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Abstract

Ocean contamination by plastics is a global issue. Although ingestion of plastic debris by sea turtles
has been widely documented, contamination by microplastics (< 5 mm) is poorly known and likely to
be under-reported. We developed a microplastic extraction protocol for examining green turtle
(Chelonia mydas) chyme, which is multifarious in nature, by modifying and combining pre-
established methods used to separate microplastics from organic matter and sediments. This protocol
consists of visual inspection, nitric acid digestion, emulsification of residual fat, density separation,
and chemical identification by Fourier transform infrared spectroscopy. This protocol enables the
extraction of polyethylene, high-density polyethylene, (aminoethyl) polystyrene, polypropylene, and
polyvinyl chloride microplastics >100 pum. Two macroplastics and seven microplastics (two plastic

paint chips and five synthetic fabric particles) were isolated from subsamples of two green turtles. Our
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results highlight the need for more research towards understanding the impact of microplastics on

these threatened marine reptiles.

Keywords: marine turtle, plastic ingestion, plastic contamination, extraction technique, chemical

digestion, Fourier transformed infrared spectroscopy.

Highlights:
e We combined and validated pre-established methods for microplastic extraction.
e This protocol is suitable for samples comprising both organic and mineral material.
e Macro- and microplastics were detected in sea turtles from the Great Barrier Reef.

e This protocol improves method harmonisation in marine debris ingestion research.

1. Introduction

Plastics are one of the most common and persistent pollutants in coastal and marine environments
worldwide (Gall and Thompson, 2015; Moore, 2008). Anthropogenic marine debris was first
identified as an issue in the Great Barrier Reef two decades ago (Haynes, 1997). Recent estimates
suggest that more than 5 trillion pieces of plastic debris, weighing 298 tons, may be floating in the
world’s oceans (Eriksen et al., 2014). These estimates of plastic pollution are higher if particles in
beach sand and those deposited onto seafloors are also included (Galgani et al., 2015).

Plastic pollutants are broadly divided into two categories; macroplastics (> 5 mm) and
microplastics (< 5 mm, Barnes et al., 2009; Moore, 2008). Both macro- and microplastics are
ubiquitous and widespread in the marine environment; polluting the ocean surface, water column, and
benthos (Cole et al., 2011; Galgani et al., 2015; Woodall et al., 2014). Microplastic pollutants are
broadly classified as either primary or secondary microplastics (Cole et al., 2011). Primary
microplastics are deliberately manufactured in the sub-visible size range, such as pelletised raw

materials for manufacture of plastic products (Ashton et al., 2010) and plastic beads destined for use
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in processes and applications such as air-blasting, medicinal vectors and cosmetic exfoliants (Cole et
al., 2011; Fendall and Sewell, 2009). Secondary microplastics are created by the physical, chemical,
and biological degradation of plastic debris in the environment (Cole et al., 2011; Duis and Coors,
2016; Moore, 2008).

Marine life is mainly impacted by plastic debris through the processes of entanglement and
ingestion (Derraik, 2002). Ingested macroplastics can either pass through the intestinal tract, or
accumulate there for several months, effectively blocking the tract and/or reducing the feeding
stimulus with lethal or sub-lethal effects (Laist, 1987; Lutz, 1990; Nelms et al., 2016; Santos et al.,
2015). Ingestion of macroplastics has been implicated in the mortality of a wide range of organisms
including sea birds (Provencher et al., 2014), cetaceans (Jacobsen et al., 2010; Laist, 1987), sirenians
(Beck and Barros, 1991; Ceccarelli, 2009; Laist, 1987) and sea turtles (Santos et al., 2015).

Similarly, ingestion of microplastics has also been reported for a wide range of marine
wildlife including fishes (Foekema et al., 2013), cetaceans (Lusher et al., 2015), zooplankton (Sun et
al., 2017) and sea turtles (Santos et al., 2015). Like macroplastics, ingested microplastics can impact
organisms physically (Wright et al., 2013) and increasing concern has been expressed regarding their
capacity to act as a vector for toxic chemicals (Besseling et al., 2013; Derraik, 2002; Moore, 2008;
Von Moos et al., 2012). Once ingested, chemical effects can occur via three processes: 1) leaching:
plasticisers, UV stabilisers, and other chemicals added to polymers during production leach into the
organism post-ingestion; 2) sorption: pollutants such as polychlorinated biphenyls (PCBs), polycyclic
aromatic hydrocarbons (PAHS), metals, and pesticides adsorbed onto microplastics from the
surrounding environment are released internally post-ingestion; and 3) trophic flow: accumulated
toxins are bioaccumulated through the food chain (Bejgarn et al., 2015; Hamlin et al., 2015;
Koelmans et al., 2014).

One iconic animal impacted by marine debris is the sea turtle. All seven turtle species are
known to be affected by plastic debris globally (Clukey et al., 2017; Gall and Thompson, 2015;
Nelms et al., 2016). Two factors that likely increase the risk of plastic ingestion by sea turtles relative
to other marine species are: 1) visual feeding strategies which select for structures analogous to

jellyfish and soft floating plastics, and 2) backward-facing oesophageal papillae which inhibit
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regurgitation and facilitate particle accumulation in the gut (Schuyler et al., 2014; Vegter et al., 2014;
Wyneken, 2001).

Of all sea turtle species, the green turtle (Chelonia mydas, Linnaeus 1758) and leatherback
turtle (Dermochelys coriacea, Vandelli 1761) are the most susceptible to marine debris because of
their respective herbivorous and gelatinous diets (Di Beneditto and Awabdi, 2014; Schuyler et al.,
2013). Plastic debris can also become entangled among green turtle food sources such as seagrass
leaves and macroalgae (Awabdi et al., 2013). Microplastics have been found in sea turtle stomach
content in Brazil and the North Atlantic (Mascarenhas et al., 2004; Pham et al., 2017), raising
concerns about potential cumulative impacts of microplastics on these slow-growing animals,
including dietary dilution and malnutrition (Nelms et al., 2016).

Methods for extracting microplastics have been developed for a range of sample matrices.
Visual assessment using microscopy is routinely used to extract microplastics from waste water, sea
water, sediments, ice, plant matter, biological tissues, and whole organisms. Density separation is
commonly used to extract microplastics from water or sediments (Claessens et al., 2013; Hidalgo-Ruz
et al., 2012; Reisser et al., 2013; Thompson et al., 2004). Chemical digestion is used to extract
microplastics from whole organisms (Claessens et al., 2013) and from ingested material, for example,
from pelagic fish or cetacean chyme (i.e. ingested material and digestive tract fluid) (Foekema et al.,
2013; Lusher et al., 2015). Many of these methods are suitable and efficient for either homogenously
organic or homogenously inorganic sample matrices; however, each of them alone are unlikely to be
suitable for microplastic extraction from green turtle chyme. Green turtle chyme can have a diverse
organic composition and can also contain sediments. In fact, when green turtles shift from their
pelagic stage to coastal benthic habitats, their diet broadens from mainly animal matter such as
jellyfish and sponges to include herbivorous components, particularly seagrass, algae, and associated
sediments and epibionts (Bjorndal, 1997). Due to the diverse diet of coastal turtle populations, chyme
from non-pelagic green turtles is expected to be relatively complex, comprising a range of organic
(plant and animal material) and inorganic (mineral and sediment) matrices. Therefore, a protocol
capable of efficiently extracting microplastics from all matrices is required in order to accurately

establish contamination levels. The objective of this study is to develop and validate a microplastic
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extraction protocol suitable for investigating green turtle chyme samples, thereby improving method

harmonisation in marine debris research (Tate et al., 2012).

2. Materials and methods

2.1 Sample collection and preparation

Two unsuccessfully rescued green turtles (Turtle A: StrandNet #55364 and Turtle B: StrandNet
#53584), collected near Cairns (central Great Barrier Reef, Australia) were used for this study. Turtle
A was a juvenile with a curved carapace length of 45.4 cm. Turtle B was an adult female with a
curved carapace length of 103 cm. Foreguts (including oesophagus, stomach, and small intestine) of
both turtles were necropsied, the rest of the digestive tract being required for a different study. The
foregut content was visually inspected and any visible macroplastics were removed for subsequent
analysis. For each turtle, chyme was transferred to a metal bucket and homogenised by manual

stirring using a metal spoon.

2.2 Sequential extraction protocol

A preliminary pilot test using chemical digestion (HNOs, 69.5 %) of green turtle chyme was
unsuccessful, as some fat and sediments remained. A sequential extraction protocol (Figure 1) was
therefore developed by combining existing separation methods (both physical and chemical) as well
as emulsification of fats to simplify the complex mixture through deconstruction of the mostly plant-
derived biomass. The suitability of the protocol to separate microplastics was assessed by measuring
physical (i.e. change in size) and/or chemical (i.e. alterations to polymer type identified via Fourier
transform-infrared spectroscopy, FTIR) degradation of known polymer types. The efficiency of the
protocol was then determined by spiking homogenised green turtle chyme samples with plastic micro-
beads and quantifying recovery rates. The protocol was then applied directly to green turtle chyme to
guantify plastic ingestion. Because of the challenges in confirming the polymer composition of
particles smaller than 100 pm using FTIR spectroscopy, this size was established as the lower limit of

analysis. To prevent procedural contamination all lab equipment was rinsed with reverse osmosis
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(RO) water before use and filters were always kept covered.

Remove visible macro-debris
Set aside for analysis if required

Organic matter present | No organic matter

Suitable for

HDPE, PE,

PVC, PP or Remove organic material Isolate non-organic particles

AM-PS. Not Warm nitric acid digestion Warm sieve, 100 um

suitable for

nylon or PET. Fat present No fat

Suitable for

HDPE, PE, Remove residual fat

PVC, PP, AM- Resuspend in SLS and sonicate

PS. Sediment present No sediment
S;J;;;]ZI: for Remove sediment . Prepare particles for FTIR analysis
< 1.2 glom’ Density separation in hypersaline brine Oven-dry

Particle identification
FTIR analysis

Figure 1: Sequential extraction protocol for the extraction of microplastics from green turtle chyme
showing polymer suitability.

Acid digestion of organic materials

All chyme samples were processed in 50 mL glass test tubes (~ 6 g wet weight (w/w) per test tube)
using a method modified from Claessens et al. (2013). Nitric acid (HNOs, 69.5 %, Scharlau) was
added to each sample (3:1, HNOs; mL: chyme g w/w), followed by an overnight digestion at room
temperature (~ 20 °C) and two hours of heating in an 80 °C block heater. Warm samples were then

sieved over a 100 um steel mesh.

Emulsification of fats

If an intractable fatty residue remained after acid digestion of samples, all remaining materials were
re-suspended in 200 mL of a warm sodium lauryl sulfate (SLS, Acros Organics) solution (1.0 g
SLS/L; ~ 50 °C) followed by sonication for 30 seconds (47 kHz + 6 %, Branson® 2200 Ultrasonic

Clearer). The solution was kept warm and sieved through a 100 pum steel mesh.

Density separation from sediments
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If sediments remained after filtration (i.e. >100 um), all remaining materials were re-suspended in
200 mL of a hypersaline brine solution (NaCl, 1.2 g/cm?, Sigma Aldrich) prepared by saturation of
RO water with NaCl (water solubility at 20 °C = 357 g/L), modified from Hidalgo-Ruz et al. (2012).
The solution was manually stirred for 30 seconds using a glass stirring rod and allowed to rest for

1 hour. Supernatant was collected using a Pasteur pipette and transferred to a glass beaker before
further filtration. The pipette was rinsed three times with RO water into the glass beaker to collect any

particles that may have adhered to the internal wall of the pipette.

Filtration
Collected supernatant was vacuum-filtered (Millipore HA cellulose nitrate/acetate 0.45 um pore
membrane filters) (Claessens et al., 2013; Hidalgo-Ruz et al., 2012). Each filter was then put in a

covered glass dish and oven-dried at 60 °C for 4 hours.

2.2 Validation of the sequential extraction protocol

Polymer identification

Polymer composition was determined using Fourier transform-infrared spectroscopy (Kroon et al
2017; Foekema et al., 2013; Hall et al., 2015; Lusher et al., 2013; Thompson et al., 2004). Briefly,
FTIR spectra were acquired in transmission mode on a PerkinElmer Spectrum 100 FTIR
Spectrometer using an attenuated total reflectance (ATR) accessory as per Kroon et al. (2017).
Individual items were placed on the ATR diamond using forceps. A pressure clamp was used to
ensure good contact with the sample. The Data Tune-up command to smooth and perform a baseline
correction using default PerkinElmer parameters was applied to all spectra. Spectra were searched
(4000-600 cm™) using Euclidian distance against commercially available NICODOM IR libraries
(Polymers and Additives, Coatings, Fibres, Dyes and Pigments, Petrochemicals Full Version;
NICODOM Ltd., Czech Republic) and a percent match between the reference spectra and the sample

obtained. As per Kroon et al. (2017) samples with a percent match of < 60 % were considered a low
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match, 60 - < 70 % and intermediate match and = 70 — 100 % a high match. All spectra were further

inspected and any unexplained bands investigated by reviewing the lower percent matches and the
literature. This technique was used throughout the study to confirm each target polymer type, to
determine whether any degradation was evident as a result of treatment of target polymer types and to

identify the polymer composition of extracted particles from both turtles.

Protocol suitability

Seven target polymers from daily-use items were used to test the suitability of the sequential
extraction protocol (Table 1). Firstly, commercially manufactured high-density polyethylene (HDPE)
micro-beads were isolated from the soap matrix of a commercially available facial cleanser
(Garnier®, Pure and Active Daily Pore Scrub Wash). The size range of the micro-beads

(192 + 48 um) was measured as the largest length of randomly-selected micro-beads (n = 20) under a
dissecting microscope using the software ImageJ® (Rasband, 2012). Also, poly(ethylene
terephthalate) (PET) from a single-use water bottle, polyethylene (PE) from a soft drink bottle lid,
nylon (polyamide, PA) from a fishing line, vinyl chloride/vinyl acetate/vinyl terpolymer (PVC) from
a conduit pipe, (aminoethyl) polystyrene (AM-PS) from a styrofoam box and polypropylene (PP)
from a multiple-use shopping bag were used. Ten pieces approximately 1 cm in length were cut from
each plastic item, with the exception of the facial cleanser micro-beads, which were only available as
particles. Each plastic item was also grated into particles < 1 mm?(Table 1) with a metal kitchen
grater. During this study, the term pieces refers to plastic items cut to ~ 1 cm (in length) and the term

particles refers to plastic items grated to < 1 mm?,

Acid digestion and emulsification are harsh chemical treatments with the potential to degrade
plastics. To determine if the sequential extraction protocol affected the physical structure of the seven
target polymers, the area of each of the ten pieces per plastic item was measured using the software
Image J® before and after acid digestion and emulsification. A Student’s T-test (two-tailed, paired
samples) was run with a null hypothesis of no change in the area of the pieces before and after the

digestion and emulsification steps.
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In order to establish whether the sequential extraction protocol affected smaller particles, the
experiment was repeated exposing smaller particles (< 1 mm?) of each of the seven plastic polymers
(n = 20 per polymer) to the acid digestion and emulsification methods. Particles were manually sorted
and counted.

The seven target polymers were also subjected to density separation (NaCl, 1.2 g/cm®) after
treatment with the acid digestion and emulsification methods. The capacity of each treated polymer to
float or sink was recorded.

ATR-FTIR spectroscopy was used to determine whether the sequential extraction protocol
affected polymer identification. The polymer composition of each plastic item was measured prior to
treatment. Pieces were then treated with the acid digestion and emulsification methods. Pieces that
could be recovered after these two methods were rinsed with RO water and dried before repeating the
chemical analysis. A percent similarity, calculated by comparing the FTIR spectra of the treated
polymers against those of the untreated polymers (PerkinElImer COMPARE algorithm), was used to

assess whether there was any chemical degradation.
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Table 1: The physical (shape, colour, and density) and chemical (degradation and composition) characteristics of polymers exposed to the sequential
extraction protocol and their recovery rates. One example of each of the source plastic material, the simulated microplastic (~ 1 cmin length) and the
microplastic after treatment with nitric acid and sodium lauryl sulfate is provided. Scale bars on pieces represent 1 cm.

Facial cleanser 0.16 £ 0.13 100 % - \Q‘ : Yes 0.917-0.965 | NT: 98 High-density polyethylene
B
« ©

micro-beads S T:98
Fishing line 0.46 £ 0.04 _ 0% Degraded | - - - NT: 97 82% nylon, 18% lamé

T: Degraded
Styrofoam box 1.03+0.34 100 % 0.44 Yes 1.04-1.1 NT: 91 (Aminomethyl)polystyrene

o y
- T:91

Pipe 1.02+0.12 - 100 % 0.80 No 1.16-1.58 | NT: 95 Vinyl chloride/vinyl

T:78 acetate/vinyl terpolymer
Multiple-use (2.12 £0.39) - 100 % 0.84 Yes 0.9-0.91 NT: 98 Polypropylene
shopping bag x 0.094 T:98

10



Single-use water 0.33+0.15 0% Degraded - NT: 99 Poly(ethylene terephthalate)
bottle T: Degraded

Soft drink bottle 0.41+0.15 100 % 0.89 0.917-0.965 | NT: 97

lid T:97

Notes:

@ Width only mentioned when particles were fibres from synthetic fabrics (i.e. multiple-use shopping bag); ® from 20 particles treated with nitric acid (HNO3) and sodium lauryl sulfate
(SLS); © comparison of the size of plastic item pieces (~ 1 cmin length) before and after treatment by HNOs and SLS, (p > 0.05); ¢ as reported by Hidalgo-Ruz et al. 2012 (Table 7); ¢ low

density polyethylene (LDPE) p = 0.910-0.925 g/cm?, high density polyethylene (HDPE) p = 0.941-0.965 g/cm?’; ' NT: not treated, T: treated with HNOj3 and SLS; £ chemical composition

of all polymers remained unchanged after treatment with HNO3 and SLS.
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Extraction efficiency

Three replicates, each containing 6 g (w/w) of homogenised chyme from Turtle B, were used for
method validation. Each replicate was spiked with five micro-beads and then processed with the
sequential extraction protocol (described above). Since both fats and sediments were present in these
samples, all three extraction methods; acid digestion, emulsification of fats, and density separation

were used.

Procedural contamination
Three procedural contamination blanks comprising 6 mL RO water were processed in accordance
with the sequential extraction protocol. Filters were visually inspected under a dissecting microscope.

Any particle or fibre present on the filters was treated as procedural contamination.

Extraction and quantification of plastics from turtle chyme

Due to the challenges faced by this study (time limitations, complexity of samples), only a subsample
of the homogenised turtle foregut content was analysed to quantify microplastic contamination. For
each turtle, 48 g of homogenised foregut content was transferred into a glass beaker; this represented
approximately half of Turtle A foregut content (weighing 98 g) and approximately 1 % of Turtle B
foregut content (weighing 4.70 kg). Four replicates of 12 g (w/w) were prepared for Turtle A. For
Turtle B, replicates had to be reduced to 6 g (w/w) to manage the high reactivity of these samples to
nitric acid which otherwise caused an unmanageable amount of foam. The sequential extraction

protocol outlined above was applied to these samples and potential microplastics were identified.

3. Results

Protocol Suitability

HNO; completely dissolved pieces and particles of PET and PA; no pieces or particles of these two

target polymers were recovered after acid digestion (Table 1). The acid digestion and emulsification

12
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methods did not affect pieces or particles of: PE, HDPE, PVVC, AM-PS and PP; there was 100 %
recovery of these pieces and particles after both treatments (Table 1).

T-test results for all recovered (i.e. incompletely dissolved) pieces (n = 10) indicated that acid
digestion followed by emulsification resulted in no significant change in the area of non-digested
target polymers pieces (p > 0.05) (Table 1). However, pieces that were coloured before treatment (i.e.
from bottle lid and multiple-use shopping bag) suffered some discolouration (Table 1).

As expected, all recovered treated pieces (i.e. those not digested by the acid or emulsification
treatment) floated in hypersaline NaCl (p < 1.2 g/cm®) indicating their densities were not substantially
altered (Table 1). The exceptions were the PVC particles, which did not float; pieces of PVC (1 cm in
length) were observed at the bottom of the hypersaline brine solution. The density of PVC pieces
remained higher than the hypersaline solution (PVC p = 1.16 to 1.58 g/cm?, hypersaline NaCl p =
1.2 g/cm®) (Table 1).

Polymer identification using FTIR showed that matches of target polymer types to the

spectral reference library were similar before and after acid digestion and emulsification (Table 1).

Extraction efficiency
Extraction efficiency of the sequential extraction protocol was 100 %; all spiked micro-beads were

recovered from samples of turtle chyme.

Procedural contamination

Procedural contamination blanks revealed the presence of hair-like fibres and very fine dark particles
< 100 um on each filter. Because these particles were smaller than 100 um, they didn’t interfere with
the extraction of microplastics sized > 100 um conducted in this study. Procedural contamination
particles were too small to be analysed by FTIR spectroscopy and their composition could not be

confirmed.

Plastic quantification in turtle samples

13
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After acid digestion, visual inspection of the residual chyme samples from Turtle A confirmed that no
sediments were present, eliminating the need for density separation. However, samples from Turtle B
proved multifarious and were therefore processed using all the methods in the extraction protocol (i.e.
digestion, emulsification, and density separation methods). Macro- and microplastics were extracted
from both turtles (Table 2). Three microplastic particles ranging between 0.45 mm - 2.51 mm were
extracted from Turtle A. FTIR analysis identified these as two plastic paints; a transparent particle of
polyethylene acrylic acid copolymer (EAA; match score 94 %), a dark green particle of polyvinyl
acrylic paint (PVA; match score 78 %), and one mixed yarn synthetic fabric; a transparent round-
shaped particle composed of cotton: olefin: polyester (match score 79 %). Two items of macroplastic
debris were found in the foregut content of Turtle B: a 4.5 metre-long line matching to PA (nylon:
wool: lamé; match score 95 %; Figure 2A) and a 21.5 cm? piece of soft plastic debris matching to
HDPE (match score 97 %; Figure 2B). Four particles ranging from 0.76 — 2.95 mm were extracted
from Turtle B. One white and one black particle each matched to a mixed-yarn synthetic fabric of
cotton: wool: nylon (match score 86 % and 85 %, respectively), a piece of transparent film matched to
cotton (match score 94 %) and a transparent particle matched to cotton: rayon: acrylic (match score
93 %). Based on the visual assessment, the cotton component of these particles is likely to be
reconstituted cellulose, such as that used to produce biodegradable plastics, synthetic fabrics, and
flexible films. After visual inspection of the spectra against their matching spectral library references
and based on their match scores being > 70 %, all particles were confirmed as plastic paints and

synthetic fabrics, as per Kroon et al., 2017.

Figure 2: Macroplastic debris recovered from Turtle B; A) nylon line, B) high-density polyethylene.

Scale bar represents 10 cm.

14
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Table 2: Macro- and microplastics extracted from subsamples of chyme from two green turtles.

Size Physical characteristics 2 Match (%)  Match description

Turtle A

0.45 mm Transparent particle 94 Polyethylene acrylic acid copolymer
1.13mm Transparent, rounded particle 79 69 % cotton, 19 % olefin, 12 % polyester
2.51 mm Dark green particle 78 Polyvinyl acrylic paint

Turtle B

452m Line 95 60 % Nylon, 37 % wool, 3 % lamé
21.5¢cm? Soft debris 97 High-density polyethylene

0.76 mm White particle 86 45 % cotton, 40 % wool, 15 % nylon
0.84 mm Black particle 85 45 % cotton, 40 % wool, 15 % nylon
1.52 mm Transparent film 94 Cotton 90 %

2.95 mm Transparent particle 93 Cotton, rayon, acrylic

aFor microplastics (>100 um and < 5 mm), the description of the particles is given after processing with
the sequential extraction protocol.

4. Discussion

In this study we developed and validated a sequential extraction protocol modified from Claessens et
al. (2013) and Hidalgo-Ruz et al. (2012) for quantification of microplastics recovered from green
turtle chyme. Because of the green turtle’s diverse diet (herbivorous with opportunistic feeding on
animals and incidental ingestion of sediment), their chyme can comprise of a range of biological and
mineral matrices, such as seagrass, sediments, and potentially also fat (e.g. from cephalophods,
jellyfish, and sponges). Consequently, the extraction of microplastics from chyme required a
combination of different extraction methods, including acid digestion, fat emulsification, and density
separation. Our protocol allowed for microplastic extraction from green turtle chyme with 100 %
extraction efficiency for microplastics sized between 100 pm and 5 mm for five polymer types: PE,

HDPE, AM-PS, PP and PVC. No physical (i.e. change in size) or chemical (i.e. polymer identification

15
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using FTIR spectroscopy) degradation to these five polymer types was observed after exposure to the
protocol. Four of the five target polymer types were readily recovered after each method. PVC was
the exception; because the spiked PVC particles (p = 1.16 to 1.58 g/cm?®) are more dense than the
hypersaline brine solution they did not float and were therefore not separated from the sediments in
one of the chyme samples (Turtle B). They could only be detected in this sample after a visual
assessment of the sediments was conducted (i.e. they were large enough in size to readily identify).
This suggests that smaller and visually less-distinguishable PVVC-derived microplastic contaminants
present in turtle chyme containing sediments may not be detected, therefore resulting in an
underestimation of the microplastic numbers present. With this in mind, and given that most common
plastic polymers have a density lower than 1.2 g/cm® (Hidalgo-Ruz et al., 2012), this density
separation method is suitable for the extraction of most microplastics. To recover a wider range of
polymers including PVC, solutions with a density > 1.2 g/cm?®, such as sodium polytungstate

(1.4 g/lcm?®; Corcoran et al., 2009), or sodium iodide (1.6 g/m*; Roch and Brinker, 2017) could be
used. Four of the target polymer types deemed suitable for this extraction protocol represent 70 % of
the plastics produced globally in 2007: HDPE = 21 %, PP = 24 %, PS = 6 %, PVC =19 % (Andrady,
2011). This extraction protocol is therefore considered suitable for the majority of plastic pollutants
that turtles are likely to ingest. In fact, PE and PP account for 98.5 % of the plastic detected in waters
around Australia (Reisser et al., 2013), including where the turtles for the present study were
collected. Microplastics made of PE and PP have been found in loggerhead turtles, fishes, and in
True’s beaked whales from the North Atlantic Ocean (Foekema et al., 2013; Lusher et al., 2015; Pham
etal., 2017).

HNO; digestion degraded PA, consistent with that reported by Claessens et al. (2013). PA is
used in the fabrication of fishing gear such as netting and traps (Andrady, 2011; Jones, 1995). These
items have been reported to be the main source of entanglement for marine fauna (Gall and
Thompson, 2015; Nelms et al., 2016), and lines are commonly ingested by sea turtles (Clukey et al.,
2017; Schuyler et al., 2013). PET was also affected by HNOs. PET is used in the fabrication of
packaging such as single-use plastic bottles and food containers (Andrady, 2011; Barnes et al., 2009).

Plastic bottles, such as the one used for validation of the methods, are a ubiquitous marine pollutant
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(Eriksen et al., 2014) and although not found in this study, plastic bottle fragments have previously
been found in sea turtle gut content (Wedemeyer-Strombel et al., 2015).

Another limitation of using HNO; digestion as a separation method is a notable discoloration
of the target polymers tested. Most particles extracted from green turtles (i.e. after being processed
with the sequential extraction protocol) were transparent or white, but two particles were still highly
coloured (dark green and black). These results suggest that the colour agents in these plastic particles
may be of different chemical composition to those in the test polymers (i.e. pigments rather than
dyes), or incorporated using different manufacturing techniques (i.e. dispersion vs. dissolution) and
therefore display some resistance to HNOs. The potential discoloration of microplastics by the
extraction protocol makes comparison with other studies more difficult, as most studies on
microplastic ingestion by marine biota rely on visual inspection using microscopy as the primary
identification technique (Cole et al., 2011). However some have identified microplastics using Raman
spectroscopy (Remy et al., 2015) or FTIR spectroscopy (Gliven et al., 2017; Hidalgo-Ruz et al., 2012;
Lusher et al., 2013), a technique that is gaining traction as it becomes less expensive and more
sensitive.

The limitation of our sequential extraction protocol in not being able to recover PA and PET,
as a result of chemical digestion, or to not separate polymers with densities > 1.2 g/cm? (i.e. PVC)
from sediments, must be taken into consideration when applied to complex biological samples
possibly contaminated with a variety of microplastic polymer types. Blind use of this protocol and the
individual methods therein will potentially result in an underestimation of microplastics in instances
when these polymer types are present in pre-digested samples. We recommend further testing of the
suitability of this protocol on more polymer types.

Hair-like fibres recovered on blank filters were likely to be airborne contamination,
potentially from clothing (Foekema et al., 2013) even though care was taken during processing to
avoid contamination. Since these contamination particles were < 100 um in size they did not interfere
with the extraction of particles from turtle samples in this study. Nevertheless, if interested in
microplastics < 100 pm, further care must be taken to avoid this contamination; FTIR spectra should

be acquired and added to a contaminant spectral library against which samples can be searched and
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contaminants eliminated (Kroon et al., 2017). Further reductions in procedural contamination could
be achieved through wearing synthetic-free natural fibre clothing as done by in Roch and Brinker
(2017), or working in a sealed damp-wiped room (Taylor et al., 2016).

The rising concerns of microplastic pollution on marine wildlife drives the need for a reliable
and comparable detection protocol (Nelms et al., 2016; Roch and Brinker, 2017). A protocol similar
to the one validated in this study was recently published by Roch and Brinker (2017), whereby a
combination of digestion of organic materials (from fish) and a density separation from mineral
residue was used. Karlsson et al. (2017) used an enzymatic digestion method for the extraction of
microplastics from biota (marine invertebrates and fish). The advantage of this method was that it did
not alter the physical integrity of PA, PS, PP, and PE. The disadvantage of this and similar methods is
that the microplastics are contaminated with a proteinaceous residue that is not easily removed,
complicating chemical analysis (i.e. FTIR or Raman; Miller et al., 2017; Courtene-Jones et al., 2017).
For future investigations of microplastics in green turtle chyme, alternate, less harsh digestion
methods (i.e. sulfuric acid or enzymatic digestion) combined with a density separation and, if
necessary, emulsification of fats should be tested to confirm extraction of PA-type polymers.
Regardless, a combination of extraction methods like ours appears to be the most appropriate and
consistent approach to extract microplastics from marine organisms and multifarious biological
samples such as green turtle chyme.

Although a limited number of specimens were available, microplastics were recovered from
both turtles analysed. A total of two macroplastics and seven microplastics; two plastic paint chips
and five mixed-yarn synthetic fabric particles, were found in the foregut of the two turtles. EAA, the
main component of one of the paint particles, is commonly used as a coating and in food packaging
(Dupont, 2017). Paints, such as antifouling paint, and leachates from plastic products are known to
pollute the marine environment. They can transport and/or leach toxic chemicals such as metals or
tributyltins, and have the potential to impact the health of marine organisms by decreasing fecundity
and fertilization success and inhibiting the development of eggs (Lithner et al., 2009; Negri and
Heyward, 2001; Ozreti¢ et al., 1998; Soroldoni et al., 2017; Wilson et al., 1993). Paint chips have also

been found in sediment samples and sea birds (Fischer et al., 2015; Laist, 1997). Synthetic fabrics are
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a large source of pollution to the marine environment via waste water (Browne et al., 2011; Law and
Thompson, 2014; Salvador Cesa et al., 2017). During textile manufacture, extensive amounts of
chemicals such as pesticides, monomers, additives, solvents, and dyes are used (Browne et al., 2011,
Bruce, 2016; Luongo, 2015; Salvador Cesa et al., 2017). Once in the environment, these chemicals
can become bioavailable and toxic to organisms that ingest them (Avagyan et al., 2015; Luongo,
2015; Salvador Cesa et al., 2017). Green turtles are likely to ingest paint and fabric particles
entrapped in seagrass or macroalgae, or through trophic flow if the micro-particles were ingested by
seagrass epibionts in the first instance (Remy et al. 2015). These results are cause for alarm because
only a fraction of the foregut content was assessed, representing 1 % and 50 % of foregut content for
Turtle B and Turtle A, respectively. Measurements of green turtle gastro-intestinal tracts by
Magalhdes et al., 2012 showed that the oesophagus, stomach, and small intestine together represent
less than half of the total length of the digestive tract. In addition, Clukey et al. (2017) found that
70 % of ingested plastics were located in the large intestine compared with the stomach and small
intestine for juvenile green turtles. The results presented here could therefore be just “the tip of the
iceberg” as a much higher quantity of plastics could have been present in the large intestine of the two
turtles analysed.

Marine plastic pollution affects sea turtles worldwide (Clukey et al., 2017; Nelms et al.,
2016; Schuyler et al., 2014). In Brazil, 70 % of juvenile turtles analysed for plastic ingestion along the
coast had ingested debris, with a mean number of 47.5 items per turtle (Santos et al., 2015). In the
North Pacific Ocean, Wedemeyer-Strombel et al. (2015) reported that 83 % of the sea turtles studied
had ingested anthropogenic debris. Marine debris ingestion by sea turtles is a global issue of
increasing magnitude (Schuyler et al., 2014). Our results are consistent with these and other studies
showing that green turtles inhabiting the Pacific Ocean are directly impacted by plastic pollution
through ingestion (Boyle and Limpus, 2008; Clukey et al., 2017). Furthermore, they are supported by
the fact that there is a high prevalence of secondary microplastics specifically made of PE and PP in
Australian waters (Reisser et al., 2013). Macro-debris similar to the nylon line and soft, transparent
debris found in Turtle B have been found in sea turtles around the world (Angelo Abreo et al., 2016;

Clukey et al., 2017; Schuyler et al., 2014; Wedemeyer-Strombel et al., 2015). While awareness of the
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issue is increasing, the lethal and sub-lethal impact of anthropogenic debris ingestion on sea turtles
remains poorly known and warrants further investigation (Clukey et al., 2017; Nelms et al., 2016;
Vegter et al., 2014).

Depth-integrated plastic concentration in Australian waters was estimated to be
8966.3 + 1330.75 pieces (mostly < 5 mm) per km? (Reisser et al., 2013). Australian beaches are
littered with pollution (44 % from the sea vs. 56 % from land) that is almost exclusively composed of
plastic; 1,449,091 items were collected on Australian beaches in 2016 (Tangaroablue, 2016). Recent
research indicates that tourism can be among the most significant sources of marine debris in the
Great Barrier Reef World Heritage Area (Wilson and Verlis, 2017). These alarming numbers are the
result of local and global mismanagement of plastic waste (i.e. available to enter the environment). In
2010, the amount of plastic waste entering the ocean worldwide (for 192 coastal countries) was
estimated to 4.8 to 12.7 million tons, with Australia’s contribution estimated at 0.01 to 0.25 million
tons (Jambeck et al., 2015). Plastics floating on the surface of the open ocean accumulate in the
convergence zone of each of the five subtropical gyres (Cozar et al., 2014) where sea turtles nest,
migrate, or forage, depending on species and life stage (Clukey et al., 2017; Nelms et al., 2016).
Plastic pollution also reaches even remote, non-industrialised places such as Antarctica (Isobe et al.,
2017) and the Torres Strait (Ceccarelli, 2009) raising environmental concern. Plastics, and especially
microplastics, are extremely difficult to remove from marine environments, thus the most effective
mitigation strategy is to reduce inputs (Jambeck et al., 2015). Reducing inputs of plastics in the
marine environment could be achieved by national and international measures towards improving
waste management, enforcing legislation, decreasing use and production of single-use plastics, and
enhancing ecological consciousness through education (Derraik, 2002; Haynes, 1997; Jambeck et al.,

2015).

5. Conclusion

Our validated sequential extraction protocol can be used for efficient extraction of microplastics from

green turtle chyme samples, which may comprise seagrass, sediment, and animal matter. The
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detection of microplastics from a small portion of chyme from two green turtles highlights the need
for analysis of an increased sample size (i.e. through opportunistic necropsies) in order to improve our
knowledge of the microplastic loads of sea turtles from the Great Barrier Reef World Heritage Area.
Despite being iconic animals, sea turtles are categorized as vulnerable to critically endangered with
decreasing population trends (IUCN, 2017). Analysing chyme samples from a greater number of
turtles will not only provide a greater understanding of the exposure of turtles to plastic pollution and
ingestion, but will also increase our knowledge on the role plastic pollution plays in declining turtle
health, in particular the sub-lethal and lethal effects of ingested anthropogenic debris (Clukey et al.,
2017; Vegter et al., 2014). Finally, these findings highlight the need for increased organized efforts

for plastic pollution mitigation and reduction into the marine environment.

Acknowledgements

We are grateful to Dr Mia Hoogenboom and Mr. Stephen Boyle for laboratory space and equipment
at James Cook University and the Australian Institute of Marine Science, respectively. TropWATER
is thanked for providing project funding. Thank you to Dr Andrew Negri and Dr Mark Hamann for

advice on an earlier version of the manuscript.

References

Andrady, A.L., 2011. Microplastics in the marine environment. Mar. Pollut. Bull. 62, 1596-1605.
doi:10.1016/j.marpolbul.2011.05.030

Angelo Abreo, N.S., Macusi, E.D., Blatchley, D.D., Cuenca, G.C., 2016. Ingestion of Marine Plastic
Debris by Green Turtle (Chelonia mydas) in Davao Gulf. Philipp. J. Sci. 145, 17-23.

Ashton, K., Holmes, L., Turner, A., 2010. Association of metals with plastic production pellets in the
marine environment. Mar. Pollut. Bull. 60, 2050-2055. doi:10.1016/j.marpolbul.2010.07.014

Avagyan, R., Luongo, G., Thorsén, G., Ostman, C., 2015. Benzothiazole, benzotriazole, and their
derivates in clothing textiles—a potential source of environmental pollutants and human
exposure. Environ. Sci. Pollut. Res. 22, 5842-5849. doi:10.1007/s11356-014-3691-0

Awabdi, D.R., Siciliano, S., Di Beneditto, A.P.M., 2013. First information about the stomach contents
of juvenile green turtles, Chelonia mydas, in Rio de Janeiro, south-eastern Brazil. Mar.
Biodivers. Rec. 6, 1-6. doi:10.1017/S1755267212001029

Barnes, D.K.A., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and fragmentation of
plastic debris in global environments. Philos. Trans. R. Soc. B Biol. Sci. 364, 1985-1998.
doi:10.1098/rstb.2008.0205

Beck, C.A., Barros, N.B., 1991. The Impact of Debris on the Florida Manatee. Mar. Pollut. Bull. 22,
508-510. doi:10.1016/0025-326X(91)90406-I

21



OCo~NoOoThwWNEF

Bejgarn, S., MacLeod, M., Bogdal, C., Breitholtz, M., 2015. Toxicity of leachate from weathering
plastics: An exploratory screening study with Nitocra spinipes. Chemosphere 132, 114-1109.
doi:10.1016/j.chemosphere.2015.03.010

Besseling, E., Wegner, A., Foekema, E.M., van den Heuvel-Greve, M.J., Koelmans, A.A., 2013.
Effects of Microplastic on Fitness and PCB Bioaccumulation by the Lugworm Arenicola marina
(L.). Environ. Sci. Technol. 47, 593-600. doi:10.1021/es302763x

Bjorndal, K.A., 1997. Foraging ecology and nutrition of sea turtles., in: The Biology of Sea Turtles,
Volume I. pp. 199-231.

Boyle, M.C., Limpus, C.J., 2008. The stomach contents of post-hatchling green and loggerhead sea
turtles in the southwest Pacific: An insight into habitat association. Mar. Biol. 155, 233-241.
d0i:10.1007/s00227-008-1022-z

Browne, M.A., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T., Thompson, R., 2011.
Accumulations of Microplastic on Shorelines Worldwide: Sources and Sinks. Environ. Sci.
Technol. 45, 9175-9179. doi:10.1021/es201811s

Bruce, N., 2016. Microfiber Pollution and the apparel industry. doi:10.1017/CB09781107415324.004

Ceccarelli, D.M., 2009. Impacts of plastic debris on Australian marine wildlife.

Claessens, M., Van Cauwenberghe, L., Vandegehuchte, M.B., Janssen, C.R., 2013. New techniques
for the detection of microplastics in sediments and field collected organisms. Mar. Pollut. Bull.
70, 227-233. doi:10.1016/j.marpolbul.2013.03.009

Clukey, K.E., Lepczyk, C.A., Balazs, G.H., Work, T.M., Lynch, J.M., 2017. Investigation of plastic
debris ingestion by four species of sea turtles collected as bycatch in pelagic Pacific longline
fisheries. Mar. Pollut. Bull. doi:10.1016/j.marpolbul.2017.04.064

Cole, M., Lindeque, P., Halsband, C., Galloway, T.S., 2011. Microplastics as contaminants in the
marine environment: A review. Mar. Pollut. Bull. 62, 2588-2597.
doi:10.1016/j.marpolbul.2011.09.025

Corcoran, P.L., Biesinger, M.C., Grifi, M., 2009. Plastics and beaches: A degrading relationship. Mar.
Pollut. Bull. 58, 80-84. doi:10.1016/j.marpolbul.2008.08.022

Courtene-Jones, W., Quinn, B., Murphy, F., Gary, S.F., Narayanaswamy, B.E., 2017. Optimisation of
enzymatic digestion and validation of specimen preservation methods for the analysis of
ingested microplastics. Anal. Methods 9, 1437-1445. doi:10.1039/C6AY02343F

Cozar, A., Echevarria, F., Gonzalez-Gordillo, J.1., Irigoien, X., Ubeda, B., Hernandez-Leon, S.,
Palma, A.T., Navarro, S., Garcia-De-Lomas, J., Ruiz, A., Fernandez-De-Puelles, M.L., Duarte,
C.M., 2014. Plastic debris in the open ocean. Proc. Natl. Acad. Sci. U. S. A. 111, 10239-10244.
doi:10.1073/pnas.1314705111

Derraik, J.G.B., 2002. The pollution of the marine environment by plastic debris: a review. Mar.
Pollut. Bull. 44, 842-852. doi:10.1016/50025-326x(02)00220-5

Di Beneditto, A.P.M., Awabdi, D.R., 2014. How marine debris ingestion differs among megafauna
species in a tropical coastal area. Mar. Pollut. Bull. 88, 86-90.

Duis, K., Coors, A., 2016. Microplastics in the agquatic and terrestrial environment: sources (with a
specific focus on personal care products), fate and effects. Environ. Sci. Eur. 28, 1-25.
d0i:10.1186/s12302-015-0069-y

Dupont, 2017. Ethylene Acrylic Acid Copolymer - EAA [WWW Document]. URL
http://www.dupont.com/products-and-services/plastics-polymers-resins/ethylene-
copolymers/brands/nucrel-ethylene-acrylic-acid.html

Eriksen, M., Lebreton, L.C.M., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Galgani, F., Ryan,
P.G., Reisser, J., 2014. Plastic Pollution in the World’s Oceans: More than 5 Trillion Plastic
Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS One 9.
doi:10.1371/journal.pone.0111913

Fendall, L.S., Sewell, M.A., 2009. Contributing to marine pollution by washing your face:
Microplastics in facial cleansers. Mar. Pollut. Bull. 58, 1225-1228.
doi:10.1016/j.marpolbul.2009.04.025

Fischer, V., Elsner, N.O., Brenke, N., Schwabe, E., Brandt, A., 2015. Plastic pollution of the kuril-
kamchatka trench area (NW pacific). Deep. Res. Part Il Top. Stud. Oceanogr. 111, 399-405.
doi:10.1016/j.dsr2.2014.08.012

Foekema, E.M., De Gruijter, C., Mergia, M.T., van Franeker, J.A., Murk, A.J., Koelmans, A.A., 2013.

22



OCo~NoOoThwWNEF

Plastic in Sorth Sea Fish. Environ. Sci. Technol. 47, 8818-8824. doi:10.1021/es400931b

Galgani, F., Hanke, G., Maes, T., 2015. Global distribution, composition and abundance of marine
litter., in: Bergmann, M., Gutow, L., Klages, M. (Eds.), Marine Anthropogenic Litter. Springer
International Publishing, pp. 29-56. doi:10.1007/978-3-319-16510-3

Gall, S.C., Thompson, R.C., 2015. The impact of debris on marine life. Mar. Pollut. Bull. 92, 170
179. doi:10.1016/j.marpolbul.2014.12.041

Given, O., Gokdag, K., Jovanovi¢, B., Kideys, A.E., 2017. Microplastic litter composition of the
Turkish territorial waters of the Mediterranean Sea, and its occurrence in the gastrointestinal
tract of fish. Environ. Pollut. 223, 286-294. doi:10.1016/j.envpol.2017.01.025

Hall, N.M., Berry, K.L.E., Rintoul, L., Hoogenboom, M.O., 2015. Microplastic ingestion by
scleractinian corals. Mar. Biol. 162, 725-732. d0i:10.1007/s00227-015-2619-7

Hamlin, H.J., Marciano, K., Downs, C.A., 2015. Migration of nonylphenol from food-grade plastic is
toxic to the coral reef fish species Pseudochromis fridmani. Chemosphere 139, 223-228.
doi:10.1016/j.chemosphere.2015.06.032

Haynes, D., 1997. Marine debris on continental islands and sand cays in the Far Northern Section of
the Great Barrier Reef Marine Park, Australia. 34.4 (1997): 276-279. Mar. Pollut. Bull. 34, 276—
279.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the Marine
Environment: A Review of the Methods Used for Identification and Quantification. Environ.
Sci. Technol. 46, 3060-3075. doi:10.1021/es2031505

Isobe, A., Uchiyama-Matsumoto, K., Uchida, K., Tokai, T., 2017. Microplastics in the Southern
Ocean. Mar. Pollut. Bull. 114, 623-626. doi:10.1016/j.marpolbul.2016.09.037

IUCN, I.U. for C. of N., 2017. No Title [WWW Document]. URL https://www.iucn.org/

Jacobsen, J.K., Massey, L., Gulland, F., 2010. Fatal ingestion of floating net debris by two sperm
whales (Physeter macrocephalus). Mar. Pollut. Bull. 60, 765-767.
doi:10.1016/j.marpolbul.2010.03.008

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan, R.,
Lavender Law, K., 2015. Plastic waste input from land into the ocean. Science (80-. ). 347, 768—
771. doi:10.1126/science.1260879

Jones, M.M., 1995. Fishing Debris in the Australian Marine Environment. Mar. Pollut. Bull. 30, 25—
33. doi:10.1016/0025-326X(94)00108-L

Karlsson, T.M., Vethaak, A.D., Carney, B., Ariese, F., Velzen, M. Van, Hassellév, M., Leslie, H.A,,
2017. Screening for microplastics in sediment , water, marine invertebrates and fish : Method
development and microplastic accumulation. Mar. Pollut. Bull. 0-1.
doi:10.1016/j.marpolbul.2017.06.081

Koelmans, A.A., Besseling, E., Foekema, E.M., 2014. Leaching of plastic additives to marine
organisms. Environ. Pollut. 187, 49-54. doi:10.1016/j.envpol.2013.12.013

Kroon, F., Motti, C., Talbot, S., Sobral, P., Puctinen, M., 2017. A protocol for identifying,
characterising and quantifying microplastics in environmental samples. Nat. Sci. Reports.

Laist, D., 1997. Impacts of Marine Debris: Entanglement of Marine Life in Marine Debris Including a
Comprehensive List of Species with Entanglement and Ingestion Records. Mar. Debris Sources,
Impacts, Solut. 49-66. doi:10.1007/978-1-4613-8486-1_10

Laist, D.W., 1987. Overview of the biological effects of lost and discarded plastic debris in the marine
environment. Mar. Pollut. Bull. 18, 319-326. doi:10.1016/S0025-326X(87)80019-X

Law, K.L., Thompson, R.C., 2014. Microplastics in the seas. Science (80-. ). 345, 144-145.
doi:10.1126/science.1254065

Lithner, D., Damberg, J., Dave, G., Larsson, A., 2009. Leachates from plastic consumer products -
Screening for toxicity with Daphnia magna. Chemosphere 74, 1195-1200.
doi:10.1016/j.chemosphere.2008.11.022

Luongo, G., 2015. Chemicals in textiles. A Potential source for human exposure and environmental
pollution. Stockholm University.

Lusher, A.L., Hernandez-milian, G., O’Brien, J., Berrow, S., O’Connor, |., Officer, R., 2015.
Microplastic and macroplastic ingestion by a deep diving , oceanic cetacean : The True’s beaked
whale Mesoplodon mirus. Environ. Pollut. 199, 185-191.

Lusher, A.L., McHugh, M., Thompson, R.C., 2013. Occurrence of microplastics in the

23



OCo~NoOoThwWNEF

gastrointestinal tract of pelagic and demersal fish from the English Channel. Mar. Pollut. Bull.
67, 94-99. doi:10.1016/j.marpolbul.2012.11.028

Lutz, P., 1990. STUDIES ON THE INGESTION OF PLASTIC AND LATEX BY SEA TURTLES.
Proc. Second Int. Conf. Mar. Debris 2—7.

Magalhdes, M.D.S., Santos, A.J.B., Silva, N.B. Da, Moura, C.E.B. De, 2012. Anatomy of the
digestive tube of sea turtles (Reptilia: Testudines). Zool. 29, 70—76. doi:10.1590/S1984-
46702012000100008

Mascarenhas, R., Santos, R., Zeppelini, D., 2004. Plastic debris ingestion by sea turtle in Paraiba,
Brazil. Mar. Pollut. Bull. 49, 354-355. doi:10.1016/j.marpolbul.2004.05.006

Miller, E., Kroon, F.J., Motti, C.A., 2017. Recovering microplastics from marine samples: a review of
current practices. Mar. Pollut. Bull.

Moore, C.J., 2008. Synthetic polymers in the marine environment: A rapidly increasing, long-term
threat. Environ. Res. 108, 131-139. doi:10.1016/j.envres.2008.07.025

Negri, A.P., Heyward, A.J., 2001. Inhibition of coral fertilisation and larval metamorphosis by
tributyltin and copper. Mar. Environ. Res. 51, 17-27.

Nelms, S.E., Duncan, E.M., Broderick, A.C., Galloway, T.S., Godfrey, M.H., Hamann, M., Lindeque,
P.K., Godley, B.J., 2016. Reviews Plastic and marine turtles: a review and call for research.
ICES J. Mar. Sci. 73, 165-181. doi:10.1093/icesjms/fsv165

Ozreti¢, B., Petrovié, S., Krajnovi¢-Ozreti¢, M., 1998. Toxicity of TBT-based paint leachates on the
embryonic development of the sea urchin Paracentrotus lividus Lam. Chemosphere 37, 1109—
1118. doi:10.1016/S0045-6535(98)00109-X

Pham, C.K., Rodriguez, Y., Dauphin, A., Carrico, R., Frias, J.P.G.L., Vandeperre, F., Otero, V.,
Santos, M.R., Martins, H.R., Bolten, A.B., Bjorndal, K.A., 2017. Plastic ingestion in oceanic-
stage loggerhead sea turtles (Caretta caretta) off the North Atlantic subtropical gyre. Mar.
Pollut. Bull. doi:10.1016/j.marpolbul.2017.06.008

Provencher, J.F., Bond, A.L., Hedd, A., Montevecchi, W.A., Muzaffar, S. Bin, Courchesne, S.J.,
Gilchrist, H.G., Jamieson, S.E., Merkel, F.R., Falk, K., Durinck, J., Mallory, M.L., 2014.
Prevalence of marine debris in marine birds from the North Atlantic. Mar. Pollut. Bull. 84, 411
417. doi:10.1016/j.marpolbul.2014.04.044

Rasband, W., 2012. ImageJ. U. S. Natl. Institutes Heal. Bethesda, Maryland, USA
/limagej.nih.gov/ij/.

Reisser, J., Shaw, J., Wilcox, C., Hardesty, B.D., Proietti, M., Thums, M., Pattiaratchi, C., 2013.
Marine plastic pollution in waters around Australia: characteristics, concentrations, and
pathways. PLoS One 8, 80466. doi:10.1371/journal.pone.0080466

Remy, F., Collard, F., Gilbert, B., Compére, P., Eppe, G., Lepoint, G., 2015. When Microplastic Is
Not Plastic: The Ingestion of Artificial Cellulose Fibers by Macrofauna Living in Seagrass
Macrophytodetritus. Environ. Sci. Technol. 49, 11158-11166. doi:10.1021/acs.est.5b02005

Roch, S., Brinker, A., 2017. Rapid and Efficient Method for the Detection of Microplastic in the
Gastrointestinal Tract of Fishes. Environ. Sci. Technol. 51, 4522-4530.
doi:10.1021/acs.est.7b00364

Salvador Cesa, F., Turra, A., Barugue-Ramos, J., 2017. Synthetic fibers as microplastics in the marine
environment: A review from textile perspective with a focus on domestic washings. Sci. Total
Environ. 598, 1116-1129. doi:10.1016/j.scitotenv.2017.04.172

Santos, R.G., Andrades, R., Boldrini, M.A., Martins, A.S., 2015. Debris ingestion by juvenile marine
turtles: An underestimated problem. Mar. Pollut. Bull. 93, 37-43.
doi:10.1016/j.marpolbul.2015.02.022

Schuyler, Q.A., Wilcox, C., Townsend, K., Hardesty, B., Marshall, N., 2014. Mistaken identity?
Visual similarities of marine debris to natural prey items of sea turtles. BMC Ecol. 14, 14.
d0i:10.1186/1472-6785-14-14

Schuyler, Q., Hardesty, B.D., Wilcox, C., Townsend, K., 2013. Global Analysis of Anthropogenic
Debris Ingestion by Sea Turtles. Conserv. Biol. 28, 129-139. doi:10.1111/cobi.12126

Soroldoni, S., Abreu, F., Castro, I.B., Duarte, F.A., Pinho, G.L.L., 2017. Are antifouling paint
particles a continuous source of toxic chemicals to the marine environment? J. Hazard. Mater.
330, 76-82. doi:10.1016/j.jhazmat.2017.02.001

Sun, X., Li, Q., Zhu, M., Liang, J., Zheng, S., Zhao, Y., 2017. Ingestion of microplastics by natural

24



OCo~NoOoThwWNEF

zooplankton groups in the northern South China Sea. Mar. Pollut. Bull. 115, 217-224.
doi:10.1016/j.marpolbul.2016.12.004

Tangaroablue, 2016. Dashboard [WWW Document]. URL www.tangaroablue.org (accessed 7.20.07).

Tate, J.R., Johnson, R., Legg, M., 2012. Harmonisation of Laboratory Testing. Clin. Biochem. Rev.
33.

Taylor, M.L., Gwinnett, C., Robinson, L.F., Woodall, L.C., 2016. Plastic microfibre ingestion by
deep-sea organisms. Sci. Rep. 6, 33997. doi:10.1038/srep33997

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, S.J., John, AW.G., McGonigle, D.,
Russell, A.E., 2004. Lost at Sea: Where Is All the Plastic? Science 304, 838.
doi:10.1126/science.1094559

Vegter, A.C., Barletta, M., Beck, C., Borrero, J., Burton, H., Campbell, M.L., Costa, M.F., Eriksen,
M., Eriksson, C., Estrades, A., Gilardi, K.V.K., Hardesty, B.D., Ivar do Sul, J.A., Lavers, J.L.,
Lazar, B., Lebreton, L., Nichols, W.J., Ribic, C.A., Ryan, P.G., Schuyler, Q.A., Smith, S.D.A.,
Takada, H., Townsend, K.A., Wabnitz, C.C.C., Wilcox, C., Young, L.C., Hamann, M., 2014.
Global research priorities to mitigate plastic pollution impacts on marine wildlife. Endanger.
Species Res. 25, 225-247. doi:10.3354/esr00623

Von Moos, N., Burkhardt-Holm, P., Kéhler, A., 2012. Uptake and effects of microplastics on cells
and tissue of the blue mussel Mytilus edulis L. after an experimental exposure. Environ. Sci.
Technol. 46, 11327-11335. doi:10.1021/es302332w

Wedemeyer-Strombel, K.R., Balazs, G.H., Johnson, J.B., Peterson, T.D., Wicksten, M.K., Plotkin,
P.T., 2015. High frequency of occurrence of anthropogenic debris ingestion by sea turtles in the
North Pacific Ocean. Mar. Biol. 162, 2079-2091. doi:10.1007/s00227-015-2738-1

Wilson, S.P., Ahsanullah, M., Thompson, G.B., 1993. Imposex in neogastropods: an indicator of
tributyltin contamination in eastern Australia. Mar. Pollut. Bull. 26, 44-48.

Wilson, S.P., Verlis, K.M., 2017. The ugly face of tourism: Marine debris pollution linked to
visitation in the southern Great Barrier Reef, Australia. Mar. Pollut. Bull. 117, 239-246.

Woodall, L.C., Sanchez-Vidal, A., Canals, M., Paterson, G.L.J., Coppock, R., Sleight, V., Calafat, A.,
Rogers, A.D., Narayanaswamy, B.E., Thompson, R.C., 2014. The deep sea is a major sink for
microplastic debris. R. Soc. Open Sci. 1, 140317-140317. doi:10.1098/rs0s.140317

Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts of microplastics on
marine organisms: A review. Environ. Pollut. doi:10.1016/j.envpol.2013.02.031

Wyneken, J., 2001. The anatomy of sea turtles. U.S. Dep. Commer. NOAA Tech. Memo. NMFS-
SEFSC.

25



