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To inform risk assessments, reliable, time efficient and affordable quantification methods are required for
creating a microplastic (MP) pollution baseline in the world's oceans. To facilitate this, MP abundance was
investigated in sediments of three contrasting areas of the UK continental shelf: North West of Jones Bank, the
Canyons in the Celtic Sea and Dogger Bank in the North Sea, utilising the Nile Red tagging method to assess its
time efficiency and cost. Average MP abundance in the top 10 cm was 1050-2700 MP kg~'. MP abundance
decreased with increasing sediment depth and increased with increasing water depth. The findings emphasise the

extent of MP pollution and illustrate the value of Nile Red for large scale mapping at relatively low cost.

1. Introduction

Research into microplastics (MPs) and their potential environmental
effects has grown exponentially over the past decade, as awareness of
the issue has increased. The presence of MPs has been reported around
the globe, and in a vast array of environmental compartments, from
remote mountain tops to deep oceans (Allen et al., 2021; Cunningham
et al., 2020; Cutroneo et al., 2022; Napper et al., 2020). The global
ubiquity of MPs, in combination with reports that a variety of organisms
ingest them (Besseling et al., 2015; Krause et al., 2021; Kukkola et al.,
2021; Maes et al., 2020; Setala et al., 2014) has raised concerns over
their environmental and health effects (Wang et al., 2019b; Zhang et al.,
2020). Indeed, MPs are recognised as a threat at the highest levels of
governance, through UN SDG 14 (sustainable use of the oceans) and the
Marine Strategy Framework Directive (MSFD, 2008/56/EC) in the Eu-
ropean Union (EU). In the United States of America (USA), usage of MP
beads has been banned in rinse-off cosmetic products by the Microbead-
Free Waters Act of 2015 and the United Kingdom in 2018 (UK) has
banned MP beads in rinse-off products (Gov.UK press release 19th June
2018). The G7 nations have also introduced the Ocean Decade Navi-
gation plan and the European Chemicals Agency (ECHA) has released a
dossier recommending the ban of intentionally added MPs from a range
of industrial products (ECHA, 2019), highlighting the urgency
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surrounding this issue.

To set standards for environmental status, as required by the MSFD
2008/56/EC, a baseline for MP abundance in the marine environment is
required, against which future trends can be monitored. In order to
obtain a baseline for global environments, much more extensive datasets
of MP abundance in the marine environment, representing a diverse
range of hydrological conditions, need to be obtained. Marine sediments
have been shown to be a stable sink, acting as a hotpot for MP accu-
mulation (Harris, 2020; Maes et al., 2017b). To facilitate the generation
of this data in a meaningful timeframe, it will be necessary to collect,
process and analyse large numbers of sediment samples in a rapid,
accessible and affordable manner.

At present, methods for determining MP abundance in sediments
usually involve an extraction step via density separation, which is
frequently carried out using a saturated NaCl solution (1.2 g/cm®)
(despite this being inadequate to float denser plastics, such as PET
1.34-1.40 g/cm® and PVC 1.38-1.70 g/cm?), followed by visual iden-
tification under brightfield illumination. However, visual identification
is highly dependent on subjective understanding of how MPs appear
under a light microscope (often based on their colour and shape). Fac-
tors such as biofouling and weathering can influence the visual identi-
fication rate. According to Loder et al. (2015), spectroscopy has shown
that only 1% of particles visually identified as MPs were synthetic
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polymers. In addition, visual identification is extremely time consuming
and requires consistency of personnel throughout to gain some measure
of objectivity, and is extremely challenging for small particles. Many
studies have turned to vibrational spectroscopy (micro FT-IR or Raman)
to positively identify MPs and their polymer type (Araujo et al., 2018;
Loder et al., 2015; Vianello et al., 2013), but this comes with the caveats
of being very slow (several hours per sample), expensive and requiring
complex and demanding instrumentation, only available in a few labo-
ratories and very rarely in developing countries (Nel et al., 2021), where
plastic waste problems are most evident. To quantify MPs in the vast
number of environmental samples anticipated to satisfy future statutory
and regulatory monitoring obligations, a method that does not rely
solely on the visual identification of putative MPs is needed. The spec-
troscopic methodology is highly effective for definitive identification in
small numbers of samples and valuable for validation and quality con-
trol, but for broad spatial mapping studies and routine monitoring, a
different philosophy and approach is required.

Nile Red staining has been proposed to overcome these issues (Erni-
Cassola et al., 2017; Maes et al., 2017a; Shim et al., 2016; Shruti et al.,
2022; Sturm et al., 2021). These methods take advantage of the char-
acteristic of Nile Red to fluoresce in hydrophobic environments and its
tendency to adsorb onto polymer surfaces, due to their lipophilic nature,
giving them a fluorescent tag that can be observed under blue light.
When combined with density separation, it can reduce the time and
effort necessary for the identification of MPs (Maes et al., 2017a). This
technique was optimised and validated for marine sediments and has
since been used successfully in environmental samples (Bakir et al.,
2020a; Bakir et al., 2020b; Patchaiyappan et al., 2021; Preston-Whyte
et al., 2021; Tamminga et al., 2018; Valine et al., 2020).

The aim of the present study was to (1) evaluate the operational
value of a Nile Red method (Maes et al., 2017a) for a larger scale
environmental sample pool. (2) To quantify and compare MP contami-
nation, in three-dimensional detail, from three separate and hydrologi-
cally distinct regions of the UK continental shelf (less than 200 m deep)
and slope (greater than 200 m depth) (Kroger et al., 2018). Sediment
samples were collected during several research cruises on board the RV
Cefas Endeavour, from the North-East area of the European continental
shelf at Celtic Sea areas of North West of Jones Bank (NWJB) and sub-
marine canyons (CNYN), as well as the shallower area of Dogger Bank
(DB) in the central North Sea. Sub-tidal sediments are rarely collected in
a manner that preserves the vertical sediment profile, due to the
demanding sampling requirements. This study reports a rare example
where the vertical resolution of MPs in sediment cores has been main-
tained during sample collection and analysed in detail for discrete
depths. It is, to the best of our knowledge, the first largest-scale depth-
profiled MP study at Celtic and North Sea sites, utilising the rapid
screening technique with Nile Red (Maes et al., 2017a), and one of the
world's first where samples were collected directly from the continental
slope. As such, it contributes valuable information regarding MP abun-
dance and provides pointers to the likely factors driving MP abundance
and distribution in the marine environment. In this regard, this study
aimed to explore whether MP abundance varies with sediment depth,
and whether physical characteristics such as water depth have any effect
on the MP abundance in sediments.

2. Materials and methods

Sediment cores (n = 22) used in this study were collected on the RV
Cefas Endeavour from 7th to 16th January, and 20th May to 15th June
2017 by the Centre for Environment, Fisheries and Aquaculture Science
(Cefas) as a part of integrated monitoring pilot surveys, or Sentinel
Monitoring (type-1) cruises (cruise codes CEND01/17 and CEND09/17)
(Murray et al., 2017; Eggett et al., 2018). MP sample collection was
opportunistic, carried out alongside the wider survey aims, hence sites
were not selected based on MP-driven hypotheses. Cores were collected
from three locations; one in the North Sea: DB (n = 13), and two sites in
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the Celtic Sea: NWJB (n = 6) and CNYN (n = 3) (Fig. 1), the physical
parameters of the cores are listed in Table S1. Site selection at each
location was governed by the primary survey monitoring aims, as laid
out in the cruise reports (Eggett et al., 2018; Murray et al., 2017) with all
monitoring stations visited cored for MPs on CENDO1/17, while a 10%
subset of monitoring stations samples for other parameters were cored
for MPs on CENDO09/17. All locations are designated as Special Areas of
Conversation under the Convention for the Protection of the Marine
Environment of the North-east Atlantic (OSPAR) and as such are of
particular interest for marine policy development or management con-
siderations. Further details of the broader sampling route selection and
rationale have been described in Noble-James et al. (2018).

DB is a large sandbank located in the North Sea, approximately 150
km North-East of the Humber Estuary. Depth ranges between 18 and 50
m. Water masses from the north and south-central North Sea converge at
DB (Nielsen et al., 1993). Owing to its open sea location, it is subject to
high wave energy (JNCC, 2011) and sediment is thought to be derived
from the weathering of Pleistocene formations (Diesing et al., 2009). Sea
bed sediments are mostly fine sands, becoming muddy sands in deeper
areas (Kroncke and Knust, 1995).

NWJB is an offshore Marine Conservation Zone (MCZ) and is situated
on the continental shelf, approximately 165 km west of England's South-
West coast and 200 km from Ireland's South coast. The depth at NWJB
ranges between 100 and 200 m (Eggett et al., 2018). The sediment types
of the NWJB consist of subtidal sand, mixed sediments, coarse sediment
and mud (JNCC, 2017).

CNYN (MCZ) is located at the south-west corner of the UK conti-
nental shelf boundary, approximately 360 km from England's South-
West coast. It is characterized by sub-marine canyons and sharp
changes in depth, as it drops from depths of 100 m to depths of 2000 m at
the oceanic abyssal plain (JNCC, 2013). This is accompanied by un-
derwater streams that move from shallow to deeper sea areas and near
bottom currents carrying nepheloid layers of particulate material (Wil-
son et al., 2015). All of the cores collected at the CNYN were from depths
greater than 200 m, which can be considered as the boundary of the
continental shelf (Kroger et al., 2018). The sediment types are domi-
nated by coral rubble, coarse sediment, mud, and sand.

Sediment samples were collected using a 0.08m? NIOZ box corer
(Eggett et al., 2018), a metal corer which encases the sediment sample
and overlying bottom water, and retains it upright throughout the re-
covery process, enabling the sediment surface to remain undamaged and
undisturbed until further sampling (Silburn, 2018; Thompson et al.,
2017). Sampling for MP cores was conducted via pushing a pre-cleaned
33 cm long and 5 cm diameter, circular stainless-steel tube into the
recovered sediment core until fully inserted (resulting surface area of the
individual sub-cores of ~0.00196m?), the sub-sampling map has been
provided in Fig. S2. These cores were then capped with black PE caps
and cling film (hence forward “sediment cores™) and frozen upright at
—18 °C in their steel tubing. The frozen sediment cores were transported
to the University of East Anglia, Norwich, United Kingdom, where they
remained frozen until processing in a clean laboratory.

Contamination avoidance is essential for meaningful MP analysis
and steps were taken to minimise external MP contamination. All
working surfaces and equipment were cleaned before and between any
processes. All equipment used, where feasible, were made of glass, and
during processing samples were kept covered with glass lids. Staff wore
100% cotton laboratory coats and avoided synthetic clothing. All re-
actants were filtered through 0.2 pm Nylon filters prior to use. Proce-
dural blanks were run over the course of the study. The contamination
was found to be non-systematic (~58.8% of the blanks had no
contamination present) and where present, approximately 0.6 particle/
filter (n =17, SE = 0.3). No fibres were detected on any of the laboratory
blanks. The Limit of Detection (LoD) was defined as 3 x the Standard
Deviation (SD) of the blank results and was determined to be 3.0 par-
ticles per filter. The Limit of Quantification (LoQ) was defined as 3.3 x
LOD or 10 x SD of the blank results and was 10.2 particles per filter,
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Fig. 1. Geographical and bathymetric context of sampling locations. Symbols: Dogger Bank (DB): yellow triangle, North West Jones Bank (NWJB): blue square and
The Canyons (CNYN): orange circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

giving the results medium to high significance (Maes et al., 2020).

The blank mean was not subtracted for the statistical analysis from
the final MP counts, as it would have provided negative counts in some
instances. It has however, been considered in the interpretation of the
results.

Sediment cores were defrosted at room temperature and sediment
extraction was undertaken using a custom-made tool constructed from
wood and aluminum (Fig. S1). The top 5 cm of each core was sliced into
1 cm deep horizons, and the rest was sliced at 2.5 cm intervals. Sediment
slices were weighed into glass Petri dishes, placed in a vacuum oven, and
dried at a temperature of 40 °C with a continuous bleed of 0.45 pm
filtered air, until constant a weight. The samples were then homogenised
by gently pressing with a stainless-steel spatula, avoiding grinding.
Triplicate sub-samples (5 £+ 0.02 g) from each slice were prepared for
MP analysis.

MPs were analysed in accordance with the rapid screening method
with Nile Red (Maes et al., 2017a), with slight modifications. Sediment
subsamples were introduced into 50 mL centrifuge tubes with 30 mL of
ZnCl, made to density 1.37 g mL™1. 300 pL of NR stock solution (1 mg
mL ! in n-propanol) was then added, bringing the final concentration to
10 pg mL~!. Samples were incubated for 30 min, re-suspending every 6
min to ensure maximum particle contact with the fluorophore, before
being centrifuged (Thermo Scientific Heraeus Primo) for 5 min at 3900g.
This aided the density separation of heavier and lighter particles in a
shorter time (as described in Maes et al., 2017a supporting information).
The resulting supernatant was transferred into clean centrifuge tubes
and sediment-containing tubes were re-filled with ZnCl, and the steps of
re-suspending, centrifuging and supernatant removal were repeated two
more times. Due to high clay content, the supernatant ZnCl, from NWJB

and CNYN samples was centrifuged further at 6000g for a period of 10
min.

The combined supernatant was then filtered onto 0.22 pm or 0.45 pm
mixed cellulose ester or cellulose nitrate filters. The filters were trans-
ferred into glass petri dishes until imaging was complete and then stored
for archiving in clean polystyrene petri dishes.

Imaging was carried out using a custom-made imaging rig (for details
see supplementary Fig. S3/S5 and Table S2) following the method
described in the Supporting Information of Maes et al. (2017a). Briefly,
the head of a Motic trinocular microscope was mounted on a Sanven
CNC3020T three-axis micro-milling/engraving machine and a Canon
EOS 600D SLR camera was attached with a photomicroscope adaptor
and used with shutter speed 1/5 s and ISO to 3200. A Kood orange filter
(529 nm) was attached at the base of the microscope head and a blue
crime light torch (420 - 470 nm, Foster and Freeman) was used to illu-
minate the whole filter area uniformly. The base of the imaging rig had a
round aluminum holder constructed to house a 47 mm diameter filter.
The imaging was controlled via Mach 3 (Artsoft) machine control soft-
ware which had a G-code “toolpath” programmed to scan the filter area
in a predefined mosaic, ensuring that each filter was imaged in the same
way. The room light was dimmed, and external light sources kept to a
minimum during imaging.

The fluorescent particles were identified from the resulting images
and counted manually. The imaging conditions employed allowed
detection of fluorescent objects down to 10 pm in size (determined using
a stage micrometer). The fluorescent particles were classified into either
‘particle’ or ‘fibre’ categories, based on visual appearance (i.e., elon-
gated appearance for fibre). Particles with any biological structures were
considered as false positives and were excluded from the counts.
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Initially, for IR-based cross-validation, only a very limited number of
objects (n = 19) underwent spectroscopy. 12 were chosen as suspected
plastic, 4 as suspected biological in origin and 3 fibres which did not
fluoresce in the imaging step were included for the analysis as false
negatives.

Items were analysed by FT-IR using a Thermo Scientific Nicolet iN10
MX at the Quadram Institute, Norwich. The instrument was controlled
using the OMNIC Picta programme and set to a collection time of 22 s,
64 scans and high resolution. Background absorbance was taken from a
blank area of a clean filter. To collect spectra, each item was located
using the microscope on the instrument and an area of the object was
selected and scanned with a 50 pm x 50 pm aperture. Interpretation of
FT-IR spectra was carried out with KnowItAll® ID Expert from Bio-Rad
with very conservative hit quality index (HQI) of greater than 80%
selected.

Subsequently, a further 49 putative MPs were analysed in ATR mode
using a Bruker Hyperion 2000 microscope, coupled with a Vertex 70 FT-
IR spectrometer. The 20x Ge-tipped ATR lens was used for spectral
acquisition and identities were assigned by spectral searching in a
Bruker polymers database. Full details of this work can be found in
supplementary information.

To determine the recovery rates, pre-extracted sediments (n = 6)
were spiked with a known number of MPs obtained from the laboratory.
The spiked samples contained 10 fragments of virgin polymethyl
methacrylate (PMMA), 10 pieces of polyvinyl chloride (PVC), 10 pieces
of sterile polystyrene (PS) petri dish (Sigma) and 10 pieces of nylon
monofilament fishing line, MPs were created by cutting plastics into
small fragments (approximately 0.5 - 2 mm along longest axis), using a
clean scalpel blade. After sediments were spiked, samples were pro-
cessed and imaged following the procedure detailed in the methods
section. The method described above had a mean recovery rate of
100.5% for all particles and 67% for filaments.

Statistics were carried out with Microsoft Excel and the integrated
development environment (IDE), RStudio version 1.1.414 (RStudio,
Inc.) with significance threshold a = 0.05. The median value from the
three subsamples for each slice was used in the statistical analysis to
represent the central tendency of fluorescent particles.

The relationship between total MP abundance in the sediment
(particles and fibres) and the different environmental factors were
analysed via generalised linear mixed model (GLMM) by using the
‘glmer.nb’ function of the Ime4 package (Bates et al., 2015), with the
influence of individual sediment cores treated as a random factor, to
avoid pseudo-replication. Data were scaled and centred around zero (z
values) for the GLMM, and the model was fitted with negative binomial
error distribution. Residuals of the model were analysed to confirm
homoscedasticity. Analysis of Cook's distances confirmed that there
were no outliers influencing the model. Site specific GLMM was also
applied at DB, but unfortunately there were too few cores from CNYN
and NWJB to apply the GLMM model site-specifically and this could not
be replicated at these locations.

To assess potential differences between the sites, the cores were
normalised by considering only the top 10 cm of sediment to avoid
dilution factor, as cores were different in length. A Kruskal-Wallis test
was used to assess the difference between the locations in their MP-
abundance.

3. Results

MPs (n = 5687) were found in all 22 sediment cores and 86.5% of all
analysed 5 g subsamples (n = 747) contained MPs. However, only 6.7%
(n = 381) were classified as fibres and just 29.0% (n = 217) of the 747
analysed subsamples across the three regions contained fibres. There
was a significant difference in the number of fibres between the sites (H
=44,df =7, p < 0.05), with DB having the highest occurrence of 15.2%
(n = 332), whereas only 1.3% (n = 20) at NWJB and 1.2% (n = 23) at
CNYN of MPs were fibres. The median MP abundance in the top 10 cm of
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sediment was also significantly different between the sites (H = 48, df =
2,p < 0.05) with 1.19 MP g ! at DB, 1.05 MP g ! at NWJB, 2.70 MP g !
at CNYN. The GLMM model showed that MP concentrations signifi-
cantly decreased with increasing sediment depth (p < 0.05, z = —5.41)
(Fig. 2 & S2 for site specific GLMM) and increased with increasing water
depth (p < 0.05, z = 3.1) (Fig. 3).

From the total 65 suspected MP particles that underwent spectros-
copy, 66.1% were confirmed as MPs, with 15.3% of probable natural
origin and 25.4% HQI < 60%/unidentified/no spectrum (Fig. 4). Mul-
tiple polymer types were present, with the most abundant being poly-
olefins (mostly polypropylene), paint, various polyamides, and polyester
(PET) (Fig. 4). Selected examples of the FT-IR spectra are shown in
Fig. 5, with 4 out of 4 suspected biological items confirmed as biological.

4. Discussion

MPs were found in all 22 sediment cores and MP abundance in the
top 10 cm of sediments was estimated to be 1190 MP kg~! dry weight
(DW) at DB, 1050 MP kg~! DW at NWJB and 2700 MP kg~! DW at the
CNYN. These findings are similar to previously reported ranges from
oceanic sediments, such as, sediments of the China Yellow Sea (up to
4205 MP kg’l) (Wang et al., 2019a) and Antarctic Peninsula (1300 MP
kg’l) (Cunningham et al., 2020), but are considerably lower than re-
ported at the surface sediments of Baynes Sound and Lambert Channel in
Canada (up to 25,000 MP kg’l) (Kazmiruk et al., 2018). This highlights
the heterogeneity of MP pollution across the world's oceans and em-
phasises the need for a much more comprehensive MP pollution baseline
to be constructed.

If worst-case scenario MP concentrations are extrapolated across the
area of each sample site, the top 10 cm of sediments may harbour up to
1.9 x 10'® MPs at Dogger bank (1.19 MP g~': 12331 km?), 5.4 x 10*2
MPs at the NWJB (1.05 MP g~': 399 km?) and 2.3 x 10'* MPs at the
CNYN area (2.7 MP g’lz 661 km?) (Area estimations retrieved from:
JNCC, 2011; JNCC, 2013; JNCC, 2017). Although MP numbers were
found to reduce progressively in deeper layers, MPs are still present, so
these numbers could be an under-estimate of the total accumulation.
These types of estimations, however, should be approached with
caution, since spatial variance can be high, and extrapolations have been
made based on a limited number of sites. Much higher spatial resolution
would be required to fully estimate the extent of MP pollution within UK
waters.

A relatively small fraction of MPs were fibres (6.7%), which is in
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Fig. 2. Microplastic concentrations (microplastic g~* dry weight) for all sedi-
ment samples plotted against sediment depth (cm). The red line shows the
statistically significant negative relationship between the two variables (p <
0.05, z = —5.41), with shaded area representing 95% confidence interval. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Microplastic concentration (microplastic g~' dry weight) plotted
against water depth (m). Each point represents the median microplastic con-
centration of a sediment core, with error bars showing interquartile range. The
black line shows the statistically significant positive relationship between the
two variables (p < 0.05, z = 3.1), with shaded area representing 95% confi-
dence intervals. Symbols and abbreviations: Dogger Bank: DB: yellow triangle,
North West Jones Bank: NWJB: blue square and The Canyons: CNYN: red circle.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

disagreement with most existing literature, where fibres have been
identified as the most common morphology of MP in shelf environments,
with the overall median value reported as ~64% based on 16 studies
(Harris, 2020). Conversely, some studies have reported similar low
percentages from the sediments (Kazour et al., 2019; Vianello et al.,
2013). It is not clear which mechanism is driving these differences, but
this could be a result of methodological differences, and/or be related to
different sources and prevailing hydrological conditions at the sampled
sites.

The current study had the lowest detection limit of 10 pm, enabling
counting of more small particulate MPs, which could decrease the
relative proportion of fibres. This suggests that the Nile Red protocol
may overcome the observed phenomenon where visual counting with
light microscopy can be biased towards fibres (Lenz et al., 2015).
Conversely, it is also conceivable that Nile Red fails to stain all fibres
present in the sample. Shim et al. (2016) found that PET dyed with Nile
Red fluoresced weakly, and we have also noted relatively weak and
variable staining of some model PET and PP fibres, although nylon
generally stains reliably. Given that 70% of all plastic fibres ever made
are made from polyester and the majority of this is PET (Geyer et al.,
2017), this could potentially lead to underestimation. It is suggested that
in future studies, each filter should be scanned twice: once under fluo-
rescence conditions and once under brightfield illumination to capture
any non-fluorescent fibres.

From the study sites, DB had a higher relative fibre abundance
(15.2%) when compared with NWJB (1.3%) and CNYN (1.2%). This
could partly reflect the effect of river outputs, atmospheric deposition,
and prevailing hydrological conditions on the MP distribution. It has
been shown that one of the major sources for synthetic fibres to the
environment is from washing synthetic clothes in washing machines,
which are then released into river systems (Dalla Fontana et al., 2020;
Karkkainen and Sillanpaa, 2021). As rivers ultimately flow into oceans,
they have been regarded as a source of microfibres as well as macrolitter
(Maes et al., 2018; Napper et al., 2021; Weideman et al., 2020), though
whether they present a significant source of MPs to the deep oceans is
still debated (Harris, 2020). Alternatively, microfiber abundance could
be a result of atmospheric inputs. It has been shown that MPs, especially
fibres, can be transported for long distances in the atmosphere (Allen
et al., 2021; Evangeliou et al., 2020; Trainic et al., 2020; Wang et al.,
2020b), and deposited to the oceans (Liu et al., 2019), thus the observed
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difference could be driven by winds. The UK is located at the area of
converging air masses with prevailing wind direction from the north-
east and south-west (Lapworth and McGregor, 2008). As DB would be
affected mostly by polar continental air masses from Central Europe
(Estellés et al., 2012: Met office 2022), it is conceivable that the air
currents could carry more fibres than those affecting NWJB and CNYN
which are affected mostly by maritime air masses (Estellés et al., 2012),
which could be then deposited over the North Sea. These differences
could be aggravated by hydrological conditions, as the area of the South-
East edge of the UK continental shelf (NWJB and CNYN) is dominated by
ocean currents flowing generally poleward (Pingree and Le Cann, 1989)
and is an area of high mixing (Palmer et al., 2013), which could keep
fibres in suspension and not allow deposition to occur. In contrast, the
ocean currents at DB are weak and this might lead to more fibres being
present in the lower velocity environment due to settling, similar to
natural particles (Kane and Clare, 2019).

Another conceivable reason for a higher occurrence of fibres at DB
could be the high fishing and maritime activity of the area which has
been linked previously to higher fibre abundances (Ling et al., 2017;
Vianello et al., 2013). It is possible that ropes and ghost nets (nets that
have been left to drift in the Sea) degrade over time and shed these fi-
bres, thus increasing their relative abundance, especially at DB where
mixing is slow.

Distribution of MPs in the top 10 cm of the sediment varied between
the sites. CNYN had the highest median MP abundance per gram of
sediment and differed significantly from NWJB and DB. This dissimi-
larity might be linked to the respective water depth between the sites:
water depth had a positive correlation with the MP abundance in the
core samples (p < 0.05) and CNYN had the greatest water depth.

This is suspected to be related to the submarine canyons located at
CNYN sampling sites, where near bottom currents carry nepheloid layers
of particulate material to deeper waters (Wilson et al., 2015). Submarine
canyons have previously been thought to be one of the oceanic transport
mechanisms carrying MPs from shallows into the deeper sea, by acting
as preferential conduits (Jones et al., 2022; Kane and Clare, 2019;
Woodall et al., 2014), with turbidity currents being demonstrated to be
capable of transporting MPs (Pohl et al., 2020). Similar phenomena of
transportation of macrolitter from continental shelves through sub-
marine canyons into the deep-sea environment also has been observed
(Maes et al., 2018). The transportation from the shelf-break at the Celtic
Sea to a depth of 1500 m is estimated to be about 1 x 10° cubic meters
per second (Pingree and Le Cann, 1989), which could carry MP particles
from the more turbulent NWJB area towards the continental shelf break
and ultimately towards the deep sea. Although this study was not
designed to address the sub-marine canyon transportation hypothesis,
the results support this notation. However, to fully address how depth
profile affects MP abundance, further studies where cores are collected
with clear depth profiles from shallow to deeper waters is needed.

This study found that MP abundance decreases with increasing
sediment depth (p < 0.05) and that MPs are present in the sediment
down to a depth of 29 cm (Fig. 2), this agrees with existing literature (e.
g. Willis et al., 2017; Zheng et al., 2020), where it has been reported that
MP concentration decreases with increasing sediment depth. In contrast,
a similar study at the Irish continental shelf reported no MPs in sedi-
ments below 3.5 £+ 0.5 cm (Martin et al., 2017). This may be explained
by the different analytical methods employed. Martin et al. (2017)
sieved the samples with steel mesh which resulted in a lower size limit
for MP detection of 250 pm, leading to a potential underestimation of
smaller particles compared with the present study, which had a lowest
detectable size at 10 pm. Furthermore, Nile Red was not used by Martin
et al. (2017), which also could have led to an underestimation of MP
particles in sediments.

The decrease of MP abundance with increasing sediment depth could
possibly reflect the number of MPs in the environment at the time of
deposition. If undisturbed, top sediments have been deposited more
recently than those at deeper depths (Willis et al., 2017), thus rendering
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Fig. 4. Fraction of Nile Red positive particles identified as microplastics, natural materials or unidentified/no spectrum (A) and a breakdown of identified polymers
(B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sediments a proxy for temporal MP pollution trends. Determining the
age of the sediments as a function of depth was out of the scope of this
study and thus will not be discussed here further.

81.2% of particles positively identified by FT-IR spectroscopy were
confirmed as synthetic polymers. Four suspected false positives were all
confirmed by FT-IR to be biological in origin. Though a relatively low
fraction of total MPs were spectroscopically analysed (about 1.2% from
nearly 6000), these results suggest that the method used in the present
study is effective in distinguishing between MP and potential false
positives of natural origin. The latter might be further reduced by the
introduction of an automated counting program with image recognition
functions. It should be noted, however, that this approach carries an
inherent risk, since smaller false biological positives may not be
excluded, due to indistinguishable morphologies. Multiple particles,
confirmed by FT-IR as biological, did not have a distinguishable bio-
logical morphology, demonstrating that a certain level of false positives
does occur. Removal of biological material before the addition of Nile
Red could provide further confidence in the method but could also lead

to false negatives if digestion methods led to degradation of certain
plastic types (Enders et al., 2016; Munno et al., 2018). This is an ever-
present challenge in MP analysis, and transparency regarding the
applied method and potential for false positives, false negatives, and
systematic bias (e.g., by digesting small polyester particles/fibres)
associated is imperative. Although much is discussed about false posi-
tives, very little focus has been placed on false negatives in Nile Red
staining (either through methodological removal or non-staining), and a
much greater understanding of this aspect is required and should be a
focus in future research. Given the relatively low fraction of natural
material identified, it may be preferable on cost and procedural grounds
to avoid sample digestion, but further work will be needed in multiple
sample types to confirm this.

This study processed a large sample set using the rapid screening
method of Maes et al. (2017a), in real environmental samples, from
three different locations, and assessed the efficiency of this method. The
present study demonstrated that this technique is a practical and rapid
way of processing and analyzing large quantities of samples (747
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subsamples) within a relatively short time frame (13 weeks). Given that
within this study, particles were manually counted from images, the
rapid screening method displays great promise for the future. It is ex-
pected that when counting is undertaken by automated image analysis
software (such as ImageJ), it will be possible to decrease the timescale of
the data extraction even further. It has been demonstrated that ImageJ
can be used in automated detection of MPs coupled with Nile Red
staining (Prata et al., 2019). It might also be possible to discriminate
common biological morphologies using automated image software
(possibly with imaging in other spectral windows and modes, combined
with Al for shape recognition), which could further reduce the occa-
sional false positives generated by such structures. Overall, Nile Red
provides a valuable method to reduce the subjective human bias (Loder

et al., 2015).

Furthermore, the cost of building a custom-made imaging rig for
rapid and consistent imaging and analysis was estimated to be ~£3000,
plus a computer (see Supplementary Fig. S5 and Table S2 for details),
making this method accessible for widespread usage, especially for
laboratories which have limited access to state-of-the-art instrumenta-
tion (such as micro-FT-IR and Raman). The total recovery rates were also
high (98.1-100.5%), giving confidence in the robustness of the method,
though the fibre recovery rate stayed relatively low (67%). With mod-
ifications, such as, scanning the filters also under bright field, adaptation
of the Nile Red method will allow the scientific community to move
towards more objective and affordable ways of quantifying MPs from
the environment.
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5. Conclusion

MPs were recorded in 86.48% of all subsamples and none of the
sediment cores analysed were MP free, highlighting the sheer magnitude
of MP pollution in marine sediments. Different areas exhibited different
fibre concentration, with DB having the highest concentration 15.2%.
This may reflect riverine or atmospheric inputs to the area, which could
be aggravated by hydrological conditions. MP abundance was found to
increase with increasing water depth (p < 0.05), supporting the hy-
pothesis that deeper water sediments act as a long-term sink for non-
fibrous MPs. This may be due to active submarine canyons carrying
MPs from shallow to deeper parts of the ocean. MP abundance also
decreased with increasing sediment depth (p < 0.05), which could
potentially represent the environmental concentrations of MPs, at the
time of deposition. The screening method using Nile Red was found to be
an efficient, rapid, and low-cost way of processing a large number of
samples in a relatively short period, with relative accuracy and consis-
tency. However, there is a need for further automation of the counting
step from the images, and improved QA/QC via automated image
recognition and artificial intelligence to improve data quality and con-
fidence. Further cross-validation studies using vibrational spectroscopy
will also give greater confidence and robust correction factors to
improve the accuracy of quantitation. With such improvements imple-
mented, the approach could provide an affordable, standardised method
for monitoring and mapping in the future.
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