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ABSTRACT: Understanding residence times of plastic in the
ocean is a major knowledge gap in plastic pollution studies.
Observations report a large mismatch between plastic load
estimates from worldwide production and disposal and actual
plastics floating at the sea surface. Surveys of the water column,
from the surface to the deep sea, are rare. Most recent work,
therefore, addressed the “missing plastic” question using modeling
or laboratory approaches proposing biofouling and degradation as
the main removal processes in the ocean. Through organic
matrices, plastic can affect the biogeochemical and microbial
cycling of carbon and nutrients. For the first time, we provide in
situ measured vertical fluxes of microplastics deploying drifting
sediment traps in the North Atlantic Gyre from 50 m down to 600
m depth, showing that through biogenic polymers plastic can be
embedded into rapidly sinking particles also known as marine
snow. We furthermore show that the carbon contained in plastic
can represent up to 3.8% of the total downward flux of particulate
organic carbon. Our results shed light on important pathways
regulating the transport of microplastics in marine systems and on
potential interactions with the marine carbon cycle, suggesting
microplastic removal through the “biological plastic pump”.
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■ INTRODUCTION
It is not surprising that plastic has found its way to the most
remote and pristine locations,1−3 becoming an ubiquitous and
pervasive element of marine environments, biota, inland waters,
soils,4 and air5,6 and a planetary boundary threat.7 A recent study
suggested that the beginning and end processes of the plastic life
cycle (industrial production and incineration) can release high
amount of chloride, which strongly contributes to atmospheric
aerosol growth and concentration.8 The marine environment,
through riverine input of mismanaged plastic waste9,10 and
underestimated sources emerging from ship coatings,11−13 is the
ultimate collector of this relatively new kind of pollution, now a
common component of seawater; plastic is so omnipresent to be
considered having its own biogeochemical cycle.14 An estimated
amount of plastic presumably present in the ocean in 2020 is as

high as 150 million metric tons (MT).15 For an average 80%
carbon content in plastic (by weight), we would have 120
million MT of plastic-bound carbon in the ocean today. The
ocean is a massive carbon reservoir that naturally holds about
38,400 Pg C;16 in this respect, plastic-bound carbon represents
only a small contribution to the global marine carbon budget
(0.0003%). However, this small contribution can potentially
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imply a significant impact on carbon cycling: plastic leachates as
dissolved organic carbon are rapidly metabolized by micro-
organisms,17 and at the same time, microplastics are substrates
for high microbial activity and organic matter turnover.18−20

Particle-attached microbial communities might greatly differ
from the free-living microbes of the surrounding seawater, and
organisms found abundant on natural marine aggregates
identified in the class Gammaproteobacteria (Pseudomonadota
phylum, including Vibrio spp.), in the genus Cytophaga (phylum
Bacteroidetes), and in the phylum Cyanobacteria are also
common on plastic debris.21−23

A recent model proposed that in marine areas of high plastic
and nutrient concentration, grazing pressure on phytoplankton
is reduced: this leads to initial high rates of biological production
that in the long term may regionally compromise the oxygen
inventory through accelerated biomass degradation.24

Microplastics interact with suspended inorganic and organic
components of seawater, including extracellular polymeric
substances (EPS), mucilaginous material exuded by micro-
organisms that helps forming plastic agglomerates in seawater;25

microplastics <1 mm in size are incorporated into marine
aggregates,26 often referred to as marine snow, but particles even
smaller (∼30−100 μm) can support the formation of marine
biogenic polymer gels.20,27 Such gels in their polysaccharidic
(transparent exopolymer particles, TEP) and proteinaceous
(Coomassie stainable particles, CSP) composition find their
origin in dissolved polymeric precursors from biological
production and degradation processes. Due to their high
stickiness, gel-like particles accelerate particle coagulation rates
and play a pivotal role in the vertical transport of organic matter
and carbon.28,29 Similarly, these gel-like particles can interact
with microplastics, regulating their buoyancy and bioavailability
in the oceans.27,30 Marine snow particles are an essential
component of the biological carbon pump, the fundamental
oceanic process encompassing all mechanisms of atmospheric
carbon sequestration (as dissolved CO2), its incorporation into
particulate and dissolved organic matter through photosyn-
thesis, and its vertical transport to the ocean’s interior. In its
descent, part of the organic matter is remineralized through the
microbial loop or ingested by macro-organisms. At the same
time, other fractions make their way to marine sediments
contributing to the millennia oceanic carbon storage.31 By
interacting with marine snow and marine gel particles, plastic
particles not only benefit from the biological carbon pump as a
vertical downward transport process but simultaneously
interfere with the whole mechanism of carbon sequestration,
turnover, and storage.32,33

The North Atlantic Gyre is one of the largest convergence
zones for surface plastic debris34 and first published observations
date back to the early 70s.35 Continuous plankton tow data for
the North-East Atlantic Ocean report a constant increase of
surface ocean plastic from the mid-1950s to 2016 recorded as
co-entanglement and faults on ships-of-opportunity.36 Depth-
resolved observations show that concentrations of polyethylene,
polypropylene, and polystyrene microplastics are high in the
upper 270 m across all latitudes from the North to the South
Atlantic.37 Moreover, plastic has been present in sediments and
deep-sea invertebrates of the Rockall Trough (>2000 m, North-
East Atlantic) for the past 50 years at least.38,39 Aggregation with
organic matter and the subsequent vertical transport within
rapidly sinking marine snow and fecal pellets are suggested as
important mechanisms of microplastic removal from the surface
ocean.40 These processes may determine microplastic accumu-

lation in the deep North Atlantic and Pacific basins.40 However,
most of the plastic assumed reaching the ocean escapes current
monitoring surveys.41,42 Despite decades of available data for
global ocean surface plastics34,41,43 and more recent models on
potential removal processes,40,44 observations of the water
column are still scarce.45 Yet, it may represent one of the largest
reservoirs of marine microplastics as suggested by mass
measurements in the German Bight.11,37 Mesopelagic plastic
concentration and fluxes in high plastic accumulation zones such
as the North Atlantic Gyre are fundamental information to
explore vertical transport and particles’ fate, while suggesting
mitigation actions for marine regions not yet as much affected by
plastic pollution.

Here, we present the first data on microplastics vertical export
in theNorth Atlantic Gyre based on two deployments of surface-
tethered drifting sediment traps with eight depth intervals from
50 to 600 m (Figures S1 and S2, Table S1). The study was
conducted during the POS536 cruise “DIPLANOAGAP:
Distribution of Plastics in the North Atlantic Garbage Patch”
(August 17−September 12, 2019). Surface-tethered drifting
sediment traps capture sinking particles in the upper ocean to
study the biological control over the removal of abiogenic
particles from the surface.46−49 We applied this approach to
track fluxes and the interaction with sinking organic matter
driving microplastic removal from the surface in the large
accumulation zone of the North Atlantic, and we quantified the
carbon contained in plastic (plastic-C) to estimate its
contribution to particulate organic carbon (POC) fluxes.
Moreover, we gathered microplastic debris (1 mm) in 300 m
depth to visualize microscopically the spatial arrangement and
bacterial composition of biofilms growing on the debris. To the
best of our knowledge, this work represents the first observation
of mesopelagic microplastic fluxes in the North Atlantic Gyre
linked to biological sinking material establishing a direct
connection to the missing plastics in the ocean.

■ MATERIALS AND METHODS
Traps Deployment. During POS536 cruise, free-floating

surface-tethered traps (Figure S1) were deployed to collect
passively sinking particulate matter and plastic particles, with a
setup as described in Engel et al. (2017)46 and Knauer et al.
(1979).48 The material collected was pre-screened (500 μm) to
remove zooplankton and visible plastics for later separate
identification. Eight free-floating PVC sediment arrays were
mounted on a line to collect sinking material at 50, 100, 150,
200, 300, 400, 500, and 600 m. Each array contained twelve
individual collectors (particle interceptor trap, PIT)48 of which
two were blank controls (Figure S2). Each PIT [a 2 L plexiglass-
poly(methyl methacrylate) (PMMA)-tube] was filled with ∼1.5
L of filtered seawater (0.2 μm) collected from 300 m depth a few
days before the deployment and 500 mL of pre-filtered (0.2 μm)
brine solution, prepared with 50 g NaCl per L of seawater. The
brine solution was pumped to the bottom of each PIT and below
the pre-filled seawater with an acid-washed tube and a peristaltic
pump. All PITs were immediately covered and stored upright
until deployment, which was done within a maximum of 2 h
from the solutions’ preparation. The density gradient allows
sinking particles to enter the PITs preventing their escape and is
necessary to prevent flushing when recovering the traps. The
density stratification is maintained by underwater pressure when
lowering the traps, and previous studies have shown (by the use
of specific dyes) that such density gradient is maintained at
depth.48 In our experiment, we visually inspected all PITs before
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deployment and after recovery to make sure that the density
gradient was maintained and it was found intact or a few
centimeters above. The size of each PIT led to an aspect ratio of
7.5 as described in Engel et al.46 and together with the top baffle,
the configuration helped reducing drag-induced movements
within the trap.50

Each PIT was closed at the bottom with a low-density
polyethylene lid. Ten traps per array had a top plexiglass baffle to
restrain the flux of larger material (>1 cm). The two blank PITs
were covered with the low-density polyethylene lid and did not
collect any material.

Sediment traps were deployed twice (Table S1) and remained
free-floating for 5 days allowing the collection of enough sinking
material. This system has been previously tested in several
cruises.46,51 Each array is hooked to a main line marked for
specific depths, attached to a ground weight of 70 kg and to
different floats and a yellow buoy at the top (Figure S2) which
carries two GPS beacons: an Argos and an iridium system and a
flashlight for tracking and recovery. Sediment trap#1 slowly
drifted toward North-West and was recovered at approximately
15 nautical miles from the deployment location, whereas
sediment trap#2 drifted North-East and was recovered at 13
nautical miles from the deployment location.

After recovery, all PITs were treated according to Engel et al.
(2017)46 without the addition of formalin. Seawater was
pumped out of each PIT until reaching 3 cm above the density
gradient. The remaining brine solution was the actual sample,
and successively, aliquots of samples were immediately filtered
under low pressure (<200mbar); filters were stored frozen (−20
°C) or dried until analyses.

Transfer efficiencies for particulate components were
calculated as the ratio of fluxes at 600 m to those at 100 m as
in Engel et al. (2017).46 Data on particulate matter fluxes,
pyrolysis gas chromatography coupled with mass spectrometry
(Py-GC/MS), and Fourier transform infrared (FT-IR) spec-
troscopy of plastic polymer mass were fitted to the normalized
power function FZ = F100(z/100)b with F100 as the flux at a depth
(z) of 100 m and b attenuation coefficients indicating that the
more negative is b, the higher is the flux attenuation.52

Biogenic Parameters: Total Particulate Mass, Chlor-
ophyll a, Marine Gels (TEP and CSP), POC, and
Particulate Nitrogen. Total particulate mass was analyzed in
triplicate and aliquots were filtered onto pre-weighed 0.4 μm
polycarbonate filters. Filters were rinsed twice with Milli-Q
water, dried at 60 °C for 4 h, and stored until weight
measurement on a Mettler Toledo XP2U microbalance.

Chlorophyll a was determined in triplicate and aliquots
filtered onto combusted GF/F filters were kept frozen (−20 °C)
until analysis. Samples were analyzed after extraction with 10mL
of acetone (90%) on a Turner fluorometer after Welschmeyer
(1994).53 Calibration of the instrument was conducted with a
spinach extract standard (Sigma-Aldrich).

TEP and CSP were determined in quadruplet by microscopy
after Engel (2009).54 Samples were stored at −20 °C until
microscopy analysis with a light microscope (Zeiss Axio Scope
A.1) connected to a camera (AxioCam MRc). Filters were
screened at 200× magnification. Thirty pictures were taken
randomly from each filter in two perpendicular cross sections.
Image analysis software WCIF ImageJ (US National Institutes
of Health) was used to semiautomatically analyze particle
numbers and area. TEP carbon content (TEP-C) was estimated
after Mari (1999)55 according to the relationship

=C a n rTEP ( )i i i
D

(1)

with ni being the number of TEP in the size class i and ri the
mean equivalent spherical radius of the size class. The constant a
= 0.25 × 10−6 (μgC) and the fractal dimension of aggregatesD =
2.55 were proposed by Mari.55

POC and particulate nitrogen (PN) aliquots were filtered in
triplicate onto combusted (8 h at 500 °C) GF/F filters
(Whatman, 25 mm) and kept frozen (−20 °C) until analysis.
Filters were exposed to fuming hydrochloric acid in a fuming box
overnight to remove carbonate and subsequently dried (60 °C,
12 h). For analysis, the filters were enclosed in tin cups and
analyzed using a Euro EA elemental analyzer calibrated with an
acetanilide standard.
Py-GC/MS. Py-GC/MS measurements, calibration, and

quantification were performed as already published.56 Py-GC/
MS measurement conditions are described in Table S2.
Polymers for calibration and quantification are given in Table
S3. Deuterated polystyrene was used for internal stand-
ardization.57 For the polymers, the prefix “C”11,58 indicates
that the polymer-specific indicator ions include the polymer
itself, but also polymers related to the same monomer (e.g.,
copolymers and polymer-containing formulations). Further
details are described in Table S4. Carbon contents were
calculated based on the mass of each polymer (Table 1) and the
respective carbon content within the pure polymer (Table S5).

In detail, for Py-GC/MS aliquots of 2 L (from deployment#2
only) were filtered onto stainless-steel filters (pore size 10 μm)
and rinsed with hydrogen peroxide (pre-filtered 1 μm). The
filter residues were filtered through a GF/F (15 mm diameter,

Table 1. Masses in the PITs (μg L−1) of Individual Cluster of Polymer Types Identified by Py-GC/MS and Total Mass of Plastic
from Deployment#2a

depth C-PE C-PP C-PET C-PS C-PVC C-PC C-PMMA C-PA6 C-MDI-PUR total mass μg L−1

50 m + 7.3 5.4 0.1 + 0.2 3.0 n.d. n.d. 16.0
100 m n.d. 20.5 13.0 0.1 + 0.8 10.4 n.d. n.d. 44.9
150 m 5.9 0.2 3.8 + + + 25.2 n.d. n.d. 35.1
200 m + 0.2 7.7 0.3 + * 1.5 n.d. n.d. 9.7
300 m 0.9 + 1.6 + + * + n.d. * 2.6
400 m n.d. 14.8 1.9 + + + 0.7 n.d. n.d. 17.4
500 m + + * + + * + n.d. * 0.0
600 m + 2.0 0.6 + + 0.6 0.5 n.d. n.d. 3.6
total mass 129.3
% over the total amount 5.2 34.9 27.3 0.5 0.0 1.2 30.9 0.0 0.0 100
average density g cm−3 0.97 0.86 1.33 1.05 (1.39) 1.17 1.16 (1.13) (1.23)

a+ indicates negative values after blank subtraction; * indicates traces, not quantifiable amount; n.d. not detected.
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1 μm pore size, Pall Life Sciences; pre-treated in a muffle furnace
at 400 °C for 4 h). The GF/F, including the filter cake, was
folded and transferred into a stainless-steel pyrolysis cup (Eco
Cups 80 LF, Frontier Labs, Japan). Full procedural laboratory
blanks were prepared identically for each sample set and
subtracted from raw data of trap samples. More specifically, even
if only pre-filtered solvents, cleaned glassware and thermally
treated glass fiber filters were used for sample processing in the
laboratory, small signals occur in the laboratory blanks for some
polymer cluster due to the sensitivity of the Py-GC/MS. Because
the same chemicals and equipment were used for these
laboratory blanks as for the samples in terms of type and
volumes, the signals of the laboratory blanks were subtracted
from those of the sample to avoid any potential over-
quantification. For this purpose, mean peak area ratios for
respective trace signal of polymer clusters were also calculated
for the laboratory blanks (n = 3), which were then subtracted
from the peak area ratios of the samples (thus based on the raw
data) before the actual quantification. This laboratory blank
value subtraction was not carried out for the ship blank values
because these samples were processed directly on the ship and
no further additional processing in the laboratory was necessary
before Py-GC/MS measurement. In fact, one blank-control PIT
per depth was filtered onto GF/F filters on board. These filters
were directly placed into pyrolysis cups and quantified with Py-
GC/MS to determine any secondary contamination of the PIT
itself. A mean value from these blank-control PITs was
calculated and subtracted from the data set, to exclude
contamination of the sampling device. This resulted in a
reduced number of polymers finally considered in the
discussion. In the case of C-PVC, a constant C-PVC background
was found in the trap blanks that exceeded the levels in the
samples. This was taken as an indication of systematic
contamination of the samples during sampling. Accordingly,
C-PVC was excluded from further discussion.

For deployment#1, in the absence of enough sample to be
processed for Py-GC/MS, data on plastic mass as well as carbon
content (μg L−1) were extrapolated by a linear regression
relationship (R2 = 0.725, p = 0.007) between chlorophyll a (Chl
a) and plastic mass for deployment#2 since chlorophyll a
concentration was not significantly different between the two
deployments (t-test, p > 0.05):

[ ] = + × aPlastic mass g L 2.106 (19.424 Chl ( g L ))1 1

(2)

FT-IR for Particles Larger than 20 μm. For FT-IR analysis,
between 200 and 400 mL of pooled samples per depth and
deployment were filtered in triplicate through pre-combusted
GF/F filters and stored in pre-combusted glass Petri dishes. GF/
F filters were pre-combusted to avoid any possible organic
contamination as applied in previous studies.59,60 Filters were
scanned for microplastics for a quarter of the size or a half of the
size (Table S6). The total mass flux was calculated according to
the scanned areas. The FT-IR spectrophotometer (IR Tracer-
100, Shimadzu, Japan) was coupled with an automatic infrared
microscope (AIM-9000, Shimadzu, Japan). Possible micro-
plastics were first located on the filters using the wide-field
camera; the measurements were made in transmittance or
reflectance mode using the liquid nitrogen cooled wide-band
mercury cadmium telluride detector. The measurement
conditions were wavelength range, 500−4,000 cm−1; resolution,
8 cm−1; cumulated number, 32 scans; apodization function, Sqr-
triangle; and aperture size, 20 μm × 20 μm. The background

noise was measured under blank filters and removed from
sample background automatically. The heterogeneous surface of
the GF/F filters did not affect the detection of possible
microplastics in this study, given the fact that the detection limit
of the FT-IR spectrophotometer was set to 20 μm, which is far
larger than the lines/fibers on the filters. This detection limit also
allowed a matching score above 500.

Polymers were identified by comparing the sample spectrum
to a library (Table S7). The match acceptance criteria ranged
from 620 to 800 score (1000 as the highest), and the highest
match rate was adopted. Area, equivalent spherical diameter
(ESD) or size, density, mass, and carbon content of the particles
were calculated (Table S7). To determine the area and the ESD
of the particles, samples were categorized in fibers and
fragments. The fiber was estimated as a cylinder with length
and width (radius) estimated on the microscope photo by
comparison with the 25 μm proportional scale label (Table S7,
ESD†). For fragments, a photo of the sample was divided into
264 × 200 pixel grids and analyzed by Pixelmator Pro software.
The area was estimated by converting the grids of the sample
contained based on the color differences using the 25 μm scale
label (where 25 μm length equals to 16 pixel grids).

Samples for FT-IR were not meant to provide a direct
comparison with Py-GC/MS data. Both approaches use
different detection techniques. A direct comparison would
require exactly the same processing with regard to the recorded
particle sizes as well as a consistent harmonization of the data
sets, which was not possible due to the given framework
conditions. Both methods have advantages and disadvantages:
the strength of the Py-GC/MS is mass determination of different
polymers to catch the flux of plastic and its related carbon, while
FT-IR give deeper insights in size or shape different plastic
particle.
Biofilm Imaging Using Combinatorial Labeling and

Spectral Imaging−Fluorescence In Situ Hybridization.
Biofilm imaging was performed on one sample collected at 300
m depth, as suitable samples for this type of analysis were not
retrieved at other depths. Sample preparation and microscope
imaging were as described in Schlundt et al. (2019)61 with the
following modifications. We used a confocal laser scanning
microscope Leica TCS SP5 II and the objective Leica HCX PL
APO CS 60 × 1.4 OIL. Spectral images were acquired using
simultaneous excitation with 488, 543, and 633 laser lines with
laser intensities of 40, 60, and 15%, respectively, and a laser gain
of 730 with an offset of −7%. Images were captured in the
lambda mode by recording 26 lambda sections in the row with a
bandwidth of 10 nm wavelength ranging from 500 to 730 nm.
We applied a line average of 2 and the bidirectional mode. We
acquired z-stacks of up to 10 μm in thickness to bring curved
surfaces of the plastic samples in an even focus plane. Linear
unmixing was conducted with Leica software LAS AF. We
applied a nested probe set as described in Schlundt et al.
(2019)61 using seven different probes dual labeled with
fluorophores. The probes Eub338-I, Eub338-II, and Eub338-
III were labeled with Atto532 to target the entire domain
Bacteria. The probe Alf968 labeled with Atto514 targets the
class Alphaproteobacteria, Gam42a labeled with Cy5 targets the
class Gammaproteobacteria, Bac1058 labeled with Atto490SL
targets the phylum Bacteroidetes, and Rho1682 labeled with
Atto565 targets the family Rhodobacteraceae.
Microplastic Removal Rates. Plastic particle theoretical

sinking velocities were calculated using Stokes’ formula for
particles with a density higher than seawater45
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=v gR2( ) /9p sw
2

(3)

where ρp is the density of the particles (g cm−3, Table 1), ρsw is
the average density of seawater in the sampling region of the two
deployments for the upper 650 m of the water column (1.028 g
cm−3), g is the gravitational field (m s−2), R is the radius of an
ESD, and μ is the dynamic viscosity of seawater (∼10−3 Kg m−1

s−1) from Ardekani and Stocker.62

Statistical Analysis and Graphics. Statistical analysis
(linear regression, Spearman correlation analysis, and paired t-
tests) was performed with SigmaPlot 12 (Systat Software, Inc.),
Microsoft Excel 365, and Prism 8.02 (GraphPad Software, San
Diego, CA, USA). Statistical significance was accepted for p <
0.05 (two-tailed). Figure S1 was obtained withOceanData View
(v. 5.5.1), https://odv.awi.de. The abstract graphics was drawn
with PowerPoint 365 subscription.

■ RESULTS
In this study, we applied two distinct analytical approaches for
microplastics, Py-GC/MS and FT-IR. The minimum particle
detection size for Py-GC/MS was 10 μm (stainless-steel filter
pore size); with FT-IR analysis, the detection limit was set to all
particles above 20 μm × 20 μm.

Polymer identification by FT-IR analysis was performed on a
spectral library basis (Table S7). Py-GC/MS identified
polymers later categorized in nine polymer clusters indicated
by the prefix “C” and related to a pure basic polymer type
according to Primpke et al.58 and Dibke et al.11 as C-
polyethylene (C-PE), C-polypropylene (C-PP), C-polyethylene
terephthalate (C-PET), C-polystyrene (C-PS), C-polyvinyl-
chloride (C-PVC), C-polycarbonate (C-PC), C-polymethyl
methacrylate (C-PMMA), C-polyamide-6 (C-PA6), and C-
methylene diphenyl diisocyanate polyurethane (C-MDI-PUR)
(Tables 1 and S4). Py-GC/MS was only performed on samples
from deployment#2. The mass of plastic from deployment#1
was extrapolated based on chlorophyll-a and plastic mass data
from deployment#2 (eq 2, Materials and Methods). In
deployment#2, Py-GC/MS detected all polymer types with a
high percentage over the total amount represented by the
clusters C-PET, C-PP, and C-PMMA (Table 1).

Particles detected by FT-IR were fragments and fibers of a
median size of 62.5 μm for 36.7% in theC-PE cluster, 3.3% in the
C-PS cluster, 3.3% in the C-PA6 cluster, 43.3% of non-identified
cluster, and 13.3% as copolymers (Table S7), in numbers
varying between 0.2 and 5.4 particles per L from both
deployments (Table S6). The converted mass of the particles

Figure 1. Fluxes of Py-GC/MS plastic polymer mass, TEP, CSP, POC, Chl a, and PN per each deployment. Data from deployment#1 for Py-GC/MS
have been extrapolated from eq 2 (Materials and Methods).
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represented 1.6 ± 2.6% (deployment#1) and 0.6 ± 1.5%
(deployment#2) of the mass analyzed by Py-GC/MS.

For Py-GC/MS, all trap samples were subjected to lab blank
correction for lab treatment. For this purpose, a peak area ratio
was also calculated for the signals contained in the lab blanks and
these were subtracted from the peak area ratios of the samples.
This was done on a raw data basis, that is, before quantification.
No correction was necessary for the trap blanks directly filtered
on board and directly transferred to Py-GC/MS cups without
further lab treatment (Materials and Methods, Figure S3).
Subsequently, all Py-GC/MS data were corrected for the
sampling device blank (trap blank) as well. This resulted in a
reduced number of identified polymer clusters in traceable
quantities in declining order of abundance: C-PP, C-PMMA, C-
PET, C-PE, C-PC, and C-PS (Table 1). Plastic was detected at
every depth (Figure 1) with the highest amounts in the upper
150 m (74.3%) and at 400 m, and this latter represented 13.4%
of all plastic mass found in the deployment added up over all
depths (Table 1). Trace amounts of plastic occurred at 600 m as
well (2.7% of plastic mass).

The export flux of plastic polymer mass by Py-GC/MS in
deployment#2 ranged between 0.12 mg (300 m) and 1.7 mg
m−2 d−1 (100 m) with an average of all depths of 0.73 ±

0.59mgm−2d−1. The depth-diminishing flux profile was fitted by
a power-law relationship (Martin Curve; Materials and
Methods) and compared to the flux attenuation of biogenic
compounds such as TEP, CSP, POC, and PN (Figure 2). The
extrapolated flux of plastic mass for deployment#1 (eq 2) ranged
between 0.2 (600 m) and 1.3 mg m−2 d−1 (100 m), with an
average over all depths of 0.43 ± 0.4 mg m−2 d−1. In terms of
plastic carbon flux, this equals to an average of all depths of 0.46
± 0.43mgm−2 d−1 (deployment#2) and 0.31 ± 0.29mgm−2 d−1

(deployment#1), with maxima at 100 m depth for both
deployments.

The plastic carbon flux (plastic-C) by Py-GC/MS contributed
between 0.3 and 3.8% (deployment#2) and between 0.6 and
1.3% (deployment#1, extrapolated) to the POC flux (Figure S4)
and more than TEP carbon (TEP-C), which contributed only
between 0.04 and 0.12% (deployment#1) and 0.04 and 0.17%
(deployment#2). We did not observe significant differences
between the two deployments in the fluxes of TEP, CSP, POC,
chlorophyll a, and PN (t-test, p > 0.05, n = 8). Salinity and
temperature may influence the vertical mixing of plastic
particles.44,63 The salinity of our study region was on average
36.07 ± 0.43 PSU (deployment#1) and 36.18 ± 0.37 PSU
(deployment#2), with no significant differences between the

Figure 2. Export fluxes of TEP, CSP, POC, and PN in relation to polymer mass flux analyzed by Py-GC/MS for both deployments together because
differences in the parameters were not significant and in situ conditions were quite the same. Linear regression R2 and p values are noted in each graph.
Fluxes for Py-GC/MS mass in deployment#1 have been extrapolated according to eq 2 (Materials and Methods).
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two areas. Similarly, temperature ranged from 21.75 (50 m
depth) to 10.48 °C (600 m) (deployment#1) and 20.79 (50 m
depth) to 11.8 °C (600 m) (deployment#2) and no differences
were found between deployment#1 and deployment#2.

The vertical export flux of plastic mass by Py-GC/MS
significantly correlated to marine gel particles, that is, TEP and
CSP and to a lesser extent to POC and PN (Figure 2). A strong
correlation was evidenced in deployment#2 betweenC-PET and
TEP (as particle number and carbon fluxes) (Figure 3). C-PET
is a high-density polymer (1.33 g cm−3 on average) which would
tend to sink in seawater, but it was encountered at any depth in
this study. It accounted for about 27% of all plastic mass found
by Py-GC/MS and was not influenced by significant ship or
sampling device contamination (Figures 3, S3). No C-PET
cluster was, however, evidenced by FT-IR analysis (Table S7).
Given that only mass data were available (Py-GC/MS), a
potential upper size threshold for C-PET was estimated by
comparing the size of TEP particles in both deployments based
on the ESD. The largest TEP particles had an ESD of 117 and
103 μm in deployment#1 and #2, respectively; it is therefore
possible that C-PET comprised small microplastics ∼120 μm or
less in size.

In deployment#2, C-PET was the only cluster whose flux
showed a significant positive correlation with salinity and
temperature (Spearman r = 0.79, p = 0.015, n = 7 for both).
Similarly, TEP fluxes were strongly positively dependent on
these parameters (R2 = 0.73, p = 0.007 for salinity, R2 = 0.66, p =
0.014 for temperature). This suggests a general decrease of C-
PET flux over depth, but it may also indicate thatC-PET particle
flux is highest when ambient seawater conditions are favorable
for their biogenic components’ carriers such as TEP. Fluxes from
deployment#1 and deployment#2 were fitted to the power-law
decrease model (Martin Curve) to estimate the attenuation
coefficients b:52 more negative b values indicate higher flux
attenuation linked to faster degradation of biogenic components
or a slowed sinking rate (Table S8). In both deployments,
chlorophyll a had the highest flux attenuation being amore labile
component compared to POC, PN, and marine gels (TEP,
CSP), the latter being the faster sinking components among
biogenic parameters (Table S8). Fluxes of plastic mass as
determined by Py-GC/MS and extrapolated from FT-IR
analysis decreased over depth but could not be fitted to the
model52 (p > 0.05, Table S8). From Py-GC/MS analysis in
deployment#2, C-PET was the one cluster with the closest

fitting of the export curve with a b value similar to POC and PN
and higher than TEP and CSP. This suggests a strong
dependency of C-PET export on the interaction with biogenic
aggregates in our study area. Transfer efficiencies (Teff, %) as the
flux ratio 600 m/100 m (and 500 m/50 m for FT-IR) were
calculated (Table S8): of the biogenic components, chlorophyll
a had the lowest Teff in both deployments, whereas TEP and
CSP were the most efficiently exported. C-PP had a quite high
Teff in deployment#2 compared to other components (11%,
Table S8), meaning that there must have been some in situ
processes that favored the sinking of this polymer type.C-PP was
the most abundant polymer cluster found and at almost any
depth (Table 1). Highest Teff were observed for FT-IR plastic
mass in both deployments (Table S8).

To estimate a theoretical removal time of plastic from the
surface and a possible settling velocity in our study area
(deployment#2), we used C-PET as a model polymer cluster
given its strong relation with TEP. Because Py-GC/MS cannot
distinguish particle sizes, we considered three sizes: 10 μm ESD
particle as the smallest (stainless-steel mesh for Py-GC/MS
analysis), 55 and 103 μm ESD particles as the medium and
largest (as the average and largest TEP−ESD found in
deployment#2). We applied the average density of C-PET of
1.33 g cm−3 to the particles (Table 1) and assumed ’Stokes’
equation for settling particles45 (Materials and Methods).

The sinking rate for these particles’ sizes ranged from 1.7 ×
10−5 (∼10 μmESD) to 5 × 10−4 (∼55 μmESD) to 1.8 × 10−3 m
s−1 (∼103 μm ESD), corresponding to exports of 1.4, 43.4, and
152 meters per day, respectively.

Measured sinking velocities in the laboratory report
comparable values between 2.6 ± 0.3 × 10−3 and 17 ± 0.7 ×
10−3 m s−1 for virgin particles of various shapes in the range of
500−2000 μm diameter, at similar salinities.64 Likewise, Kooi et
al.44 modeled that particles ∼100 μm in diameter would sink
about 100 m day−1 (1.16 × 10−3 m s−1) in ocean conditions by
assuming spherical particles and evenly distributed biofilm.

Based on these theoretical sinking velocities, small micro-
plastics of this study (∼10 μm ESD) would need over a year to
reach depths of 600 m or more, and about 35 days to reach 50 m
depth. Likewise, medium size and larger particles (∼55 and
∼103 μm ESD) would sink to 600 m or greater depths within 14
to 4 days, respectively, or to 150 m within 3.5 and 1 day. As
previously noted, low transfer efficiencies can indicate that the
particles sink slowly or are degraded fast. High transfer

Figure 3. Left: Fluxes of the different clustered plastic polymer types observed in deployment#2. Samples have been PIT-control-blank corrected (cf.
Materials and Methods) and only polymer clusters with positive values after PIT-control-blank correction are shown. Right: Linear regression between
the fluxes of TEP-C and C-PET mass (PIT-control-blank corrected) in deployment#2.
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efficiencies instead could be due to fast sinking or little
degradation. The largest TEP particle found at 600 m in
deployment#2 had an ESD of 69 μmand aC-PET particle of this
size, in our study area, would need about 9 days to reach that
depth. By looking at the transfer efficiencies of plastic mass (Py-
GC/MS) and TEP, we can imagine that aggregation with
biogenic material likely enhances sinking velocities. TEP are
known to be the glue that favors marine snow formation,65 thus
it is likely that plastics aggregate with TEP and other sinking
particles forming rapidly settling marine snow. We collected
single plastic debris of 1 mm at 300 m depth and investigated its
biofilm composition using a confocal laser scanning microscope
technique called combinatorial labeling and spectral imaging-
fluorescence in situ hybridization (CLASI-FISH).61 The debris
was covered with small patches of bacteria clusters mainly
composed of Alpha- and Gammaproteobacteria (Figure 4), two
common classes usually found on plastic debris in the surface
oceans.66 Bacteria are attached randomly as single cells to the
debris surface, or they are embedded in gel-like structures. The
presence of EPS excreted for attachment purposes and of a
biofilm can also exert a microbial protective function against
sudden external changes,21 such as the high salinity of the brine
where the debris was trapped. Such salinity gradient might have
slowed down microbial activity (which was not assessed in our
study) and for the same reason, we do not expect significant
degradation processes occurring on marine snow particles
during the settling time into the traps. Rather, the interaction of
low-density plastic with marine aggregates and marine gels
allowed even low-density plastics to be trapped into the brine
solution. The fact that themain part of the plastic debris found at
300 m was biofilm-free might refer to an effective remineraliza-
tion process in the deep independently from the sampling
approach and/or a reduced biomass production.

■ DISCUSSION
The mismatch between the estimated plastic entering the ocean
through rivers and the amount of plastic detected at the ocean’s
surface initially led the scientific community to suggest that there
is a high percentage of “missing plastic” in marine environ-

ments.41,42 More recently, Weiss and colleagues67 have shown
that most previous studies were based on an overestimation of
river fluxes due to data scarcity, and through their new
calculations, the authors proposed that the estimated plastic
residence time at the ocean’s surface increases from what was
previously thought. Nevertheless, selective sequestration of
small microplastics through various mechanisms occurs in the
ocean and yet, the plastic cycling and transfer processes from the
surface to the deep ocean are not fully understood, highlighting
the need of reliable measures of plastic fluxes.67

Repeated episodes of fouling, sinking, defouling, and
resurfacing further complicate our understanding of plastic
particles’ dynamics.68 Low-density polymers represent over
65.5% of the global plastic production and in principle they
would have positive buoyancy at sea.69 A comparison of
modeling approaches from the literature,15,41,70 partly based on
monitored data, emphasized that only about 1% of the
theoretically introduced plastics into the marine environment
are recovered as floating plastics.71 This suggests mechanisms
yet unexplored driving plastic fate in marine environments.
Microplastics can travel throughout the water column by being
ingested or embedded into fecal pellets; however, there might be
other processes vectoring plastics to the ocean sediments,72 of
unknown speed. Plastic particles’ movements within the water
column are mostly derived from modeling approaches,40,44,73,74

and observations of plastics at intermediate and greater depths
are more scarce.37,45,75 Plastic littering has severe ecological
implications and impacts on different species populating
different depths.45,75 Quantifying plastic fluxes to the deep sea
is fundamental to understand plastic removal dynamics from the
surface, the potential risks to marine biota, as well as plastic
interaction with biogeochemical cycles and microbial commun-
ities that can affect global ecosystem’s food webs, nutrient
availability, carbon dynamics, with potential repercussion on
carbon storage and the biological carbon pump of a changing
ocean.32 In situ conditions such as salinity, temperature,
chlorophyll, and the amount of dissolved and particulate organic
compounds, as well as polymer characteristics, may influence
plastic residence times in the water column: knowing plastic

Figure 4. Biofilm communities on a plastic fragment (possibly a polyethylene or polypropylene particle) collected at 300 m within a sediment trap of
deployment #1. The black background is the surface of the fragment. Patches of single cells belonging to the families Alphaproteobacteria (in orange)
and Gammaproteobacteria (in pink) occurring occasionally on the particle surface. However, most of the surface is unsettled or covered with
unidentified sticky material (perhaps biofilm extracellular exopolymer substances, EPS) that is embedding or is surrounded by single bacteria cells.
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transfer into (sources) and within the environment, accumu-
lation patterns and interaction with biotic and abiotic compart-
ments is a requirement to develop global prevention and
mitigation strategies.

In this study, we captured plastic particles’ downward fluxes
down to 600 m depth, with a complementary approach to deep
ocean sampling techniques such as high-volume in situ pumps,
ROVs, or CTD casts. The deployment of sediment traps proved
as a good method to study how the plastic export in the ocean
depends on biological activity and biogenic compounds’ fluxes,
while providing an estimated removal time of microplastics from
the water column. Additionally, plastic embedded in aggregates
or as single debris can gently be collected in deep ocean
sediment traps by keeping fragile biofilm structures intact.
Longer sampling times of days to weeks enhance the chance to
gather a reasonable amount of debris for microbial community
studies. The one plastic fragment that was collected at 300 m
depth revealed small areas of bacterial colonization on the
surface as well as a polysaccharidic structure related to EPS; EPS
is released by microbial cells to facilitate attachment, is the
foundation of the biofilm structure on plastic debris,21 and as
marine gels, is an important constituent of marine snow.29 The
plastisphere microbes might be a selected community still
adapting to colonize these new environmental niches, and
studies have shown a richness of species changing over time,
with diatoms as early colonizers in the sunlit ocean, followed by
Gammaproteobacteria andAlphaproteobacteria as the community
becomes more mature,21 as found in our sample. Rhodobacter-
aceae (Alphaproteobacteria) are a dominant taxon on plastic and
ubiquitously present at all stages of biofilm development because
the EPS they release helps the settlement of other microbial
organisms.21 These taxa are also found in seawater, but
Gammaproteobacteria, for example, are important colonizers of
marine snow particles as well.22 As pointed out, the fact that only
a few patches with a biofilm-like structure were individuated on
the plastic fragment suggests a higher remineralization of organic
material at depth, where the interaction of plastics with biogenic
sinking material further concentrates microbial activity in these
agglomerates as “nutrient hot spots” in oligotrophic regions.

Our study suggests that export fluxes of plastic in marine
systems are dependent on particles’ size and that plastics
between 10 and ∼100 μm are most likely entrapped into
biogenic aggregates, a process that determines these plastics’
removal from the water along with the flux attenuation of marine
snow,52 whereas larger particles may follow different dynamics.
According to our estimated removal rates, the sinking of
microplastics (<100 μm) from the surface would need longer
times unless they are incorporated into organic matrices that
carry these particles down to the deep ocean. This might be
particularly true for polymers that have a lower density than
seawater (C-PP in our study). The highest amount of plastic
mass we detected in fact was found between 100 and 150 m
depth, which coincided with high concentrations of chlorophyll
a, marine gel particles, and particulate organic components in
general; based on our estimates, particles of larger diameters
(and hence, larger mass) sank faster when interacting with
marine snow aggregates, explaining the lower plastic mass and
residence time in the upper 50 m of the water column. Recent
observations for the South Atlantic Gyre report an even
distribution of particles in the water column and theoretical
slow sinking velocities for microplastics (10−300 μm)
apparently not influenced by density gradients.45 There is thus
a large amount of microplastics (<1000 μm) that we can trace

down to the deep sea, which may range from ∼240 particles
m−345 to a median number between ∼200 and ∼800 particles
m−3 as found here by FT-IR analysis (Table S6) or even much
higher if smaller particles are considered. The interaction of
smaller plastic particles (∼100 μm) with biogenic components
such as TEP and CSP may determine vertical plastic hot spots
and bioavailability in this size range for animal feeding. Particles
embedded into marine snow are likely to attract planktonic
species and larger animals. High plastic particles’ abundance
would increase the probability of encounter and the ecological
risks for marine organisms. Moreover, micro- and nanoplastics
play a so far neglected role in marine biogeochemical cycling as a
modern anthropogenic and long-lasting seawater compound,
and a new component of the marine carbon cycle.4,32 Field
evidences point to high incorporation of plastics in marine
aggregates in coastal seas, and that the smaller sized aggregates
containing plastic (∼50 to 400 μm) are frequently ingested, for
example, by common blue mussels (Mytilus edulis)26. Mytilus
ssp. are found in intertidal and coastal areas worldwide in
temperate to polar waters.76 At least 13 zooplankton taxa can
ingest PS particles between 7 and 30 μm, and ingestion of 7 μm
microplastics may decrease algal feeding.77 When zooplankton
preferentially grazes on plastic, it reduces the pressure on
primary producers; in areas of enough nutrient concentrations,
this phenomenon accelerates biological production and
subsequent degradation and oxygen loss.24 In oxygen-deficient
areas, the transfer efficiency of organic matter is higher than in
well-oxygenated waters.46 In these regions, we may expect that a
higher flux of particulate organics (e.g., TEP) will also affect the
dynamics of plastic particles reaching the deep ocean.

Plastic contains about 80% carbon by weight, and as a
colonization surface, it can attract more biologically produced
carbon.20 The knowledge of fluxes helps understanding plastic
impact on carbon and nutrient cycling, an important parameter
for present and future changes in the marine biological carbon
pump and in the ocean’s capacity to mitigate climate change.32

In our results, the flux of plastic-C reaching the deep sea was as
high as 3.8% of the POC flux and even exceeded the flux of the
carbon share contained in individual biogenic components
(TEP). We suggest that the plastic-C may also partly explain the
molecularly uncharacterized fraction of sinking POC below the
euphotic zone, so far proposed being lipid-like material, highly
aliphatic molecules sorbed to old dissolved organic carbon from
the water column or suspended POC based on its Δ14C and
δ13C signatures.78 Today sinking plastic-C may represent a
significant amount of the marine carbon pump. As the total
oceanic carbon flux has a large anthropogenic component to be
considered, the paradigm of natural cycling of elements probably
needs to be revised.

Our field observations show that the transfer efficiency and
the vertical flux attenuation of marine gels and plastic mass is
tightly related, and these components might mutually influence
each other’s export in the water column according to models
suggesting a “biological plastic sink”.40 Whether plastic
accelerates or slows down the export of carbon as marine
snow and marine gels is difficult to say, as it would need a
comparison to a “zero plastic” field scenario. On the other end,
marine snow can act as a purging mechanism channeling plastic
from the surface to marine sediments, where plastics
accumulation hot spots at the seafloor may significantly impact
benthic ecology and community activities with physical (by the
plastic itself) and chemical effects (via leachates and
contaminants adsorbed on the plastic’s surface) on mortality,
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reproduction, development, and increased oxygen consump-
tion.79

Further efforts could aim at determining a microplastic size
threshold that can significantly stimulate a local carbon
production through biofilm biomass. Our study highlights that
marine biogenic polymers may embed a large number of small
plastics, and these aggregates drive plastic export to the deep
ocean, plastic interaction with biota, and plastic “diffusion” into
the marine carbon cycle. These empirical data might be useful to
study plastic effects on marine food webs and carbon cycling in
different marine compartments, and they highlight the urgency
of actions to prevent plastic from entering marine environments.
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