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ARTICLE INFO ABSTRACT

Editor: Dr. R Teresa Pearl-farming is the second most important source of income in French Polynesia. However, tropical lagoons are

fragile ecosystems with regard to anthropogenic pressures like plastic pollution, which threaten marine life and

Keywords: the pearl oyster-related economy. Here, we investigated the spatial distribution of microplastics (MP) and
r‘clrl"plasncs pollution concentrations in surface water (SW), water column (WC) and cultivated pearl oyster (PO) from three pearl-
tolls

farming atolls with low population and tourism. Microplastics were categorized by their size class, shape,
colour and polymer type identified using FTIR spectroscopy. Widespread MP contamination was observed in
every study site (SW, 0.2-8.4 MP m™3; WC, 14.0-716.2 MP m™>; PO, 2.1-125.0 MP g! dry weight), with high
contamination in the WC highlighting the need to study the vertical distribution of MP, especially as this
compartment where PO are reared. A large presence of small (< 200 um) and fragment-shaped (> 70%) MP
suggests that they result from the breakdown of larger plastic debris. The most abundant polymer type was
polyethylene in SW (34-39%), WC (24-32%), while in PO, polypropylene (14-20%) and polyethylene were more
evenly distributed (9-21%). The most common MP identified as black-grey polyethylene and polypropylene
matches the polymer and colour of ropes and collectors questioning a pearl-farming origin.

Surface water
Water column
Pearl oyster

1. Introduction

Since the plastics industry first flourished in the 1950s, global plastic
production has steadily increased, reaching 368 million tons in 2019
(PlasticsEurope, 2020). However, poor management of plastic waste
means that it is frequently washed into the oceans, where it accumulates
and disperses on a global scale, showing a great resilience (Thompson
et al., 2004; Barnes et al., 2009). Studies estimate that the amount of
plastic floating on the sea surface is between 93,000 and 236,000 tons,
representing approximately 5000 to 50,000 billion fragments, 92% of
which are microparticles of plastic (< 5 mm), also called "microplastics"
(Eriksen et al., 2014; van Sebille et al., 2015). These microplastics (MP)
can enter the marine environment by several pathways (reviewed in
Andrady, 2011). The majority of MP found in the oceans are secondary
MP (Lassen et al., 2015) produced by the fragmentation of larger plastic

* Corresponding author.
E-mail address: tony.gardon@ifremer.fr (T. Gardon).

debris under a combination of environmental factors (physical, chemical
and biological processes) (Andrady, 2011). Primary MP, in contrast, are
those directly released into the environment as micro-sized particles (e.
g synthetic fibres, microbeads from the cosmetic industry,
pre-production pellets or tire particles) (Boucher and Friot, 2017).
Microplastics have been reported in all major oceans and seas
including the Pacific (Eriksen et al., 2013), Atlantic (Ivar do Sul and
Costa, 2014) and Indian Oceans (Imhof et al., 2017), as well as the
Southern Ocean (Isobe et al., 2017), Arctic polar waters (Lusher et al.,
2015), Antarctica (Munari et al., 2017), and the Mediterranean (Col-
lignon et al., 2012) and North Seas (Tamminga et al., 2018). They have
been found everywhere, from populated coastal environments (Isobe
et al., 2015; Frere et al., 2017) to the most remote areas (Obbard, 2018;
Peeken et al., 2018). Their ubiquitous nature in all environmental
matrices, from surface water (Eriksen et al., 2013; Lusher et al., 2015),
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down through the water column (Lattin et al., 2004) to the sediments
(Van Cauwenberghe et al., 2013; Woodall et al., 2014), including in
marine biota (Foekema et al., 2013; Cole et al., 2015), as their small sizes
make them easily taken up by a wide range of organisms (Galloway
et al., 2017).

In French Polynesia (FP), pearl-farming is the second most important
economic activity, based on the trade of pearl and mother-of-pearl
(IEOM, 2019). It also contributes to the social development of the ter-
ritory by being widespread across 23 remote islands and atoll lagoons.
However, pearl-farming is associated with a specific source of plastic
pollution. The inventory carried out by Andréfouét et al. (2014) in the
atoll lagoon of Ahe (FP) revealed thousands of tons of plastic
pearl-farming gears (e.g. collectors, ropes, buoys or nylon ties). Rearing
structures and equipment of these types (both derelict and operational)
are accumulating over time in pearl-farming lagoons. They may frag-
ment into smaller particles, which then add to MP entering the lagoons
from other anthropogenic pressures and from the South Pacific sub-
tropical gyre (Eriksen et al., 2013; Luna-Jorquera et al., 2019). This
situation is worsened by the semi-enclosed environments of some of
these lagoons, which could favour MP accumulation (Andréfouét et al.,
2014). Pearl-farming could thus be causing a risk to itself through plastic
pollution, with a potential impact of MP on the suspension filter-feeding
pearl oyster Pinctada margaritifera. Indeed, exposure using polystyrene
microbeads (6 and 10 pm) demonstrated a dose-dependent effect on the
energy balance (Gardon et al., 2018) and dose-specific transcriptomic
disruption to gene expression (Gardon et al., 2020) in P. margaritifera.
However, these effects were only observed in experimental controlled
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conditions that do not properly represent the complexity of the envi-
ronment. Furthermore, concentrations tested were not ecologically
relevant since no environmental surveys had been performed in
pearl-farming lagoons. To date, only one study has demonstrated the
presence of MP in French Polynesia waters, using a 50 um-plankton net
in front of a public beach in Moorea, where they reached 0.74 MP m™>
(Connors, 2017). There was, therefore, a strong need to evaluate and
characterize MP pollution in pearl-farming lagoons.

The aim of the present study was to evaluate MP contamination in
pearl-farming atoll lagoons of French Polynesia with low population and
tourism. We investigated MP concentration, composition and spatial
distribution in surface water (using a manta trawl, 335 pm-mesh) and
the water column (using a planktonic net, 40 um-mesh), as well as in the
tissue of cultivated pearl oysters. Our study addressed two main aspects:
(1) the distributions and concentrations of MP in the compartments
investigated; (2) the identification of polymer types and relative abun-
dance, in so far as the main characteristics of MP contamination could be
related to those of local macroplastic pollution sources such as the
widely distributed pearl-farming gears. The data produced should
facilitate decision making for local government policies to assess and
anticipate this emerging risk for pearl-farming sustainability in French
Polynesia.
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Fig. 1. Study site maps indicating pearl-farming activity and sampling locations in Ahe (A) Manihi (B) and Takaroa (C) atolls. Colours indicate land (black), shallow
water (grey), pearl-farming marine concessions (blue) and spat-collecting areas (green). Red arrows and orange stars indicate sampling stations for seawater and
pearl oysters, respectively. (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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2. Materials and methods
2.1. Study sites

Microplastics contamination was evaluated in three atoll lagoons
(Ahe, Manihi and Takaroa) of Tuamotu archipelago (18° 47’ S, 141° 35’
W, FP), located to the north-east of Tahiti island (17° 40’ S, 149° 28’ W,
FP). Sampling campaigns were carried out during the warm period in
November 2017 in Takaroa (from 18 to 21th), and in March 2018 in
Manihi (from 13 to 16th) and Ahe (from 17 to 20th) atolls. These study
sites were chosen because of their pearl-farming activities which started
in the 1980s. No particular event happened throughout history except in
Takaroa, where the scale of pearl-farming (i.e. number of active pearl-
farms) has declined since 2016 due to harmful algal bloom events that
led to the death of many cultured oysters (Rodier et al., 2019).

Ahe (14° 30’ S, 146° 20’ W; Fig. 1A), Manihi (14° 24’ S, 145° 57’ W;
Fig. 1B) and Takaroa (14° 27’ S, 144° 58’ W; Fig. 1C) are semi-enclosed
marine environments with 12, 13 and 20 km? of emerged land populated
by 491 (41 inh./km?), 650 (50 inh./km?) and 674 (34 inh./km?) in-
habitants, respectively. Domestic wastewater is directly evacuated in the
lagoon and/or in the ocean. No industrial area is established on these
territories which are also marked by a low tourist activity, estimated at
4500 (Ahe), 4000 (Manihi) and 3500 (Takaroa) people in transit per
year. The lagoons of Ahe (145 kmz), Manihi (165 km?) and Takaroa (89
km?) are each reached by a unique pass, which plays an important role
in the water renewal, with about 34, 130 and 76 days of residence time,
respectively (Pages et al., 2001). In each location, specific areas are
devoted to pearl-farming activities (i.e. maritime concessions for pearl
oyster rearing) with additional collecting stations authorized by local
government. Collecting stations are composed of spat collectors placed
in specific zones of the atoll corresponding to optimal locations for spat
settlement, notably based on hydrodynamic conditions (Thomas et al.,
2016). Authorized surface areas for pearl-farming marine concessions
are 831, 413 and 392 ha in Ahe, Manihi and Takaroa, representing 5.6%,
2.5% and 4.4% of the total lagoon areas, respectively. Additionally,
1536, 498 and 887 collecting stations are authorized in Ahe, Manihi and
Takaroa, respectively (DRM, 2019). Ahe is currently the most produc-
tive pearl-farming atoll among study sites, followed by Mahihi and
Takaroa with 884,743 (1.14 t), 307,757 (0.37 t) and 181,095 (0.20 t)
reported produced pearls in 2019, respectively (DRM, 2019). A sum-
mary table of the study site characteristics is given in the Supplementary
Information file (Table S1).

2.2. Seawater sampling

Lagoons being different for a large number of parameters (e.g hy-
drodynamics, surface, demography, anthropogenic pressures) and
sampling (time, number of farms, authorized marine concessions and
collecting stations), their statistical comparison was not relevant. Our
goal is rather a first mapping of MP contamination through nine sam-
pling stations established in each lagoon, spread over the whole area.
Vertical (water column) and horizontal (surface water) sampling of
seawater was performed at each station. Two additional surface water
samples were taken in the pass at each study site under conditions of
inward and outward current flow (Fig. 1).

To study MP occurrence in the water column, a planktonic net with a
40 pm-mesh size and a circular opening of 0.4 m diameter was used for a
vertical sampling. The net was weighted using a 1 kg lead weight in
order to vertically sample from a vessel. The depth was measured with a
graduated rope connected to the net wholly ranging from 8 to 54 m for
the three study sites (detailed depths for each sampling location are
given in Table S2). Once brought back on board, the net was thoroughly
externally rinsed with in situ seawater to concentrate debris at the end of
the net before purging the residual seawater into a hermetic glass jar.
For the horizontal sampling, the top 20 cm of the sea surface microlayer
was then sampled using a standard manta trawl with a 335 um-mesh net
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and a rectangular net opening of 0.6 x 0.16 m, pulled at an average
speed of two knots for 20 min. Sampling was systematically undertaken
against the wind. A flow meter (model 23.091, KC Denmark Research
Equipment and model 2030, General Oceanics) was used to evaluate the
volume of seawater filtered through the net. After sampling, the net was
thoroughly externally rinsed with in situ seawater to concentrate debris
in the collector screwed at the end of the net. The sample contained in
the collector was then transferred into a hermetic glass jar. All samples
were stored at —20 °C until treatment and analysis in the laboratory.
Wind speed conditions encountered during seawater sampling are
detailed for each study site in Table S1.

2.3. Pearl oyster sampling

In Ahe and Takaroa, a total of 14 pearl oysters were sampled across
two livestock rearing areas of two pearl-farmers (7 individuals per
farm). In Manihi, 14 oysters were supplied by only one pearl-farm
(Fig. 1). Biometric measurement was realized before the dissection:
mean oysters’ height was 10.0 £+ 1.7 cm (Ahe), 10.0 + 1.1 cm (Manihi)
and 9.8 &+ 4.5 cm (Takaroa). The whole oyster flesh was then collected
and individually packaged in zip-lock bags. Note that FTIR analysis was
performed on a piece of zip-lock bag as negative control to ensure that
no contamination was found in the oyster flesh. All samples were stored
at —20 °C until treatment and analysis in the laboratory.

2.4. Sample treatment and analysis

2.4.1. Particle isolation and quantification

Samples were processed in laboratory conditions under an extractor
hood. Water samples were first cleaned of their macro-sized organic
matter (e.g. leaves, seeds, macroalgae, fry) on sieves with a mesh size
smaller than that of the nets used, i.e. 150 um for the surface water
samples and 30 um for the water column samples. Macro-debris were
rinsed with 1.2 um-filtered distilled water before being removed to
facilitate the digestion step. The digestion of organic matter was per-
formed on the largest retained fraction following sieving (i.e. > 150 um
and > 30 um) and according to the protocol of Dehaut et al. (2016),
adapted by Foekema et al. (2013). Water samples were re-suspended in a
10% potassium hydroxide (KOH) solution in their respective hermetic
glass jar with a stir bar and placed on a heating magnetic stirrer at 60 °C
and 300 rpm for 24 h. The whole oyster flesh was thoroughly rinsed
with 1.2 ym-filtered distilled water and placed in individual hermetic
glass jar wherein it underwent the same digestion process in 100 ml of
10% KOH solution. After the first digestion step, samples were, once
again, sieved on a 150 um (surface water samples), 30 um (water col-
umn samples), or 20 um (pearl oyster samples) mesh sieve and thor-
oughly rinsed with filtered distilled water before re-suspension in a 30%
hydrogen peroxide (H203) solution. The second digestion was per-
formed at 50 °C and 300 rpm for 2 h before filtration on a GF/C filter
(1.2 um porosity, @ 47 mm, Whatman®) previously burned at 450 °C.
The filter was rinsed with filtered distilled water, then placed in a Petri
dish for drying at room temperature before particle quantification. Fil-
ters were scanned using a high-resolution scanner (Epson Perfection
4990 PHOTO) at 12,800 dpi for numerical particle quantification with
ImageJ software v.1.52. Scanner surface was carefully inspected and
cleaned with filtered (1.2 um) 70% ethanol. All of the particles (organic
and inorganic), identified on the high-resolution scan of the filter, were
pointed out, one by one, and quantified by dissociating fragments from
fibres.

2.4.2. Size distribution

Particle size analysis was performed with ImageJ software v1.52,
using high-resolution scans of the filters. We focused on the cleaner
filters (n = 4 per study site) for the samples for which the digestion step
of organic matter had been the most efficient (i.e. no visible organic
traces). Particle size was measured by setting a scale based on a known
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distance in millimetres, converted into pixels. Contrast and threshold
were adjusted in order to get as close as possible to the original picture.
Particles were then fully analysed to obtain the width and the height of
each in millimetres (mm). Width and height data were merged and
classified according five size classes: 0.020-0.200, 0.200-0.335,
0.335-1, 1-5 and > 5 mm. Filters were analysed individually, then
collected data were pooled from all study sites and treated separately
according to sample type (ie. surface water, water column and pearl
oyster).

2.4.3. Particle characterisation by Fourier transform-infrared (FTIR)
spectroscopy

A subset of particles was randomly collected without a priori based
on the work and procedures published by Kedzierski et al. (2019) (see
Section 2.6) with ultra-precision tweezers used under microscope for
subsequent FTIR analysis. FTIR microscopy measurements were then
performed with a Thermo IS50 infrared spectrometer coupled to an
infrared Thermo Nicolet™ Continuum™ microscope with a 15 x IR
objective and a mercury cadmium telluride (MCT) single element de-
tector cooled with liquid nitrogen. FTIR spectra were recorded at room
temperature in the midIR range (400-4000 cm™). Each spectrum was
averaged over 64 scans with a resolution of 4 cm™. A background scan
was recorded prior measurement and subtracted from the sample
spectra. In this method, colour of selected particles was monitored and
single particles were then placed in a diamond micro-compression cell,
one by one, and flattened between the two diamond anvils of a SPE-
CAC® micro compression cell (Eurolabo, Paris, France). To obtain reli-
able results, comparison with a reference spectra database is absolutely
necessary to unambiguously identify polymer type. Polymer identifica-
tion was, therefore, made using the Thermo IR polymer database, with a
75% accuracy. Identified polymer types were categorized in three main
groups: plastic, non-plastic and non-identifiable. The rayon polymer,
which is often included in the classification of MP found in the marine
environment, was excluded from this study. Indeed, FTIR-based studies
showed that 30% of suspected rayon fibres turned out to be cellulose,
which is a natural product. Since cellulose and the semi-synthetic
polymer rayon have almost identical FTIR spectra (Lusher et al.,
2014), we left this particular compound out of our study (Peeken et al.,
2018).

2.4.4. Multivariate analysis

To confirm the nature of the processed particles and analyse all
spectra, we used chemometrics. The first step of this approach is to apply
a spectral data pre-processing (Whittaker baseline correction) followed
by a normalization method so that all the spectra would be at the same
intensity, which facilitates the comparison with the database. The sec-
ond step is to extract the meaningful information to identify the sample.
Spectra were analysed using independent component analysis (ICA). ICA
is a statistical and computational technique for extracting source signals
from mixtures. The observed signals are considered as weighted sums of
pure source signals, the weights being proportional to the contribution
of the corresponding pure signals to each mixture (Hyvarinen and Oja,
2000; Wang et al., 2008). The objective of ICA is, therefore, to search for
the least Gaussian possible sources, i.e. the most independent (Rutledge
and Jouan-Rimbaud Bouveresse, 2013). Data treatment was done using
MATLAB R2017a (The Math Works, Natick, USA).

Once polymer types were confirmed, microplastic concentrations
were calculated by transposing the percentage of particles certified as
plastic, in the sub-sampling of particles analysed by FTIR, to the total
number of quantified particles for each sample (Kedzierski et al., 2019).

2.5. Quality control: contamination assessment and prevention
To reduce contamination from airborne particles, glass and stainless-

steel material were used and all equipment were thoroughly rinsed with
distilled water and 70% ethanol before use and/or immediately covered
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for preservation. All solutions (i.e. distilled water, ethanol, KOH, H>05)
were filtered through 1.2 um glass microfibres filters (GF/C, What-
man®). After sampling, samples were quickly placed in hermetic glass
jars to reduce air pollution. To minimize contamination within the
laboratory, operators wore cotton lab coats at all times and frequently
washed their hands. All surfaces were cleaned with filtered 70% ethanol
and samples were always handled in a laminar flow hood.

To account for possible contaminations in the sample preparation
process, background contamination from airborne particles during
sampling was assessed by conducting field quality controls. To create
this control for both surface water and water column sampling, an empty
glass jar was left open on the vessel during sampling. Three quality
controls were performed in situ for each study site (n =9). Similar
procedural blanks were also run in the lab (n = 27) at all steps of sample
processing by leaving open an empty glass jar inside the hood whenever
glass jars containing samples were open. An empty Petri dish with a
clean filter was also established during FTIR analysis. Each field quality
control and procedural blank jar was then rinsed with filtered distilled
water that was filtered on a GF/C filter for particle quantification and
characterization by FTIR. No FTIR analysis was performed on lab sam-
ples when the total of quantified particles was < 10, considered as
negligible (Pivokonsky et al., 2018; Wang et al., 2020).

2.6. Statistical approach and analyses

We used the statistical analysis proposed by Kedzierski et al. (2019)
to define the sub-sampling procedure for conducting a representative
analysis of our samples by determining "how many particles must be
analysed to give a representative view of the particle size distribution
and chemical nature, and calculate the associated margin error" (Ked-
zierski et al., 2019). Here, we decided to set the associated margin error
at 15% (&) considering the large total number of particles in samples of
the three studied areas. In our configuration, in which the aim was to
randomly sub-sample a specific number of particles (n), the total number
of particles (N) was known. To this end, the following equation was

used:
2
7+

1 £
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uy_
n=———->~=

2
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where u; ¢ is the fractal of order « of the standardized normal law. It is
common to use a 95% degree of confidence (i.e. @ = 0.05; Ug = 1.96)
(Kedzierski et al., 2019).

All data were expressed as percentages (mean =+ standard deviation,
SD). Maps were produced based on mapping data from Andréfouét et al.
(2006) and using QGIS software (v2.18.24).

3. Results
3.1. Background contamination

Microplastics were found in almost all control samples, with a me-
dian value of 7.2 (min = 0, max = 56.3; n = 9) and 8.8 (min = 0, max =
23.3; n = 15) MP/filter from in situ and lab samples, respectively. The
particle size class distribution in the in situ samples was as follows:
0.020-0.200 mm (85.6 £+ 5.6%), 0.200-0.335mm (9.7 + 4.1%),
0.335-1 mm (4.2 £+ 2.2%), 1-5mm (0.5 & 1.2%), and > 5 mm (0%),
while 100% of particles in the lab samples were in the 0.020-0.200 mm
size class. The dominant shape in both in situ and lab controls was
"fragment", with a median value of 4 (min = 0, max =12;n=9) and 5
(min = 0, max = 11; n = 15) item/filter, respectively, followed by "fibre"
reaching a median value of 0 (min = 0, max = 2;n = 9) and 1 (min =0,
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max = 5; n=15) item/filter, respectively. Detailed results on the
background contamination from in situ and lab controls are presented in
Tables S3 and S4, respectively. Nevertheless, background contamination
was considered negligible since the number of MP in procedural blanks
was < 5% of the total abundance of MP detected in corresponding
samples (Pivokonsky et al., 2018; Wang et al., 2020) except for one
sample from the lab, which reached 5.4% and corresponded to the
digestion step of two pearl oysters from Takaroa. These two samples
were removed prior to the analysis of MP concentration.

3.2. Particle characterization in marine compartments

3.2.1. Surface water
Total particles. A total of 16,578 particles was quantified from the 33-

Surface water

Water column
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manta trawl (335 um-mesh) transects performed in the lagoons of Ahe,
Manihi and Takaroa, representing a total volume of 5021 m® filtered
seawater. Proportions of fragments and fibres (nature non-identified at
this step) ranged from 83% to 86% and 14-17%, respectively, according
to study site. The particle size class distribution was as follows:
0.020-0.200 mm (70.3 £+ 14.5%), 0.200-0.335mm (12.4 + 5.3%),
0.335-1 mm (14.4 £9.0%), 1-5mm (2.4 +1.1%), and >5mm
(0.2 + 0.4%) (Fig. 2 A). Please consider that the relative abundance of
the 0.020-0.200 mm size class was expected to be underestimated
because the net cannot capture all the particles smaller than its mesh size
(335 um).

Microplastics. Based on the statistical sub-sampling procedure (Ked-
zierski et al., 2019), 1571 particles were randomly selected for being
characterized by FTIR spectroscopy. Synthetic matter was detected in all
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samples, composing 65%, 53% and 45% of analysed particles (classified
as fragments or fibres) in Ahe, Manihi and Takaroa, respectively
(Fig. 2B). Natural matter (e.g cellulose, cotton or protein) was also
detected in every sample, composing 25%, 37% and 40% of analysed
particles in Ahe, Manihi and Takaroa, respectively (Fig. 2B). The
remaining portion, i.e. 10%, 10% and 15% in Ahe, Manihi and Takaroa,
respectively, was assigned to non-identifiable particles (i.e. particles
whose spectra did not match any of those present in the databases, so
that no signal was obtained). Corresponding raw data of particles ana-
lysed by FTIR and their relative abundance in surface water samples are
given in Table S5. Totals of 308, 245 and 270 particles were certified as
microplastics for Ahe, Manihi and Takaroa, respectively. The three most
abundant synthetic polymers among MP according to study sites were as
follows: Ahe, polyethylene (PE) = 38.6% (n = 119); polyurethane (PU)
=15.6% (n = 48); polystyrene (PS) = 12.3% (n = 38); Manihi, PE
= 38.0% (n =93); polypropylene (PP) =13.5% (n = 33); polyester
=13.5% (n=33); and Takaroa, polyester =34.1% (n =92); PE
=33.7% (n =91); polyamide (PA) = 8.5% (n = 23). Note that the
relative abundance of polyester includes polyethylene terephthalate
(PET). They are the same polymer but named differently according to
the use (e.g. polyester in fibres, PET in food packaging). The relative
abundance of synthetic polymers certified in surface water samples ac-
cording to study sites are detailed in Table S6.

Microplastics from surface water were dominated by particles of a
black/grey colour (39.8 + 14.4%) followed by blue (15.0 + 2.8%) and
red (12.6 £+ 10.4%) MP (Fig. 3A). Black/grey MP were most frequently
PE (44.3 &+ 2.8%), PP (14.4 + 7.7%) (Fig. 4), PS (8.1 + 1.2%) and PE-PP
(7.5 £ 1.3%). Blue MP were represented by PE (41.7 &+ 10.4%), poly-
ester (19.5 + 2.3%) and acrylic (14.8 &+ 9.7%) and red MP were pre-
dominantly polyester (45.2 + 29.8%) and PE (17.2 + 23.9%). Raw data
on MP colour distribution and corresponding polymer types predomi-
nance are detailed in Table S7.

To test the potential implication of pearl-farming in the generation of
black/grey PE and PP MP mostly found (Fig. 4C-D), samples of visually
black/grey ropes (Fig. 4E) and spat collectors (Fig. 4E) were collected in
the field and examined by FTIR. The FTIR results identified PE, PP, and
copolymer PE-PP for both these types of pearl-farming gear (Fig. 4A-B).

3.2.2. Water column

Total particles. A total of 18,427 particles was counted from the 27
vertical samplings with the planktonic net (40 pm-mesh) performed in
the lagoons of Ahe (depth of 14-54 m), Manihi (depth of 27-46 m) and
Takaroa (depth of 8-45 m), representing volumes of filtered seawater
ranging from 0.8 to 5.1 m>. Proportions of fragments and fibres ranged
from 88% to 92% and 8-12%, respectively, according to study site. The
particle size class distribution was as follows: particles 0.020-0.200 mm
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(93.2 £ 1.8%), 0.200-0.335 mm (4.4 + 1.4%), 0.335-1 mm
(2.1 + 0.7%), 1-5 mm (0.3 + 0.16%) and no particles were found in the
> 5 mm size class (Fig. 2 C). Please consider that the relative abundance
of the 0.020-0.200 mm size class was expected to be underestimated
because the net cannot capture all the particles smaller than its mesh size
(40 um).

Microplastics. A total of 991 particles was randomly selected among
study sites and characterized. FTIR identification revealed the presence
of synthetic matter in 50%, 43% and 27% of particles in Ahe, Manihi and
Takaroa, respectively (Fig. 2D). Natural matter was marked by the
presence of mineral compounds, especially in Takaroa atoll where it
represented 16% of particles (Table S8). Relative abundance associated
with natural matter reached 34%, 39% and 55% of particles in samples
from Ahe, Manihi and Takaroa, respectively (Fig. 2D). Non-identifiable
particles accounted for 16-17% according to study site. Corresponding
raw data of analysed particles and their relative abundance in water
column samples are given in Table S8. Totals of 157, 108 and 103
microplastic particles were certified for Ahe, Manihi and Takaroa,
respectively. The three most abundant synthetic polymers among MP
according to study sites were as follows: Ahe, PE = 31.8% (n = 50);
polyisoprene =16.6% (n =26); PS =12.1% (n = 19); Manihi, PE
= 31.5% (n = 34); polyisoprene = 16.7% (n = 18); polyvinyl chloride
(PVC) = 15.7% (n = 17); and Takaroa, PE = 24.3% (n = 25); polyester
=17.5% (n = 18); polyisoprene = 14.6% (n = 15). The relative abun-
dance of synthetic polymers certified in water column samples accord-
ing to study sites is detailed in Table S9.

Microplastics from the water column were dominated by particles of
a black/grey colour (45.4 + 4.7%) followed by orange (14.4 + 1.4%)
and yellow (12.6 &+ 7.6%) MP (Fig. 3B). Black/grey MP were most
frequently PE (39.5 + 10.6%), PE-PP (15.1 +£11.0%) and PP
(11.7 £ 7.0%) (Fig. 4). Orange MP were dominated by polyisoprene
(81.7 + 6.4%) and yellow MP included PS (19.6 + 29.3%), PVC
(24.1 £+ 41.7%, mostly from Manihi) and polyisoprene (24.1 + 23.1%).
Raw data on MP colour distribution and the corresponding predomi-
nance of the different polymer types are detailed in Table S7.

3.2.3. Pearl oyster

Total particles. A total of 11,083 particles was found in the digesta of
42 pearl oysters from the three lagoons. Proportions of fragments and
fibres ranged from 70% to 96% and 4-30%, respectively, according to
study site. The particle size class distribution was as follows: particles
0.020-0.200 mm  (95.0 £ 2.3%), 0.200-0.335mm (4.1 + 1.9%),
0.335-1 mm (0.9 + 0.9%), and no particles were found in the 1-5 mm
or > 5 mm size classes (Fig. 2E).

Microplastics. A total of 1908 particles from pearl oyster samples
were identified by FTIR spectroscopy. Composition of particles was
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dominated by natural matter representing 59%, 60% and 57% of par-
ticles, whereas synthetic matter represented 17%, 31% and 17% of
particles in samples from Ahe, Manihi and Takaroa, respectively
(Fig. 2F). Natural matter was marked by the presence of residual organic
matter such as pigments (3-11%) and proteins (3-7%) (Table S10). Non-
identifiable particles ranged from 8% to 26% according to study site
(Fig. 2F). Raw data associated with composition and abundance of
particles identified in pearl oyster samples are detailed in Table S10.
Totals of 90, 178 and 104 microplastic particles were certified for Ahe,
Manihi and Takaroa, respectively. The three most abundant synthetic
polymers among MP according to study sites were as follows: Ahe,
polyester =18.9% (n=17); PP =14.4% (n=13); PS =12.2%
(n = 11); Manihi, PE = 21.3% (n = 38); PP = 19.7% (n = 35); ethylene-
vinyl acetate (EVA) =15.2% (n = 27); and Takaroa, PP = 20.2%
(n = 21); EVA =19.2% (n = 20); PE = 14.4% (n = 15). The relative
abundance of synthetic polymers certified in pearl oyster samples ac-
cording to study sites is detailed in Table S11.

Microplastics in the pearl oyster samples were dominated by black/
grey colours (60.7 + 9.3%) followed by brown (12.2 + 12.3%) and blue
(8.8 £2.8%) MP (Fig. 3C). Black/grey MP were mostly PP
(25.0 + 8.0%), EVA (20.1 +9.1%), PE (13.4 +0.6%) and PE-PP
(9.8 £+ 3.8%). Brown MP included particles of PVC (25.0 + 25.0%,
mostly from Manihi), PE (30.9 + 27.0%), PE-PP (13.3 &+ 21.0%) and
bluer MP were dominated by polyester (32.2+11.3%), PS
(17.0 &+ 20.6%) and EVA (14.4 &+ 6.8%). Raw data of MP colour distri-
bution and corresponding polymer type predominance are detailed in
Table S7.

3.3. Microplastics concentration and distribution

In Ahe, MP concentrations ranged from 0.5 to 8.3 item m™ in surface
water, from 22.1 to 217.2 item m™> in water column and from 2.6 to 41.9
item g™ standardized (std) dry weight (dw) in pearl oyster. MP con-
centrations were relatively homogeneous in surface water whatever the
sampling stations with a slight tendency to be higher in the centre part of
the lagoon adjacent to the pass, where concentrations were three times

higher in inflow than in outflow sea currents (Fig. 5A). Otherwise, a

particular pattern was observed considering MP distribution in the
water column, showing higher concentrations in the south of the atoll, at
stations 1, 2 and 4 (Fig. 5A). Spatial distribution and concentrations of
MP from Ahe are illustrated in Fig. 5A and detailed in Table S2.

In Manihi, MP concentrations ranged from 1.0 to 8.4 item m™ in
surface water, from 27.8 to 130.2 item m™ in water column and from
5.7 to 125.0 item g+ std dw in pearl oyster. Similar patterns of MP
distribution than Ahe atoll were observed in both surface water and
water column, with higher concentrations recorded in the centre and
northern parts of the atoll lagoon (stations 4, 5, 6, 7, 8 and 9), while
similar values were observed in the pass regardless of the direction of the
current (Fig. 5B). Spatial distribution and concentrations of MP from
Manihi are illustrated in Fig. 5B and detailed in Table S2.

In Takaroa, MP concentrations ranged from 0.2 to 3.2 item m™ in
surface water, from 22.7 to 716.2 item m™ in water column and from
2.1 to 54.2 item g ! std dw in pearl oyster. MP concentrations were
relatively homogeneous in surface water for all the sampling stations
except station 3, directly opposite the pass, where the highest concen-
tration was measured although similar values were observed in the pass
regardless of the current direction (Fig. 5C). Otherwise, a particular
pattern of MP distribution in water column was observed, with higher
concentrations in the southern part of the atoll lagoon (station 1, 2 and
3; Fig. 5C). Spatial distribution and concentrations of MP from Takaroa
are illustrated in Fig. 5C and detailed in Table S2.

The average MP concentrations (mean + SD) recorded in surface
water, water column and cultivated pearl oysters according to the three
study sites are illustrated in Fig. 5. Main characteristics of the micro-
plastics contamination in pearl-farming lagoons of French Polynesia are
summarized in Table 1.

4. Discussion
4.1. Widespread contamination of pearl-farming lagoons by microplastics
Microplastics were detected in all compartments investigated: sur-

face water, water column and cultivated pearl oysters. Focusing on
surface water contamination, monitored according to a method
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Manihi

Takaroa

Fragment (83%)
Fragment (92%)
Fragment (96%)

Black/grey (56%)
Black/grey (50%)
Black/grey (50%)

Polyethylene (38%)
Polyethylene (32%)

Fragment (83%)
Fragment (88%)
Fragment (87%)

Black/grey (33%)
Black/grey (46%)
Black/grey (66%)

Polyethylene (34%)
Polyethylene (24%)

Table 1
Summary of main characteristics of the microplastics contamination in pearl-farming lagoons of French Polynesia.
Study site
Ahe

Microplastic characteristics
Dominant shape
SW Fragment (86%)
WC Fragment (91%)
PO Fragment (70%)
Dominant colour
SW Black/grey (30%)
WC Black/grey (40%)
PO Black/grey (66%)
Dominant polymer type
SW Polyethylene (39%)
wC Polyethylene (32%)
PO Polyester (19%)
Dominant size class (um)
sw 20-200 (74%)
wc* 20-200 (93%)
PO 20-200 (95%)
Microplastic concentrations (mean + SD)
SW (MP m™) 3.0+26
WC (MP m %) 82.6 + 67.6

PO (MP g* std dw / MP individual™) 7.5 4 10.1 / 23.0 + 20.7

Polyethylene (21%) Polypropylene (20%)

20-200 (57%) 20-200 (80%)
20-200 (93%) 20-200 (95%)
20-200 (95%) 20-200 (96%)
3.3+23 0.9 +£0.9

83.6 + 35.1 134.7 £ 224.0

43.0 +35.3 /137.6 + 89.4 19.1 £16.1 /39.5 + 42.6

SW: surface water (335 pm-mesh); WC: water column (40 um-mesh); PO: pearl oyster (> 20 pm).
@ Values that are expected to be underestimated since smaller microplastics (but certainly not all) than net-mesh sizes, used to monitor both SW (335 um) and WC

(40 um), were caught.

commonly used and recommended worldwide (i.e. a manta trawl with a
335 um-mesh; Hidalgo-Ruz et al., 2012), the mean MP concentration
found in Polynesian pearl-farming atolls (2.4 + 2.3 MP m™>) was higher
than those found in other coastal ecosystems such as the Bay of Brest in
France (0.2 + 0.3 MP m™>) (Frére et al., 2017), Bohai Sea in China
(0.3 £ 0.3 MP m‘3) (Zhang et al., 2017) or the semi-enclosed north--
western Mediterranean Sea (ranging from 0.1 to 0.3 MP m’s) (de Lucia
et al., 2014), even though these other areas are under greater de-
mographic pressure than the atolls in our study (which have 491-674
inhabitants). The MP concentrations recorded in Ahe and Manihi are
similar to recordings from sites already analysed on the Hong Kong coast
in China (4.0 £ 1.2 MP m™) (Cheung et al., 2018) and East Asian Seas
(3.7 £10.4 MP m‘3) (Isobe et al., 2015). Furthermore, an underesti-
mation of surface water MP concentration was suspected at Takaroa due
to a strong north-easterly wind regime (~ 10 knots) throughout the
sampling period, which likely disturbed the vertical repartition of MP in
the upper layers of the water column (Collignon et al., 2012). As a global
trend, Poulain et al. (2019) estimated that corrected microplastic con-
centrations were 2.4-5006 times more abundant than uncorrected ones,
the highest difference being obtained for large MP (1-5 mm) using the
ellipsoid model. By correcting the concentrations of MP floating at the
sea surface in Takaroa lagoon using the modelling approach introduced
by Kukulka et al. (2012) (Table S2), the obtained corrected concentra-
tions calculated were indeed higher than uncorrected ones reaching an
order of magnitude of 10® to 10* which appeared surprisingly high
whereas the wind reached 5.5 ms™ during the sampling campaign,
meaning 0.5m s above the limit considered negligible. They must
therefore be considered with caution to avoid overestimating the con-
centration of floating MP. The high variability in MP levels observed at
the sea surface of Takaroa may also be driven by the presence of accu-
mulation areas created by waves, winds (Kim et al., 2015; Kukulka et al.,
2016; Liubartseva et al., 2016) and hydrodynamic factors (Rocha-Santos
and Duarte, 2015) that are mainly determined by the current flow
through the pass in such lagoons. For instance, the highest concentra-
tions of floating MP recorded in Ahe and Takaroa were in the southern
areas that are considered as accumulation areas (i.e. showing many
suspended particles and high turbidity), less subject to water renewal
from the current flow of the pass and strengthened by the influence of

the dominant wind (NE, ENE). The occurrence of such MP accumulation
zones protected from pass inflow and outflow is also supported by a
hydrodynamic model made in Ahe and coincides with pearl oyster larval
trajectories (Thomas et al., 2016). An opposite pattern was observed in
Manihi since the pass is located in the south of the atoll leading to an
accumulation area in the northern part, which is less subjected to water
renewal. Although Manihi is the largest studied atoll (165 km?) with the
lowest number of authorized concessions (i.e. n = 498), it displayed the
highest concentration of floating MP and pearl oyster contamination
levels. This result could, therefore, be linked to lower water renewal,
which reaches 130 days of residence time, in contrast to 34 and 76 days
of residence time in Ahe and Takaroa, respectively (Pages et al., 2001).
Overall, these results suggest that these remote insular territories are
subjected to significant MP contamination pollution and that water
currents going in and out through the passes may strongly influence
floating debris concentration, distribution and accumulation in the
lagoons.

4.2. The water column is a highly contaminated compartment in French
Polynesia lagoons

Monitoring MP in the water column in addition to surface water
enabled us to draw a more complete picture of lagoon contamination
and to estimate the exposition levels of cultivated pearl oysters reared in
the water column (4-6 m depth).

The comparison between surface water and water column contami-
nation is poorly relevant in our study since these two compartments
were investigated with two different sampling methodologies (manta
trawl with a 335 um-mesh vs. planktonic net with a 40 um-mesh).
Indeed, recent studies highlighted that reported microplastic concen-
trations diverged depending on different sampling strategies and
decreased exponentially with greater mesh size (Green et al., 2018;
Covernton et al., 2019; Lindeque et al., 2020). For example, Lindeque
et al. (2020) demonstrated that microplastic concentration using a
100 um net was 10-fold greater than a 500 um net. Therefore, the MP
abundance in the water column (8-54 m depth), almost two orders of
magnitude higher (range 6-594) than that in surface water in our study,
remains speculative and we cannot draw conclusions about the most
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contaminated compartment. Nonetheless, we demonstrated that the
water column of study sites is a highly contaminated compartment that
is of further interest to monitor through a spatio-temporal series. Sig-
nificant quantities of MP have also been detected in water bodies of the
Bohai Sea (5-30 m depth; Dai et al., 2018), in Korean coastal waters
(3-58 m depth; Song et al., 2018) and in the Arctic Ocean (6 m depth;
Lusher et al., 2015), suggesting that levels in this compartment may be
largely underestimated. The high proportion of MP sequestered in the
water column is caused by vertical movement of which the rising and
sinking velocities depend on polymer density, size and shape (Enders
etal., 2015; Ballent et al., 2016). In our study, PE and polyisoprene were
the predominant polymer types in the water column despite their low
density (0.917-0.965 g cm™3; Hidalgo-Ruz et al., 2012). Previous studies
have provided evidence of the influence of wind, surface heat fluxes and
Langmuir turbulence on vertical mixing of buoyant MP and MP con-
centrations in surface water (Kukulka et al., 2012, 2016). Biological
processes such as biofouling (Fazey and Ryan, 2016), aggregation
(Bergmann et al., 2017) or ingestion-egestion by marine organisms (Cole
etal., 2016), may also have an effect on MP buoyancy (Kooi et al., 2017).
Both observational and modelling studies have also shown that small MP
have shorter residence times in the surface layer (Eriksen et al., 2014;
Enders et al., 2015). Studies dealing with vertical profiles of MP distri-
bution are very scarce and the lack of standardized protocols hampers
thorough comparison of results from different compartments. For
instance, studies have employed non-similar sampling tools, mesh sizes,
sampling depths or laboratory sample processing protocols, making
quantitative comparison difficult (Hidalgo-Ruz et al., 2012). Overall,
these results remind us of the knowledge gap regarding the vertical
behaviour of MP at sea, and of how environmental surveys of surface
waters are far from sufficient for evaluating concentrations and
ecological risks related to MP in the water body.

4.3. Dominance of small-sized, fragment-shaped and polyethylene
microplastics in seawater

The main size class of MP observed in seawater was 20-200 um both
in surface water and the water column even if this class might be
considered as underestimated. Smaller MP were caught than the net-
mesh size (but not all as below the mesh), particularly in surface
water (> 335 um), probably due to homo- and/or heteroaggregation
(Zhao et al., 2017). In this study, fragments were identified as the
dominant form of MP in seawater (ranging from 83% to 92%)
throughout the three study sites. The dominance of fragments over fibres
suggests that the source of MP in the monitored lagoons is more related
to the breakdown of larger plastic debris (Andrady, 2011) than to direct
primary inputs such as domestic waste from nearby villages, including
sewage contaminated by fibres from washing clothes (Yuan et al., 2019).
This pattern may result from Polynesian dressing habits, as tropical
environment involves the use of less clothing that produces lots of fibres
(e.g synthetic knitwear or fleece; Napper and Thompson, 2016) as well
as the relatively small human populations (491-674 inhabitants)
residing on the studied atolls. Human activity at sea is also a source of
plastic pollution, notably fishing and aquaculture (Lebreton et al.,
2018). In case of intense mariculture activity, especially in a
semi-enclosed narrow bay, mariculture-derived MP made up approxi-
mately 56% and 37% of the MP in the seawater and sediment of the
Xiangshan Bay in China (Chen et al., 2018). Atoll lagoons are also
semi-enclosed environments. Thus, considering (i) the high MP
contamination levels in the lagoons, (ii) the low population density and
(iii) the high proportion of secondary microplastics (plastic fragments)
in all samples, it is likely that maritime activities, including
pearl-farming, and their associated waste (already demonstrated at the
macrowaste level; Andréfouét et al., 2014) could be a source of MP
environmental pollution.

We identified 31 synthetic polymers, among which polyethylene
(PE) was the dominant polymer type in surface water (34-39%) and the

10

Journal of Hazardous Materials 419 (2021) 126396

water column (24-32%), as found by most other studies (Frere et al.,
2017; Zhu et al., 2018; Pan et al.,, 2019; Zhang et al., 2020) as a
consequence of its worldwide manufacture and use (PlasticsEurope,
2020). PE was followed by polyester, polyamide (PA), polypropylene
(PP), polyurethane (PU), and polystyrene (PS) in surface water, while
polyisoprene and polyester were prevalent in the water column. Ac-
cording to a source-specific classification system reported by Wang et al.
(2019) and an assessment of MP derived from mariculture in Xiangshan
Bay, China (Chen et al., 2018), fishing ropes, lines and nets are most
likely important sources of PE, PP, PE-PP and PA in the aquatic
ecosystem. Here we suggested that synthetic ropes and spat collectors
contribute significantly to the MP pollution. Indeed, synthetic ropes and
spat collectors, the main plastic equipment used in pearl-farming, are
made of PE or PP, respectively (though sometimes both may be made in
PE-PP) and are black-grey like the most sampled MP represented by
black-grey PE, PP and PE-PP. Overall, the assessment of MP pollution in
atoll lagoons without any pearl-farming pressure would provide a rele-
vant means of comparison to examine the influence of pearl-farming
activity in MP contamination of lagoons.

4.4. Seawater contamination is reflected in cultivated pearl oysters

Size frequency distribution of all the particles analysed in pearl
oyster samples corresponded to the particle size range retained by
P. margaritifera when feeding (i.e. 2-200 um; Pouvreau et al., 1999); the
20-200 pym fraction accounted for 95% of all particles. Our lower size
threshold of detection for particles was 20 um (limit imposed by visual
observation and manual selection with ultra-precision tweezers). How-
ever, upper size ranges of 200-335 pm (4%) and 335-1000 pm (1%)
were present although unexpected. Even if pearl oyster samples were
rinsed before underwent the digestion process, it is possible that parti-
cles were trapped in the gills or on the outside of the oyster soft tissues
rather than being present in the digestive tract. Indeed, adherence of MP
to mussel soft tissue has been proposed as an additional uptake pathway
for MP alongside ingestion (Kolandhasamy et al., 2018).

In this study, we identified MP in all pearl oysters collected in the
study sites. This 100% presence is close to some observations made in
wild mussels, Mytilus galloprovincialis, Choromytilus meridionalis and
Aulacomya ater (98%, n = 168) sampled in southern Africa (Sparks,
2020) or cultivated mussels, Mytilus edulis (90%, n = 120) sampled on
French coasts (Phuong et al., 2018). However, the mean MP concen-
trations ranging from 7.5 to 43.0 MP g~! dry weight (dw) in cultivated
pearl oysters are much higher (1.3-7.3 MP g~! wet weight: ww; using a
conversion factor from dw to ww of 6 assuming a lyophilization rate of
0.17) than those reported in C. gigas and M. edulis reared in the North Sea
(0.47 £0.16 and 0.36 +0.07 MP g\ ww, respectively; Van Cau-
wenberghe and Janssen, 2014) and in the range of those found in
M. edulis from Chinese coastal waters (1.5-5.4 MP g*1 ww; Qu et al.,
2018). While studies have shown a higher MP contamination in culti-
vated mussels than wild ones (Mathalon and Hill, 2014; Phuong et al.,
2018), supposedly due to a proximity of MP coming from degradation of
the plastic materials (PE, PP, polyester) of collectors, ropes and nets used
in bivalve aquaculture (Phuong et al., 2018), in our study, we did not
evaluate MP contamination in wild pearl oysters since wild individuals
are protected by a local law. The majority of MP found in pearl oyster is
fragments, reaching 73-95% of all particles, made of PE, PP, PE-PP,
polyester and ethylene-vinyl acetate (EVA). This pattern corresponds
to water body contamination such as the positive relationship observed
in the coastal waters of China between mussels and water contamination
patterns (Qu et al., 2018). Our study showed that MP contamination was
widespread in pearl oysters and that P. margaritifera could be used as an
indicator of MP pollution in French Polynesian lagoons.

5. Conclusion

Our findings demonstrate the widespread MP contamination of
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pearl-farming atoll lagoons, with the dominance of small-sized frag-
ments (20-200 pum) in the water column as well as in pearl oysters. This
raises the question of the potential threat posed by microplastics to
cultivated pearl oysters and the overall balance of the lagoon ecosystem.
Further work is needed to understand this emerging risk and to predict
potential impacts on pearl oyster and pearl-farming sustainability. These
in situ data will make it possible to test relevant environmental scenarios
as accurately as possible (i.e. real concentrations and specific MP types)
on P. margaritifera in laboratory conditions to obtain more pertinent
answers to local policies. Finally, these first data call for larger spatio-
temporal studies with reliable methodology for the different compart-
ments and with a special focus on sources, the key to local decision
support.
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