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The ingestion of plastic debris has been studied in many marine fish species, although
comparisons between species can be difficult due to factors thought to influence
ingestion rates, such as habitat preference, feeding behaviours and trophic level.
Sardines are found internationally in many coastal environments and represent a
potential sentinel species for monitoring and comparing marine plastic exposure rates.
We conducted a pilot study, examining the rate of plastic ingestion in 27 commercially
caught sardines (Sardinops sagax) from a low populated coastal region of Western
Australia. A total of 251 potentially anthropogenic particles were extracted by chemical
digestion of the gastrointestinal tract and classified visually. Fibres were the dominant
type of material recovered (82.9%), with both yellow (39.8%) and black (32.7%) coloured
particles commonly observed. A subset of 64 particles (25.5%), were subject to Fourier
transform infrared (FTIR) spectroscopy to identify polymer composition. This chemical
characterisation identified seven plastic items (polypropylene, nylon and polyethylene)
and a variety of cellulose-based material that was further examined and classified as
natural or semi-synthetic. The mean plastic ingestion rate was 0.3 ± 0.4 particles
per fish, suggesting Western Australian sardines ingest relatively low concentrations
of plastic when compared to international sardine populations examined using similar
methodologies. Despite comparatively low concentrations, plastic and semi-synthetic
material are still being ingested by sardines from a low populated coastal region
demonstrating the ubiquitous nature of the marine debris problem.

Keywords: plastic, ingestion, Sardinops sagax, Western Australia, FTIR, chemical characterisation, sardines

INTRODUCTION

Globally, over 300 million tonnes of plastic are produced each year, projected to exceed one billion
by 2050 (Lusher et al., 2017a). Plastic is manufactured for use across many industries, sought for
its low cost, versatility, strength and durability. Plastic items can last longer than their usable life
(e.g., single-use plastic bags and straws) and be difficult to recover from waste streams for recycling.
Geyer et al. (2017) assessed the amount of plastic waste generated from 1950 to 2015, estimating
9% had been recycled, 12% was incinerated, and 79% had accumulated in landfills or leaked to the
natural environment.
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There is growing international concern regarding the
prevalence and impact of plastic debris in the marine
environment (Commonwealth of Australia, 2018; United
Nations, 2018). The ubiquitous nature of this pollution is
demonstrated through considerable research investigating
the open oceans, deep-sea sediments, remote islands, coastal
environments and Arctic waters (Browne et al., 2011; Van
Cauwenberghe et al., 2013; Eriksen et al., 2014; Lusher et al.,
2015; Lavers and Bond, 2017). Contributing sources of plastic
debris are widespread and include mismanaged waste, maritime
activities (e.g., fishing), stormwater runoff and the discharge
of treated wastewater (Vegter et al., 2014; UN Environment,
2018). Jambeck et al. (2015) estimate that between 4.8 and 12.7
million metric tonnes of plastic entered the ocean in 2010. Once
in the ocean, the structural properties of plastic allow them to
persist for long periods having widespread economic, social and
ecological impacts (Beaumont et al., 2019).

Plastic ingestion has been found across many trophic levels
in the marine environment including zooplankton (Cole et al.,
2013), coral (Hall et al., 2015), fish (Cannon et al., 2016),
birds (Roman et al., 2019), and mammals (Provencher et al.,
2017). Many studies on plastic ingestion have focused on fish,
investigating numerous species from a variety of regions, habitats
and trophic levels. The health concerns from plastic ingestion
in fish include; a reduced feeding potential (Neves et al., 2015),
bioaccumulation (Carbery et al., 2018), the translocation of
plastic into other organs (Collard et al., 2017a), and the leaching
of harmful chemicals and pollutants from the digestive tract
into the fish tissue (Lithner et al., 2011; Gewert et al., 2015).
The full effects of these are not understood with many authors
emphasising the need for further research (e.g., Cole et al., 2013;
Lusher et al., 2017b; Provencher et al., 2017; Smith et al., 2018).
As fish represent a key source of protein for humans, plastic
ingestion could have potential implications for food security and
human health (Thompson et al., 2009; Neves et al., 2015; Rummel
et al., 2016; Bessa et al., 2018; Sun et al., 2019).

Plastic has been the focus for many marine debris studies,
however, non-plastic anthropogenic material can also be
recovered, sometimes in high volumes (Lusher et al., 2013; Remy
et al., 2015; Compa et al., 2018). An example is the cellulose-
based fibre rayon (also termed “viscose”), manufactured for
use in textiles or furnishings. Although the fibre is created
using naturally derived material, the manufacturing process
requires extensive chemical treatment and can include additives
such as flame retardants, ultraviolet absorbers and dyes
(Bredereck and Hermanutz, 2008; United Nations Environment
Program, 2018). Little is known about the potential release
of these additives if manufactured fibres are dispersed into
the environment or ingested by aquatic species (Remy et al.,
2015; Zhao et al., 2016). Similar to plastic, these manufactured
fibres can adsorb ambient pollutants, potentially acting
as a vector for pollutants when ingested (Compa et al.,
2018). They may also provide a false sense of satiety when
ingested, affecting feeding and growth (Kühn et al., 2015). The
implications of ingesting non-plastic anthropogenic material
are concerning, and although recognised in many studies,
non-plastic manufactured fibres are inconsistently reported and

classified (Remy et al., 2015; Zhao et al., 2016; Compa et al., 2018;
Kroon F.J. et al., 2018).

Due to the wide variety of fish species examined in plastic
ingestion studies, comparing research findings, and developing
management strategies is difficult. Plastic ingestion in fish can be
influenced by species traits such as habitat preferences (Rummel
et al., 2016), feeding behaviours (Collard et al., 2017b) and trophic
level (e.g., Ferreira et al., 2018). The influence of these factors
can be reduced by investigating fish with similar characteristics.
“Sardine” is a common name applied to several fish species from
the same family found in many coastal regions of the world
(Figure 1). As a nearshore epipelagic fish, sardines are likely
exposed to anthropogenic sources of marine plastic pollution.
Sardines have expected longevity between 7 and 8 years and
can reach sexual maturity in 2 years (Silva et al., 2006). They
are a highly mobile (Parrish et al., 1989), low trophic level
planktivorous fish, potentially ingesting ambient concentrations
of small-sized debris through filter-feeding behaviours (Garrido
et al., 2008). Sardines form a key component to the marine food
web and as one of the highest biomass fisheries in the world (FAO,
2018), are readily available. These factors suggest sardines could
be a potential sentinel species for investigating global variations
in marine plastic pollution within the nearshore epipelagic zone.

In Australia, the sardine Sardinops sagax can be found
in the coastal waters of the southern half of the continent
(Figure 1). They have extensive migrations, driven by spawning
and changing environmental conditions (Fletcher, 1990; Izzo
et al., 2012). Sardines are an important food source for Australian
marine mammals (e.g., dolphins, seals), birds (e.g., penguins,
petrels) and higher trophic level fish species (e.g., southern
bluefin tuna, salmon) (Fletcher, 1990; Goldsworthy et al., 2013).
Sardines are a valuable economic resource in Australia, with
the commercial fishery generating over $27 million in 2016–
2017 from approximately 44,000 tonnes of wild-caught sardines
(Mobsby, 2018). Most of the catch is used as feedstock for
Australian Southern Bluefin Tuna ranching (Commonwealth
of Australia, 2009), a fishery worth more than $30 million in
2015–2016 (Patterson et al., 2017). S. Sagax is an important fish
species in Australia and research to determine if it is ingesting
anthropogenic debris is valuable.

Despite Australia being remote and having a relatively
small and widely dispersed population, plastic has been found
in many parts of its marine environment (Edyvane et al.,
2004; Hardesty et al., 2011; Reisser et al., 2013; Smith et al.,
2014; Hajbane and Pattiaratchi, 2017; Kroon F. et al., 2018;
Paterson and Dunlop, 2018). Few studies have investigated plastic
ingestion in Australian marine fish species with recent reports
by Halstead et al. (2018), Kroon F.J. et al. (2018), and Jensen
et al. (2019) finding ingestion rates ranged between 0.1 and 2.5
plastic (or plastic containing) particles per fish. Because plastic
is used extensively in the manufacture of human-use goods
and packaging (GESAMP, 2015), rates of plastic ingestion are
expected to be low in Australian waters, particularly in remote
regions with low populations.

This study aimed to determine if Australian sardines (S. sagax)
caught in a low-populated coastal region were ingesting plastic
and where present, examine the polymer type, shape, size and
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FIGURE 1 | A global distribution of sardines highlighting the range for Sardinops sagax (data sourced from Nature Serve and IUCN, 2020).

colour. The study would act as a method trial with the findings
providing evidence for a previously unassessed area and giving
context to existing studies that have measured plastic ingestion in
other international sardine populations.

MATERIALS AND METHODS

Study Area
Twenty-seven commercially caught sardine cadavers were
purchased from a fishmonger (Bevans) located in the coastal
town of Albany, Western Australia (WA). The fish were stored
at −20◦C until required for analysis. The sardines were caught
in January 2019 from a fishing zone encompassing Frenchman
Bay and part of King George Sound. This fishing zone is
situated along the southern coast of WA (Figure 2) and
has a depth typically less than 50 m. Albany’s Mediterranean
climate is characterised by cool, wet winters (June to August)
and mild summers (December to February), typically receiving
over 750 mm of rainfall each year (Pettit et al., 2015). The
regions coastal waters are likely influenced by the Leeuwin
Current, which moves warmer tropical water down the west
coast of Australia and then eastwards towards Tasmania
(Cresswell and Domingues, 2009).

Laboratory Analysis
The laboratory methods used were based on similar studies
(Foekema et al., 2013; Dehaut et al., 2016; Bessa et al., 2018;
Kumar et al., 2018; Pellini et al., 2018). In summary, the sardines
were thawed at room temperature, and the fork length (mm)
and weight (g) of each fish was recorded. The gastrointestinal
tract of each fish was dissected and weighed, then placed in a
20 ml test tube containing a minimum 5:1 ratio (i.e., five times
the gastrointestinal mass) of 10%w

w Potassium Hydroxide (KOH).
All test tubes were placed in a water bath for 72 h at 60◦C. Tissue
digestion was assisted by vortex mixing (Select Vortexer) each test

tube for 60 s every 12 h. Digestion was halted at 72 h as samples
appeared sufficiently digested.

Following digestion, each solution was individually vacuum
filtered through a labelled 22 µm filter paper (WhatmanTM) and
rinsed with 50 ml of deionised water. The filter papers were then
placed inside clean Petri dishes and oven-dried at 40◦C.

A stereo microscope (Olympus SZ60) was used to inspect each
filter paper and count the undissolved potential anthropogenic
debris. Each particle was initially classified by shape (fibre,
fragment or microbead) and colour; and then, where necessary,
further distinctions were made based on physical observations
(e.g., flat) or approximate size differences (e.g., thin, thick, large,
small). The criteria for these particle groups were reviewed
throughout the process, confirming visually similar particles were
assigned together. All classifications were completed by the same
technician to ensure consistency.

Chemical Characterisation
For chemical characterisation, a subset (n = 64) of particles was
selected, including at least one item from each visually distinct
particle group (n = 22). Overall, the subset represented 25.5%
of the isolated debris. From the subset, typical specimens were
chosen for microscopy, and particle lengths were measured,
then classified in one-millimetre increments up to 5 mm. This
measurement indicates the maximum length of a fibre or the
broadest cross-section of a fragment or microbead. For chemical
characterisation, each particle from the subset was mounted on
a metal base plate, and infrared spectroscopy measurements
were performed using a Vertex 70 Fourier transform infrared
(FTIR) spectrometer (Bruker) and Hyperion 3000 microscope.
Infrared spectra were collected in the range of 4000–600 cm−1

using either reflectance or attenuated total reflectance (ATR)
operating modes. All spectra were recorded using a resolution of
4 cm−1, and between 100 and 128 scans were performed for each
spectrum. Background spectra were obtained by using the same
settings but collected without contacting the sample.
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FIGURE 2 | The Frenchman Bay fishing zone, Western Australia.

To identify particle composition, the generated spectra data
were baseline corrected and compared to spectra from the
Bio-Rad KnowItAll R© IR Spectral Library (Bio-Rad Laboratories,
California, United States). Identification was considered
sufficient following the visual inspection of characteristic peaks
with a minimum 85% match to database examples (Bessa et al.,
2018). For illustrative purposes, selective spectral data has
been paired with microscope images and presented below for
reference. To improve clarity, images have been brightened
where necessary, and microscope images and spectral data are
presented with enhanced scales.

Particle Classification
Four classification categories were used: “synthetic,” “semi-
synthetic,” “natural,” and “unknown.” Synthetic items contained
chemically synthesised polymer materials (e.g., polypropylene,
nylon). Semi-synthetic material represented those chemically
manufactured from natural materials (e.g., rayon, cellulose
acetate). Natural particles consisted of undissolved organic
debris or naturally derived fibres (e.g., chitin, cotton). Unknown
samples were those that generated undistinguishable spectrum
that failed to adequately match database references or those that
were damaged or lost during analysis.

Cellulose-based fibres can be natural or manufactured (semi-
synthetic) and are difficult to classify due to similar visual and
spectral characteristics. In this study, semi-synthetic cellulose-
based fibres were distinguished from natural fibres, by the
absence of a spectral peak at 1105 cm−1 (Comnea-Stancu et al.,
2017; Cai et al., 2019).

Data Analyses
The synthetic and semi-synthetic ingestion rates were calculated
by the following: the number of classified particles/the number of
sardines. Standard deviations were calculated for each ingestion
rate and other metrics including fish length and weight. The
standard deviations are presented following the respective mean
values where necessary.

Contamination Mitigation
Contamination from external sources is a problem for marine
plastic research where its presence can misrepresent true
pollution levels (Bergmann et al., 2015; Dehaut et al., 2019;
GESAMP, 2019). Extensive management protocols were
enforced throughout all processing and analysis to minimise
potential contamination. These protocols included a 3-day
pre-quarantine period for laboratory facilities, restricting
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laboratory access during processing, wearing cotton clothing
and lab coats, cleaning work surfaces, pre-filtering digestion
and wash solutions, triplicate rinsing glassware, and avoiding
plastic apparatus. Wherever possible, samples and equipment
were sealed or covered with aluminium foil to prevent airborne
contamination. Three airborne and three procedural blank
control samples were used to monitor contamination throughout
laboratory analysis. Any items recovered in the control
samples were visually characterised and classified as external
contamination. Recovered particles that appeared visually similar
to the contamination particles were excluded from analyses.

RESULTS

The gastrointestinal tracts from 27 commercially caught WA
sardines were examined. The sardines had an average fork length
of 146.9± 7.1 mm and weight of 36.3± 4.9 g.

Visual Classification
Two hundred and fifty-one potential anthropogenic particles
were isolated from the sardines and classified into 22 visually
distinct particle groups (Table 1 and Supplementary Material).
All sardines contained potentially anthropogenic debris, ranging
between two and 23 particles per fish. The average ingestion rate
was 9.3± 5.0 particles per fish (median = 9). Of the 251 recovered
particles, 208 were fibres (82.9%), 30 were fragments (12.0%), and
13 were microbeads (5.2%) (Figure 3A). Yellow was the most
common colour (39.8%), followed by black (32.7%), translucent
(13.6%) and blue (6.8%) (Figure 3B).

Overall, 46.9% of measured particles were less than 1 mm, and
73.4% were under 2 mm (Figure 4). Four items (6.3%) were larger
than 5 mm, including one fibre measuring 18.0 mm in length.
The average particle size was 1.6 mm (±2.6 mm). No recovered
fragments or microbeads were larger than 3 mm.

Chemical Characterisation
FTIR analysis conducted on the subset particles identified seven
(10.9%) as synthetic, 16 (25.0%) as semi-synthetic and 11 (17.2%)
as natural. There were 30 unknown items including 17 (26.6%)
that failed to generate distinctive spectra and 13 (20.3%) that were
unable to be analysed. Synthetic items from the subset included
five fibres and two fragments. Three of the fibres were nylon
(e.g., Figure 5A), and two were polypropylene (e.g., Figure 5B).
One synthetic fragment was identified as polypropylene; the other
was polyethylene (Figure 5C). The average size of all measured
particles was 1.6 mm (±2.6 mm), however, synthetic particles had
an average size of 5.4 mm (±6.1 mm), including a single 18.0 mm
polypropylene fibre. The ingestion rate of synthetic particles was
0.3 ± 0.4 per fish with no sardines containing more than one
synthetic particle.

Twenty-seven items were classified as semi-synthetic or
natural. Of these, six items were matched with respective database
samples and classified accordingly (e.g., chitin, Figure 5D). The
remaining 21 were cellulose-based fibres that required further
examination of the FTIR spectral data for classification (Comnea-
Stancu et al., 2017; Cai et al., 2019). Fibres with a spectral

peak at 1105 cm−1 were classified natural, and those without
were considered modified, classified as semi-synthetic (Figure 6).
Overall, seven fibres and four fragments were classified as
natural and 14 fibres and two fragments were classified as semi-
synthetic. All microbeads failed to generate distinctive spectra.
The resulting semi-synthetic ingestion rate was calculated at
0.6± 0.7 particles per fish.

Subgroup Extrapolation
A subset of 64 particles (25.5%) was generated by selecting at
least one item from each of the 22 visually distinct particle
groups. The selected particles were chosen opportunistically,
ensuring distinctive particles were analysed where possible. As
the subset of particles were not randomly selected, we have not
extrapolated the chemical characterisation results to all potential
anthropogenic particles as conducted in other studies (e.g., Bessa
et al., 2018; Lefebvre et al., 2019). It is, therefore, possible that this
study provides a conservative estimate.

DISCUSSION

Western Australian sardines were found to ingest 0.3 ± 0.4
plastic particles per fish, lower than recently reported in three
Australian fish species (Kroon F.J. et al., 2018; Jensen et al., 2019)
and many other international sardine populations (Table 1). The
low ingestion rates could be influenced by various environmental
and anthropogenic features in the study region. There are two
factors that are considered important in the region, population
size and waste management. The sardines were caught in an
area that supports a coastal city with a relatively low population
of approximately 33,000 people (Australian Bureau of Statistics,
2016), which is expected to correlate with low concentrations
of plastic debris (Browne et al., 2011). In addition, the local
government authority discharges its treated wastewater to nearby
forestry farms (Department of Environment Regulation, 2016)
rather than the ocean. This means synthetic fibres collected
through the washing of household textile items are not released
directly to the marine environment. With the potential of
comparatively little input from the terrestrial environment
and the migratory nature of this species, the fish in this
region are likely exposed to pollution levels consistent with
the wider ocean and not local sources. Consideration of
local environmental and anthropogenic processes is important
when making comparisons between studies, and for applying
appropriate regional management actions. Future research
guidelines should establish and recommend the disclosure of key
environmental and anthropogenic processes thought to influence
marine plastic debris; these details can expand on guidelines such
as those by Dehaut et al. (2019) and GESAMP (2019), providing
greater context to each study.

Various methods have been applied to investigate the
occurrence of plastic ingestion in fish, each providing advantages
and disadvantages that can have implications on the research
outcomes. Recent review studies have examined the current
range of techniques applied, identifying some that may miss-
report the presence of plastic debris (Hidalgo-Ruz et al., 2012;
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TABLE 1 | Global summary of marine debris ingestion studies using sardine species.

Reference Ory et al.,
2018

Neves
et al., 2015

Lefebvre
et al., 2019

Compa et al.,
2018

Güven et al.,
2017

Collard et al.,
2017b

Renzi
et al., 2018

This study

Location Chilean
Coast

Portuguese
Coast

North-West
Mediterranean

Sea

Western
Mediterranean

Sea

Eastern
Mediterranean

Sea

English
Channel

Adriatic
Sea

South-Western
Australian

Coast

Sampling year 2016 2013 2015 2015 2015 2013 2013–2014 2019

Species Sardinops
sagax

Sardina
pilchardus

Sardina
pilchardus

Sardina
pilchardus

Sardina
pilchardus

Sardina
pilchardus

Sardina
pilchardus

Sardinops
sagax

Sample size 7 12 85 105 7 20 80 27

Extraction method Visual Visual Visual Visual Digestion
(H2O2)

Digestion
(NaClO)

Digestion
(H2O2)

Digestion (KOH)

Identification method FTIR FTIR FTIR FTIR FTIR Raman FTIR FTIR

% of fish with debris NR NR 98.8∧ 15.2 NR NR 96 100

Debris particles Fish−1 NR NR 8.56 ± 6.67 0.21 ± 0.23 NR 1.1* 13.8* 9.3 ± 4.97

% of fish with plastic 0 0 12 NR 57 45 NR 26

Plastic particles Fish−1 0 0 0.20 ± 0.69 NR 2.14 0.6* 4.63 0.26 ± 0.45

% fibres NR NR 99.1∧ 83 70∧ 81 42* 83

% of debris plastic NR NR 2.3 41∧ NR 52* NR 21

% of debris natural NR NR NR 58∧ NR NR NR 32

% of debris semi-synthetic NR NR NR NR NR NR NR 47

Polymer composition:

Polyethylene X X∧ X X∧ X

Polypropylene X X X∧ X X

Polystyrene X X∧

Polyvinyl chloride X

Polyethylene terephthalate X X∧ X∧

Polyester/Polyamide/Acrylic X X∧ X X∧ X X

Others X∧ X X∧ X

NR, Not Reported. *Calculated based on available data. ∧Average results from multiple species.

FIGURE 3 | (A) Shape and (B) colour classification of debris recovered from the gastrointestinal tracts of sardines caught in Frenchman Bay, Western Australia in
January 2019.
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FIGURE 4 | The size distribution of subset particles recovered from the gastrointestinal tracts of sardines caught in Frenchman Bay, Western Australia in January
2019.

Lusher et al., 2017b; Miller et al., 2017; Shim et al., 2017; Dehaut
et al., 2019). For example; the manual extraction of suspected
plastic debris may under-estimate smaller particles or fibres that
are difficult to remove from fish organs. Visual classification
techniques (e.g., Norén, 2007) potentially over-estimate plastic
counts where naturally derived material appears synthetic.
Although there is no internationally standardised method of
assessing plastic ingestion in fish, current evidence supports
the alkaline digestion of the gastrointestinal tract, followed
by the chemical characterisation of all, or a subset of, the
undigested particles (Kühn et al., 2017; Lusher et al., 2017b;
Miller et al., 2017; Dehaut et al., 2019). Quality controls are
also recommended to prevent or reduce sample contamination
by external material (GESAMP, 2019). Given the methods of
assessing plastic ingestion in fish continue to develop, it can be
negligent to directly compare new results with existing studies
that may have used less rigorous methods. This is demonstrated
in Table 1, where studies using visual extraction methods report

lower rates of plastic ingestion than those applying digestion
protocols, possibly a consequence of the chosen methods.

When classifying ingested debris by particle type (e.g.,
fragment, fibre, microbead), fibres often account for a major
fraction (Table 1). This was observed in Western Australian
sardines, where ingested fibres represented 82.9% of all recovered
anthropogenic debris (n = 208/251) and 71.4% of recovered
plastics (n = 5/7). Plastic fibres can enter the environment
through the breakdown of synthetic fishing equipment and
the discharge of treated wastewater containing microfibres
released from synthetic clothing (Ziajahromi et al., 2017;
Montarsolo et al., 2018). To recover and identify plastic
fibres from environmental and biotic samples, advanced
processing considerations are needed. These include; using
appropriate filter apertures to capture small and narrow
fibres, restricting airborne fibre contamination, avoiding visual
extraction methods, and utilising chemical characterisation
methods. Studies using methods that potentially exclude
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FIGURE 5 | Spectral match information for four particles recovered from the gastrointestinal tract of sardines caught in Frenchman Bay, Western Australia in January
2019. The upper (red) line illustrates Bio-Rad KnowItAll R© database reference spectra, with the lower (black) line representing the measured spectra. Spectral analysis
identified these particles as (A) nylon, (B) polypropylene, (C) polyethylene, and (D) chitin. Image scale bars represent (A–C) 1 mm and (D) 0.5 mm.

or under-report fibres, may be underestimating plastic
concentrations (e.g., Foekema et al., 2013; Cozar et al., 2014;
Romeo et al., 2015). Future developments are likely to improve

the analytical methods available for small plastic particles (e.g.,
microfibres, nano-plastics), however, current evidence already
demonstrates the ubiquitous nature of synthetic fibres in the
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FIGURE 6 | Spectral comparison of two cellulose-based fibres recovered from the gastrointestinal tract of sardines caught in Frenchman Bay, Western Australia in
January 2019. Sample (A) was classified semi-synthetic due to the absence of a spectral peak at 1105 cm−1. Sample (B) was classified natural due to the spectral
peak at 1105cm−1. Image scalebars represent 1 mm.

marine environment and their importance in comprehensive
plastic assessments (Barrows et al., 2018).

In this study, seven plastic fragments composed of either
polypropylene, polyethylene or nylon were recovered from the
gastrointestinal tracts of Western Australian sardines. These
polymer types are commonly found in the marine environment
(Andrady, 2011; Hidalgo-Ruz et al., 2012; GESAMP, 2015), and
have been ingested by other international sardine populations
(Table 1). Polypropylene, polyethylene and nylon are mass-
produced for use in the automotive and electronics industry,
as well as for packaging and textiles (Geyer et al., 2017; UN
Environment, 2018). The widespread use of these polymers and
the complex environmental systems make it difficult to identify
the potential origin of these particles. Future studies in the
region should assess what activities are contributing plastic by
examining potential sources such as local stormwater drains

and fishing equipment. If ingested, plastics have the potential
to impact fish physiology and behaviour as demonstrated in
laboratory exposure studies (Rochman et al., 2013; Critchell
and Hoogenboom, 2018; Naidoo and Glassom, 2019). Further
research is needed to measure the direct effects of ingesting
environmentally relevant concentrations of marine plastic debris.
Until such information is available, it is difficult to assess the likely
health impacts from reported plastic ingestion rates.

Forty-seven per cent (n = 16/34) of successfully identified
particles were classified as semi-synthetic, equating to 0.6 ± 0.7
particles per fish. Although semi-synthetic particles are not
always quantified, existing studies have found they can constitute
30–58% of recovered debris which is also reflected in this
study (Bessa et al., 2018; Kroon F.J. et al., 2018; Jensen
et al., 2019). Semi-synthetic fibres (e.g., rayon, cellulose acetate)
are manufactured from chemically treated naturally derived

Frontiers in Marine Science | www.frontiersin.org 9 June 2020 | Volume 7 | Article 526

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00526 June 29, 2020 Time: 18:39 # 10

Crutchett et al. Plastic Ingestion in Australian Sardines

material and are used in textiles, cigarette filters and furnishings.
These fibres are typically considered harmless and receive
less attention than plastic waste, however, like plastic, semi-
synthetic fibres can be vectors for adsorbed contaminants in the
marine environment (Compa et al., 2018). Their manufacture
also involves extensive chemical treatment and can include
additives such as flame retardants, ultraviolet absorbers and dyes
(Bredereck and Hermanutz, 2008; United Nations Environment
Program, 2018). Little is known about the potential release
of these contaminants from semi-synthetic material that is
released into the environment, however, the physical breakdown
is predicted to be quicker than for plastic (Remy et al., 2015; Zhao
et al., 2016; Compa et al., 2018). If our interest is in understanding
anthropogenic impacts on the environment, limiting the focus
to plastic could underestimate total contamination levels.
Therefore, when assessing potential contaminant exposure, non-
plastic anthropogenic debris and their associated chemical load
should also be considered.

It is important to consider feeding behaviours when
investigating the ingestion of anthropogenic debris in the
marine environment (Mizraji et al., 2017). The sardine is a
pelagic species, feeding in the water column of the nearshore
coastal environment. Sardines have two feeding mechanisms
which it can switch between depending on prey size and
density; although filter-feeding is recognised as the primary
method (van der Lingen, 1994; Louw et al., 1998). Due to the
morphological dimensions of the sardine mouth, particles larger
than 1200 µm generally prompt selective particulate-feeding,
while smaller particles are often collected by filter-feeding (Louw
et al., 1998; Garrido et al., 2008). In this study, 46.9% of the
measured potential anthropogenic debris was smaller than 1 mm,
potentially a result from non-selective filter-feeding in the region.

Most of the recovered particles were yellow (39.8%), or black
(32.7%) in colour and their origin is currently unknown. All
yellow particles were fibres had a similar appearance (Figure 6A).
Those that were successfully analysed by FTIR were characterised
as semi-synthetic, indicating that these particles potentially
originate from the same source material. A variety of black
fibres, fragments and microbeads were recovered from the
sardine GITs. The black items that generated adequate spectral
information were classified as a mixture of synthetic, semi-
synthetic and natural particles. Future research should conduct
greater sampling of the region to assess and identify potential
sources of debris.

Through the completion of this pilot study, the authors have
identified factors for consideration in similar future studies.
The first recommendation is to use a more comprehensive
sampling regime that includes a greater number of sardines
from multiple regions along the southern coast of Australia.
A minimum sample size of 50 is currently recommended by
the Joint Group of Experts on Scientific Aspects of Marine
Environmental Protection (GESAMP, 2019), although the small
sample size used here is not unprecedented (Collard et al.,
2017b; Kroon F.J. et al., 2018; Zhu et al., 2019). Examining
the biological features of the Australian sardine in more detail
(e.g., migration patterns, trophic structures) may assist sampling
design and provide greater insight regarding the ingestion of

anthropogenic debris in this species. Environmental processes
that may influence the concentration of anthropogenic debris,
such as rainfall patterns and the transnational movement of
seawater need to be included. While consensus on methods for
extracting ingested anthropogenic particles is beginning to be
achieved, chemical characterisation can still be time-intensive
and challenging, particularly when the particles are microscopic
(e.g., fibres). Refinement of characterisation procedures is still
required. Overall, the processes used within this study were able
to provide evidence that plastic is being ingested by Australian
sardines, however, additional testing is needed to improve the
number of successfully identified particles following chemical
characterisation. Future studies should recognise the technical
aspects of chemical characterisation are often under-reported in
the literature, and researchers should ensure they have adequate
capacity to conduct robust assessments.

CONCLUSION

Plastic ingestion has been studied in many fish species, although
inconsistencies in fish characteristics and analytical methods
make it difficult to compare findings. Sardines are found in
many coastal regions of the world and could potentially be
used as a sentinel species, providing some consistency to
international plastic ingestion studies. We examined plastic
ingestion in sardines from a low populated coastal region of
WA, finding lower ingestion rates than reported in several
international sardine populations (Table 1). The ingested
plastics were predominantly fibres, composed of polypropylene,
polyethylene and nylon; polymers that are commonly found in
the marine environment. Semi-synthetic anthropogenic particles
(e.g., cellulose-based fibres) were also ingested, but at a greater
rate than plastics, demonstrating their ability as a potential
contamination source.

Overall, this study highlights the ubiquitous nature of plastic
debris by providing evidence that sardines from a low-populated
region of WA ingest synthetic and semi-synthetic debris. We
discuss the influence of fish characteristics, environmental factors
and analytical methods, promoting consistency where possible.
We comment on the benefits of using sardines as a global sentinel
for monitoring marine anthropogenic debris and advocate for
further research into their suitability. We also discuss features
that can be addressed in future more comprehensive studies,
particularly regarding sample size and particle characterisation.
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