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ABSTRACT: Plastic debris is a widespread contaminant,
prevalent in aquatic ecosystems across the globe. Zooplankton
readily ingest microscopic plastic (microplastic, < 1 mm),
which are later egested within their faecal pellets. These pellets
are a source of food for marine organisms, and contribute to
the oceanic vertical flux of particulate organic matter as part of
the biological pump. The effects of microplastics on faecal
pellet properties are currently unknown. Here we test the
hypotheses that (1) faecal pellets are a vector for transport of
microplastics, (2) polystyrene microplastics can alter the
properties and sinking rates of zooplankton egests and, (3)
faecal pellets can facilitate the transfer of plastics to
coprophagous biota. Following exposure to 20.6 μm poly-
styrene microplastics (1000 microplastics mL−1) and natural prey (∼1650 algae mL−1) the copepod Calanus helgolandicus
egested faecal pellets with significantly (P < 0.001) reduced densities, a 2.25-fold reduction in sinking rates, and a higher
propensity for fragmentation. We further show that microplastics, encapsulated within egests of the copepod Centropages typicus,
could be transferred to C. helgolandicus via coprophagy. Our results support the proposal that sinking faecal matter represents a
mechanism by which floating plastics can be vertically transported away from surface waters.

■ INTRODUCTION

Plastic debris is a pervasive anthropogenic contaminant,
identified in marine ecosystems across the globe.1,2 In recent
years, there has been growing concern that microscopic plastic
(microplastic, < 1 mm diameter) debris could pose a threat to
aquatic life, marine ecosystems, and human health.3−5 Micro-
plastics include consumer items manufactured to be of a
microscopic size (e.g., exfoliates in personal care products),6 or
derive from the biological-, photo-, and/or mechanical
degradation and subsequent fragmentation of larger plastic.7

Marine plastic debris stems from both terrestrial and maritime
sources,8 and owing to its environmental persistence and
buoyancy can be transported vast distances upon oceanic
currents, affecting remote ecosystems including Arctic waters,
deep-sea habitats, and midoceanic gyres.9−12 Recently Eriksen
et al. estimated there are over 5 trillion microplastics floating in
the ocean.2 In the North Pacific subtropical gyre the mass of
neustonic plastic can exceed that of plankton 6-fold,13 and in
Geoje Bay (Korea) waterborne concentrations of plastic can
reach over 15 500 particles m−3.14

It is anticipated that interactions between plastics and biota
will be most prevalent in productive coastal surface waters, in
areas where low-density plastics, including polyethylene,

polypropylene, and polystyrene, accumulate and overlap with
the habitats of many pelagic animals.9,15 Consumption of plastic
debris by marine organisms is commonplace,4 with studies
identifying microplastics in the intestinal tracts of 25−28% of
fish and 33% of shellfish sold at markets in the U.S. and
Indonesia,16 83% of the crustacea Nephrops norvegicus sampled
from the Clyde Sea (U.K.), and approximately 3% of the
copepod Neocalanus cristatus and 6% of the euphausid Euphasia
pacif ica sampled in the NE Pacific.17 Laboratory-based,
toxicological studies have identified that microplastic ingestion
can lead to adverse health effects in a number of marine
organisms, including: heightened immunological response in
mussels;18 a reduction in the energetic reserves and
bioturbation activity of polychaete worms;19 hepatic toxicity
in fish;20 and reduced feeding, fecundity, and survival in marine
copepods.21,22 Conversely, a number of studies have suggested
that some larval organisms with more simplistic intestinal tracts,
including oyster larvae23 and sea urchin larvae,24 demonstrate
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limited impact (i.e., feeding, growth and survival) from
ingesting laboratory grade microplastics.
Copepods are an ecologically important group of hetero-

trophic zooplankton, ubiquitous within marine waters across
the globe and one of the most abundant metazoans on the
planet.25 In aquatic ecosystems, copepods form a key energetic
link between primary producers and higher trophic organisms,
and play an important (albeit variable) role in marine nutrient
cycling through consuming and subsequently repackaging
particulate organic matter (POM; e.g. plankton, detritus) into
dense faecal pellets with high sinking velocities.26,27 The vertical
flux of these pellets is integral to the biological pump,
facilitating the transport of carbon, nutrients and POM to
deeper waters and the benthos, thereby providing food for
sediment-dwelling biota and promoting the oceanic storage of
atmospherically derived carbon.28−30 It has been postulated
that the incorporation of microplastics into faecal pellets may
represent a mechanism by which floating plastics are trans-
ported away from surface waters.1,15 Recent laboratory studies
have demonstrated that microplastics are readily consumed by
copepods and that these microplastics are later egested along
with waste organic matter in faecal pellets.21,31 However, it is
currently unclear whether the presence of microplastics in
copepod faecal pellets can affect their form, sinking rates, or
fate, and whether this might have a localized impact on
biogeochemical fluxes in regions of high contamination.
Here we investigate the consequences of microplastic

egestion by copepods and test the hypothesis that incorpo-

ration of polystyrene microplastics will reduce the density and
sinking rates of their faecal pellets. We further test the
hypothesis that consumption of faecal pellets (coprophagy)
represents a pathway for indirect microplastic uptake by other
marine organisms. Our study focuses on two marine copepods,
common to the northeast Atlantic: Calanus helgolandicus and
Centropages typicus. We discuss our findings in relation to the
impact microplastics might have on the fate of faecal pellets in
the environment.

■ MATERIALS AND METHODS

Copepods. Zooplankton were sampled from station L4
(50°15′N, 04°13′W) and Plymouth Sound (50°20′N,
04°08′W), in the western English Channel, throughout April
2013 and October 2014. Specimens were collected via vertical
haul and horizontal tow (WP2 nets), and then transported in
insulated containers to Plymouth Marine Laboratory (PML)
within 2 h of sampling. Adult C. helgolandicus and C. typicus
were identified under a dissecting microscope and then
transferred to 1 L of lightly aerated, filtered seawater (FSW;
0.22 μm Millipore) for a minimum of 2 h to allow for gut-
depuration.

Natural Prey. Concurrent with zooplankton collection in
the western English Channel, we collected seawater containing
natural assemblages of phytoplankton and organic matter. The
seawater was screened through a 100 μm mesh to remove
mesozooplankton, stored in a 2 L carboy and maintained at
ambient SST for 24 h prior to experimental use. The water

Figure 1. Microplastics encapsulated within faecal pellets can be consumed by coprophagous organisms. (A) A faecal pellet egested by the copepod
C. helgolandicus, containing 20 μm polystyrene microplastics, as measured using CellSens software (Olympus). (B) A faecal pellet egested by the
copepod C. typicus, containing 7 μm fluorescent polystyrene microplastics. (C) C. helgolandicus with 7 μm fluorescent polystyrene beads in their
midgut following uptake of a microplastic laden faecal pellet.
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predominantly contained phyto-flagellates, diatoms, including
the centric genus Thalassiosira spp., and the coccolithophore
Emiliania huxleyi.
Cultured Prey. The unicellular haptophyte Isochrysis

galbana (CSAR Swansea) was cultured using F/2 media, at
20 °C in 16:8 light/dark conditions at the University of Exeter.
Microplastics. We used 20.6 μm polystyrene (PS; Fluka

Analytical: 74491) and 7.3 μm fluorescent PS (Spherotech:
PP6010) beads as representative microplastics. PS (density; ∼
1.05 g cm−3) is neutrally buoyant in seawater (density: ∼1.03 g
cm−3), is one of the most commonly manufactured polymers
worldwide,32 and has been identified in surface and subsurface
marine samples across the globe.9 Here we used PS at a
concentration of 1000 microplastics mL−1, with equivalent mass
dose of 4.8 and 0.2 g m−3 for 20.6 and 7.3 μm beads,
respectively (Supporting Information, Table S1). While these
concentrations are generally higher that those reported in open
ocean studies,10,13,46−50 they are consistent with concentrations
observed in regions of high contamination14 (Table S2).
Experimental Setup. Copepods were incubated in 2 L

glass beakers, filled with either 1750 mL of screened natural
seawater (∼1650 cells mL−1) for C. helgolandicus exposures, or
FSW with cultured prey (∼10 000 cells mL−1) for C. typicus
experiments, with microplastics added for the plastic treat-
ments. An egg-production chamber, designed to limit egg
cannibalism and coprophagy by separating adult copepods from
their eggs and faecal pellets, and an air-stone was added to each
beaker.
Faecal Pellet Analysis. Five adult C. helgolandicus were

introduced to each beaker (n = 5 beakers per treatment).
Exposures to microplastics were conducted in the dark at
ambient SST for 18.5 h. Postexposure, the contents of each
beaker were carefully poured through a 20 μm mesh
(suspended in FSW) to retain faecal pellets. Faecal pellets
were examined under a dissecting microscope and the number
of whole and fragmented pellets recorded. The length and
diameter of a subsample of intact faecal pellets (n > 10 per
replicate) were measured using an ocular micrometer in
conjunction with an inverted light microscope (Olympus
IMT2; Figure 1A). Measurements were used to calculate the
equivalent cylindrical volume of the selected faecal pellets.
Following volumetric measurement, the sinking rates (m day−1)
of the subsampled faecal pellets were assessed using established
methods:33,34 pellets were individually transferred via micro-
pipette to a 1 L glass measuring cylinder, filled with FSW,
maintained at 15 °C within a controlled temperature
laboratory. Low-energy lights and colored backing sheets
were arranged to aid visualization of the faecal pellets. Pellets
were allowed to sink for 100 mm to achieve a constant velocity
and then their descent was timed over a 33 mm distance (i.e.,
between horizontal graticules on the measuring cylinder). The
density of each faecal pellet was calculated using Stoke’s Law, as
modified for use with cylindrical shapes (i.e., faecal pellets) with
low Reynolds numbers.35

Coprophagy. Ten adult C. typicus were added to 1 L
exposure vessels (n = 8 per treatment). Microplastic exposures
were conducted in the dark at ambient SST for 24 h.
Postexposure, the contents of each vessel were carefully poured
through a 40 μm mesh to collect faecal pellets, and rinsed with
FSW to remove the PS beads. Faecal pellets were visualized
under a fluorescent microscope to confirm microplastic
incorporation and to ascertain that no waterborne PS beads
remained. Each set of faecal pellets was subsequently

transferred to a 23 mL glass bottle (n = 8 bottles per
treatment), filled to the brim with filtered seawater. A single C.
helgolandicus (a copepod which can display coprophagy)36 was
added to each bottle, and the vessels then gently rotated on a
plankton wheel (<5 rpm) at SST for 2 h. Postexposure, the
contents of each bottle were fixed (4% formalin) and
subsequently viewed under an inverted light microscope with
fluorescence (Olympus IMT2) to identify whether C.
helgolandicus had ingested the microplastic-laden faecal pellets.

Statistical Analysis. Data were tested for normality using
the Shapiro−Wilk or Kolmogorov−Smirnov tests as appro-
priate. A student’s t test or Wilcoxon signed-rank test were used
to compare between treatments where applicable. A linear
model was constructed to determine the relationship between
sinking rates and faecal pellet volume and density, and then
correlation coefficient (R2) and significance calculated using
regression analysis. Significant difference was attributed where
P ≤ 0.05. Statistical analysis was conducted using R. Data
presented as mean ± SE.

■ RESULTS
The marine copepods C. helgolandicus and C. typicus both
readily ingested microplastics. Following passage through the
gut, microplastics were encapsulated in faecal pellets and
egested (Figure 1A,B). Faecal pellets, including those
containing polystyrene microplastics, sank to the base of the
exposure vessels.
Incorporation of microplastics altered the density and sinking

velocity, but not the size of faecal pellets egested by C.
helgolandicus (control: 1.13 ± 0.03 × 106 μm3; plastic: 1.17 ±
0.04 × 106 μm3; t test, P = 0.33, Figure 2A). In the absence of

Figure 2. The impact of microplastics on faecal pellets egested by C.
helgolandicus. (A) Comparative volume (t test, df =89, P = 0.33), (B)
density (t test, df =85, P < 0.01), and (C) sinking rates (t test, df =85,
P < 0.01) of faecal pellets (FP) with and without microplastics. (D)
Ratio between number of whole and partial FP following experimental
conditions (Wilcox test, n = 5, P < 0.01). Treatments: control (white)
and plastic (gray); asterisks indicate statistical significance (P < 0.01).
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plastic, C. helgolandicus faecal pellets had an average density of
1.26 ± 0.01 g cm−3 and settling velocity of 86.4 ± 4.0 m day−1.
Faecal pellets containing polystyrene microplastics had
significantly lower densities, averaging 1.13 ± 0.01 g cm−3 (t
test, df = 85, P < 0.01; Figure 2B) and significantly lower
sinking velocities of 38.3 ± 2.6 m day−1 (t test, df = 85, P <
0.01; Figure 2C).
Unsurprisingly, faecal pellet density had a very strong and

significant influence on sinking rate (control: R2 = 0.98, P <
0.01; plastic: R2 = 0.97; P < 0.01; Figure 3A). With both
treatments, faecal pellet sinking rates were significantly, albeit
weakly, influenced by the pellet’s volume (control: R2 = 0.19, P
< 0.01; plastic: R2 = 0.14; P < 0.01; Figure 3B).
We observed no significant difference in the size of faecal

pellets (Figure 2A) or egestion rate of copepods (control: 12.3
± 0.9 pellets copepod−1 day−1; plastic: 13.0 ± 0.8 pellets
copepod−1 day−1; t test, P = 0.64). However, we identified that
a significantly greater number of faecal pellets containing
microplastics became fragmented during the experiment
(Wilcox test, n = 5, P < 0.01; Figure 2D).
Lastly, we demonstrated that microplastics encompassed

within C. typicus faecal pellets (Figure 1B), could be transferred
to a larger copepod (C. helgolandicus) via coprophagy (Figure

1C); the majority (75%) of the C. helgolandicus contained
fluorescent microplastics beads in their intestinal tract following
a 2 h exposure with the faecal pellets. Following this exposure,
we observed that a small number (<20) of microplastic beads
were free-floating within the surrounding water.

■ DISCUSSION

Our results demonstrate for the first time that microplastics can
significantly alter the structural integrity, density, and sinking
rates of faecal pellets egested by marine zooplankton. Our data
also clearly demonstrate that microplastics can be indirectly
ingested via consumption of faecal pellets, highlighting faecal
pellets as a novel vector for microplastics.
We identified that copepods readily ingested and egested

microplastics, which is consistent with previous findings.21,31 In
the marine environment, zooplankton faecal pellets play an
instrumental role in the biological pump, transporting POM,
nutrients, carbon, and energy to deeper waters and the
benthos.26,37 This vertical flux of faecal material can facilitate
the movement of anthropogenic pollutants, including polycyclic
aromatic hydrocarbons (PAHs)38 and hydrocarbon petroleum
residues,39 to deeper waters. Our results confirm the hypothesis
that copepod faecal pellets can also facilitate the vertical

Figure 3. Relationship between faecal pellet sinking rates, volume and density. (A) Faecal pellet volume versus sinking rate (control: R2 = 0.19, P <
0.01; plastic: R2 = 0.14, P < 0.01). (B) Faecal pellet density versus sinking rate (control: R2 = 0.98, P < 0.01; plastic: R2 = 0.97, P < 0.01).
Treatments: control (white) and plastic (black); linear regression: control (dashed line) and plastic (solid line).
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transport of microplastics. As a substantial proportion and vast
range of marine organisms, including fish, cetaceans, turtles,
seabirds, invertebrates, and zooplankton, are known to
consume plastic debris,3,12,17,40−42 these results highlight
sinking faecal matter as an important mechanism by which
floating plastic litter could be removed from surface waters. The
vertical redistribution of plastic litter has previously been
attributed to mixing resulting from turbulence, storms, wind,
and riverine inputs;10,43 the colonization of plastics by microbes
and sessile organisms increasing their density;44,45 and,
adhesion to marine aggregates.46 Collectively, these processes
may explain why floating plastic debris, particularly particles <1
mm in size, are present in lower concentrations than
conservative estimates predict.1,2

The incorporation of polystyrene microplastics significantly
reduced the density of faecal pellets produced by C.
helgolandicus, which was associated with a 2.25-fold reduction
in their sinking rate. If we were to extrapolate these rates to the
average oceanic depth of 3682 m,47 then, hypothetically, faecal
pellets containing the same proportion of polystyrene micro-
plastics would take 53 days longer to reach the benthos than
faecal pellets devoid of plastic. The in situ concentrations of
microplastics in the targeted size range are to date poorly
documented, and may be much more dilute than used in our
experiments. We used 4.8 g m−3 of plastic, analogous to our
approximations of the maximal mass of microplastic (<2 mm)
identified in Geoje Bay (Korea);14 elsewhere maximal plastic
concentrations, sampled with 200−500 μm nets, are lower,
ranging from 0.05 to 9.0 mg m−3 (Table S2).10,13,48−52

Nevertheless, the magnitude of change observed here is
concerning, illustrating a novel potential impact of microplastic
consumption in regions of high plastic contamination that we
believe deserves more detailed investigation in the field. In
oceanic conditions, faecal pellets and marine aggregates
displaying reduced sinking speeds are more prone to
consumption, fragmentation, and microbial degradation during
their descent, resulting in their mineralization within the upper
regions of the water column and therefore reduced POM
export to deeper waters (Figure 4).27,28,30,53,54 It is widely
recognized that prey composition can significantly affect a
pellet’s density: mineralizing phytoplankton (e.g., diatoms,
coccolithophores), lithogenic material (e.g., dust, clay, sand),
and anthropogenic particulates (e.g., drilling waste) can all have
a ballasting effect on faecal pellets, increasing their sinking
speeds.29,37 For example, in feeding on the dense, armored
coccolithophore Emiliania huxleyi, C. helgolandicus produced
faecal pellets with maximal sinking speeds of >250 m d−1, far
exceeding the “norm” for this copepod species.55 The influence
of low-density microplastics on sinking particulates has been
further demonstrated with marine aggregates. Adhesion of 2
μm PS microplastics decreased sinking speeds of marine snow,
formed from the diatom Chaetoceros neogracile, from 473 to 165
m day−1, representing a 2.9-fold decrease in their sinking
velocity.46 However, changes to sinking rates were less evident
in marine aggregates formed from the cryptophyte Rhodomonas
salina, and mixtures of C. neogracile and R. salina. In the marine
environment the sinking speeds of faecal pellets and aggregates
will of course depend on a number of factors, including the
quantity and type of plastic (e.g., polyethylene and poly-
propylene have densities lower than that of polystyrene) and
organic material incorporated, and abiotic conditions such as
the viscosity, temperature, salinity, homogeneity, and turbu-
lence of the water column.27

Faecal pellets consist of densely packed waste organic matter,
enveloped within a peritrophic membrane produced in the
midgut of the copepod.29 A greater number of broken (partial)
pellets in the microplastic treatment would suggest a loss of
structural integrity, likely owing to less organic material
(relative to the pellet size) to bind the pellet together. In the
marine environment, fragmentation of faecal pellets can result
from consumption, physical damage, and turbidity.53,54 It can
be hypothesized that these processes result in the creation of
smaller pellet fragments, which, owing to the relationship
between volume and sinking rate observed here (Figure 3A)
and in the wider literature, will each have a lower sinking
velocity than the whole pellet.27,47 Further, the smaller size of
these fragments could increase their bioavailability to
coprophagous biota, while larger surface area to volume ratios
could result in faster rates of dissolution via microbial and
protozooplankton action.44,5341,50 All of these pathways require
further study and validation.
We identified that faecal pellets can act as a vector for the

transfer of plastic from one organism to another. Previously
laboratory studies have shown that microplastics can be
trophically transferred through predator−prey interactions,

Figure 4. Conceptual schematic of microplastic transport via
zooplankton in the water column. [A] Zooplankton ingest low-density
microplastics in the euphotic zone; [B] zooplankton egest these
microplastics within their faecal pellets (FP) in the upper water
column; [C] normally FPs, full of densely packed organic material, will
sink rapidly; and [D] FP containing low-density microplastics will sink
significantly slower, making them susceptible to being eaten or [E]
fragmented.
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from copepods to mysid shrimp,56 mussels to crabs,57,58 and
fish to langoustine.59 The consumption of microplastics by
marine biota can result in a range of adverse health effects
including reduced feeding, the depletion of energetic reserves
and heightened immune response18,19,31 and can facilitate the
transfer of persistent organic pollutants and toxic additives.60

Faecal pellets are an important source of food for many marine
animals, including (but not limited to) fish, polychaetes,
crustaceans, and copepods.36,61,62 We postulate that con-
sumption of microplastic-laden pellets by coprophagous
organisms would lead to further repackaging and recycling of
microplastics within the marine trophic web and potential
adverse health impacts to those organisms. Sinking organic
matter is further subject to other biotic-interactions, including
corprorhexy, whereby pellets are broken into fragments (with
lower sinking velocities), and coprochaly, where the peritrophic
membrane surrounding the pellet is disrupted releasing its
contents into solution.53,5463 Previous studies have shown C.
helgolandicus can readily capture faecal pellets, of which they
consume <37%, while rejected pellets were damaged.60 This
demonstration of coprophaly would explain why free-floating
microplastics were observed in exposure media after C.
helgolandicus were fed microplastic-laden faecal pellets.
Although the number of waterborne particles were low
(<20), it is possible some of the plastics visualized in the
guts of C. helgolandicus may have stemmed from the ingestion
of these microplastics. Our study highlights that microplastics
can affect the density, properties, and sinking rates of faecal
pellets, raising the potential that faecal pellets could play a key
role in the transport and trophic transfer of plastic in the ocean.
In the marine environment a wide range of organisms,
including zooplankton, have been identified as ingesting
microplastics. In the NE Pacific, where maximal plastic
concentrations range 0.05−0.30 mg m−3,49,51 the zooplankton
N. cristatus and E. pacif ica have been found to consume
microplastics (size range: 400−920 μm) at a rate of 1 particle
per 34 copepods and 17 euphausiids, respectively.17 Although
some animals can retain plastic debris in their intestinal tracts
for several weeks,31,57 we postulate that the majority of
microplastic debris will be egested. The relative contribution
of zooplankton faecal pellets to the vertical flux of sinking
organic matter is highly variable (<1−100%), being mostly
dependent on the community composition of phytoplankton
and zooplankton in overlying waters. Our expectation is that
plastics are most likely to be consumed, egested, and exert
influence on faecal pellets in regions of high plastic
contamination.15 Analysis of field collected faecal pellets and
marine snows are now urgently required to assess the relative
importance of these particulates as “plastic sinks” and
determine the influence of plastic on the fate of zooplankton
faecal pellets in oceanic conditions.
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