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ABSTRACT: Microplastics contaminate global oceans and are
accumulating in sediments at levels thought sufficient to leave a
permanent layer in the fossil record. Despite this, the processes that
vertically transport buoyant polymers from surface waters to the
benthos are poorly understood. Here we demonstrate that laboratory
generated marine snows can transport microplastics of different
shapes, sizes, and polymers away from the water surface and enhance
their bioavailability to benthic organisms. Sinking rates of all tested
microplastics increased when incorporated into snows, with large
changes observed for the buoyant polymer polyethylene with an
increase in sinking rate of 818 m day−1 and for denser polyamide
fragments of 916 m day−1. Incorporation into snows increased
microplastic bioavailability for mussels, where uptake increased from
zero to 340 microplastics individual−1 for free microplastics to up to 1.6 × 105 microplastics individual−1 when incorporated into
snows. We therefore propose that marine snow formation and fate has the potential to play a key role in the biogeochemical
processing of microplastic pollution.

■ INTRODUCTION
Microplastic particles (pieces of plastic <5 mm) are ubiquitous
and pervasive pollutants of the marine environment globally1,2

having been recorded from the poles to the tropics and from
surface waters to the seafloor.3 They have also been found in
the guts of over 300 different marine species,4 prompting
widespread concern over their environmental impact. Global
microplastics sampling efforts to date have heavily focused on
the oceanic gyres and the floating portion of plastic debris,
leading to a global estimate of 93−236 thousand metric tonnes3

of microscopic plastic debris currently floating on the sea
surface. However, there is a vast discrepancy between the
amount of plastic estimated to enter the marine environment
and what is being recorded in these surface monitoring
efforts.5,6 In 2010 alone, 4−12 million metric tonnes of plastic
is thought to have entered the oceans, vastly outstripping this
sea-surface data.6

It is becoming increasingly apparent that microplastics are
not just present on the sea surface and that, somehow, these
particles eventually make their way down to the seafloor.
Concentrations on the deep seafloor are estimated from limited
sampling efforts to be as high as 4 × 109 fibers km−2, with an
average around 1 × 109 km−2.7 It is even being argued that
microplastics may already form part of a stratigraphic signal of
the Anthropocene due to their accumulation into sediments.8

Microplastics of buoyant polymers such as polypropylene and
polyethylene, which should float as virgin (unfouled) particles,
have now been reported at depths down to 5000 m in ocean

sediments9−12 and in the guts of deep sea organisms.1 This,
together with the “missing” surface plastic, suggests that
environmental transformations of microplastics must occur
that alter their densities and fates after entering the marine
environment. Modeling approaches have started to look at how
processes such as biofouling and fragmentation of plastic
particles might alter particle buoyancy and hence lead to net
sedimentation,13,14 based on a series of assumptions regarding
these interactions in a water column. This has led to a recent
estimation that 99% of plastic entering the oceans will
eventually reach the ocean floor, including buoyant polymers.15

A key transport route for organic matter to the benthos that is
not accounted for in such models is the formation of marine
snows.
Marine snows are organic-rich aggregates (distinct particles

>200 μm16) made up of fecal pellets, larvacean houses,
phytoplankton, microbes, particulate organic matter (POM),
and inorganics brought together by shear forces and Brownian
movement.17 Marine snows have much higher settling rates
than their individual particle components (following Stokes’s
Law)18,19 and are primarily responsible for the mass flux of
organic material from surface waters to the deep ocean17

forming a key component of the biological carbon pump.20
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Marine snow concentrations generally range from <1 to 100
aggregates L−121 but can be as high as 5300 aggregates L−1.22

Other transport mechanisms could be in fast sinking fecal
pellets, but these are usually retained in the upper few hundred
meters of the water column as they are recycled by coprophagy.
Much of the global oceans vertical flux of particulate material is
therefore dictated by the movement of marine snow.20 Unlike
biofouling, marine snow formation is not light limited.13 Hence
it can be hypothesized that marine snows have the potential to
provide an important pathway by which microplastic particles
can be rapidly transported vertically downward.
Here, we investigate this potential for marine snow to form a

transport mechanism to move buoyant microplastics away from
the sea-surface, through the water column, and ultimately to the
seafloor. As incorporation of microplastic into marine snows
might increase the effective particle size of microplastics, they
may also enhance their bioavailability to invertebrate
consumers.23 Here, we focus on a bioavailable fraction of
what are termed “microplastics” using plastics ranging from 7−
3000 μm. Using a laboratory simulation of marine snow
formation, we determine whether a range of different
microplastic polymers, shapes, and sizes will incorporate into
marine snows, how this influences their behavior in the water
column, and ultimately how it influences their uptake into a
model benthic filter feeder. Given the important role that
marine snow plays in the downward flux of organic material in
global oceans, understanding its potential role in the movement
of microplastics is key to understanding the fate of micro-
plastics in marine ecosystems and quantifying the potential risk
that they pose to marine biota and ultimately to human health
via our consumption of benthic fisheries species.24

■ MATERIALS AND METHODS
Production of Marine Snows and Plastic Contami-

nated Snows. Marine snows were produced using the
modified protocol of Shanks and Edmunson25 to include 10
μg L−1 hyaluronic acid as recommended in Ward and Kach.26

Natural seawater was collected 1 h before high tide from the
same location for each exposure (Starcross, Devon, UK. Lat:
50.628204, Lon: −3.4477383) between February 2016 and
March 2017, filtered to 200 μm to remove any large particles
and plankton, and placed in 1 L Nalgene bottles. For the plastic
contaminated snows, a range of plastic sizes, shapes, and
polymer types was used in order to determine if shape, size, or
polymer type influenced incorporation into marine snows. Test
microplastics included polyamide fibers (10 × 50 μm) made
according to Cole 2016,44 polystyrene beads (7−30 μm),
polyethylene beads (9−11 μm), polyvinyl chloride fragments
(115−156 μm), polyamide fragments (6−30 μm), and
polypropylene fibers (23 × 3000 μm) (all bar polypropylene
fibers fluorescently labeled, further details in the SI,
summarized in Table S1). These plastics are polymers
commonly found in the environment. Polypropylene fibers
are the most common fiber found in water and sediment
samples with polyamide fibers being the third most common in
water and sediment samples,27 and polyethylene, polystyrene,
and polyvinyl chloride are in the five major commodity plastics
commonly encountered.28 These were added to the roller
bottles before rolling, to aggregate into the marine snow matrix,
and the bottles with and without microplastics were placed on a
roller table for 3 days at 14 rpm.
Incorporation Index Calculations. To establish how

readily the different microplastic types and shapes incorporated

into marine snows, an incorporation index was calculated
according to Doyle et al.19 Microplastics were added to the 1 L
roller bottles at a concentration of 50 particles mL−1 or 0.1
mL−1 in the case of the polypropylene fibers (the fibers were
much larger and so using their weight, the concentration was
decreased by 500 times as their weight was 500 times that of
the smallest bead). This affected a final concentration in our
biological exposures of 2.5 particles mL−1 and 0.05 mL−1

respectively. This process was repeated 4 times with different
seawater to account for natural variations between water
collections such as variations in particulate matter and
transparent extracellular polymers (TEP) concentration. The
snows, once formed, were allowed to settle, and then all
aggregates were pipetted into a separate falcon tube for each
treatment. The snows were resuspended by gently rolling the
falcon tubes, a subsample of aggregate filled seawater was then
put in a Petri dish under a Leica inverted fluorescence
microscope (Leica DMI4000 B using UV (360 nm), Green
(515−560 nm), and Blue (450−490 nm) filters), and every
aggregate >300 μm was counted to give a number of aggregates
per milliliter. The total number of aggregates in each 1L bottle
was then calculated with this information. Subsequently, 30−40
snows per treatment were imaged, and fluorescence was used to
identify the number of microplastic particles bound into the
aggregate matrix. The ImageJ software package29 was used to
measure the maximum calliper length of each snow. An average
number of microplastics per snow was then calculated, and this
number was multiplied by the number of snows calculated to
be in the original 1 L of aggregate seawater to give a final
number of microplastics in marine snows for each treatment.
This then allowed the incorporation of plastics to be calculated
using a modified equation from Doyle et al.:19

= ×
⎡
⎣⎢

⎤
⎦⎥Incorporation (%)

Concentration in snows
Input concentration

100

We confirmed that our calculations were not affected by the
small numbers of plastics that adhered to the bottle surfaces
during the snow formation step. These losses were minor and
hence did not impact our results.

Measuring Sinking Rates. Sinking rates were calculated as
“relative sinking rates” given the variety of factors including
vessel size and shape (wall effects), temperature and salinity,
air/water interface size, and air flow that can alter these rates.30

The sinking rates were calculated for all marine snow polymer
types with 30 individual snows being measured per replicate, all
made from the same seawater, and repeated three times giving a
total of 90 measurements per polymer type. To be able to
compare the sinking rates of marine snows against the
respective free microplastic particles, which were too small to
be measured visually, the sinking rates for all plastics were
calculated using Stokes’s Law to calculate terminal velocity and
using a modified version for cylindrical fibers.31 To do so a 1 L
measuring cylinder was filled with artificial seawater at a fixed
salinity and temperature (15.6 °C, 27.1 ppt, 8.07 pH) to a water
height of 360 mm and then left to settle for 30 min. A white
nonreflective card was used to aid visualization, and a
subsample of each plastic contaminated snow treatment was
pipetted using a serological pipet (Drummond Portable Pipet-
Aid XP2). The snows were allowed to sink through the pipet
and released from the pipet under gravity, just under the surface
of the water. Marine snows then sank for 142 mm to achieve a
constant velocity and then were filmed sinking through a 36.5
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mm window using a Canon DSLR set at 720 p, 50 fps (720 p =
frame size of 1280 × 720 pixels, 50 fps = shot at 50 frames per
second) . The time the snows took to sink through the window
was calculated using the following equation

= #
Time

Frames
Frame Rate

where the number of frames is derived by subtracting the frame
number the marine snow entered the window from the frame

number when it exited the window. Speed was then calculated
using the time and distance data in m day−1.

Mussel Uptake Experiment. The blue mussel, Mytilus
edulis (shell length: 53.7 mm ±4.6 mm), was collected from a
local source at Starcross, Devon adjacent to where the seawater
was collected (Lat: 50.618945, Long: −3.4462054) 3 days prior
to exposure. Their shells were scrubbed to remove organisms
and underwent two water changes in a temperature controlled
aquarium setting to allow them to depurate and were fed a
concentrated blend of microalgae (Shellfish Diet 1800, Reed

Figure 1. A) Images of marine snows with each of the six polymers incorporated and sinking rates plotted. I) polypropylene fibers 23 × 3000 μm
(note the change in scale bar for all other microplastics); II) polyethylene beads 9−11 μm; III) polyvinyl chloride fragments 115−156 μm; IV)
polyamide fibers 10 × 50 μm; V) polyamide fragments 6−30 μm; VI) polystyrene beads 7−30 μm. Blue arrows indicate incorporated microplastics
that are colored by their fluorescence in the figure. B) Modeled sinking rates of microplastics (blue bars) and measured sinking rates of marine snows
with plastics incorporated (orange bars). Artificial marine snow, polyethylene (PE) beads, polystyrene (PS) beads, polyamide (PA) fibers,
polypropylene (PP) fibers, polyamide (PA) fragments, and polyvinyl chloride (PVC) fragments were all measured using a Canon 5D MKIII. Bars
with different letters are significantly different (One-Way ANOVA, F6,622 = 3001, p ≤ 0.01, Tukey’s Post-Hoc Test).
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Mariculture). Mussels were then transferred to a flow-through
aquarium tank and kept in treatment seawater conditions for at
least 3 days to acclimate before being added to any exposure.
The mussels were then starved 12 h before exposure and
removed 2 h pre-exposure to ensure they ventilated promptly
during the feeding exposure.
Nine mussels per treatment for polystyrene and polyethylene

and 16 mussels per treatment for polypropylene (where uptake
was lower therefore more replicates were required for statistical
power) were exposed in individual tubes to the following for 60
min at 15 °C:

1. Controls − natural seawater that had not been rolled
(i.e., no marine snow or microplastics present).

2. Marine snows with incorporated microplastics referred to
as plastic contaminated snows (PCS) − Rolled seawater
with microplastics incorporated into the aggregates
through the rolling process.

3. Marine snows with added microplastics referred to
throughout as plastic and snows (PAS) − Rolled
seawater with no microplastics. Plastics were then
added to the exposure at time 0 (T0) to differentiate
between active feeding on the snows and passive plastic
uptake from free beads in the water.

4. Seawater with microplastic spheres, referred to as a “free
plastic” treatment (FP) − artificial seawater (ASW) with
freely suspended plastics added. The PAS and FP
treatments had PS and PE added to the 1 L bottles at
a concentration of 50 particles mL−1, and the larger PP
fibers were added at a concentration of 0.1 particles
mL−1. Control mussel exposures were undertaken to
assess laboratory contamination and the quality control
of the protocol. No microplastics were recovered in any
of the control treatments, and so controls were
eliminated from the analysis.

To assess the ability of marine snows to transport plastics
from the surface to the benthos, vertical transport chambers
(VTCs) (Figure S2) were made to ensure a head of water
above the mussel (water height of 194 cm equal to ≈20 L of
water in a 116 mm interior diameter tube) to mimic a
sublittoral environment and to help test sinking. Mussels were
placed in the VTCs, and once every mussel was visibly
ventilating each treatment was added at T0. The artificial
seawater was filtered to 0.2 μm, acclimated to the aquarium
temperature, and diluted to the salinity of the natural seawater
taken to produce the marine snows. At T0 the aggregates
making up the treatments, plastic contaminated snows (PCS)
and plastic and snows (PAS), were transferred to VTCs using a
serological pipet. The snows sank through the pipet and were
released just under the surface of the water to ensure that the
snows remained intact and that eddy formation was minimized
which could prevent uniform sinking. Microplastics at the
required concentrations were added to PAS and FP treatments
at T0 also. The exposure was run for 60 min (T60) based on
preliminary feeding trials using uncontaminated marine snows
ensuring that significant uptake occurred within this time
period and to ensure that slow sinking microplastics had the
requisite time to reach the mussels in the experiment to be
compared with the sinking marine snows.
Microplastic Recovery and Quantification. At T60

mussels were removed by a rapid inversion of the VTCs,
causing them to cease ventilating and therefore feeding, and
were then dried off with blue roll. Mussels were snap-frozen

prior to dissection from their shells and dried at 60 °C for 48 h,
and a dry tissue weight was calculated. Mussels were then
rehydrated by placing each dried mussel in a conical flask with
20 mL of 0.2 μm filtered deionized water (DI). The mussels
were left for 2 h to rehydrate, transferred to a 50 mL falcon
tube with the DI water, and then homogenized using a Stuart
SHM1 Homogenizer. Once a smooth homogenate was
achieved, 6 × 20 μL of homogenate was viewed under an
inverted fluorescent Leica microscope in a clear bottomed well
plate, and the beads per well were counted. The number of
beads per mussel was calculated based on the dry weight plus
20 mL of DI using the following equation

μ
μ

× #

=

Total Sample Volume ( L)
20 L

Well average ( beads)

Total beads per mussel

where total sample volume (μL) is the total mussel dry weight
(1 g = 1 mL) added to the DI volume (mL) used to rehydrate
the mussel.

Quality Control. Microplastics were fluorescently labeled
where necessary to ensure that contamination from the
laboratory environment could not be mistaken for an
experimental particle. The large polypropylene fibers were
not labeled as they were easily visible, but each sample was
inspected fully in this case and the fibers were very distinct (see
Figure S1).
Similarly the homogenization step was inspected to ensure

that the plastics were not damaged in the homogenization
process. Visual assessment of all plastics found no evidence of
fracturing or surficial damage, even in our largest plastics, the
23 × 3000 μm polypropylene fibers.

■ RESULTS AND DISCUSSION
We found that all of the microplastic polymer types, shapes,
and sizes that we tested readily incorporated into laboratory
made marine snows (Figure 1, details of plastics used in Table
S1, images in Figure S1). Using a calculated incorporation
index, we found that for the buoyant polymer (density lower
than seawater) polyethylene (PE), 79% of beads incorporated
into the aggregate matrix. For polyamide (PA) fibers, PA
fragments, polystyrene (PS) beads, polypropylene (PP) fibers,
and polyvinyl chloride (PVC) fragments, we found incorpo-
ration values of 100%.
For all polymer types and microplastic shapes tested, we

measured enhanced sinking rates when these microplastics
were incorporated into marine snows (Figure 1) compared to
their calculated sinking rates as free particles. This relative
change in sinking rate from that as a free microplastic particle
to particles incorporated into snows varied according to
polymer type. Critically, buoyant polymers became negatively
buoyant once incorporated into marine snows and hence sank
during the observation period rather than remaining on the
surface. For example, buoyant PP fibers had calculated sinking
rates of −82 m day−1 and float on the surface when added to
the vertical transport chamber. Once incorporated into marine
snows, PP fibers became negatively buoyant, sinking at a rate of
at 576 m day−1 an increase of 658 m day −1 (Figures 1AI and
1B). Similarly, PE beads had a negative calculated sinking rate
of −0.19 m day−1 as free particles (i.e., floated on the surface)
but had sinking rates of 818 m day−1 when incorporated into
marine snows, a reversal from slightly buoyant to rapidly
sinking (Figures 1AII and 1B).
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For polymers denser than seawater, sinking rates were
calculated to be 0.39 m day−1 for PS beads, 1.49 m day−1 PA
fragments, and 12.15 m day−1 for PA fibers (Figure 1B) as free
microplastic particles. Due to its high density, PVC had the
greatest sinking rate as free microplastic of 354 m day−1 and
exhibited a relatively small increase to 839 m day −1 when
incorporated into snow (an increase in sinking rate of 485 m
day−1) (Figures 1AIII and 1B). PA fibers when incorporated
into marine snows sank at a rate of 855 m day−1, an increase of
843 m day−1 compared to free PA fibers (Figures 1AIV and
1B). Marine snows contaminated with PA fragments had the
fastest sinking rates of 917 m day−1, an increase of 916 m day−1

compared to its sinking rate as free microplastic (Figures 1AV
and 1B). PS beads exhibited an increase in sinking rate of 908
m day−1 when incorporated into marine snow from 0.39 m
day−1 as free plastic to 908 m day−1 in marine snows (Figures
1AVI and 1B).
The sinking rates for the free microplastic particles are based

on simple models for a static water column and the laboratory
based observations for the plastics incorporated into marine
snows made under similarly static conditions. As such these
values cannot be taken as representative of true particle sinking
rates under more turbulent, real-world oceanic conditions,
which will vary in space and time according to a number of
oceanographic processes and that act as a large force on sinking
processes (although the net flux in the global ocean is
downward). Our measured marine snow sinking rates are
therefore higher than those generally reported for marine
snows in the natural environment (reported as 1−280 m
day−1)23 where turbulent mixing acts to slow this rate.32

Additionally, the water used to generate the snows in this study
was collected from an estuary high in lithogenic material,
potentially adding denser material to the aggregate mix than
might occur in open ocean conditions and which would be
expected to enhance sinking.33 Zooplankton fecal pellets have
been found to sink faster than 820 m day−133 however,
suggesting that our rates are not beyond the realms of what is
conceivable for POM in the open ocean.
The benefit of using this controlled static system is that it

allows relative sinking rates to be compared for our range of
test microplastics against modeled sinking rates for free plastic
particles (which are also devoid of real world perturbations),
without the complex confounding factors of oceanic conditions,
thus allowing us to test our hypothesis. This comparative data
demonstrates a clear relative increase in sinking rates of the
plastic particles when they are incorporated into marine snows
for all microplastics tested. Even with an obvious attenuation in
sinking speed, and within a complex system of fragmentation
and coagulation, the magnitude of these relative changes in
sinking rates provides strong evidence that the process of
incorporation into marine snows dramatically changes the
behavior of the microplastic particle in a water column. Hence
this data provides empirical support for the paradigm that
marine snow represents an environmentally relevant, viable
pathway for microplastics to be transported from the sea
surface to the seafloor, including buoyant polymers which
would otherwise float as virgin particles.
The aggregation of microplastics into marine snows not only

altered the microplastics behavior within the water column but
also altered the sinking rates of the marine snows themselves.
Marine snows with PP fibers incorporated had slower sinking
rates compared to uncontaminated snows (714 ± 25 m day−1)
and had the slowest sinking rate of 576 ± 16 m day−1. This

would be equivalent to a reduction of 138 m day−1 (Figure 1),
which over the average depth of the ocean (≈ 4000 m) equates
to 1.3 days longer to reach the benthos. This reduction is likely
due to the greatly increased size of the plastic/snow parcel
formed with these large fibers (as can be seen in Figure 1AI).
Polypropylene fibers formed groups of snows and fibers which
would likely experience significant drag while sinking, slowing
them down. All other microplastic contaminated snows sank
significantly faster than the uncontaminated snows (One-Way
ANOVA, F6,622 = 3001, p ≤ 0.01, Tukey’s Post-Hoc Test)
(Figure 1B), equivalent to an increase of 153 m day−1 (SE ± 19
m day−1). This would theoretically cause POM to reach the
benthos 1 day before an uncontaminated snow might.
Altered POM sinking rates as a result of microplastic

incorporation has previously been demonstrated in the
laboratory using polystyrene beads for zooplankton fecal
pellets34 and for cultured algal aggregates18 further adding to
the evidence that microplastics have the potential to interact
with important aspects of the oceans’ biological pump. Slower
sinking would potentially allow more grazing, fragmentation,
and microbial degradation of marine snows20,34 and possibly
lead to rerelease of buoyant microplastics to the surface,
whereas a faster sinking POM could result in higher rates of
accumulation of plastic debris in the benthic realm. Of course,
there are a whole suite of environmental factors that will affect
marine snow sinking rates in addition to the concentration,
type, and shape of microplastics, for example the amount of
POM present and abiotic processes such as turbulence and
homogeneity of the water column, grazing on snows as they
sink potentially rereleasing plastics, temperature, salinity, and
viscosity of the water.20 However, the relative change between
our plastic and marine snow sinking rates are, in most cases,
orders of magnitude different (polystyrene beads increased
from a free plastic sinking rate of 0.39 m day−1 to a sinking rate
of 908 m day−1 when in marine snows and even the smallest
increase was relatively large for PVC fragments from 354 m
day−1 to 839 m day−1), and therefore even with the
aforementioned attenuations in sinking rates, even sinking at
environmentally measured rates, the plastics will still be
traveling from the sea surface to the seafloor at a much
enhanced rate than they would as individual particles and
indeed the buoyant polymers would have to wait for the much
slower process of biofouling to occur to overcome their positive
buoyancy. A study by Zhao et al.16 provides evidence that this
process of microplastics incorporating into marine snows
occurs in the field, finding marine snows with buoyant plastics
incorporated in the top 2 m of the water column. Our study
goes further to explore the sinking dynamics and implications
of marine snows as a transport vector to the deep ocean for a
range of microplastic polymers and shapes.

Uptake of Microplastics in Mytilus edulis. Finally, we
demonstrate that the incorporation of microplastics into marine
snow acts to increase their bioavailability to a model benthic
filter feeder, the blue mussel (Mytilus edulis), when mussels
were separated from the surface by a distance of 2 m. We
selected the PS and PE beads and the PP fibers for use in the
mussel exposures so as to have two size comparable beads with
differing densities and the PP fibers as they were much larger
particles, much less dense, and represented fibrous material,
which can make up a large proportion of real world samples
from microplastic trawls. We found that for all three
microplastics tested, mussels ingested significantly more
microplastics when they were incorporated into marine snows
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(plastic contaminated snows (PCS)) than when added as free
plastic (FP) (Figure 2). For PS beads, uptake over an hour’s
exposure increased ≈300 times from an average of 340 (±158
SE) beads per mussel when freely suspended to ≈105000
(±3900) beads per mussel when incorporated into marine
snows (ANOVA: F3,32 = 13, p ≤ 0.01) (Figure 2A). For PE,
beads were only taken up by the mussels when marine snow
was present (ANOVA: F3,32 = 12.38, p ≤ 0.01, Figure 2B). The
difference in uptake of PS compared to PE when fed to mussels
is likely due to the buoyant nature of the PE beads and their
reduced incorporation rate into marine snows of 79%
compared to 100% for PS. For the PP fibers, the ingestion
rate was significantly greater (ANOVA: F3,52 = 18.66, p ≤ 0.01,
Figure 2C) when incorporated into the marine snow (6.5 ± 1.5
fibers per mussel) compared to when fibers were mixed with
snows at the start of the exposure (0.6 ± 0.3 fibers per mussel).
As with PE no fibers were ingested when input as free plastics
(Figure 2).
An increased uptake of freely suspended microplastics by the

mussels was also detected when they were added to the vertical
transport chambers at the same time as previously formed
marine snow (plastic and snow treatment (PAS)) (Figure 2B).
This is likely due to a combination of factors; first, that the
process of incorporation is happening in situ as the plastic and
marine snows are mixed at the start of the experiment such that
some plastics are collected as the snows fall. Second, the

downdraft of the sinking snows is likely to be enough to carry
down plastics in their wake as a large body of particulate matter
with high densities sink. Even with buoyant PE this is plausible
as the polymer is only just less dense than the surrounding
water and so an energy flow moving downward may be enough
to overcome the buoyancy of the particle by itself. Indeed a
number of oceanographic processes including saline sub-
duction, offshore convection, and dense shelf water cascading
have been hypothesized as routes of microplastic transport to
deeper waters.7

Interactions between microplastics and biota are observable
throughout marine ecosystems globally.35 Plastic debris has
been documented to have entangled or been ingested by at
least 557 species, including marine mammals, seabirds, and
many benthic organisms.4 Mussels, used here as representative
filter feeders since this is a common feeding mode in benthic
ecosystems, are efficient at the capture of small particulate
matter,26 readily ingest microplastics,36 and obtain 5 to 10 times
more nitrogen from marine snows than from dissolved organic
matter and particulate detritus.37 Our findings suggest that not
only do marine snows redistribute microplastics by drawing
them downward but they also, potentially increase the uptake
of microplastics via a bioconcentration process. This concen-
tration process has been recognized in studies looking at marine
snow and pathogen interactions38 whereby organisms have
increased exposure to a pathogen due to their aggregation

Figure 2. Uptake of microplastics into Mytilus edulis in the absence of marine snow (“free plastic” = FP), in the simultaneous presence of marine
snow at the time of the uptake experiment (“plastic and snow” = PAS), and after preincorporation into marine snow matrix (“plastic-contaminated
snow” = PCS) for A) polystyrene beads (7−30 μm), B) polyethylene beads (9−11 μm), and C) polypropylene fibers (23 × 3000 μm). Significant
differences are highlighted by differing letters (Tukey’s HSD Test). Infographic below gives a visual descriptor of the three treatment types and
codes.
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within a food source. Marine snows may well be enhancing the
bioavailability of microplastics to invertebrate consumers,
causing bioaccumulation in mussels on an as yet unknown
scale and potentially causing biomagnification through the food
chain and potentially to humans also.38

To examine the wider relevance of our findings, we
conducted a review of the existing literature on microplastic
pollution in benthic samples (see Table S2 for references and
details). This reveals that a variety of different polymer types,
shapes, and sizes of microplastics, including buoyant polymers,
have been found in sediments and the guts of benthic species.
Microplastics have been found in benthic sediments at depths
ranging from 1 to 2700 m7,10 (Figure 3A) and in the guts of
organisms at depths of 334−2200 m1,7 (Figure 3B). Buoyant
polymers PE and PP are reported in deep sea organisms at
similar concentrations to those ingested in our study (2 to 5
fibers per individual in Taylor et al.)1 compared with 0 to 21
fibers per individual (mean ± SE of 6.5 ± 1.45 per individual)
in the present study. Of all the plastics recovered from these
studies buoyant polymer types comprised 46% of all plastics in
sediments. In benthic organisms buoyant polymers made up 8%
of the total number of plastics recorded.
Overall, our results demonstrate that the formation of marine

snow represents an environmentally relevant, viable pathway
for microplastics to be transported from the sea surface to the
seafloor and into benthic fauna by ingestion. This mechanism
has the potential to fill in the gap between what we know is
entering the marine environment and the relative fraction
found in sea surface trawls and adds further evidence to the
prediction that plastic contamination of the benthic habitat is
occurring at much greater volumes than first thought. The soft
sediments that cover much of the ocean floor are dynamic and
productive habitats, supporting many ecologically and econom-
ically important species and playing key roles in ecosystem
functioning,39 raising questions as to the impact that micro-
plastic pollution is having on these important commun-
ities.40−43 There is however a multifaceted issue to disentangle:
first, that marine snows have the potential to be a highway for
plastic transport to the benthic realm and second, that plastics,
in theory, have the ability to influence the fluxes of POM in the
marine water column. We also show that mussels ingest more
plastics when they are incorporated into marine snows
potentially leading to adverse effects as yet unseen with

standard feeding models based on free plastics. This mechanism
of plastic delivery to benthic organisms is also potentially
important as plastics have been repackaged into a food source
and concentrated, opening questions regarding whether this
will influence the effects of plastics on these organisms.16

Addressing the paucity of data relating to the presence of
midwater and benthic microplastics, evidence of the transport
pathways, and the understanding of their fate upon reaching the
benthos is of paramount importance when taking a global
ocean view of microplastic pollution. The transformations of
plastics that occur during their journey from source to sink will
be critical in their distribution and thus our understanding of
risk of microplastics to marine systems. This study is an
important step in understanding the fate and sinking dynamics
of microplastics in global oceans and highlights the potential for
microplastics to affect more than just the sea surface.
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