the water by nauplii, could bind to the gelatinous
body. The organisms were anesthetized with the addition of a
few menthol crystals, fixed in 4% paraformaldehyde solution
in phosphate-buffered saline (PBS, pH 7.4), and mounted in
glycerol–PBS (1:1) to be visualized by immunofluorescence
under an epi-fluorescence microscope (Olympus) according to
Williams and Van Syoc (2007) and Costa et al. (2020).

Ecotoxicological Responses
Before anaesthetization, each ephyra was transferred from the
glass beaker into a single Petri dish (containing clean FNSW)
in order to evaluate immobility (acute end-point) and pulsation
frequency (subacute response). This was done using an automatic
recording system coupled with a specially designed video
graphics analyzer: Swimming Behavioral Recorder (SBR; Faimali
et al., 2014; Costa et al., 2020). Completely motionless ephyrae
were counted as immobile organisms, and the immobility
percentage (I%) was calculated for each dilution and compared

to controls. Pulsation frequency was calculated by recording the
number of pulsations made by each ephyra in 1 min.

Statistical Analysis
Significant differences between treated samples and controls
were evaluated using one-way analysis of variance (ANOVA)
followed by Tukey test. When data failed to meet the
assumption of normality, the non-parametric Kruskal–Wallis
test and Mann–Whitney test were used. Data were considered
significantly different when p < 0.05. SPSS statistical software
(Statistical Package for the Social Sciences, Version 20) was used
for data analysis.

RESULTS

MP Transfer
Copepod nauplii ingested 1 and 10 mg/L MPs after 6 h of
exposure. Particles were shown to have accumulated in the gut
(data not shown). Jellyfish fed with contaminated copepods
for 24 h showed to have ingested them, thus indicating that
MP trophic transfer had occurred (Figure 1): both control
(Figure 1A) and treated (Figures 1B,C) organisms ingested a

FIGURE 1 | Microplastic (MP) trophic transfer from T. fulvus nauplii (prey) to Aurelia sp. Ephyrae (predator) after a 24 h exposure. (A) Control Aurelia sp. ephyrae that
ingested uncontaminated copepods (white dotted circles). (B,C) Copepods (white dotted circle) containing fluorescent polyethylene MPs (white arrows) are clustered
in the manubrium of the mouth and near gastric filaments. mo, mouth; m, manubrium; ir, inter-radial; lp, lappets; rh, rhopalia; gf, gastric filaments; white dotted circle,
copepod; white arrows, MPs (or aggregate).
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variable number of nauplii (from 1 to 4). In detail, control
ephyrae that ingested untreated copepods are indicated in
Figure 1A. Details of the ephyra mouth, manubrium, and gastric
filaments are seen in Figure 1B, where two copepods were found
that had internalized MPs in an aggregate form. Figure 1C
highlights one copepod, containing aggregates of fluorescent
MPs, close to the ephyra’s gastric filament.

Ecotoxicological Responses
Ingestion of MP-contaminated preys did not cause any, either
acute or subacute, ecotoxicological effects. Immobility percentage
in ephyrae fed with T. fulvus nauplii contaminated with 1 mg/L
and 10 mg/L polyethylene MPs was not significantly affected
(0%). Further, the subacute end-point (pulsation frequency) was
not significantly affected (p > 0.05) in ephyrae fed with T. fulvus
nauplii contaminated with both polyethylene MPs dilutions.
Actually, after the ingestion of 10 mg/L MP-contaminated
copepods (Figure 2), only a very slight decrease in the number
of pulsations (vs. controls) was observed.

DISCUSSION

In this study, MP trophic transfer has been successfully
demonstrated between copepod nauplii and ephyra jellyfish.
Polyethylene MPs were ingested indirectly as a result of trophic
transfer, whereby contaminated prey was consumed by predators.
The potential of MPs to be transferred between trophic levels,
from copepods to macrozooplankton (mysid shrimps), following
ingestion, has been already observed by Setälä et al. (2014). An
indirect MP transfer has also been demonstrated from mussels to

crabs (Farrell and Nelson, 2013), from Atlantic mackerels to gray
seals (Nelms et al., 2018), from plankton to fur seals (Eriksson
and Burton, 2003), and from crustacean larvae to fish (Batel et al.,
2016) by either laboratory experiments or field observations.
Taken together, these studies suggest that trophic transfer is an
indirect major pathway of MP ingestion for any species whose
feeding ecology involves the consumption of whole prey (Nelms
et al., 2018). Zooplankton may incorporate several elements
or toxic compounds, including persistent organic pollutants
(POPs), either directly, by absorption from water, or indirectly,
by ingestion of contaminated algae and other zooplankton
(Nizzetto et al., 2012; Bettinetti and Manca, 2014). POPs and
other hydrophobic organics can adsorb to plastics and MPs in the
environment, being bioavailable to aquatic organisms (Au et al.,
2017). Among zooplankton, copepods are a potential carrier of
organic hydrocarbon compounds (i.e., dioxins), by dietary uptake
and bioaccumulation of contaminated phytoplankton (Wallberg
et al., 2001; Zhang et al., 2011).

Our results demonstrate that copepods can also transfer MPs
to the higher trophic chain levels, since MP-contaminated nauplii
were ingested in ephyrae gelatinous tissues. Jellyfish have a strong
top-down control and influence on plankton communities (West
et al., 2009). In addition, as a group of gelatinous plankton,
they are considered part of marine ecosystems’ microbial –
crustacean – fish – carnivorous macrozooplankton pathway
(Richardson et al., 2009; Epstein et al., 2016; Boero et al.,
2019). Jellyfish feed on fish eggs and larvae as well as on
crustaceans. Therefore, they may transfer contaminants from
other zooplankton prey to predators. Jellyfish can accumulate
several kinds of contaminants in their gelatinous tissues,
such as heavy metals (i.e., cadmium, chromium, copper;

FIGURE 2 | Pulsation frequency (pulse/min) recorded for Aurelia sp. ephyrae after feeding uncontaminated T. fulvus nauplii (CTR) and nauplii contaminated with
1 mg/L (A) and 10 mg/L (B) of polyethylene MPs. (M ± SE, n = 3). No significant difference was observed between treatments and controls in any of the tests (A,B).
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Richardson et al., 2009; Templeman and Kingsford, 2010, 2015;
Klein et al., 2015), polycyclic aromatic hydrocarbons (PAHs;
Almeda et al., 2013), and MPs (Macali et al., 2018; Costa et al.,
2020). However, transfer of these contaminants to their natural
predators has been suggested only for some contaminants. In
this regard, Caurant et al. (1999) linked jellyfish cadmium
accumulation and transfer to leatherback turtles, while Almeda
et al. (2013) proposed that crude oil PAHs accumulated in
jellyfish may be potentially transferred up the food web, thus
affecting apex predators. Since in our study MP transfer occurred
in a simplified two-level trophic chain, formed by copepods
and jellyfish, further investigations are needed to verify any
subsequent bottom-up implications for higher trophic levels,
considering that jellyfish may play a role as a carrier of
plastics along the food web. Although MP transfer occurred
from zooplankton to jellyfish larvae (as reported in “Predators
and Prey”), it did not affect ephyrae immobility and behavior.
A longer feeding exposure timeframe (>24 h) may be required
in order to observe any ecotoxicological effect from MP trophic
transfer from prey to predator. It has been reported that direct
MP exposure in jellyfish ephyrae temporarily affects both their
survival and behavior due to mechanical disturbance caused by
MPs triggering a loss in radial symmetry (Costa et al., 2020).
Conversely, no measurable response could be detected after
indirect MP exposure through ingestion of MP-contaminated
copepods. The short feeding time (24 h) used in this study
might have not been enough to determine any measurable effects
in jellyfish ephyrae. However, studies on freshwater food web
(crustaceans and zebrafish) have demonstrated that even indirect
MP transfer through chronic exposure (up to 2 weeks) poses no
serious harm along the trophic chain, since no signs of stress or
disease were observed (Batel et al., 2016).

Jellyfish are involved in MP transfer through zooplankton;
however, MP transfer toward high trophic levels still needs
further investigations. Kakani et al. (2017) and Brandon
et al. (2020) demonstrated that filter feeders and gelatinous
zooplankton – namely, larvaceans and salps – can ingest large
MP amounts from near surface water and move MPs to the
deep sea, by sinking fecal pellet aggregates. Therefore, they are
biological carriers for MP transport in the marine ecosystem
through the water column, from sea surface to the seabed.
Likewise, gelatinous zooplankton such as jellyfish may contribute

to MP transfer from zooplankton to pelagic top predators. This
study for the first time reports an indirect MP trophic transfer in
a simplified food chain formed by copepod nauplii and jellyfish
ephyrae. While no ecotoxicological responses were observed
in jellyfish fed with MP-contaminated preys, this study shows
that MPs are indirectly ingested in predators: further studies
are needed to detect any potential MP transfer effects on the
marine food web.
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